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This project was funded by the United States Department of Energy, National Energy
Technology Laboratory, in part, through a site support contract. Neither the United States
Government nor any agency thereof, nor any of their employees, nor the support
contractor, nor any of their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by frade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any
agency thereof.
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e Critical mineral definition: "...a non-fuel mineral or mineral material essential fo the economic or

national security of the U.S. and which has a supply chain vulnerable to disruption.” — Energy Act of
2020. _ __

loto.comnfmmst sy
« Acid mine drainage (AMD) has a bounty of un-tapped CMs: T
« Millions of gallons/day; thousands of miles of streams
Mg (259 ppm surveyed max.) — steelmaking, batteries
« Al (189 ppm max.) — ubiquitous, found in nearly all sectors
« Zn (30 ppm max.) — metallurgy for producing galvanized steel
 Mn (20 ppm makx.) — alloying, and for reducing metals
* Ni (T ppm max.) — hydrocarbon production

Bauxite (Al) Pyrolucite (Mn) Sphalerite (Zn)

https://www.usgs.gov/news/national-news-release/us-
geological-survey-releases-2022-list-critical-minerals

W.C. Wilfong, T. Ji, Y. Duan, F. Shi, Q. Wang, M.L. Gray, Crifical
review of functionalized silica sorbent strategies for selective
extraction of rare earth elements from acid mine drainage, J.
Hazard. Mater., 424 (2022) 127625.
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Multi-Bed Approach
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Preparation and Structure
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Multi-Bed Set-Up for Lab-Scale CM Fractionation

Beds in Series

borosilcate beads'

« Sorbent=49g 181D, 0.5 g/bed
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Autosampler (up to 7 mL/sample)

* Volume=0.25 to 3.0 L of authentic Pittsburgh Botanic Garden (PBG)-AMD; ~0.4 mL/min to 8 mL/min top-to-bottom
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Simulated AMD mix ~0.1mM each of Al, Mn, Ni, Zn, Nd, Dy, Ca, Mg, Nq, K

0.18 ~ Sorbent: 0.5 g
:ﬁ;\ln ::__ﬁic AMD: ~1L, 0.5 mL/min

0.16 - ——/n Nd
s R Sorbent metal affinity: Al >> Dy >
g 0147 Nd > Zn > Ni, Mn > Ca, K, Mg, Na
c
S 0.2 -
E ~ . .A 8¢ WY o A
€ 01 - |
£ ”
o _
o 0.08
2 0.06
s Strong covalent and ionic

0.04 bonding contributions for Al and

No breakthrough even Dy > Ca fo amine groups -
0.02 | at1lL stable metal-ligand bond
O S ET "9 000e0e8 7y ‘ \ v
0 100 200 300 400 500

R.D. Hancock, A.E. Martell, Hard and Soft Acid-Base Behavior in Aqueous
Solution: Steric Effects Make Some Metal lons Hard: A Quantitative Scale
Effluent Volume (ml') of Hardness-Softness for Acids and Bases, J. Chem. Educ., 73 (1996) 654.
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Metal ug/L
. ) Ca 117,483
“Kentucky Hollow — Hedin Environmental” NG 96,138
- 2 Ty ' Mg 45 907 non-heavies
Limestone Bed T Discharge /7 K 1,952
Pipe o _L_Si 11,655 |
" UL _AI_ _11.602|_, primary
Analysis _L_fFe__ 1851 |_
L _Mn_ _ 1318_|_, secondary
n 172
Ni 131
Co 541 heavies
Cu 18.3
Sr 836
Sc 1.08
REE, Y 112 rare earth elements

cd 0.96 (REEs)
AS 0.53
EZ ;gz toxic (EPA)
Cr 2.36




Lab-Scale Multi-Bed Fractionation Test, Using N=]|NATIONAL
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representative metal distribution

Sorbent: 0.5 g/bed

AMD: 0.5L,0.5
mL/min
8000 - ) ENa =mMg mAl K mCa mMn mFe Ni mZn mREE
7000 ——Na —o—-Mg =e—A| 100% 1 == ]

. 6000 - —-K —e=Ca —e=Mn 480% -
o . o
§ 5000 - —e—Fc Ni =0=7N §
1 o —
Ly REE 260%
o _ 5
2 ®
B 0.5L % 40% -
o 8

o
E. E207
[72) 3 .
el 73 (o)
< 2

o 2 — ——
s+ s s 7 8 o
- 1 2 3 4 5 6 7 8
Bed Bed

‘_““"o% U.S. DEPARTMENT OF
.4/ ENERGY
R .




Effect of Treated AMD Volume on Metal Distribution N=|NaronaL
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Cascading effect:

B 12000 1 05L higher affinity metals
2 o ' (Al) displace lower
3 4000 affinity metals (Mn)
ﬁ 3,000 downfield.
2
AMD/sorbent ratio can
- 1.0L be adjusted to achieve
g 12,000 different CM
5 o distributions and
% 6000 o
2 000 purifies.
3 o
Fractionation achieved:
Beds 1, 2:
30L :
12,000 N ~1.1 wit% Al; 2 90% pure
9,000
Bed 8:

0.16 wi% Mn, ~84% pure

=
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o
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Effect of Weighted Hourly Space Velocity (WHSV) Ratio [N=|NinonaL
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Higher WHSV
ENa mMg K mCa mMn BFe Ni mZn mAl mREEs preferenﬁ(]”y
1:22 Ca distributed metals

according to uptake
kinetics - f(c, k): Al >
Mn > Na, Ca

40% -
20% -

Ads. Metal (% total)

Q
1

0.1 min! Potential tradeoff?:

TAl fraction purity/ 1
unbound effluent
confaminants

1.5 min-
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PBG AMD Field Site Set-Up for Recovery of Critical
Metals
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8-Bed Scale-Up

L]

Selgglelligle b'i’r
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Sorbent capacity:
160 g

Flow rate: 0.6 — 1.1
L/min

WHSV: 0.35 min' - 7.9
min-!

First practical
application of NETL's
MUST for recovering CMs
from a coal waste
source — AMD.
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3.5
: 3 Uv-Vis/Cu?* technique detects - 300}
125 low ppm-levels of residual non- £ 50 -
Iii Z crosslinked amine. § 250 1 40
| = c ]
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p 1 thoroughly washed sorbent = 150 0 1t imit of
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| 0 C B
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O .
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50 sorbent bed masses of H,O
needed to achieve minimum
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- |[ENERGY

TECHNOLOGY
Performance TL LABORATORY
Scaled MUST Adsorption Process
5! o 8,000 - mlab
9 80 Sorb.=140 g _
> ‘0 | % Flow=285 mL/min 2 field test
P _ . 6,000 A
S / Volume=100 L a ¢
‘g 40 % §
g% % @ 4,000
< ol - WHSV~2.1 min! <
¢ AMD/Sorb.~750 S
2,000 A
EFe ENi
100% A
= 0 -
2 %1 1 2 3 4 5 6 7 8
§ 60% Sorb.=4 g Bed
Py Flow=8.2 mL/min
2 40% Volume=3 L i
= 2% Al adsorbed from field test:
3 ~1 wi% Al, 290% pure

#7%%, U.S. DEPARTMENT OF

0.25 wi% Al, 80-89% pure




Recovery of Solid CM - 2" Field Test with Modified N=[NAToNAL
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Elution and Precipitation of Bed 5 CM

Metal-adsorbed bed 5 Bed 5 elution: 0.2M HCI, 1.5L Eluent precipitation, pH 9.5 (NaOH) = filter = dry
10,000 A EBNa EMg =K i
100 300 -
mCo EMn HEFe m PBGF4-B5-S1 m PBGF4-B5-S2 m PBGF4-B5-S3
ENi WZn _mAl 4
8,000 - — o .ggo ] 250 1
-~ | " )
o . R ~
o = o
g 6,000 ~ = 60 - 8
=) N 0]
2 o c>) 150 -
S b 0
% 4,000 : @ 40 A o
y g T 100 |
< - 3
o]
2,000 - 220 . 50 |
All other metals
below this value
0 4 0 A 0 + . e g —
1 2 3 4567 8 Fe Zn Al Si Fe
Bed Metal Metal

~0.7 wi% adsorbed Al at 290% purity.

~91% elution of adsorbed Al.

~59 mg solid Al recovered 2> 41% of eluted; high precipitation pH.
Silica co-eluted with Al > SiO, deterioration from high acidity.

O O O O
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Conclusions and Continuing Work N=|NATONAL
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v Lab-scale fractionation: Al>90%, MN>90%.

v 8-bed adsorption unit developed at lab-scale, then scaled for field work.
v Appreciable, high-purity fraction of Al adsorbed from authentic AMD.

v >90% Al elution, then recovery of Al as a low-purity solid fraction.

v Additional work needed to improve % Al elution and Al purity.
o Elution — different buffers, lower-concentration HCI.
o Precipitation — sequential pH increase, sampling every pH 1 unit.

v Evaluate produced water or other AMD sites for CM.

U.S. DEPARTMENT OF

(@) ENERGY




NETL
Resources

VISIT US AT:

@NETL_DOE

@NETL_DOE

@NationalEnergyTechnologylLaboratory

CONTACT:
McMahan Gray
Email: Mac.Gray@NETL.DOE.GOV




