WO 2022/256457 PCT/US2022/031844

1157

/‘18

24

FIG. 1

12\/\ﬁV
A\
RN
12%
N\
A\
SIN
iyt

[ Cathode
K Anode
| Cathode
L Anode

10'\

FIG. 2



PCT/US2022/031844

WO 2022/256457

257

@WF % \,_\/_\ 5poyie) ]

RN J R 3pouY |

U 2\4 3pouien’]
| \ A

_ |
"-gz

¢ 'Old

w”/_.// IR 3pouy |

hi e SPOUED )

U Z\4 5pouiED) ]

<




PCT/US2022/031844

WO 2022/256457

3/57

9 'Ol

N .WF f/\mr apouy
“ N
% \//é« 3poyie ]
b
| / \ A -
Nm/\v_7\ AV %%m%ﬂ z¢
ol
pg—" @/ ch
S '9ld
ﬁ\s
V. g Spoued ]
5" K //W apouy
ﬁ A\ A %
% p\% POEY]
R 30U |




PCT/US2022/031844

WO 2022/256457

4/57

e~ L mnoﬁmox_/
g, N opouyy A
e~ # 8poyed S
9 R NN N 9poUV e
_ A —
ze~ [ 2\ BPOWERY, 4
g, R N 3pouy A
ze~, L SpOYE] N
N 9poUy e
L9id N
142 A
Y I
26~ 1L 4 8poyied |
gL //M 9pouy
9
) N —
e~ N\ NN BpOUY | 7
y, -V \ SpoyiEed ]
9¢ N QN_‘



PCT/US2022/031844

WO 2022/256457

5/57

0l 'Ol

Nm/_W apouy |
. sﬁwﬁA 4
v L 4 ) Sboyjeg 77
7l
0s—" 2
6 9Old
A 8poyied
v K - opoly v~ o
py L % Spoued]
N R apouy ¢~
A _ | | é/m_ A
qﬂ by \M 8poyied ol
N \ spouy 1~
- A i7g
& nt 277 PoUEY]
N Ry A apoly 1~
oy—" b gy




PCT/US2022/031844

WO 2022/256457

6/57

¢l 'Ol

22
vm g
A : 76 A ;
AR Spouy |
9 A - _ \Nm
pl 09 |
% AU Spogien ]
A \\ A A /
bG P 22
% ARTE
4
4>
|
) A S
N N apouy | 44
| P
L AV SpoyIes ]
|
@@\A Nm% A N




PCT/US2022/031844

WO 2022/256457

7157

vi "Old

A _ s A

g A 3poUY |
p opoued ]
28" < R
oA 2|4 SPED]
gL opouy |
A | vay A
9" .
A ¢l 'old A
_ b
py Spoye) |
g} AN 9pouy
%\A it | ze
pL L AV Spoued |
9, opouy

A - \_A %V& A



WO 2022/256457 PCT/US2022/031844

8/57

16

66
)I/14
N

/32
VI;M

N
NS
N

FIG. 15

2N

[ Anode
I Anode
| Cathode

I Cathode




PCT/US2022/031844

WO 2022/256457

9/57

91 OId

2N N NN

9 PN apouy ] wm
_ <
p SPOUED] \, 7
9, - opouy J WN
_ <
py 9poyieq ]
g A 3pouy
| C—
3
p L SPOUEOT N zp X
g 8pouY |
| a
D



PCT/US2022/031844

WO 2022/256457

10/57

Ll Ol

N mcoSZN 9 mm
|
9l A apouy "
ol A 8poyiesd ] wm
_ <
py 8poyegd |
N apouy 9
| ,
Pa gng 2
9} ze <
ppt 8poyEd -]
| a
N



PCT/US2022/031844

WO 2022/256457

11/57

8l Ol

Vi

apouy M\Nm

apoyied vl
9pouy
opoy}ed
apouy | ¢t
{—
apoyied | a4




PCT/US2022/031844

WO 2022/256457

12/57

61 Ol

apouy

| b

apouy
A%

apoyied

vl
n

apoyied 4 vl

9pouy

apouy |

Z¢
9poyie]

vl 3\_,\

==

apoyied | 7z




PCT/US2022/031844

WO 2022/256457

13/57

0¢ Ol

AN

a7

PR

0] [ Ps=t(olpn - PN + oIN||||.

mm, .
| :
g/m.wwm KSR R e
7N SREPOTY
U\ mmm_oo%o
A _ : |(»| - %ZN%%Z wm%z Ngpn u%z — +%zxA| -
\ \ 44
¥ 08



PCT/US2022/031844

WO 2022/256457

14/57

¢ "Old

43N

AN




PCT/US2022/031844

WO 2022/256457

15/57

Z¢ 9Old
Le ) 82
: ¥ ph-
g, [LOFHY T4y — —
- i\ Q°HZ I\
S\ S AENE g o W |~
-
@N\P 7 @ﬁfomz — 47N +-OHZ _ ]
-||&/|/|||WI||*> ||||||
9, NS ,/0. opoly J W:
peL-f - o - - - = - ||MNN ]
||||||| — — = —F — N — 7]
P~ \K el
= 7 IN L O m _Z
N
74 7zl 22
oL "



PCT/US2022/031844

WO 2022/256457

16/57

A E

YHONN <« 4zIN +-OHZ

T S S

SOy

13 11

11| 11 \ P
N Mmmcoﬁmo
Z +NMZ +N_Z +N_Z +N_Z




PCT/US2022/031844

WO 2022/256457

17/57

9L~

00l ¥Z 9ol
/

— — — — J — — — — — — —
Soal s
S T2 AN
- wmﬂc_\,_ +oHp O°HE + 4z U ] 1291

NN 4
951 76l ySl




PCT/US2022/031844

WO 2022/256457

18/57

6 520N
|||||||||| —— —————————————————— -QQ}
@F/l \myl ,vﬁ/l S S K74
||||||||||||||| ~N = ] a8 [~ I@|||||||||||||||
|||||||| -n°¢ - — 2 - — — — — — — —
ety () 1 PN |@|@%@ |||||||
_— ~OOIN «+0QIN+-OHZ — —|“I N | | U+ Hr = OPHE + s —
N N N 4
0lb 89l o6l 761 88 15l
S~ T~ — = ==
AN T N [ S T R i { Sl
, NN SISO g
9~ 17 | L1 = :
WL A AT OO
RN A T
S — Y A AE——S
v5 9L 0L 0gl



PCT/US2022/031844

WO 2022/256457

19/57

9¢ Ol

081 \v

z9 950 TGhoo N85 88 Gl
.|J\|||/< NN / \|||o~@||
o~ — - “OUN + :HI ™ O°HZ + N — — -/~ — -
YaS /U |||||||| %0 *— 402NN X\ BPOUY |
.v _\ /_w |||||||||||||||||| 7! |w| ||||||||| _ |||||||
N NG 780>/ 8POyied]
— — dHWOOIN «—+z00/N +-OHZ +{%4) —OHz- — 5 — -
4 J LN N N N
0L} 89} ¥6 76 88 €l
vt.\ 81




PCT/US2022/031844

WO 2022/256457

20/57

L2 9ld
96} ¢g .N\w F o)
llllll e
DA S QU HIR - IOHE 22U apouy
7 - — — — — — — _ _ AT T
|||||||||||||||||||| N-7¢
" AV (L9 5POYR)
e | E A & T St —
4 7il




PCT/US2022/031844

WO 2022/256457

961
861 ) 06
|||||||| \ V%A_|<|\\|||N\||||A
/
~ / 7 3
o
25
|||||||||| ; _  _
9L} 98 e o A
@ |||||| “OUN + +HY +— O°HZ + +zUINNNN\\\\ 9POUY
LN e — I I 1 7¢
- AL 17 97X BPOyeD
O [ VAT T Gu—
\ 7 S
4 il
261 961 0¢}




PCT/US2022/031844

WO 2022/256457

22/57

6¢ Ol

¥4
12
012 (Z ssed
802 W\@
881
0 /Vx 0
me\iwo i 902
1D+~ _owgm (| sseq
961 7c wmw v8lL 88 ¥4l 781
|||||| N / (L7 0N
N el Noczf% OHg + 4N — — — — * - A |
A R . 90 < 07 NN spouy] . OO-UA-IN ()
e - - - - — - O\ — B A ] o)
e N\ 773X 3P0yied] )
-HHHHA%V_'z UNVZH O ) O C J
m& 91z g N@ 88 0cl e

207" 0ze



PCT/US2022/031844
23/57

WO 2022/256457

cr &
ocz 88
......... \r5s
||||||||| y Il
9L 7Y 7 Pl
SRR .. tHY +°Q * Q°HZ ZK-BENMWN\\ 9POUyY )
||||||||||||||||||| N - - - — -~ A \
:\ N X, oPoued]
= — DN 00/ + omw BT —
/ / /
977 e s om\ 98 omr 414
(6



PCT/US2022/031844

WO 2022/256457

24/57

YEz
2GL €T A~ |0ECgg
N
T SSN\NNNNNNN\\\\\ +HY Hmpm OIN_.._I [QEIANNN ovoz& 4\3@
N 478 XK, 3Pouied)] $9z
N b I — N v-oRe ) oz = — — - 4
0gt—" / 7S \ S 2N
8lz  9iz I 88
09z 852 76 99 g5z y92
qu/ ;) N
——"HOPA\«—-OHE + y0d—— | [ fm——————————— ol
| 94 «~ .04 /7.8 Va S 0 1
o RN || | L Qe LN

——————=(0)N0 «— +zN0———=
67 152 7 7 A,
by 8VT Zhe H

SR v R S
91— 1T é, I A//TT \%ﬁmvoc,{.
ol 12 N 8058-./%

957" 267 062 0¥z 06l



PCT/US2022/031844

WO 2022/256457

25/57

¢€ "Old

967~ 9}~ N@Jr@u Q°He
e o oS
N il e
i |Nmm|\| e .||Hn|||un|||un|||uh|||uh+_u|%| - = 022
B S ¢ _
_ R 010 i B b A0 10 I Y B I
< = PN PR 01z
w6yt AU\ R 410V S SR
oy o
08¢ gz ye ¢lzz6 gg 06 Oth vil

897"



WO 2022/256457 PCT/US2022/031844

<t
[ap]
o
™
| ]
RN
(]
o
[qp]
\
(e @]
X K <} J
C")\-
[do)
N
o
o S P
o -
1,
™
(e @]
= O m e
(ap)
| S \
. o <t
/ A | -
&L /
-~ O\
o N
(ap)



PCT/US2022/031844

WO 2022/256457

27/57

PEE~

9¢ "Old

0€e

y

2 %)

)

VS

e~

878"y

T8

w/,mmm

"-9z¢



WO 2022/256457 PCT/US2022/031844

28/57

336~

Electrolyte
By-product

FIG. 37



WO 2022/256457 PCT/US2022/031844

29/57

SN AS AN AN
SERRREERLRLRKRIRL

=

Cathode Side ——= '

T000000000000000000000000000 &

FIG. 38



WO 2022/256457 PCT/US2022/031844

30/57
380
382
( Black Mass ) ( NaOH )
! Graphite | 388 Mo,
! 1 -
384 S/} 1 S/ = // :Sedar?ae:&atlon
386 pH4-5/ 390 380 392
H,80,, H0, Final Product
394~
FIG. 39
(Upgrade Product)
( Product ) ( NaOH ) Cu Ni, Co
[o S0y A0; | Fe,Cr  80-95%  80-95%
pH 4-5 380 l 380
Ca, Mg, Mn
H,S0,, H,0,

FIG. 40



WO 2022/256457

PCT/US2022/031844

31/57

[ —

& N

L g \g

L : \\i
, _ \yg
W] i

FIG. 41



WO 2022/256457 PCT/US2022/031844

32/57

416~

Concentrate:47
424 —

422~
Permeate: <«

Inﬂuent/// Influent;

420




¢y Old

PCT/US2022/031844

M
© © © ©® oo 0

33/57

(7

I,
:o:o

CAAAAY {/ ‘4“4(4‘0.
S ..".".“.“© o
NS

¢
0
"

L]

,xppx‘
S
I NKA
T e
BN
A
IS
et
B
XN
e
DS
KBNS
XA
it paa et
OSBGOS OO0
OB e
BNR B
DN A
) () () ——K) Q)
= e
T
W 5 &
DX
XN
B
B
e
RN
\ et

e
R E ARSI XA
OB SN
QOB LR
QSBONS XXX
SN—"

)
9990099004 ::::..

SXSRCONAN

WO 2022/256457




WO 2022/256457 PCT/US2022/031844

34/57

446~

450 \

FIG. 44



WO 2022/256457 PCT/US2022/031844




WO 2022/256457 PCT/US2022/031844

456~

460

FIG. 46



WO 2022/256457 PCT/US2022/031844

476~ _— 466

470
466 4, Da 468
— ’/ii 458
0 =

i a : |
A
| N 460

464"

FIG. 47



WO 2022/256457

PCT/US2022/031844

G 2
4 ‘\‘ \ ~
@) \5) O
,z'/\: A\
7 U ?
O O
o)
N
O \ O
O O
O O
“\\-/ /
O O O
- J

466

FIG. 48



WO 2022/256457

PCT/US2022/031844

N
=24
\
4 N
QO
NG O
O O
O O
O O
O O
O O
. Y

FIG. 49



WO 2022/256457

40/57

PCT/US2022/031844

>
<
S
- ~
4 N\
O @) O @)
8 IS
~
T NL O O
O G~
s
<3
O ®) Q
O
™
O @)
g.//
=
O O
——
Ioe) <
N\
O o\ @) O
. J
\ J




PCT/US2022/031844

WO 2022/256457

41/57

aulg |e1N
10NpoId

/

919G

—

4%

0l9

1§ 914 "

.

03300283

[s200320

| Poa4 [eIBN

v09

| paa4 81Aj0408|3

809
909

(B)°0 + (B)°H

209

X-005



PCT/US2022/031844

WO 2022/256457

¢S 'Ol

AuE| pasd [elay
dwind onjeisuad jenuepy

yUB| 9jesula
85 ‘VMWW\A
peS
MEINE yue| 8140410913
pA Y
D] dyd | | DK
(AR (50 AN/ I
NN AN C \_/
654 od Zd
825

\

J9)ji4 beg auiju
omm\\r;:;;




PCT/US2022/031844

WO 2022/256457

€9 'Ol

alealliad

099
POUVerfion0013 /
[9SSOA 0.5 7
abeiolg vaG _j 8.9 _ _ _ é _ _ _
REITY) Jo1ep 999 zoc Sojejdioaid
apusig-p\ 31seM 81SeM g ¢ | ¢L5 \ $9G \ [elo
| ' |
0OIN—/, a8 peixg [
\. | | N/ ssepy Yorlg |,/
e e | __uoneinanooy N
P 085 agc > PO TEIS 856
5
= ¥99
o5 apipi ) Gohhg
N WNIpOS 9 | | | PAH 9%0¢/ \ounying N9'G
Aunig 10e4x3 089
SSEJ| OBl /vgzﬁ_&m@ 19pUBIE-A
peaxg _| L Aung SSEN Xoelg +
ssepoelg |-7 [ ssep woBlg paziusBaoloH 7he
% 4 SPIIOS
255 8vs y¥S sSep\ ¥oelg

ovs
X~ 0%



WO 2022/256457 PCT/US2022/031844

44/57

lQOO T
0D ¥eo _

]
o
O

598
O
O

]

504
@,
O

w0 ()
O
QO

O

588
N\
H

586~

FIG. 54



PCT/US2022/031844

WO 2022/256457

45/57

600~

FIG. 55



PCT/US2022/031844

WO 2022/256457

46/57

V19

919

O,

9¢ "Old

=

b

b

[eXsRsXoXoXeRoXo;

b

[eXeRoXoXeXao]

[oXeXaXvIoZee]

b

[oXsRoXoXoXeRoXe

W

77 MW
249
NN —
i J1 809
m @ /// / / , ; ARTARRRLRNNY _ _ _
f NONAA Y
m —\ 0
. { [
i 1
; 909 \\
209
X~019



WO 2022/256457 PCT/US2022/031844

47157

1
608

FIG. 57

614




48/57




PCT/US2022/031844

WO 2022/256457

49/57

65 Ol

indjno
IO JBYO

Indino
94/l L PaXI

uonisoda(Q
|BOILIBYD0198|

i

Buiyoea

A

(BuiysniD)
N 1ied

A

-

induj J8Yi0

Induj uoy]

A

nduj [esouly




WO 2022/256457

50/57

Input

z

Leaching

<

Graphite
Filtration

s

pH
Adjustment

z

Filtration

@

Electrochemical
Deposition

<z

Products

FIG. 60

PCT/US2022/031844



WO 2022/256457 PCT/US2022/031844

51/57
O Synthetic Nd
140 _ Real Waste
120
100
80 T H
60 -
40 .
% I
20 - H | —
0 T [ I
Max Recovery Deposition Rate Current
(%) (GMH) Efficiency (%)

FIG. 61



WO 2022/256457

52/57

PCT/US2022/031844

45 T—o0—>0 T o @ Co Deposition [~ 100
40 o) o o CoRecovery [} g9
£ Q ©
« 35 - 80
< 0] @)
£ 30 L2 o - 70
% o5 g° o\o\’/ ~ 60
5 ST - 50
€ 2 e o
5 e o - 40
G o - - 30
2 10 =
7] [224 @@ 2] — 20
o

5 @% @ - 10
0 ‘ 0
0 5 10 15
Permeate Flow Rate [mL/min]

FIG. 62

45 L o Ni Deposition 1~ 100
- 40 5 > o NiRecovery [} 90
N 35 O 2) - 80
£ 30- o - 10
2 K 2 - 60
@ 2510
&“ 20 OO \Ly\O\ ,/’/ B 50
5 O /,/’@\\ — 40
= 15 O Q=
% - o - 30
8 102 0 20
a P’

52— o L 10
o
0 — ' 0
0 5 10 15

Permeate Flow Rate [mL/min]

FIG. 63

Recovery [%]

Recovery [%]



WO 2022/256457

PCT/US2022/031844

53/57

’:‘; 100
= [J Feed Stock
§ 80 = 225V
: 1 5 25V
© 60 _ a3V
£
3 Ba
< 40 2V 1~
5 % —
'§ Y
= 20 S
=
g 0 l ,-T-,lﬁliq

Co Ni Mn

FIG. 64
25 T O o Co Deposition [T~ 100
o o Co Recovery
£ 20 o 80
<
g O \ =
2 15 0 0o 60 =
& - -
o » 4
< 1 0p0 T o 8
S 0 o o /@,6" 40 &
S -] ©
2 5 /,,.—@’ O 20
)
2 4 6 8 10

Permeate Flow Rate [mL/min]
FIG. 65



WO 2022/256457 PCT/US2022/031844

54/57
25 o Ni Deposition (1~ 100
o o NiRecovery
£ 20 C—o—0—v 80
o
<§ O\ o © =
% 15 O — 60 cg
® o) \ - o
= 10 © o o7 40 9
2 ,,/’@"/ o 2 o
§ "’/:@’ @O ©°
2 5 > 20
)
0 2 4 6 8 10
Permeate Flow Rate [mL/min]
FIG. 66
= 100
5
= [ Black Mass
= 80 Feed Stock
1% " 225V
© 60 L3V
£
2 "
< £
= 40 1] -
S ’ :
& T
o 207 L7
= g a
% O = ﬂ &= = -
| | |

I
Co Ni Mn Li Cu Al Ti



WO 2022/256457 PCT/US2022/031844

55/57

100%

50% —— E—

0% 7

-50% /

Unit Margin [%)]
~N

-100% F

-150%

0 50 100 150 200 250 300 350 400 450 500
Deposition Rate [g/m*2/hr]

FIG. 68
100%
_. 80%
9—\‘: ]
% 60% p——
] T
= 40%
< R
=
20%
0% 4 ! T T
0 50 100 150 200
Cathode Life [h]

FIG. 69



WO 2022/256457 PCT/US2022/031844

56/57

624

620

622

626

FIG. 70



WO 2022/256457 PCT/US2022/031844

57/57

628~

634

634

FIG. 71



