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ELECTROCHEMICAL METAL DEPOSITION SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED ARPPLICATIONS

(00011 This application claims the benefit of the filing of U.S. Provisional Patent
Application No. 63/195,567, entitled “Electrochemical Metal Deposition Apparatus and
Method’, filed on June 1, 2021, and U.S. Provisional Patent Application No. 63/273,840,
eniitled “Electrochemical Metal Deposition Apparatus and Method”, filed on Cclober 29, 2021

and both specifications thersof are incorporated herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention (Technical Field):

[06023 The present invention relates to an electrochemical system, apparatus and

meathod for the selsclive precipitation and deposition of metals from a solution.

Description of Related Art:

(06033 Technological advancements have preduced an sver-increasing need for
metals, matsrials and compounds. Political and climate concerns also promots a need for
environmenially conscious metal recovery processes. Recycling matal and matal compounds
is critical for the development of green and energy transition {echnologies, including energy
storage/vatieries, electric vehicles ("EVs”), windmills, and solar cells. Metals, including
minerals and rarg earth ("RE”} metals, are critical materials that havs bean refsrred o as the
oil of the alternative energy age, with copper and RE metlal demand anticipated to increase
dramatically in the coming decades. There is also a significant need for recycling of end-ofife
batteries and other metal-containing products. Specifically, these metals include lithium,
cabalt, nickel, and manganese. Cobalt, nickel, and manganese often sarve as cathode

matsrial for lithium-ion batieries. A singls elsctric vehicls contfains more than 1 kg of RE and
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other metals as well as lithium-ion batteriss. Additionally, countries ofien raly on imports for

their production needs, particularly for critical minerals and metals.

[0004] What is nesded is an economical, energy efficient, and climate conscious
process o enable the creation of a sustainable sourcs of metals. The presant invention
sslectively separates mixed melal resources into individual mstal producis af reduced cost and
environmental impact. The present invention provides a high-throughput electrochemical
process for metal racovery and separation from conventional and unconventional domestic
resources as an alternativs to the classical energy-intensive hydrometallurgic and
pyrometallurgic meial extraction and refining processes such as electrowinning or solvent

extraction.

BRIEF SUMMARY OF EMBODIMENTS OF THE PRESENT INVENTION

[0005] The present inveniion is directed to an electrochemical depaosition sysiem, the
electrochemical deposition system comprising: at least one porous cathodic material; atleast
one anode; said at least one porous cathodic material and said at least one anode forming an
inter-electrode region; a housing disposed around said al lzast one porous cathodic material
and said at least one anode; at least one gas releasea channel; at least one inlst; and at lsast
one ouilet. In one embodiment, the electrochemical deposition system comprises a plurality of
electrochemical deposition sysiems arranged in series. In another embodiment, the
electrachemical deposition sysiem comprises a plurality of electrochemical deposition systems

arrangsd in paralisl.

(00068} in ancther embodiment, the slectrochemical depaosition system further
comprises a filler. In another embodiment, the electrochemical deposition system further
comprises a current coliector. In another emboediment, the at least one porous cathodic
material comprises carbon nanotubes. In another ambodiment, the at least one anode is
porous. In another embodiment, the al lsast one porous cathodic matsrial comprises an

slectroactive area of about 25 o to about 10 m?. In another embodiment, the at least one
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porous cathodic material comprises a catalyst. In another embodiment, the electrochamical

deposition system further comprises at least one selective membrane.

{0067} The present invention is also direcied to & method for electrochemically
depositing metal, the method comprising: passing a solution comprising a metal into a cavity;
applying a chargs o a porous cathodic material at least partially disposed within the cavily;
coniacting the solution with a porous cathodic material having the applisd charge; changing an
oxidation siate of the metal; and selsclively depositing at least a portion of the metal onto the
porous cathodic material. In one embodiment, the method further comprises contacting the
solution with an anode. in another embodiment, the method further comprises contacting the
porous cathodic material with an acid. In another embodiment, the method further comprises
condacting the porous cathodic material with a buffer. In another embodiment, the method
further comprises generating a gas. In another embodiment, the method further comprises
feaching. In ancther embodiment, changing the oxidation state of the melal comprises
increasing the axidation state of the metal. In another embodiment, contacting the solution
with a porous cathodic material comprises passing the solution across the porous cathodic
material. In another ambaodiment, contacting the solution with a porous cathodic material
comprises passing the solution through the porous cathodic material. In another embodiment,
the method further comprises removing the selectively deposited metal from the porous

cathodic material.

(0008} The present inveniion is also direcled {0 an apparatus for the selective
deposition of metals and metal compounds from a solution onto & conductive porous cathodic
material. The present invention also relates {0 a method for selsctively depositing metals and

metal compounds from a solution onto a conductive porous cathodic material.

[000%] The system, apparatus, and method of the present invention may be used for
the selective deposition of metal from a solution. The terms “systert” and “apparatus” are

used interchangeably through the specification and claims.

[0010] The solution may originate from a variety of sources including, but not limited

o, recycling facilities, scrap facilitiss, mining operations, waste deposits from mining, oil, and
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gas production and/or refinement, chamical production facilities, slectronic waste facilities,
manufacturing plants, waler treatment plants, scientific research facilities, or a combination
thereof. The apparatus and method of the present invention may be used {o remove a metal
of choice from a solution. The removed metal may be used in the manufacture of other
products including, but not imited {o, batteries, samiconductors, purified metal, elsctronic
components, magneis, or a combination thereof. Metal may be removed from a solution by
deposition onto a part of the apparatus or as a pass-through product where unwanted metal is
deposited, thereby leaving the metal of interest for collection. The apparatus and method may
be usad as a pre- or post- processing step in a larger process to remove, extract, or purify a
solution or a metal. One benefit of the apparatus and method is the improved selectivity and
collection efficacy for a desired metal from a solution without the need for substantial pre-
processing, L.e., with mulliple chemical reaction steps, of the sclution. The apparatus and
method of the present invention allow for the selsctive deposition of one or more metals of

inferest at lower and with greater efficiency compared {0 other apparatuses and methods.

[o011} The present invention is also directed {0 a use of a chemical deposition
apparatus and system for the selective deposition of at least one metal onio a porous cathodic
material. The present invention is further directed {0 a use of a method for electrochemically

depositing at least one metal on a porous cathodic material.

10012} The present invention may be used to exdract metal from a solution and/ora
compound comprising ong or more metal through redox reactions that form metfal compounds
more amendable fo exiraction. The present invention may form meatal hydroxides and deposit
the metial hydroxides onto a porous cathodic material. The present invention may also be
used to form metal oxides at or in proximity to a porous anodic material. Metal and/or metal
compaund products recovered by the present invention may be removsed and collected. The
present invention may be used to extract metal from materials including, but not imited o,
black mass, ore, concentraies, tailings, batteries, magnsts, non-ferrous scrap, and ussd

glectronics.

[0013) The present invention comprises an electrochemical deposition apparatus and

systermn. The slectrochemical deposition apparatus/sysiem may comprise a flow-through
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electrachamical deposition sysiem o selasctively recover metals. The selectively recovered
metals may comprise, bul are not limited to, RE metals. The selectively recoverad metals may
comprise, but are not limited {o, neodymium ("Nd"), prasecdymium ("Pr’), dysprasium (‘Dy),
copper ("Cu”}, lithium (L"), sodium "Na"}, magnsesium ("Mg”)}, potassium ("K"), calcium (*Ca"),
titanium (T, vanadium V), chromium *Cr”), manganese ("Mn”), iron (*Fg&"), cobalt *Co"},
nickel (“Ni"), cadmium {(*Cd"), zinc (“Zn"), aluminum ("Al"), silicon (“Si"}, silver (*Ag”}, tin (“Sn”},
platinum (P}, gold ("Au”), bismuth ("B}, lanthanum (*La"), eurapium ("Eu”), gallium ("Ga"),
scandium ("Sc”), strontium (“S), ytirium (Y7, zirconium {("Zr"), niobhium {"Nb"), molybdenum
("Mo”}, ruthenium (“Ru”}, rhodium (“Ri"), palladium (“Pd"), indium (“In”}, hafnium (‘Hf),
fantalum (°Ta"), tungsten ("W, rhenium ("Re”), csmium ("0O¢8”), iridium (“Ir”}, mercury {*Hg™),
fead ("Pb"), polonium ("Fo”), cerium (“Ce”}, samarium {“Sm"), erbium (*Er), yHterbium (YR,
tharium (“TH”), uranium ("U”), plufonium ('Fu”), terbium Th"), promethium ("Pm”}, teliurium
{“Te"), or a combination thersof. Metais may be recovered from conventional (8.g., virgin ors)
or unconventional resources {(e.g., end-oflife magnets and batieries or coal fly ash or mine
ailings). The preseni invention can be implemeanted in existing facilities to process metal or
metals on-site. The present invention can reduce operating costs, energy requirements, and
CO, emissions by up to al least about 50% comparsd o raw ore mining. The present
invention can also reduce greenhouse gas amissions (8.g., by about 280 kg COz per kg of

metal product produced) as compared {0 raw ore mining.

(0014} The slectrochemical deposition apparatus and system may compriss a porous
cathodic material. Cathodic alkali production may be used to deposit melal hydroxides onio
the porous cathodic material. Alternative mechanisms of metal deposition may include direct
cathodic reduction or direct anodic oxidation or indirect oxidation or indirect reduction. The
electrochemistry may not be limited by slow diffusive mass transfer. The electrochemical
deposition apparatus may comprise a flow-through system. The flow-through sysiems may
maintain rapid deposition kinetics. The deposition kinetics may occur at a rate of about at
least 200 g hr' 2. Deposited metals may be, but are not limited to, of the chemical formula
M OH)s, (MmO «mye, oF MC. Deposited metals may also be, but not iimited to, metal
carbonales or sulfates. The electrochemical deposition apparatus and system may comprise

a modular membranse-like format. There may be a plurality of slectrochemical deposition
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apparatuses/systems. Ths plurality of electrochemical daposition apparatuses or sysiems
may operate in paraliel. The plurality of electrochemical deposition apparatuses or systems
may also operate in series. Operaling the plurality of electrochemical deposition apparatuses

or systems in senies may facilitate sequential redox processss.,

[0018] Objects, advantages, and novel faatures, and further scope of applicability of
the present invention will be set forth in part in the detailed description o follow, taken in
conjunction with the accompanying drawings, and in part will become apparent {o those skilled

in the art upon examination of the following, or may be leamsd by practice of ths invention.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

{00183 The accompanying drawings, which are incorporated into and form a part of the
specification, illustrate one or more embodiments of the present invention and, fogether with
the description, serve to explain the principles of the invention. The drawings are only for the
purpase of illustrating one or more embodiments of the invention and are not {o be construed

as limiting the invention. in the drawings:

{0017} Fig. 1 is an illustration of the electrochemical deposition of the present invention

depicting feed flowing through the porous cathodic material and anods;

{0018} Fig. 2 is an illustration of the slectrochemical deposition apparatus of the

present invention comprising an impermesable boundary;

{0018} Fig. 3 is an iHustration of the elecirochemical deposition apparatus of the
present invention comprising an impermeabls boundary and two porous cathodic materials in

a stacked configuration;

{00283 Fig. 4 is an illustration of the slectrochemical deposition apparatus of the
present invention comprising an impermeable boundary and an anode positioned between two

porous cathodic matarials;
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(0021} Fig. 5 is an iHlustration of the elecirochemical deposition apparatus of the
present invention comprising each permeate flow passing across and/or through a porous

cathodic material and an anode;

[00223 Fig. 8 is an illustration of the slectrochemical deposition apparatus of the
present invention comprising each permsate flow first passing across and/or through a porous

cathodic material and than an anode;

(00231 Fig. 7 is an illustration of the slectrochemical deposition apparatus of the
present invention comprising each permsate flow first passing across and/or through an anode

and then a porous cathodic material;

(0024} Fig. 8 is an illustration of the electrochemical deposition apparatus of the

present invention depicting porous cathodic materials and anodes in a stacked configuration;

[0025] Fig. 9 is an illusiration of the slectrochemical depaosiiion apparatus of the
present invention depicting porous cathodic materials and anodes in a stacked configuration

and with different feed and/or parmeate flows;

{00261 Fig. 10 is an illustration of the elscirochemical deposition apparatus of the

present invention depicting two feed sources;

(0027} Fig. 11 is an iHlustration of the elecirochemical deposition apparatus of the
present invention comprising two fesd sources merging in a central comparimsnt to form a

single permsate;

[0028] Fig. 12 is an iHlustration of the electrochemical deposition apparatus of the
present invention comprising outside-in flows mixing in an inter-electrode region to form a

mixed permeate;

(06283 Fig. 13 is an illustration of the electrochemical deposition apparatus of the

present invention comprising oulside-in flows mixing in an inter-electrode region to form a
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mixad permeats, with each outside-in flow passing across and/or through a porous cathodic

material and an anods;

[6030) Fig. 14 is an illustration of the elscirochemical deposition apparatus of the
present invention comprising outside-in flows mixing in an inler-slectrode region to form a
mixad permeate, with each outside-in flow first passing across and/or through an anode and

then & porous cathodic material;

(0031} Fig. 15 is an illusiration of the electrochemical deposition apparatus of the
present invention comprising outside-in flows mixing in an inter-slectrode region to form a
mixad permeate, with each outside-in flow first passing across and/or through a porous

cathodic material and then an ancde;

[0032] Fig. 16 is an iHlusiration of the slectrochemical deposition apparaius of the
present invention comprising a plurality of porous cathodic materials and anodes operating in

parallel and where a plurality of feeds is in contact with a porous cathodic material and anode;

[0033] Fig. 17 is an fHlustration of the elsctrochemical deposition apparatus of the
present invention comprising a pluralily of porous cathodic materials and anodes operaling in
parallel and where a plurality of feeds is in contact with either porous cathodic materials or

anodes;

(00341 Fig. 18 is an illustration of the electrochemical deposition apparatus of the
present invention comprising porous cathodic materials and anodes operating in series where

a feed is in contact with a porous cathodic material and anods,

[6035] Fig. 19 is an illustration of the slectrochemical deposition apparatus of the
present invention comprising porous cathodic matarials and anodes operating in serigs where

a feed is in contact with & porous cathodic material or an anode;

[00386] Fig. 20 is an illusiration of the electrochemical deposition apparatus of the

present invention for metal oxide deposition;
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{00371 Fig. 21 is an lHlustration the slectrochemical deposition apparatus of the prasent

invention for non-ionic meatal deposition;

{0038} Fig. 22 is an iHlustration of the slectrochemical deposition apparatus of the

present invention with a center flow design;

[0038] Fig. 23 is an Hlustration of an embodimant of the electrochemical deposition

apparatus, wherein Ni?* ions are deposited and converted o nickel hydroxide;

{00401 Fig. 24 is an illustration of the electrochemical deposition apparatus of the

present invention for manganese oxide precipitation;

(00411 Fig. 25 is an iHlusiration of the slectrochemical deposition apparatus of the
present invention for manganese oxide (MnQ;) precipitation and NiCo mixed hydroxide

precipitate ("MHP”) exiraction;

(00421 Fig. 26 is an fHlustration of the elsctrochemical deposition apparatus of the
present invention for MnO; precipitation and filtration, Ni and Co recyaling, and NiCo mixed

hydroxide precipitate ("MHP”) extraction;

[0043] Fig. 27 is illustration of the electrochemical deposition apparatus of the present
invention comprising an electrolyle and nickel-manganese-cobalt source merging in a ceniral

compartment for MnO: precipitation;

[0044] Fig. 28 is an illusiration of the electrochemical deposition apparaius of the
present invention for MnO, precipilation and exiraction, and the formation of cobali(ii])
hydroxide (Co{CH)s) and cobalt(ill} axyhydroxide (CoOOH);

[0045] Fig. 29 is an fHlustration of the electrochemical deposition apparatus of the
present invention for MnOq precipitation and extraction, the formation of cobalt(lil} hydroxide
{Co{OH)3) and cobalt(ill) oxyhydroxide {CoOOH), and the extraction of CoOOH;
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(0048} Fig. 30 is an illusiration of the electrochemical deposition apparatus of the

present invention for the formation of solid nickel-manganess-cobalt oxide (NMC);

(00477 Fig. 31 is an illustration of the electrochemical deposition apparatus of the
pressnt invention for the formation of iron{l) hydroxide (Fe(OH)a), iron(lil) axide (Fe20s), and
nickel hydroxide (Ni{OH)2);

(0048} Fig. 32 is an iHlusiration of the slectrochemical deposition apparatus of the

pressnt invention for the formation of lithium carbonate (LLCO4);

{00481 Fig. 33 is an iHlustration of the arrangement of flows in an electrochemical

deposition apparatus comprising a filter plate and an elongated current coliector;

[0050] Fig. 34 is an iHlustration of the plate configuration in an electrochemical

deposition apparatus comprising a fiiter plate and a mesh;

(00511 Fig. 35 is an iHlustration of the arrangement of flows in an slectrochemical
deposition apparatus comprising a filter plate, wherein either the anode or the porous cathodic

material are at least partially disposed on both sides of the filler plate in an alternating paitern;

(00521 Fig. 36 is an illustration of the arrangemant of flows in an electrochemical
deposition apparatus comprising a filler plate, wherein the anode and porous cathodic material

are at least partially disposed on gach side of the filter plate;

{0053} Fig. 37 is an iHlustration showing a center-flow electrochemical deposition
apparatus,
(0054} Fig. 38 is a schematic of a filler plate for an slectrochemical deposition

apparatus;
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[0058] Fig. 39 is a flow schematic of a mstal separation method with photos of the
companenis and apparatuses of the present invention associated with each method step for

Black mass recycling;

(00583 Fig. 40 is a process flow diagram where an electrochemical deposition

apparatus is usad {o upgrade calcinated Ni scrap;

[0057] Fig. 41 is an expanded view illustration of an embodiment of an electrochemical

deposition apparatus showing individual paris;

[0058] Fig. 42 is a front cut-away view illustration of an embodiment of an

electrochemical deposition apparatus showing fluld and slectrical flows;

{0059} Fig. 43 is an iHlustration showing the external housing of an embodiment of an

electrochemical deposition apparatus;

[006es] Fig. 44 is an iHlusiration of an angled sids view of a center plaie component

showing gas release orifices;

(00611 Fig. 45 is an illustration of the porous cathodic material side of an embodiment
of an slectrochemical deposition apparatus with poris perpendicular to porous cathodic

matearial;

(60621 Fig. 46 is an illustration of the porous cathodic material side of an embodiment

of the electrochemical deposition apparatus with poris paraliel to porous cathodic material;

[0063] Fig. 47 is an iHlustration of the anods side of an embodiment of the

electrochemical deposition apparatus with a gas release valve;

[0084] Fig. 48 is an illusitration of the porous cathodic matlerial plate an embodiment of

the electrochemical deposition apparatus with ports perpendicular to porous cathodic material;
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[0068] Fig. 49 is an Hlustration of the porous cathodic material plats an embodiment of

the electrochemical deposition apparatus with ports paraliel to porous cathodic material;

{0066} Fig. 50 is an illustration of the framing plate of an embodiment of the
elsctrochemical deposition apparatus;

{0087} Fig. 51 is a process flow diagram showing the production of metal product using

an electrochemical deposition apparatus;

{0068} Fig. 52 is a process flow diagram showing a process for concentrating of a

selected metal using an electrochamical deposition apparaius;

[0068] Fig. 53 is a process flow diagram showing metal product production fromy black

mass using an electrochemical deposition apparatus;

(0070} Fig. 54 is a diagram showing an embodiment of an electrochemical daposition

apparatus of the presant invention;

(0071} Fig. 55 is a diagram showing a plate syslem comprising plates and a housing

for an embodiment of an electrochemical deposition apparatus;

{007 2} Fig. 56 is a diagram showing plates, a housing, automation system, power
supplies, valves, flow monitors, and housing for an embodiment of an electrochemical

deposition apparatus

[0073] Fig. 57 is a diagram showing plates, a housing, automation sysiem, power
supplies, valves, flow monifors, and  housing for an embodiment of an slectrochemical

deposition apparatus;;;
(00743 Fig. 58 is a diagram showing the components of a plate;

(0675} Fig. 50 is a process flow diagram where the electrochemical deposition

apparatus is used o exiract Ti and Fe from ilmenite ore;
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(0076} Fig. 80 is a process flow diagram incorporating the electrochemical deposition

apparatus to produce Co, Ni, and Mn products;

(00771 Fig. 61 is a graph showing the electrochemical parformance of the
elsctrochemical deposition apparatus/mesthod of the present invention for synthstic agueous

Nd and real waste (e.g., a real magnet extract);

[0078} Fig. 62 is a graph showing deposition rate v. permeate flow rate for Co

deposition and racovery whears the feed is a synthetic batiery porous cathodic material stream;

[0079] Fig. 83 is graph showing deposition rale v. permeate flow rate for Ni deposifion

and racovery where the feed is a synihetic batiery porous cathodic material stream;

{00807 Fig. 64 is a graph showing the normalized matal atomic percentage as a
fraction of the total electrodeposited metal as characterized by SEM and EDS wheare the feed

is a synthetic batiery porous cathodic material siream;

(0081} Fig. 85 is a graph showing deposition rate v. permeate flow rate for Co

deposition and recovery where the feed is black mass exiract;

[0082] Fig. 66 is a graph showing deposition rate v. permeaate flow rate for Ni

deposition and recovery where the feed is black mass exiract;

10083} Fig. 67 is a graph showing the normalized meatal atomic percentage as a
fraction of the total electrodsaposited metal as characterized by ICP-MS, SEM, and EDS whers

the feed is black mass sxiract;

{00843 Fig. 68 is a graph showing the unit profit margin as a function of meatal

deposition rate at a consiant porous cathodic material lifetime of 50 hours;
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(00851 Fig. 82 is a graph showing ths unit profit margin as a function of porous

cathodic material lifetime at a constant metal deposition rate;

{00861 Fig. 70 is a series of SEM images showing collected and dried metal oxide
precipitates on the electrochemical deposition apparatus where the fead is a synthetic battery

porous cathodic material stream; and

[0087] Fig. 71 is a series of SEM images showing collected and dried metal oxide

precipitates on the slectrochemical deposition apparatus where the fead is black mass exiract.

DETAILED DESCRIPTION OF THE INVENTION

(0088} The present invention is directed {o an electrochemical deposition apparatus,
systemt, and method. The present invention may be used {o exiract metal from a solution
and/or a compound comprising one or more metals through redox reactions that form metal
compounds and are amendable to extraction. The redox reactions may changs the charge of
a given metal, for example, from a 2+ charge to a 1+ or 3+ charge. The present invention may
form metal hydroxides and deposit the metal hydroxides onto a porous cathodic material. The
present invention may aiso be used to form metal oxides at or in proximity to a porous anodic
material. Metal hydroxides or oxides may be selsctively formed {o remove them as impurities
and callect mors high-value metal. Metal and/or metal compound products formed by the
present invention may bs removed from the present invention and collecied. Removal from
the present invention may be accomplished by changes in charge, flow, or chemistry within the
present invention. Metal may be collected by a filter, membraneg, column, or other separation
method for a specific metal. The presant invention may be used to extract metal from
materials including, but not limited {o, black mass, ore, concentrates, tailings, batieries,
magnets, non-ferrous scrap, and used elecironics. The present invention may be used to
extract metal from &.g., coal fly ash and lithium batleries. The lithium batteries may comprise,
but are not limited to, ithium nicke! magnesium coball oxide batteries. The present invention

may also be used in the production of lithium batteries from &.g., nickel, magnesium, and
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coball. The present invention may bs further used to produce acids and bases, including, but

not limited 1o, sulfuric acid and sodium hydroxide.

{0083} The term “metal” or "metals” is defined in the specification and claims as a
compound, mixture, or substance comprising a metal atom. The term “metal” or "metals”
includes, but is not limited to, metal hydroxides, metal oxides, metal salts, elemenial metals,

metal ions, non-ionic metals, minarals, or a combination thereof.

(00901 The term “acid” or “acids” is definad in the specification and claims as a solution

with a pH below 7.

[0091] The term “buffer’ or "buffers” is defined in the specification and claims as a
chemical compound that, when added to a solution, causes that solution to resist changes in

pH relative {o the solution that does not comprise the chemical compound.

{0092} The term “leach” is defined in the specification and claims as a process used {o

liberale, extract, free, or remove metal or metals from a material.

[0093] The terms “redox’, “redox reaction”, or “reduction-oxidation reaction” are

defined in the specification and claims as a chamical reaction thai involves the reduciion

and/or oxidation of a chemical species.

(0084} The present invention is directed to an glectrochemical deposition apparatus or
sysiem to precipitate and deposit metal. The electrochemical deposition apparatus may
comprise: a housing; a porous cathodic material, which may act as a cathode, wherein a metal
is deposited onto the surface of the porous cathodic material; an anode; an inlet; and an outiet.
The porous cathodic material may comprise carbon, a metal, a metal compound, a porous
polymer, a porous ceramic or a combination thereof. The porous cathodic material may also
comprise heterogenous materials, e.g., a mixed carbon, metal, polymer, or ceramic material.
The porous cathodic material may also comprise a metal or a metal oxide catalyst, a profective
tayer, a polymer binder or a cambination therefor. The porous cathodic material may also
comprise a material or media made into a porous structure, e.g., grains, fibers, or flasks. The

housing may comprise, but is not limited to, clsar plastic, polycarbonate, polypropylene,
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polyvinyichiorids, polvistrafluoroethylene, acrylic, and/or metal support such that the
slectrachemical deposition process can be visually observed. The electrochemical deposition
apparatus may further comprise a current collector. The current collector may comprise, butl is
not limited to, Ti. The electrochemical deposition apparatus may further comprise an O-ring
seal. The slectrochemical deposition apparatus may further comprise a hole {0 avoid the
currant collector from breaking the O-ring seal. The electrochamical deposition apparatus may
be used in combination with traditional metal exiraction methods, for example, calcination

and/or chemical precipifation.

(0085} The method of the present invention may comprise passing a feed through an
electrachamical deposition apparaius; contaciing the feed with a porous cathodic material;
depositing a metal onfo the surface of the porous cathodic material {o form a permeate,
passing the permeate out of the electrochemical deposition apparatus; removing the deposited
metal from the surface of the porous cathodic material {0 form a concentrate; and passing the
concentrate through the electrochemical deposition apparatus. The method may be used in
combination with traditional metal concentration methods, for example, calcination andfor

chemical precipifation.

[0098] Turning now to the figures, which show non-limiting and alternative
embodiments, of the invention, Fig. 1 llustrates electrochemical deposition apparatus 10 of the
presant invention, where permeate flows 12 simultansously across and/or through porous

cathodic material 14 and anode 186.

(60871 Fig. 2 illustrates elsctrochemical deposition apparatus 18 of the present
invention comprising an impermeable boundary 208 that forces feed 22 inlo cavily 24 and

across and/or through porous cathodic materials 14 and anode 18.

[0098] Fig. 3 illustrates electrachamical deposition apparatus 28 of the present
invention, comprising two stacked porous cathodic materials 14, Although Fig. 3 iHustrates
three stacked electrodes, any number of porous cathodic maierials 14 and anodes 18 may be

stacked in any order,
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(0098} Fig. 4 illusirates electrochamical deposition apparatus 28 of the present
invention, comprising alternating porous cathodic materials 14 and anode 18, Although Fig. 4
Hiustrates three stacked electrodes, any number of porous cathodic materials 14 and ancdes

16 may be stacked in any order.

[00100] Fig. 5 illusirates electrochemical deposition apparatus 38 of the present
invention, where feed 22 enters inter-electrode region 32 and contacts porous cathodic
material 14 and anode 16. Each permeate flow 12 then passes across and/or through porous

cathodic material 14 and anode 6.

(001613 Fig. & illustrates electrochemical deposition apparatus 34 of the present
invention, where fesd 22 enters infer-slectrode region 32 and contacts porous cathodic
materials 14. Permaate flows 12 must contact and pass across and/or through porous

cathodic materials 14 before conlacting and passing through anodes 18,

[00102] Fig. 7 illustrates electrochemical deposition apparatus 36 of the present
invention, where fesd 22 enters inler-electrode region 32 and contacts ancdes 18, Permeate
flows 12 must contact and a pass across andfor through ancdes 18 before contacting and

passing through porous cathodic materiais 14.

(06103} Fig. 8 illusirates electrochemical deposilion apparatus 38 of the present
invantion. A plurality of feeds 22 enter a plurality of inter-electrode regions 32. Permeate
flows 12 simultaneously pass out of the plurality of inter-elecirode regions 32 and across

and/or through a plurality of porous cathodic materials 14 and anodes 18 arranged in series.

[00104] Fig. 9 illusirates electrochemical deposition apparaius 40 of the present
invention. Flow 42 shows the path of a second metal that is deposited anto porous cathodic
material 14. A plurality of metals may be deposited on each porous cathodic material 14 when
plurality of porous cathodic materials 14 and anodes 18 are arranged in series. A different
metal may be deposited on each porous cathodic material 14. As shown in Fig. 9, two

different metals may be relsased from two different porous cathodic materials 14 resulting in
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two different concentrales andfor extracts 44 and 48, The number of concentrates and/or
raffinates comprising a metal or metal oxide depends on the number of porous cathodic
materials 14, i.e. three, four, or five {or more) poraus cathodic materials 14, may faciiitate the
deposition of e.g., three o five (or more) different metals, and vield three {o five {or more)
concenirates and/or raffinates. Although this Figure shows thres {0 five meials, concentrates,
and/or raffinates, any number of metals, concentrates, andfor raffinates can be extractsd.
Flow 48 shows the path of feed 22 passing freely through elecirochemical deposition
apparatus 40 metal depositing on porous cathodic material 14, Flow 48 may be used {o

recover matals indirsclly by depositing metals that ars not of interest.

[00105] Fig. 10 illustrates electrochemical deposition apparatus 80 of the present
invention, where fesd 22 is simullanecusly passed with outside-in flow 52 into inter-electrode
region 32 by passing feed 22 and oulside-in flow 52 across porous cathodic material 14 and
directly inio inter-elgcirode region 32, Qutside-in flow 82 may comprise fead 22 or recycled

concentrate 54, or any other source of metal solulion.

(001086} Fig. 11 illustrates electrochemical deposition apparatus 88 of the present
invention, where feeds 22 and ouiside-in flows 82 simultansously enter and mbd within inter-
electrods region 32. Fesds 22 and outside-in flows 82 of electrochemical deposition

apparatus 58 may comprise the same solution or different solutions.

{00107} Fig. 12 illlustrates electrochemical depasition apparaius 88 of the present
invention, where cutside-in flows §2 mix within inter-electrode region 32 to form mixed
permaate 60, Feeds 22 are also in contact with porous cathodic material 14 or anods 18 fo

form concentrate and/or raffinate 54.

(00108} Fig. 13 Hlustrates electrochemical deposition apparatus 82 of the presant
invention, where sach outside-in flow 82 must coniact and pass across and/or through porous
cathodic material 14 and anode 16 to enler inter-electrode region 32 and form mixed permeate
80.
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(601091 Fig. 14 lustrates electrochemical deposition apparatus 84 of the presant
invention, where outside-in flows 82 must contact and pass across and/or through anodes 16
hefore contacting and passing through porous cathodic materials 14 and mixing within inter-

electrode region 32.

(06110} Fig. 15 Hlusirates electrochamical deposition apparatus 88 of the present
invantion, where cutside-in flows 82 must contact and pass across and/or through porous
cathodic materials 14 before conlacting and passing across and/or through anodes 18 and

mixing within the inter-electrode region 32.

(00111} Fig. 16 llusirates electrochemical deposition apparatus €8 of the presant
invantion where metal deposition occurs in parallel. A plurality of feeds 22 snter a plurality of
inter-slectrode regions 32 in parallel. Each feed 22 contacts a porous cathodic material 14

and anode 16.

(60112} Fig. 17 llustrates electrochemical deposition apparaius 78 of the present
invention where a plurality of feeds 22 enter slectrochemical deposition apparatus 70 in

parallel and where each feed 22 contacts two porous cathodic materials 14 or two anodes 18.

[60113] Fig. 18 illustrates electrochemical deposition apparatus 72 of the present
invention where metal deposition occurs in series. Feed 22 enters into and passes outof a
plurality of inter-electrode regions 32, by connecting flows 74, Feed 22 coniacts porous

cathodic material 14 and anode 18 in each of the plurality of inter-slectrode regions 32,

(00114} Fig. 19 lustrates electrochamical deposition apparatus 78 of the presant
invantion where fead 22 enters inio and passes out of a plurality of inter-electrode regions 32
by connecting flows 74 and where feed 22 contacts two porous cathodic materials 14 and two

anodes 16 in each inter-electrode region 32.

[00115] Fig. 20 shows elecirochemical deposition apparatus 78 of the present invention
comprising housing 80. Feed 22 enters cavity 82 and contacts porous cathodic material 14 to

undergo a reduction-oxidation reaction. The reduction-oxidation reaction may occur at
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exemplary reaction area 84 to deposit metal 86. Atreaction area 84, porous cathodic maierial
14 acts to elecirolyze waler 88 via redox reaction 80 to form hydrogen 82 and hydroxide ions
94, Hydroxide ions 84 react with metal ion 98 {o form metal hydroxide 88, Metal hydroxide 98
deposits 100 onto the surface of porous cathodic material 14, Feed 22 passas along
permeats flow 12 and fraversas porous cathodic material 14, inter-elacitrode region 32, anode
18, and post-daposition region 102 before passing oul of electrochemical deposition apparafus
78 as permeate 104. Permeate flow 12 is the path of feed 22 within & given electrochemical
deposition apparatus. Flow 104 may be depleted of metlal or may be free of metal. Meaial 86
is relsasad from porous cathodic material 14 to form concentrate and/or exdract 54.

Optionally, concentrate and/or raffinate 54 may be recycled into elsctrochemical deposition
apparatus 78 as feed 22. Raffinale may be a solulion where the valued melal has been
remaved from slectrochemical deposition apparatus 78. Accordingly, the permeats in Fig. 20

may be raffinate.

(00118} Fig. 21 illustrates electrochemical deposition apparatus 108 of the present
invention. In electrochemical deposition apparatus 108, meatal ion 88 is converied o non-ionic
or zero-valence metal 108 via redox reaction 88, Non-ionic metal 188 is then deposited 100

onte porous cathodic material 14

(601177 Fig. 22 illustrates slsctrochemical deposition apparatus 110 of the present
invention, wherein metal is deposiled onto porous cathodic material 14 by a center-flow
through the electrochemical deposition apparatus. Metal feed 22 enters region 112 of
electrochemical deposition apparatus 110, Feed electrolyte 114 flows into region 116 and
traverses porous cathodic matenal 14 by flow 118. Hydrogen molecules and hydroxide anions
are generated by reaction 128 and hydroxide anion reacts with metal cations {o form a metal
hydroxide. Metal hydroxide 122 flows out of electrochemical deposition apparatus 110 by flow
124 as 2 melal hydroxide concenirate. Feed slecirolyte 114 also traverses anode 16 by flow
128. Water is hydrolyzed at anode 16 by reaction 128 to form hydrogen ions and oxygen in
cavity 131. The feed elecirolyte 114 flows from electrochemical deposition apparatus 118 by
flow 132 and may be recycled into an acidic leach. About 50% {or other portion) of feed

electroivte 114 may flow through and/or acress porous cathodic material 14 and about 50% {or
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other portion) of feed elecirolyte 114 may flow through and/or across anods 16, Flow 132 may
be acidified by anodic electrolysis. Feed eleciroivte 114 is forced o traverse porous cathodic
material 14 and anode 18 by surface 134, which prevents feed slectroiyie 114 from directly
flowing out of electrochemical deposition apparatus 110, Optionally, surface 134 may not be
present, and feed elscirolyte 114 may simultaneously directly flow out of slectrochemical
deposition apparatus 110 and traverse porous cathodic material 14 and anode 18 inio region

112 and 131, respectively.

(00118} Fig. 23 illustrates an exemplary embodiment of a chemical deposition
apparatus for the selective depasition of nickel oxides. Niions are electrochamically
converied to Ni{OH). that are deposited within the elecirochemical apparatus. Nifree
parmeate (raffinate} flows out of the electrochermical apparatus. Deposited Ni{OH): can be
released from the porous cathodic material {e.q., the cathode shown in Fig. 23) and released

as a solution comprising concentrated Ni{OH),.

(69119} Fig. 24 llustrates electrochemical deposition apparatus 144 of the present
invention. [n slectrochemical deposition apparatus 144, feed 146 (e.g., Ni, Mn, and Co) enters
cavity 130 and contacts porous cathodic material 14 to undergo a reduction-oxidation reaction.
The reduction-oxidation reaction may occur at exemplary reaction area 148, At reaction area
148, porous cathodic material 14 elecirolyzes waler 88 via redox reaction 80 {o form hydrogen
82 and hydroxide ions 84. Feed 148 then passes through inter-elecirede region 32 to contact
ancde 18 and undergoes a reduction-oxidation reaction. The reduction-oxidation reaction may
occur af exemplary reaction area 1580, At reaction arsa 188, anode 16 slectrolyzes e.g.,
manganase 154 via redox reaction 188. Manganese 154 rsacts with water 88 to form
hydrogen ions 182 and MnO; 156, MnQ, 158 deposits 180 onto the surface of anode 186,
MnQ, may be removed from anocde 186 and flows out of electrochemical deposition apparatus
144 through post-deposition region 145 by flow 182 comprising dissoived MnQ,. Concentrate
54 passes out of cavily 130

(001207 Fig. 25 illustrates elecirochemical deposition apparatus 164 of the present
invention. In electrochemical deposition apparatus 164, feed 148 {e.g., Ni, Mn, and Co) enters

cavity 138 and contacts anode 186 to undergoe a reduction-oxidation reaction. The reduction-
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oxidation reaction may occur at exemplary reaction area 158, At reaction area 189, anode 18
converis e.g., manganese 154 via redox reaction 188, Manganese 154 reacts with water 88 to
fornt hydrogen ions 152 and MnO, 188. Feed 148 then passes through inter-electrode region
32 to contact porous cathodic material 14 to undergo a reduction-oxidation reaction. Ths
reduction-oxidation reaction may occur at examplary reaction area 1686. At reaction area 166,
porous cathodic material 14 elecirolyzes water 88 via redox reaction 88, Waiter 88 reacts with
e.g., Ni andfor Co? 188 to form nickel-cobait metal hydroxide precipitate 178, Nickel-cobalt
metal hydroxide precipitate 17¢ enters post-deposition region 148 and flow exils
electrachamical deposition apparatus 184 by flow 172 comprising metal hydroxids precipitate

178, Concenirate 54 passes out of cavily 138,

(00121} Fig. 26 illustrates electrochemical deposition apparatus 174 of the presant
invention. In electrochemical deposition apparatus 174, feed 176 (e.g., Ni and Co) enters
cavity 130 and contacts porous cathodic material 14 to undergo a reduction-oxidation reaction.
Porous cathodic material 14 electrolyzas water 88 via redox reaction 80 to form hydrogen 82
and hydroxide ion 84. Hydroxide ion 94 react with reacts with Ni and/or Co?* 188 to form
nickel-cobalt metal hydroxide precipitate 170, Electrolyte 114 enters inter-elecirode region 32
and fraverses across porous cathodic material 14 {o enter cavity 130. Electrolyte 114 and
nickel-cobait metal hydroxide precipitate 170 exils elscirochemical deposition apparatus 174
by flow 178 comprising nickel-cobalt metal hydroxide precipifate 170 and slectrolyte 114,
Feed 180 (e.g., Ni, Mn, and Co} enters cavity 182 and contacts anocde 186 {o undergo a
reduction-oxidation reaction. Anode 18 elecirolyzes manganese 184 via redox reaction 158,
Mangansase 154 reacts with water 88 to form hydrogen ions 182 and MnQG; 188. Chlioride ion
is also convertad to chloring by redox reaction 184. Elscirolyte 114 enfers inter-electrods
region 32 and fraverses across anode 18 to enter cavily 182, Electrolyte 114 may comprise,
but is not limited to, NaCl. Elecirolyte 114 and MnQ, 158 exif electrochemical deposition
apparatus 174 by flow 188 comprising MnG» 156 and electrolvte 114. Flow 188 contacts filter
188 o remove MnO; 158 from flow 186 to form feed 178, which is recycled back into
electrachamical deposition apparaius 174. Anode 16 electrolyzes manganess 184 via redox

reaction 158. Manganese 154 reacts with waier 88 {o form hydrogen ions 152 and MnO: 156,
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Porous cathodic material 14 slectrolyzes water 88 via redox reaction 90 to form hydrogen 92
and hydroxide ions 84,

{00122} Fig. 27 Hlustrates electrochemical deposition apparatus 180 of the pressnt
invention. [n slectrochemical deposition apparatus 188, feed 146 (s.g., Ni, Mn, and Co) enters
cavity 182 and contacts anode 18 {0 undergo a reduction-oxidation reaction. MnO; 158 enters
inter-elecirode region 32 by outside-in flows §2. Elecirolyte 114 enters cavity 130 and
contacts porous cathodic material 14 {0 undergo a reduction-oxidation reaction. Electrolyle
114 and MnO; 156 exits electrochamical deposition apparatus 188 by flow 186 comprising
MnO; 158, elscirolyte 114, nickel, and cobalt.

(00123} Fig. 28 illustrates slgctrochemical deposition apparatus 192 of the present
invention. In electrochemical deposition apparatus 1982, at least two electrochemical
deposition chambers are set up in series. The first elecirochemical deposition chamber
generates flow 186 comprising e.g., MnG; 188, electrolyie 114, nickel, and cobalf according to
electrochemical deposition apparatus 188 of Fig. 28. Fiow 188 contacts filter 188 {o ramove
MnO; 188 to form Ni-Co feed 178. Ni-Co feed 178 entars cavity 182 of a second
electrochemical deposition chamber and contacts ancde 18 {o undergo a reduction-oxidation
reaction. Co?* 194 undergoes redox reaction 1886 to form Co’* 188, Co® 198 enters inter-
electrode ragion 32 by outside-in flows §2. Elsctrolyts 114 enters cavity 130 and contacts
porous cathodic material 14 to undergo 2 reduction-oxidation reaction. Porous cathodic
material 14 electrolyzes water 88 via redox reaction 80 to form hydrogen 92 and hydroxide ion
94. Hydroxide ion 94 reacts with Co® 198 in inter-electrode region 32 to form flow 200
comprising Co{OH) and CoOOH.

(00124} Fig. 29 illustrates electrochemical deposition apparatus 202 of the present
invention. In electrochemical deposition apparatus 202, electrolyie 114 enters inter-electrode
region 32 and traverses porous cathodic material 14 and anode 18, Electiolyie 114 may
comprise, but it not iimited to, NaCl. Feed 148 {(e.g., Ni, Mn, and Co) enters as a first pass
material into cavity 182 and contacts anode 18 to underge redox reactions 184 and 158, In

redox reaction 184, chioride ion is converied to chlorine. In redox reaction 158, mangansese
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154 raacts with watar 88 to form hydrogen ions 152 and MnO, 188, MnO; 158, Ni and Co?*
exit electrochemical deposition apparatus 202 by flow 204, which contacts filler 188. Filier 188
removes MnO, 156 fo form Ni-Co feed 206 comprising Ni and Co® in solution. Ni-Co fead 208
acts as second pass fesd and enters cavity 182 to contact anode 18 and undergo redox
reactions 184 and 208. In redox reaction 184, chioride ion is again convertad to chiorine. In
redox reaction 208, Co? 184 is convertad fo Co® 188, Co® 198 reacts with hydroxide ion 84
o form Co{OH)2 and CoOOH. Flow 210 comprising Ni, Co(OH)z and CoOOH exits
elecirochemical deposition apparatus 202 and conlacts filter 212, Filter 212 removes CoQOH
to form feed 214 comprising Ni. Feed 214 enters cavity 130 and contacts porous cathodic
material 14 to undergo a reduction-oxidation reaction 82. In redox reaction 92, water 88 is
electrolyzed for form hydrogen 82 and hydroxide ion 94, Hydroxide ion 94 react with Ni#* 216
to form Ni{OH); 218, Ni(OH); 218 exits electrochemical deposition apparatus 202 by flow 220,

[06125] Fig. 30 Hlustrates electrochamical deposition apparatus 222 of the present
invention. In electrochemical deposition apparatus 222, feed 148 (e.q., Ni, Mn, and Co) enters
cavity 130 and contacts porous cathodic material 14 to undergo & reduction-oxidation reaction.
Porous cathodic material 14 elecirolyzes waler 88 via redox reaction 8¢ o form hydrogen 92
and hydroxide ion 84, Hydroxide ion 94 reacts with solvent Ni, Mn, and Co?* 224 to form
NMC) 226. NMCy, 228 exils electrochemical deposition apparatus 222 by flow 228.
Elecirolyte 114 entars inter-slectrode region 32 and traverses across porous cathodic material
14 and anode 16, Elecirolyte 114 may comprise NaHCO: and/or Na:S0,. Water 88 is
converted by redox reaction 238 to oxygen 232 and hydrogen ion 152, Acid generated by
redox reaction 230 is racycled by flow 234. The acid may be recycled to a lsach.

[00128] Fig. 31 illustrates slectrochemical deposition apparatus 238 of the present
invention. Electrochemical deposition apparatus 236 uses at least two electrochemical
deposition chambers arranged in series. In electrochemical deposition apparatus 238, fesd
238 {e.g., Fe? Cu? and Ni?" enters cavity 130 of a first electrochemical deposition chamber
and contacts porous cathodic material 14 to undergo a reduction-oxidation reaction. The
reduction-oxidation reaction may occur at exemplary reaction area 240. At reaction area 240,

porous cathodic material 14 converts Cu® 242 to Cu(D) 244 by redox reaction 248, Permeate
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250 enters inter-electrode region 32 and contacts anode 16 to undergo a reduction-oxidation
reaction. The reduction-oxidation reaction may occur af exemplary reaction area 252, Al
reaction area 252, anode 18 converts Fe® 254 to Fe® 258 by redox reaction 258, Fe?* 258
also reacts with hydroxide ion 84 to form Fe(OH)s 268, Concentrate 54 sexits slectrochemical
deposition apparatus 238 from cavity 130. Flow 282 comprising Fe{OH)s, Fe,0s, and Ni2*
exits electrachamical deposition apparaius 238 and contacts filler 188, Filier 188 removeas
Fe{OH)s and Fey0s to form feed 264 comprising Ni**. Feed 2684 enters cavily 130 of a second
elecirochemical deposition chamber and contacts porous cathodic material 14. Water 88 is
convarted to hydrogen 82 and hydroxids ion 94 by redox reaction 80, Hydroxide ion 84 react
with Ni#* 218 to form Ni{OHae 218, Ni{OM)as 218 exits electrochemical deposition apparatus
236 through flow 268, Elecirolyte 114 enlfers cavily 182 and contacts anode 16, Eleclrolyte
144 may comprise NaHCO; and/or Na,S0;. Water 88 is converted to oxygen 232 and
hydrogen ion 152 by redox reaction 238, Acid generated by redox reaction 238 is recycled by
flow 234,

[00127] Fig. 32 Hlustrates electrochemical deposition apparatus 268 of the present
invention. In electrochemical deposition apparatus 288, feed 270 {e.g., Li* 272 and SQ4% ions)
enters inter-membwaneg region 1417, Li* 272 traverses Li*-spscific cation exchange membrang
274, Li*-specific cation exchangs membrane 274 is impermeable {o monovalent ions 278
except Li* 272, including, but limited to, Na*. NaHCO; elacirolyte 114 enters cavity 130 and
contacts porous cathodic material 14. Water 88 is converted {o hydrogen 82 and hydroxide 84
by redox reaction 80. Hydroxide 94 react with HCO® 278 to form carbonate 280. Carbonate
280 traverses porous cathodic material 14 and reacts with Li* 272 to form LixCOs. LixCO;3 exits
electrachamical deposition apparatus 288 as concentrats 84 comprising Li concentrate or
precipitate. Depleted Li* 272 and SO.% solution axits slectrochemical deposition apparatus
268 by flow 282, Anions, including butf not limited to 8Q4%, traverse anion exchange
membrane 284 according o sxemplary flow 288 and enter region 288. Fesd 2980 comprising
sodium sulfate and slectrolyle snter region 282 and coniact anode 16. Water 88 is converted
to hydrogen ion 152 and oxygen 232, Hydrogen ion 182 and oxygen 232 traverse anods 18
by flow 294 and enter region 288 to form sulfuric acid. Sulfuric acid exits electrochemical

deposition apparatus 268 by flow 2886,
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{06128} Fig. 33 illustrates plate configuration 3190, comprising plate 312, porous
cathodic material 14, anode 18, mesh 314, gasket 316, current collector 318, collar 3248, and
collar gasket 322, Pairs gasketl 318, current collector 318, collar 328, and collar gasket 322
may be at least partially disposed around plate 312, Plate 312 may be at least partially
disposed around mesh 314. Optionally, slongated current coliector 324 may be at least

pariially disposed beside porous cathodic material 14, as shown in Fig. 34,

[00129] Fig. 35 illustrates arrangement of flows 328 in an slectrochamical deposition
apparatus comprising a plate. Pairs of porous cathodic material 14 and anode 18 are at lsast
partially dispossd around a plate 312, with each plate 312 at least partially disposed between
either two porous cathodic materials 14 or two anodes 18, Anode permeate 327 traverses
through plates 312 that are at least partially disposed between two anodes 18. Porous
cathodic material permeate 328 traverses through plates 312 that are at least partially
disposed between two porous cathodic materials 14. Arrangement of flows 328 comprises at
teast thres plates 312 arranged in parallel, forming at least a first and a second channel. Metal
feed 330 flows through the first and second channels. There may be a plurality of channels

and metal feed 330 may flow through the plurality of channels.

(601347 Fig. 36 illustrates arrangement of flows 332 in an electrochemical deposition
apparatus comprising a plate. Porous cathodic matsrial 14 and anode 18 are at least partially
disposed around plate 312. Elecirolyte feed 334 iraversas through plate 312, Arangament of
flows 332 comprises at least three plates 312 arranged in paraliel, forming at least afirst and a
sacond channel. Metal feed 330 fliows through a first channe! and contacts porous cathodic

material 14. Anods permeats flows through a second channel and contracts anods 16.

(00131} Fig. 37 illustrates center-flow electrochemical deposition apparatus 336, Metal
feed 338 enters center-flow elecirochemical deposition apparatus 336. Elecirolyte feed 334
supplied by elecirolyte feed resarvoir 338 enters region 340 of center-flow slectrochemical
deposition apparatus 338. Hydroxide ions 342 traverse porous cathodic matarial 14 and metal

hydroxide are formed. Metal hydroxide concentrate 344 flow from center-flow electrochemical
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deposition apparatus 336, Metal hydroxide concentraie 344 may comprise meial ions and/or
slectralytes. The metal ions and/or electrolytes may be stored in reservoir 348 and recycled
into center-flow electrochemical deposition apparatus 338 by flow 348, Elecirolyte feed 334
fraverses anode 18, flows out of center-flow electrochemical deposition apparatus 338 and
may be collected in reserveir 350,

(00132} Fig. 38 illustrates an embodiment of an electrochemical deposition apparatus
comprising a plate. The plate comprises e.g., anode-side acrylic 352 disposed plastic mesh
3584, Mesh 354 (s.g., plastic mesh) is disposed beside gaskst 386 (e.g., rubber gasket}.
Rubber gasket 358 is dispossd baside anode 18, Anode 18 is disposed beside currant
collector 318, Current collector 318 is disposed beside frame 388, Frame 358 is disposed
beside at least one mesh 384, Plastic mesh 354 is disposed beside currently collector 318.
Current collector 318 is also disposed beside cathode {e.g., porous cathodic material) 14,
Cathode 14 is disposed baside plastic mash 354, Plastic mesh 354 may also be disposed
beside rubber gasket 388, Rubber gaskat 3586 is disposed beside 360,

[00133] As shown in Fig. 39, electrochemical deposition apparatus 380 of the present
invention may be incorporated into a process for recovering metals. Starting malerial 382 s
combined with fluid to form a solution containing metal. The solutlion is formed in mbdng
vessel 384. The solution undergoes processing to remove impurities 388, for example, for not
fimited {o, graphite, aluminosilicaies, gangue materials, polymers, and other insolubles. The
pH of the solution is then adjusted via mixing vesssl 388, Filler 380 is used {o remove
unwanied metals, e.¢g., unwanted metal oxides. Electrochemical deposition apparatus 380
recovers metals from the solution by depositing metals onto porous cathodic material 14, The
deposited metals are released from electrochemical deposition apparatus 380 and passed info
sedimentation tank 382, Sediment is collected {o collect final product 394, A plurality of
electrochemical deposition apparatuses 380 may also be used to recover specific metals, as
shown in Fig 40.

(00134} Fig. 41 illustrates elecirochemical deposition apparatus 404 of the present
invention comprising current collectors 488, porous cathodic material 14, anode 18, and

separaior 4088 disposed within back housing 418 and front housing 412. Rods 414 (e.g.,
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titanium rods) are partially dispossd within back housing 418 and front housing 412 and

contact current collectors 408,

{00135} Fig. 42 Hlustrates electrochemical deposition apparatus 41§ of the present
invention comprising slectrical contact 418, faed inlet ports 420, permeate outiet 422 and
concentrate cutlet 424, Feed may traverse across slectrochemical deposition apparatus 418

according to flow 428,

(00138} Fig. 43 illustrates an embodiment of an exiernal housing for a chemical
deposition apparatus. The exiernal housing provides a protective casing for the internal
companenis of a chemical deposition apparatus, including, but not limited to, the porous
cathodic material, anode, electrodes, current collector, or a2 combination thereof. The external
housing may have one or more extemal ports for attaching a line, including but not limited to, a

feed, permeate, input, or sutput line, or a combination thereof.

(00137} Fig. 44 illustrates an angled side view of center plate component 448
comprising middie plate 448 and extrusions 449, Middie plate 448 comprises a plurality of
orifices 458. Gas release channels 482 are disposed within center plate component 446, Gas
release channels 482 comprising two gas release channels are paraile! to the base of center
plate component 448. A hydrogen gas stream is dispersed from one of the two gas release

channels and an oxygen gas stream is dispersed from the other gas release channel.

[06138] Figs. 45 — 50 illustrate varicus embodiments of an electrochemical deposition
apparatus. Fig. 45 illustrates the porous cathodic material side of electrachemical deposition
apparatus 458 comprising holding body 458, fastener orifices 460, pressure gauge 481, ports
482, electrode poris 484, gas release channels 488, cover plate 488, ouiflow ports 478, and

glecirode channels 472,

(00138} Fig. 48 and 49 illustrate the porous cathodic material side of slectrochemical
deposition apparatus 456 comprising holding body 4588, fastener orifices 480, pressure gauge
481, cathods-side ports 474, electrode ports 484, cover plate 488, cutflow poris 470, and
electrode channels 472,
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(001401 Fig. 47 and 48 illustrate anode side of the electrochemical deposition apparatus
478 comprising holding body 488, fasiener orifices 480, gas release channels 488, anode-side

ports 478, elactrode ports 484, cover plate 488, oulflow ports 470, and gas release valve 480,

[00141] Fig. 50 Hlusirates a framing plate of an embodiment of the electrochemical
deposition apparatus comprising a plurality of fastening orifices 494, filting grooves 498, and

cavity 488 for receiving holding body 458 (See Fig. 47).

[00142] Fig. 51 illustrates production process 500 of 2 metal product using
electrachamical deposition apparaius §88. Electrolyte feed 582 and mestal feed 804 pass into
and/or through elecirochemical deposition apparatus 598 to yield hydrogen and oxygen gas
stream 508, aqueous anode permeate 5184, and porous cathodic material permeats 812
Eiectrochemical deposition apparatus 588 is powered by power supply 811. Power supply
may provide a voltage of about 10 V. Porous cathodic material permeate 512 contacts filter

§14 to yield solid metal product 816 and an agueocus metal brine product.

[06143] Fig. 52 Hlusirates process 5§18 for concantration of a sslected mstal using an
elsctrochemical deposition apparatus 538, Electrolyte solution from electrolyle tank 522 is
conveyed by pump 524 to processing unit 528 comprising electrochemical depasition
apparatus 538, Metal feed from tank 532 is conveyed by manual peristallic pump 834 {o
processing unit 828 comprising electrochemical deposition apparatus §36. Permeate from
processing unit 528 passes info permeaie tank §38. Concentrated metal feed passes into

inline bag filter 830 and is recycled into metal feed tank 832,

[00144] Fig. 53 illustrates metal product production process 8448 from black mass using
electrochemical deposition apparatus 888, Black mass solids 542 are homogenized to form
homogenized black mass 544. Homogenized black mass is contacted with e.g., suifuric acid
and hydrogen peroxide to form black mass slurry in vesssl 848, Black mass slurry is
contacied by filler 548 to remove graphite 580 and form black mass exiract in vessel 552,
Black mass exiract is confacted with sodium hydroxide 854 io form black mass extract slurry

588, which is contacted by filter 558 to remove metal precipitates collected in vessel 5§80
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Black mass extract 562 is dilufed with watsr in vesssal 864 before entering elecirochemical
deposition apparatus 5686 and being contacted with slectrolyie 870, Recirculated black mass
588 can be recycled into vessel 884, Anocde permeate from electrochemical depaosition
apparatus 5686 is collected in vessel 872, Product, for example NiCo §82, from
elsctrochemical deposition apparatus 5686 is contacted with filier §74 o produce wastewater
and/or Li-brine 878 and concentraied product. The concentrated product is homogenized in

bilender 880 before being collected in storage vessel 584,

[00145] Fig. 54 illustrates slectrochemical deposition apparatus 586 comprising power
supply 888, reagent and feed storage system 88¢, feed ports §82, permeate ports 588,
reagent poris 584, and acid andfor base ports 588, Fig. 55 illustrates plate system 800
comprising housing 802, input and/or output arrays 608, plaie array 884, and plale adjuster
608, Figs. 56 1o 57 illustrate slectrochemical deposition apparatus 810 comprising housing
802, input and/or cuiput arrays 808, plate array 804, and plate adjuster 808 reagent and feed

fluid pumps 814 and automation control system §186.

(00148} Fig. 58 illustrates plate 618 comprising thick collar 828, gaskel 822, porous
cathodic material 14, current collectars 318, plate 8§26, anods 16, think collar 828, and C-Ring
624,

(601477 The present invention can be utilized for a wide range of meial processing
applications from virgin ore to end-of-life materials. Fig. 5% shows a process flow diagram of
metal exdraction from minerais, (e.g., virgin ore} using a chemical deposition apparaius of the
present invention. Mineral input; iron input, including but not limited to, in the form of ore,
concentraie, agglomeraied maierial, slurry, or a combination thereof;, and other input,
inciuding, but not imited to, in the form of acid, catalyst, surfactant, or a combination thersof, is
crushed by &.q., bali milling and leached to form a solution. The solution is then processed by
a chemical deposition apparatus to form a mixed iron output, for example, a Ti/Fe output,
and/or other mstal culput, for example, copper, lithium, or other mstal of interest. A virgin ore
such as iimenite may be input to the process. The ore may be firsi crushed and/or millsd io a
smaller particle size. The milled ore then may be beneficialed {0 a higher-grade concentrate

using a range of mathods such as densily separation, magnstic separation, flotation, stc. The
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ore concentrate would then be lsachsd with a process, including but not limited to, acid, high-
pressure oxidation, or the present invention. The leach may be done selectively to only
dissolve one or more specific metals. The undissolved material is then fillered from the
dissolved material. Metals in the leached solution are then reprecipitated by the
elsctrochemical deposition process of the present invention. The metals may be selectively
precipifated io yield a high purity metal product. For example, the Ti can be selsclively

precipitated from an ilmenite leach liquor.

[06148] Fig. 60 shows a procsss flow diagram of mstal exaction from minerals using a
chemical deposition apparatus of the present invention. Mineral input is leached to form a
leaching product. The leaching product is fillered to remove the selected metal or material and
the pH is adjusted using a reagent including, but not limited to an acid, base, buffer, or a
combination thereof. The filtersd product is processed by a chemical deposition apparatus to
vield a product. The product may comprise a metal. The received material may be a crushed
and/or milled end-of-life material such as from batteries, magnets, electric motors, circuit
boards, catalytic converters, etc. The material is first leached with a process, including but not
firnited {o, a reducing acid, oxidizing acid, or the present invention. The leach may bs dons
selectively {o only dissolve desirable metals or to remove undeasirable metals. The
undissolved material is then filtered from the dissolved metails. The fillered material could be a
product such as graphite. if needed, a pH adjusiment can be completed via chemical methods
or using the present invention o precipiiate either desirable or undesirable metals. The
precipitates are then fillered fram the dissolved solution. The filtrate is then passed through
electrochemical filiration to vield an upgraded higher value metal product. For batteries, as an
example, this can be Ni precipitates, Co pracipitates, mixed NiCo precipitaies, NMC
precipitaies, efe. For magnets, this can be Nd precipitates, Pr precipitaies, mixed NdPr
precipitates, etc. For circuit boards, this can be Cu precipitates, Au precipifates, or mixed
CuAu precipitates. For catalytic converlers, this can be Pd precipitates, Pt precipitates, Rh

precipitates, mixed PJAP{Rh precipiiatss, stc.

[00149] Fig. 61 shows a graph of recovery of synthetic Nd vs. real waste using a chemical

deposition apparatus of the present invention. The maximum recoveary, deposition rate, and



WO 2022/256457 PCT/US2022/031844

-32-

current efficiency is greater with synthetic Nd. Fig. 61 presents results evaluating Nd recovary
frorm both synthetic Nd solutions and Nd solutions produced from end-of-life magnets. The
end-of-life magnets were processed by demagnetization in an oven, milling, dissolving in nitric
acid, filtering remaining solids, pH adjustment if needed, and then slectrochemical deposition,
similar to that described in Fig. 60. The synthetic Nd was observed to have a highsr recovery,
deposition rate, and current efficiency as compared to the EOL magnet Nd, as expscied due
o the presence of other species in the magnet solutions including Pr, Dy, and Fe as wellas a

higher input Nd conceniration. Operating conditions were standard flow (see Fig. 23).

(001507 The Co recovery generally decreases with increased permeate flow rate and
decreased deposition rate. Fig. 62 presents results on Co recovery (%) and deposition rate
{g/mi2/h) from a mixed synthetic N¥Mn/Co solution as a function of permeate flow raie in the
standard flow configuration, (see Fig. 23). As the permeate flow rate increases, the Co
recovery decreases, while the deposition rate increases. Although less of the Co is recovered,

the deposition rale increases since the tolal mass flow Co increases (o a greater extent.

[00151] Fig. 683 shows a graph of deposition rate vs. permaate flow rate for Ni daposition
and recovery. The Ni deposition rate generally increases with increased permeate flow rate
and increased deposition rate. Nirecovery generally decreases with increased permeate flow
rate and decreased deposition rate. Fig. 83 presents results on Ni recovery (%) and
deposition rate {g/m2/h} from a mixed synthetic Ni/Mn/Co solution as a function of permeats
flow rate in the standard flow configuration, (ses Fig. 23). As the permeate flow rate
increases, the Co recovery decrsases, while the deposition rate increases. Although less of
the Niis recovered, the deposition rale increasses since the total mass flow Niincreases 1o a

grealer exient.

[00152} Fig. 64 shows & graph of metal fractions at various voltages for Co, Ni, and Mn.
The Co metal fraction was greatest at 2.25 V applied {0 a chemical deposition apparatus. The
Ni and Mn metal fraction was greatest at 2.5 V applied to a chemical deposition apparatus.
This graph demonstrates that there is an optimum voltage for each metal fraction. Fig. 64

presents results on the metal composition of the precipifates from the electrochemical
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deposition system of the present invention as a function of applisd voliage. As the applied cell
voltage increased from 2.25 t0 2.5 1o 3.0V, the Ni:Mn:Co product ratio varied. At all voltages,
Ni and Co were preferentially precipitated as compared to Mn. At2.25V, there was a 31
sslectivity for Co as compared to Ni. At 2.5V, there was a 3:1 selsctivily for Ni as compared
o Co. At3V, there was no significant selactlively between Co and Ni. The ability o tune the
system for selective metal hydroxide precipitation is related to the differences of the three

metals pH-pe diagrams.

[06153] Fig. 65 shows a graph of deposition rate vs. parmeate flow rate for Co deposition
and recovery for permeats flow rates of § 1o 10 mL/min and deposition rates of 0 to 25 g/m?/hr.
The Co depasition rate generally increases with increased permeate flow rate and increased
deposition rate. Fig. 65 prasents resulis an Co recovery (%) and deposition rate (g/m2/h) from
a black mass, i.e., shredded end-of-life Li-ion batlery or input into electrochemical depasition
as shown in Fig. 80, and exiract solution as a function of permeats flow rate in the standard
flow configuration, (ses Fig. 23). As the permeate flow rate increases, the Co recovery
decreases, while the deposition rate increases similar to Fig. 62, Although less of the Co is
recovered, the deposition rate increases since the total mass flow Co increases o a greater

extent.

(001541 Fig. 66 shows a graph of deposition rate vs. permeate flow rate for Ni deposition
and recovery for permeate flow rates of 0 fo 10 ml/min and deposition rates of 0 to 25 g/mé/hr.
The Ni deposition rate generally increases with increased permeate flow rate and increased
deposition rate. The Ni recovery generally decreases with increased permsate flow rate and
decreased deposition rate. Fig. 06 presents resulls on Ni recovery (%) and deposition raie
{g/m2/h} from a black mass, i.e., shredded end-oflife Li-ion batiery or input into
electrochemical deposition in Fig. 60, and extract solution as a function of permeate flow rate
in the standard flow configuration, (see Fig. 23}, As the permeate flow rate increases, the Ni
recovery decreases, whils the deposition rate incrsasss similar to Fig. 62. Although less of the
Ni is recovered, the deposition rale increases since the tolal mass flow Niincreasesio a

greater exient.
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[00155] Fig. 87 shows a graph of metal fractions at various voliages for Co, Ni, Mn, Li, Cu,
Al and Ti. Co, Ni, Mn, and Li had the high metal fractions when deposited using an
electrochemical deposition apparatus. Cu, Al, and Ti had lower metal fractions at the vollages
tested relative to Ni, Mn, and Li. Fig. 67 presents rasults on the metial composition of the
precipitates from the elsctrochemical deposition apparatus as a function of applied voltags
from a black mass, i.e., shredded end-of-life Li-ion battery or input into elscirochemical
deposition in Fig. 60, exiract solution. As the applied cell voltage is increased from 2.25 and
3.0V, the Ni:Mn:Co:Li:Cu:Al product ratio varied. At all voltages, Ni and Co were preferentially
precipitatad as compared to Mn. At 2V, there was a 2:1 precipitation sslectively of Co over
Ni. The ability fo fune the sysiem for seleclive melal hydroxide precipitation is related to the
differences of the three metals pH-pe diagrams. At both voltages, there Is no Li precipitated.
As all of the Liis diverted to the slectrochemical deposition apparatus effluent, this could be
considered a Li-brine by-product with Li levels similar to those found in naturally occurring Li-

brines.

[00158] Fig. 68 shows a graph of unit margin vs. deposition rate. Deposition rates above
125 vielded a positive unit margin. Fig. 68 depicts the unif margin (%) as a function of porous
electrode lifetime (h) based off the sensitivity analysis of an in-depth technoeconometric
analysis of the flow diagram in Fig. 80 using black mass, i.e., shredded end-of-life batteriss, as
an input. Assumptions were the same as Fig. 88. The sensitivity analysis indicates that
electrode lifetimes need to be over 50 h fo achieve positive unit margins and approach the limit
at>100 h. These are conservative values since we have already achieve them experimentally

and that industirial electrods lifelimes are typically in the range of 2000-20000 h.

[00157] Fig. 89 shows a graph of deposition rate vs. permsate flow rale for Co deposition
and recovery. The Co deposition rale generally increases with increasad permeates flow rate
and increased deposition rate. Co recovery generally decreases with increased permeats flow

rate and decreased deposition rate.

(00158} Fig. 70 is series of SEM images 818 showing collected and dried meial oxide
precipitatas on the electrochamical deposition apparatus where the feed is a synthetic baltery

porous cathodic material stream. SEM image 820 shows meial oxide precipitate 622
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accompanied by 10 micron scale bar 624, SEM image 820 shows melal oxide pracipitate 622

accompanied by 2 micron scale bar 826.

[00159] Fig. 71 is series of SEM images 828 showing collected and dried melal oxide
precipitates on the electrochemical deposition apparatus where the fead is black mass extract.
SEM imags 638 shows metal oxide precipitaie 832 accompanied by 10 micron scale bar §34.

SEM image836 shows metal oxide precipitaie 832 accompanied by 2 micron scale bar 834,

(00160} The electrochamical deposition apparatus or system may comprise a porous
cathodic material or other porous material with & high surface area. The porous cathodic
material allows a solution (e.g., an aqueous solution) to pass across and/or through if. The
porous cathodic material may be conductive. The porous cathodic material may be positively
charged or negatively charged. The porous cathodic material may be charged by a direct
current ("DC”) source, by an alternaling current ("AC”) source, or by a pulsed cumrent. The

porous cathodic matlerial may be regenerated.

[001861] The porous cathodic material may comprise, but is not limited to, carbon
nanctubes and/or carbon fibers. The carbon nanotubes may be single walled, multiwalled, or
a combination thereof. The carbon nanctubes may have lengths including, but not limited to,
at least about 0.05 mm, about 0.05 mm o abouwt 2.0 mm, about 6.1 mm to about 1.8 mm,
about 0.2 mm to about 1.5 mim, about 0.4 mn to about 1.4 mm, about 8.6 mm to about 1.2
rm, about 0.8 mm to about 1.0 mm, or about 2.0 mm. The porous cathodic carbon or other
material such as metal mesh or fell may comprise a high surface area relative 1o a solid
material, including, but not limited to, at least about 25 m¥/g, about 25 m?/g to about 1000
m?/g, about 50 még to about 850 m?/g, about 100 m¥g to about 800 m¥g, about 180 m#fg to
about 850 md/g, about 200 m?%g to about 800 m?/y, about 250 m¥g to about 750 mé/yg, about
300 m?g 1o about 700 m3/g, about 350 m¥g 1o about 650 m?g, about 400 m¥g to about 500
m?/g, or about 1000 m¥g. The anode may be porous or comprise a porous material. The

ancde may comprise, but is not limited to, a carbon cloth or felt, a Ti mesh or felt.

[00162] The elecirochemical deposition apparatus and method may allow for flow-

through slectrochemistry. The elactrochemical deposition apparatus and method may not be
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timited by slow diffusive mass transfer. The elecirochemical deposition apparatus and method
may maintain rapid deposition kinetics. The rapid deposition kinetics may comprise a
deposition rate including, but not limited fo, af least about 20 g hr' 2, at least about 50 g hr'
n?, atleast about 100 g hrt nv?, at lsast about 200 g hr' m?, at lsast about 300 g hr' m?, at
least about 400 g hr' mr?, at lsast about 500 g hr' m?, at least about 600 g hr' m2, at least
about 700 g hr' mv?, at least about 800 g hrt mv?, at least about 800 g hr' 2, atigast about
1000 g hr' 2, at least about 2000 g hr' m?, at least about 5000 g hr' m2, at least about
10000 g hr' n1?, or at least about 20000 g hr' m2. The rapid deposition kinetics may
comprise a deposition rate including, but not limited to, about 20 g hr' m2 o about 1000 g hrt
¢, about 50 g hr! mi® to about 800 g hr' mv?, about 100 g hrt 2 to about 800 g hr! nv?,
about 200 g hr' mr? to about 700 g hr! m2, about 300 g hr' m? {o about 800 g hr' m?, about
400 g hr' mr? to about 500 g hr' my®, or about 1000 g hr' m?. The standard flow deposition
rate may be calculated according fo the equation Rq, aw (g nr® b’ = 337.8 x Qp {mb min) x
(Gt~ Cp), where Q {mL min") is the permsate fiow rate and Cr and G, are the molar
concentrations in the feed and permeaie, respectively (and Cr~ C; is the recovery percent
aver 100). The maximum deposition rate may be calculated according 1o the equation Ry, max

(g2 'y = 117.4 X I {A), where I is the steady state current.

(00163} The electrochemical deposition apparatus and method may compriss an
electroactive area in which a metal or metals are precipitated. The eleciroactive area may
comprise an area including, but not limited to, at least about 25 cm?, about 25 om? to about
1000 cm?, about 50 om? to about 800 cm?, about 75 om? {o about 800 cm?, about 100 enm? {o
about 700 cm?, about 200 om? to about 800 en?, about 300 om? to about 500 cm?, or about
1040 cm?. The electroactive area may also comprise an area of about 83.758 e, The
electroactive area may also comprise an area inciuding, but not imited to, at least about 1.0
e, about 1.0 m? to about 10.0 m?, about 1.5 m? to about 9.5 m?, about 2.0 m? to about 8.0 m?,
about 2.5 m? to about 8.5 m?, about 3.0 m? to about 8.0 m?, about 3.5 m? to about 7.5 nm?,
about 4.0 m? to abouwt 7.0 m?, about 4.5 m2 1o about 6.5 m?2, about 5.0 miio about 8.0 m?, or
about 10.0 m?,
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(00164} The slectrochemical deposition apparatus and msthod may be run in paraliel to
increase the electroactive area. The total electroactive area for electrochemical deposition
apparatus and method may comprise an area including, bul not limited {o, at least about 10
m?, about 10 m? to about 20 mé, about 11 m¥ to about 19 m?, about 12 m? to about 18 m?,
about 13 m? to about 17 m?, about 14 m® to about 16 m?, or about 20 m*. The lotal
electroactive arsa for electrochemical deposition apparatus and method may comprise an area
including, but not limiled to, atieast about 20 m?, about 20 m? to about 200 m?, about 100 m?
to about 180 m?, about 110 m? to about 180 m?, about 120 m? {o about 170 m®, about 130 m®
to about 150 mé, about 140 m? to about 150 m?, or about 200 m2. The number of individual
electrochemical deposition apparatuses operating in parallel includes, but is not limited o, at
least 2, 2 to 200, 10 o 180, 20 to 160, 30 to 140, 40 io 120, 50 to 100, 80 to 90, 70 {0 80, or
200.

[00165] The elecirochemical deposition apparatus and methed may comprise a tolal
surface area calculated as the specific surface area times the weight of slectroactive material.
For sxampls, 50 g electroactive material with a specific surface area of 100 m¥g has a total
surface area of 5000 m?. The electrochemical deposition apparatus and method may also
comprise a geometric surface calculated from the real density times the surface area. For
example, 50 g electroactive material with a real density of 50 m¥g over as surface of 1 m? has
geometric surface area of 1 m2 The electroactive area of slectrochemical deposition

apparatus may be betwsen the tolal surface arsa and geometric surfacs area.

[001686] The electrochemical deposition apparatus and method may maintain a current
density. The current densily may be a sfeady-stale current density. The current density may
inciude, but is not limited to, at least about 1 mA/cme, about 1 mA/ocm? to about 50 mAjcm?,
about & mAfom? to about 45 mA/em?, about 10 mA/cr? to about 40 mA/em?, about 15 mA/om?
o about 35 mA/en?, about 20 mA/em? o about 30 mA/em?, or about 50 mA/en?. The current
density may include, but is not limited to, at least about 50 mA/om?, about 530 mA/enm? to about
50 Alom?, about 5 Alom? {o about 45 Alem?, about 10 Alem? to about 40 Afem?, about 15
Alomé to about 35 Alem?, about 20 Alemé to about 30 Aleny?, or about 50 Alem?. The current

density may includs, butis not limited to, at least about 50 A/m?, about 50 A/m? to about 7.0
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KA/m?, about §.5 KA/M? to about 6.5 kKA/m?, about 1 KA/mM? to about 6.0 kA/m?, about 1.5 kKA/m?
to about 5.5 KA/m?, about 2.0 KA/M? to about 5.0 KA/mM?, about 2.5 kA/m? to about 4.5 kA/m?,
about 3.0 KA/m? to about 4.0 kA/M?, or about 7.0 kA/m?. The electrochemical deposition
apparatus and msthod may operate at a wide rangs of pH values. The electrochemical
deposition apparatus and method may opsrate at a pH including, but not limited to, at least pH
0, pH 0 to about pH 10, aboui pH 1 to about pH ¢, about pH 2 o about pH 8, aboutpH 3 1o
about pH 7, about pH 4 10 about pH 6, or about pH 10.

[00167] The elsctrochemical deposition apparatus and method may operate at a wids
rangs of pressure values. The elecirochemical deposition apparatus and method may operaie
at a pressure including, but not limited o, at least about 1 atm, about 1 atm to about 50 alm,
about & atm to about 40 atm, about 10 atm fo about 30 atm, or about 50 atm. The
electrochemical deposition apparatus and method may operate atl a diffsrential pressure
including, but not iimited to, at least about 0.1 psi, about 0.1 psi to about 80 psi, about 1 psifo
about 55 psi, about 5 psi to about 50 psi, about 10 psi to about 45 psi, about 15 psito about 40
psi, about 20 psi to about 35 psi, about 25 psi to about 30 psi, or about 60 psi.

(00168} The electrochemical deposition apparaius and method may selsctively recover
metals from a fesed. The racovery may include, but is not limited to, at least about 30%, about
30% to about 99%, about 50% {o about 97%, about 70% to about 95%, about 75% 1o about
90%, about 80% io about 85%, or about 99%.

[060169] The electrochemical deposition apparatus and method may produce purified
metal. The purity of the metal may include, but is not limited {0, at least about 20%, about
20% to about 89.9%, about 25% to aboutl 88%, about 30% to about 97%, about 35% to about
85%, about 40% {o about 0%, about 45% o about 85%, about 50% 1o about 80%, about 55%
fo about 75%, about 60% {0 about 70%, or about 99.9%.

(001701 The electrochemical deposition apparatus and method may operate with a fluid
flow. The fluid flow may be g laminar and/or turbulent flow. The fluid flow may be present as a
flow rate. The flow rate may include, but is not limited to, at least about 0.5 mb/min, about 0.5

ml/min to about 18.0 ml/min, about 1.0 mL/min 0 about 8.5 mi/min, about 1.5 ml/min to
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about 2.0 mi/min, about 2.0 mbl/min to about 8.5 mb/min, about 2.5 ml./min to about 8.0
mbl/min, about 3.0 mb/min to about 7.5 ml/min, about 3.5 ml/min fo about 7.0 mi/min, about
4.0 mb/min o about 8.5 ml/min, about 4.5 mb/min to about 8.0 ml/min, or about 10.0 mbi/min.
The flow rate may also include, but is not limited to, at least about 10 mbl/min, about 10
miL/min to about 180 ml/min, about 20 mi/min to about 80 mbl/min, about 30 mL/min to about
8G mb/min, about 40 mi/min to about 70 mi/min, about 50 mb/min to gabout 80 mi/min, or
about 100 mL/min. The flow rale may also be at least about 100 ml/min, about 100 mbl/min fo
about 1000 mi/min, about 200 ml/min to about 800 mi/min, about 300 mbl/min to about 800
mil/min, about 400 ml/min to about 700 mi/min, about 300 mL/min to about 600 ml/min, or
about 1000 mi/min. The flow rale may also include, bul is not limited to, at least about 1
L/min, about 1 L/min to about 10 L/min, about 2 L/min {o about 9 L/min, about 3 L/min to about
8 L/min, about 4 L/min to about 8 L/min, or about 10 U/min. The flow rate may aiso includs,
But is not fimited to, atleast about 10 Limin, about 10 L/min to about 100 Limin, about 20
Limin to about 90 Umin, about 30 L/min o about 80 Limin, about 40 L/imin to about 80 L/min,

or about 100 Limin.

(00171} The electrochemical deposition apparatus may comprise a crossflow
membrane system and/or a dead-end flow system. The electrochemical deposition apparatus
may comyprise a modular membrane-like configuration, 8.¢., a plate-and frame membrans
configuration, a spiral-wound configuration, a tubular configuration, or a hollow-fiber
configuration. There may be a plurality of electrochemical deposition apparatuses. The
plurality of electrochemical deposition apparatuses may operate in parallel. Operating the
plurality of elsctrochemical deposition apparatuses in parallel may deposit more metal on the
porous cathodic material compared to operating a single elecirochemical deposition
apparatus. The plurality of electrochemical deposition apparaiuses may operate in series.
Operating the plurality of slectrochemical deposition apparatusas in ssries may deposit one
type of metal onio each of the porous cathodic materials in series, allowing for more fypes of
metal to be deposited simultaneously compared to operating a single slectrochemical
deposition apparatus. Opsrating the pluralily of elecirochemical deposition apparatuses in

series may facilitate sequential redox processes,
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(00172} A feed flows through the electrochamical deposition apparatus. The feed may
be synthetic or be derived from an industrial or commercial process. The feed may comprise g
metal or a pluralily of metals. The feed may comprise, but is not limited to, a metai feed, black
mass, metal particulates, metal compounds, metal ions, or a2 combination thereof. The metal
or plurality of meials may comprise a concentration including, but not limited to, at least about
1 mM, about 1 mM to about 30 mdd, about 5 mM to about 25 mM, about 10 mM {o about 20
mi, about 30 {o 50 mM, about 40 mM o 100 mM, about 60 mM to 400 mM, about 200 mM o
1300 mM, or about 500 mM to 5000 mM. The feed may also comprise eiectrolytes. The
electralytes may comprise a conceniration inciuding, but not limited to, atleast about 1 mM,
about 1 mM fo about 30 mM, about 5 mM to about 25 mM, about 10 mM to about 20 mM,
about 30 to 50 mM, about 40 mM 1o 100 mM, about 80 mM to 400 mM, about 200 mM to 1000
mi, or about 500 mM o 5000 mM. The feed may comprise numerous typas of materials,
inciuding but not limited {0 a synthetic magnet, a recycled magnet, black mass, slectrical
waste, batlery waste, recycled batterias, recycled metal scrap, mineral ore, mineral tailings, or
combination theraof. The mineral ore may also comprise, bui not be limited to, RE, Ti and/or
Fe. The mineral ore may be iimenite ore. The baltery waste may comprise Li ion battery
waste. The battery wasie may aiso comprise batiery cathode waste. The battery cathode
waste may comprise, but not be limited to, Ni, Mn, and Co. Feed components may be pre-
processed. Pre-processing may comprise any number of processes, including but not limiled

o, demagnetization, ball milling, filiration, acid igaching, or a combination thersof.

[00173] The apparatus and method may ulilize an acid. The acid may comprise any
number of acids, including but not limited 1o phosphoric acid, nitric acid, sulfuric acid,
hydrochioric acid, hydrofluoric acid, hydrobromic acid, hydroiodic acid, perchioric acid,
hydrogen peroxide, carbonic acid, acetic acid, hydrogen cyanide, formic acid, oxalic acid,

sutfurous acid, nitrous acid, or a combination thereof.

(00174} The apparatus and method may comprise an oxidant. The oxidant may
comprise any number of oxidanis including, but notlimited to, chiorine, bromine, oxygen,

carbon dioxide, ozons, iodine, or a combination thereof.
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[00175] The apparatus and method may comprise a sobvant extractant. The solvent
exiractant may comprise chemicals including, but not limited {o, Alamine 336 (iri/ocivi-decyl
amine), mefa-xylene, Cyanex 272 (bis-(2 4 4-trimethdypentyl) phosphinic acid),
hydroxyoximes, di{2-ethyl-hexyliphosphoric acid, hexane, tributyl phosphate, a hydrocarbon
diluent, dialkyl sulfides, alkyl aminss, sodium hydroxide, TPEN (NN, N’ N’ -tetrakis(2-
pyridylimethyllethylenediaming, D2EHPA, or a combination thereof.

[00178] Pre-processing feed componsnts may comprise, but are not limited to, filtering,
crushing, grinding, mixing, homogenizing, leaching, pH adjusting, precipitation or combination
thereof. The feed may comprise, butis not limited {o, coal fiy ash. The coal fly ash may be
pre-processed. The coal fly ash may be pre-processed by re-heating it in a gas {e.g., an ineri
gas) to generaie a metal-enriched carbon vapor and impinge the meial-enriched carbon vapor
on glass-fiber filters and collected. The metal-enriched carbon vapor may be collected and

feached {(e.¢., acid leached}.

(004771 The apparatus and method may comprise a buffer. The buffer may be used to
maintain a solution at a pH above/bslow what would be achieved by the elecirochemical
process. Maintaining pH may be useful for separation and/or deposition of metals. For
exampis, at pH 2.5, both AI* and Cu® are completely dissolved. AI* completely pracipitates
out at a pH ~4.2 and Cu? only begins to precipitate at pH ~4.2. To compists a sharp
saparation of the two during cathodic production of hydroxide at ths porous cathodic material,
a buffer may be usead {o limit the pH increase {0 4.2 to allow for Al precipifation and to allow Cu

{o remain in solution.

[00178] The apparatus and method may comprise a reagent {o manipulate the
precipitation of metals. For example, Co, Ni, and Mn as sulfates (M>*S04%) are substantially
soluble in water (>100 g/L}, but as carbonates (M>*'COs*) Co, Ni, and Mn are substantially
insoluble in water. Co, Ni, and Mn as hydroxides or oxides have a range of solubility
dependent upon oxidation state. Thus, if Co, Ni, and Mn sulfates are added to water, they
may dissolve completely even at »1 M concentrations. The precipitated material composition
may then be manipulated by using a specific reagent. Carbon dioxide and/or bicarbonate may

e used as a reagent that reacts with the cathodically preduced hydroxide {o form carbonate.



WO 2022/256457 PCT/US2022/031844

42

Carbonate may then react with the Co-Ni-Mn sulfate solution and may cause all the metals {o

become insoluble and precipitate out together by forming a Co-Ni-Mn mixed precipitate.

(00179} Water may be used as the cathodic reagent and chioride as the anodic reagent.
For selective precipitation, a reactive chloride species produced at the anode may specifically
react with e.g., Mn first {o incraass oxidation state from 2+ o 4+. The Mn* may then react
with a cathodic hydroxide o selectively precipitate MnO;, thereby separaiing MnO; from the
dissolved Co and Ni. The reactive chloride species may also seleclively oxidize the Co from
2+ to 3+, resulting in selective precipitation of Co{OH)s that may be separated from the

dissobved Ni.

(001881 The buffer and/or reagent may be used at a pH including, but not limited o, at
feast 0, about pH 0 to about pH 13, about pH 1 1o about pH 12, about pH 2 to about pH 11,
about pH 4 {o about pH 10, about pH 5 o about pH 9, about pH & to about pH 8, or about pH
13. The buffer and/or reagent may be at a concentration including, but not imited to, at least
about 0.01 M, about 0.01 M to about 2 M, about 0.02 M fo about 1.8 M, about 0.05 M to about
1.5 M, about 0.1 Mo about 1.2 M, about 0.2 Mto about 1.0 M, or about 2 M.

(00181} The apparatus and method of the presant invention may comprise the selection
of a cathodic and/or anodic reagent to sslectivaly precipitate an individual metal from a
mixture, or alternatively simultaneously precipifate all metals from a mixiure. The list of ions
and/or reagents may comprise, but is not limited o, potassium tetroxalate dihydrate
(KH3C40s 2H:0); potassium hydrogen {artrate (KHC3H4Os), potassium dihydrogen citrate
{KH.CeHsCr); citric acid; citric acid monohydrats; citric acid trisodium salt; sodium citrate
tribasic dihydrate; potassium hydrogen phthalate (KHCsHO4); frisodium phosphate NasPQy;
disodium hydrogen phosphate (Na,HPQO,); sodium phosphaie dibasic dshydrate; sodium
phosphate dibasic tetrahydrale; dipotassium hydrogen phosphate (KGHPQO,); polassium
dihydrogen phosphate (KH.PQ4), sodium dihydrogen phosphate (KH:PQ4); sodium
pyrophosphate dibasic; sodium pyrophosphate tstrabasic decahydrate; disodium tetraborate
decahydrate (Na;B.O7 10H0); sodium tetraborate decahydrale; carbon dioxide; sodium
hydrogen carbonate or sodium bicarbonate (NaHCQs); sedium carbonate (Na:CQ4); calcium

hydroxide Ca{OH), sodium hydrogen diglycolate; phosphoric acid; acetic acid; sodium
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acetate; sodium acetale trihydrats; piperazine phosphate; fris hydrochioride; tris; potassium
hydrochioride (KCH; hydrochioric acid (HCH; sodium hydroxide (NaOH);
tris(hvdroxymethyhaminomethane; borax; ammaonium acetate; trifluoroacetic acid; ammonium
frifluoroacetats; MES 2-(N-Morpholing)sthanesulfonic acid; MES hemisodium salt; MES
hydrate; MES monohydrate; MES potassium salt; MES sodium sait; BIS TRIS Bis(2-
hydroxyethyhiminotris(hydroxymethylimethane; BIS TRIS HCE ADA N-(2-Acetamido)-2-
iminodiacetic acid; ADA disodium sall; ACES 2-[{(2-Amino-2-oxoethyliaminolethanesulfonic
acid; PIPES Piperazine-N, N'-bis(2-ethanesulfonic acid); PIPES dipotassium sall, PIPES
disodium salt; PIPES sesquisodium salt; PIPES sodium salt; MOPZSO 3-(N-Morpholine)-2-
hydroxypropanesulfonic acid; MOPSO sodium salt; BIS TRISPROPANE 1,3-
Bisliris(hydroxymethyhmethylaminolpropane; BES N N-Bis{2-hydroxyethyi}-2-
aminoethanesulfonic acid; BES sodium salt, MOPS 3-(N-Morpholino)propanesulfonic acid;
MOPS hemisodium salt; MOPS sodium salt; TES N-Tris(hydroxymethyhmethyl-2-
aminoethanesulfonic acid; TES hemisodium salt; TES sodium salt; HEPES N-(2-
Hydroxyethyhpiperazine-N'-(2-ethanesulfonic acid); HEPES hemisodium sall, HEPES
potassium salt; HEPES sodium salt; DIPSO 3-[N, N-Bis(2-hydroxyethyhaminol-2-
hydroxypropangsulfonic acid;, MOBS 4-(N-Morpholinojbutanesuifonic acid; TAPSG 3-[N-
Tris{hydroxymethymethylamino}-2-hydroxypropanesulfonic acid; TRIZMA
Tris(hydroxymethylimethylamine; HEPPSO N-{2-hydroxyethylhpiperazine-N"-{2-
hydroxypropanesulfonic acid); POPSO Piperazine-N, N -bis{(Z-hydroxypropanesuifonic acid);
POPSO hydrate; TEA Tris{2-hydroxyethyhamineg; EPPS 4-2-Hydroxyethyh-1-
piperazinepropanesulfonic acid; TRICINE N-Tris(hydroxymethyhmethyiglycine; Gly-Gly N-
Glyeylglyeine; BICINE N N-Bis(2-hydroxysthyliglycine; HEPBS N-(2-Hydroxyethylipiperazine-
N'-{4-butanasulfonic acid); TAPS N-Tris(hydroxymeathylimethyl-3-aminopropanesulfonic acid;
TAPS sodium salt; AMPD 2-Amino-2-methyl-1,3-propanediol; TABS N-
Tris(Hydroxymethyimethyl4-aminobutanesulfonic acid; AMPSO 3-{(1,1-Dimsthyl-2-
hydroxyethyiiamino}-2-hydroxypropanesulfonic acid; CHES 2-(N-
Cyclohexylamino)ethanesulionic acid; CARPSO 3-{Cycishexylaming)-2-hydroxy-1-
propanesulfonic acid, CAPSO sodium sailt; AMP 2-Amino-2-methyl-1-propanol; CARS 3-
{Cyclohexylamino)-1-propanesulfonic acid; CABS 4-(Cyclohexylamino)-1-butanesulfonic acid;
AMPSO; AMPSO sodium salt, TRIZMA acefate; TRIZMA base; TRIZMA HCE TRIZMA
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maleats, TRIZMA phosphate monobasic; bicine; cacodylic acid; sodium cacodylate trihydrate;
sodium bitartrate monochydrate; sodium tartrate dibasic dihydrate; calcium acetate hvdrate;
calcium carbonate; lime; calcium phosphate dibasic; ethanol amine hydrochioride; imidazois;
glycolic acid; imidazole HCI; glyoxaline,; periodic acid; potassium acelate; potassium
bicarbonate, potassium carbonate; potassium cifrate tribasic monchydrats; potassium
hydrogen phthalate; potassium phosphate dibasic; potassium phosphate dibasic trihydrate;
potassium phosphate monobasic; potassium phosphate tribasic; histidine; lactic acid; sodium
laciate; potassium lactate; gluconic acid; sodium gluconale; potassium gluconate; calcium
gluconate; aspartic acid; sodiun aspartate; polassium aspartate; calcium aspartaie; glutamic
acid; sodium glutamate; potassium glutamale; calcium glutamate; succinic acid; sodium
succinate; potassium succinate; calclum succinate; maleic acid; sodium maleate; potassium
maleats; calcium maleate; fumaric acid; sodium fumarate; potassium fumarate; calcium
fumarate; ketoglutaric acid; glutarate; oxalic acid; oxalate; malonic acid;, malonate; EDTA
formic acid; formats; carboxylic acids and their derivatives; propionic acid; propionate; butric
acid; butrale; benzoic acid, benzoaie, and their derivates; {oluic acid; {oluate; nitrobenzoic
acid; nitrobenzoate; chiorobenzoic acid; chlorobenzoate; phenol, phenolate, and their
derivatives; nitrophenols; nitrophenolates; halophenols; halophenolates; alkyiphenols;
alkylphenolates, ammonia; ammoniun; alkylamines and their derivalives; amino alcohols and
their derivatives; phosphates and their derivatives,; hydrogen fluoride and fluoride salts;
hydroiodide and iodide salis; selenic acid and selenite salls; iodic acid; iodats salis; hydrogen
bromate; bromate salts; hydrogen sulfide; hydrosulfide salts; sulfide salts; sulfur dioxide;;
sulfurous acid; sulfite salis; selenium dicxide; selenous acid; selenite salls; selenic acid;
hydrogen selenate salls; selenate salts; silicon dioxide; silicic acid; silicate salts; hydrogan
chromate; chromate salts; hydrogen molybdaie; molybdate salls; arsenic acid; arsenate salts
perchloric acid; perchlorate salts; hydrogen cyanide; cyanids salls; hydrogen thiocyanaie;

thioccyanate salls; or a combination thereof.

{00182} The fesd may comprise, but is not limited to, a solution, an aqusous solution, a
non-aqueous solution, an organic solvent, ionic liquid, sutectic solveni, a gas, a homogenous

mixiure, a heterogenous mixture, a slurry, a non-Newtonian fluid, vapor, or a combination
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tharaeof. The solution may comprise a metal stream. The feed flows by and/or through the
porous cathodic material of the elecirochemical deposition apparatus. A plurality of feeds may

flow through the electrochemical deposition apparatus.

(006183} The electrochemical deposition apparaius and method may comprise a
catalyst. Catalyst choice may depend on the target porous cathodic material and anode
reactions. For example, a hydrogen evolution reaction ("HER”) catalyst may be used fora
reaction at the porous cathodic material to reduce water and produce hydroxide (increase pH).
The specific HER catalyst may depend on cost, performance, and other parameters. The
porous cathodic material may be used for other processes than water reduction including, but
not limited to, direct metal reductive precipifative; oxidant production including, but not limited
to, reduction of oxygen io hydrogen peroxide; reductant production inciuding, but not limited o,
reduction of carbon dioxide 1o the carbon dioxide radical; and/or to reduce the overall celi
potential requirsd by using oxygen as a sacrificial glectron acceptor rather than water. The
anode may be used for other processes including, but not limited o, direct metal oxidative
precipitation; oxidant production such as oxidation of chioride to the dichioride radical; and/or
to reduce the overall cell potential required by using a sacrificial electron donor. A selective
catalyst selective may have a significant sffect on the electrosxiraction process and catalyst

selection may enable control over the desired metal precipitation process.

[00184] The HER catalyst for the porous cathodic material may include, but is not
firnited {o, metals, including but not imited {o P, PYC, T, In, Cd, Pb, Ga, Zn, Sn, Bi, Ag, Cu,
Fe, Co, Ni, Au, Rh, Ir, Re, W, Mo, Nb, Ti, Ta, Al, Pd, Hg, V, Hf, or a combination thereof;
alloys, including but not limited to Ni-Ti, Mo-Ni, Mo-Co, Mo-P{, Ni-Zr, Mo-S, Ni-Co, Ni-Fe, Ni-
Mo-Cd, Ni-Mo-Fe, LasNi alloys, or a combination thereof; carbon bassd materials, including,
but not Himited to graphene, doped(B,N .S P)-graphene, CNT, doped{B N,D.P}-CNT, black
carbon, activated carbon, or a combination thereof, metal oxides, including, but not limited to,
Ir02-RuOs, SnibOs-8 or a2 combination thereof, 2D nanomaterials including, but not limitsd o,
MoS,, Feld,, FeNiS, TaS;, NbS:, Mo:C, MoSs,, CoMoS., WS doped(Fe,Co Ni,Cu,P)-MoS,,
doped-MoS:, or a combination thereof, molecular/porphyrins/corroles including, but not limited

to, Co-porphyrins, Rh-porphyrins, Fe-porphyring, Ni-porphyrins, Cu-corrales, bisorganometallic
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diporphyring, Ni-diphosphines, or a combination thersof, hydrogenase and hydrogenase
mimics; phosphides, including, but not limited to CoP, MoP:, or a combination thereof;
carbides, including, but not limited to, WC; sulfides, including, but not limited to, MaS,, NiS,,
ZnS, CdS, or a combination thereof, polyoxometalates, including, but not limited to, R-
Siv;20,0%, HaPMo:20ye, or @ combination thereof, or a combination thereof.

(00185} An oxygen evolution calalyst (OEC) may be used at the anode and may
include, but is not limited to, metal oxides, including, but not limited to, TiOz, Zn0, WO,, r0;,
MOy, MnOs, CoO, Co20s, CoOs, Cos0y, Feals, Culd, NiO, Niz0s, CoOOH, RuG,, PO,
FeQOH, PbO,, PO, FesOs, NiD,, SnO;, Tax0s, Zr0s, W03, or a combination thereof, metal
chalcogenides, including, but not limited to, CoSes, NiSe, Cu384, MoS;, TaS,, or a combination
theraof, bi-metal oxides, including, but not limited to, SrTi0;, BIVO,, InSn0,, CosVoOs,
ZnCo,04, CaMneOs, CalMnaOy, CoNiO,, NiCuOy, ColMaQy, FeMoO,, Culaly, r0x-Taz0s,
NiC0:04, or combination thereof, bi-metal chalcogenides, including, but not imited {o, NiFe§,
NiCo28e4, or a combination thereof, multi-mefal oxides, including, but nof limited fo, NiFeAlQq,
BiCuV0s, CoNiFe-hvdroxide, CoCrFeQ,, or a combination thereof, doped-metal oxides,
including, but not iimited to, N-TiO,, Ni-irQD2, Ni-RuQ;, or a combination thereof; perskovites,
including, but not limited to, La:NaTaQOs, LaSrCrOs, BacsSrosCoeaFes.20379, LaNiQs, SrCo0s,
Ba,NdirOg, SrirQg, LaNiQ,, LaMnQs, LaCus, LaCrOs, LaCoCs,, SiFe0s, NiLaOy, ora
combination thereof, polyoxometallates; layered double hydroxides, including, bui not imited
to, Ni{OH)2-CNT, Ni-Ti, Ni-Fe, Co-Fe, Co-Mn, Ni-V, Fe-Ni-Co, or a combination thereof; 2D
Nanomaterials, including, but not limited to, CoOy, NiQ,, FeO,, NiyCa1-yOx, NiFeQ,, MoS;, or
a combination thereof;, metal-organic framework (MOF), including, but not limited to, NiFs,
NiCo, or a combination thersof; nitrides, including, but not limited to, NisN, CsNg, or a
combination thereof, carbides, including, but not limited to, Ti:C;; carbonale hydroxides;
borates; phosphides; graphenes, including, but not limited to, N-doped or S-doped graphenes,
or a conbination thereof, molecular/porphyrins/corroles, including, but not imited to, Mn-
corroles, Co-porphyrins, Ni-porphyrins, Mn-porphyrins, Ru-polypyrridinegs, Ru-ammines, Ir-

complexas, or a combination thereof, or a combination thereof.



WO 2022/256457 PCT/US2022/031844

-47-

[60188] The caialyst may also be used for oxygen raeduction reaction, with the
production of 2-elecirons being preferred through the reaction Oy + 28 + 2H" = H,0,. The
catalyst used {o achieve the preferred oxygen reduction may include, but is not limited to,
metals, including, but not imited {o, Pt carbon-bassd materials, including, but not limited fo,
graphsne, doped(B,N,S,P)-graphene, CNT, doped(B,N,D.P}-CNT, black carbon, activated
carbon; or a combination thereof, porphyrin/corroles, including, but not limited to, cylochrome
C {4 e}, cytochrome C oxidase, Fe-porphyring, Co-porphyrins, Mn-porphyring, Cr-porphyrins,
Cu-porphyring; or a combination thereof; or 2 combination thereof.

[00187] The catalyst may comprise a gensral oxidation catalyst. The general oxidation
catalyst may include, but is nof limited to, metal oxide, including, but not limited to, RuQy, IrQ;,
SnQy, POy, or a combination thereof, mixed metal oxide, including, butf not limited to, Sb-Sn-
RuQs, RugsTie 702, RugSng D2, r02/8Sn0y, Sn02-8b,0s, Biz0s-PhQs, THRU-8nO,, ora
combination therecf, doped-metal oxide, including, but not limited to, (B, Bi, F, Cl, P, Sb)-
doped SnQq, (Fe, Co, Bi, F, etc.)-doped PbQs,, or a combination thereof, metals, including, but
not limited to, Pt carbon, including, but not limited 1o, boron-doped diamond, graphite, carbon
peilef, carbon feif, carbon black slumry, carbon fiber, glassy carbon, graphite particles, ora

combination thereof, or a combination thereof.

[60188] The catalyst may comprise a general reduction catalyst. The general reduction
catalyst may include, but is not imited {o, polyoxometalates including, but not imited {0, o~
PM0o 12046, PoWis062% PaWi70s: Fe(lIDH O SIW OseF e(ID{HO), PW O Ru(iD{H0),
Korlln{Asz Wi 7061)218H0, NA{SIMoWaOseda'™, a-8iMo2040", or a combination thereof,
carbon-based material (coated and uncoated), including, but not limited to, CNT, carbon felts,
carbon foams, carbon meshes, carbon nanocfibars, or a combination thereof, metal-based
material (coated and uncoated), including, but not limited to, foams, felts, meshes from Ni, Cu,

Al or Ti, or a combination thereof, or a combination thereof.

[0018%] A voltage may be applied to the porous cathodic material. Feed may be flowed
through the porous cathodic material of the elscirochemical deposition apparatus while 2

voltage is applied to the porous cathodic material. The voltage may include, bui is not limited
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10, atleast about 0.25 V, abouf 0.25 V {0 about 5.0V, about 8.5 Vto about 475V, about 0.75
Vioabould 3Y, about 1.0V o about 425V, about 1.25 Vo about 4.0V, about 1.5V io
about 3.75V, about 1.75 Vto about 3.5V, about 2.0V to about 3.25 'V, about 2.25 V o about
3.0V, orabout5.0V.

[00190] Metals may be eleciroprecipilated, i.e. deposited, onio the surface of the
cathodic malerial. Deposiled metals may comprise, but are notlimited {o, necdymium (*Nd”),
praseodyrmium {"Pr"), dysprosium ("Dy}, copper {"Cu”}, lithium ("L1"), sodium ("Na"},
magnesium ("Mg"), potassium (K™, calcium ("Ca&”), titanium (“T), vanadium {"V7}, chromium
{*Cr}, manganese ("Mn”)}, iron ("F&"), cobalt ("Co™), nickel ("Ni"}, cadmium {"Cd"), zinc {*Zn"),
aluminum ("Al"), silicon (*S1), silver ("Ag"), tin ("Sn7), platinum (*P1"), gold ("Au”), bismuth (*BP),
fanthanum (“La")}, eurcpium ("Eu”), gallium {("Ga"}, scandium (“Sc”), strontium {“S¢7), ytirium
{Y", zirconium ("Zr"), niobium ("NB”), molvbdenum ("Mo”}, ruthenium {"Ru”}, rhodium ("Rh"),
palladium ("Pd"}, indium (“In™), hafnium ("HEP), tantalum ("Ta"), tungsten ("W, rhenium ("Re”),
asmium {*08"), iridium (Ir”), mercury ("HQ"), lead ("Pb™), polonium ("Po”), cerium ("Ce”),
samarium (“Sm”), erbium ("Er”), yiterbium (YD), thorium ("Th”), uranium (*U"), plutonium
(*Fu”}, terbium ("TR"), promethium ("Pn7"), tellurium ("Te"), or a combination thereof.
Deposited mstals may be of the chemical formula MY {OH), or (M™1nGCmxmyz. Deposited
metals may also be metal carbonates. Metals may be deposited in their non-ionic form.
Deposited non-ionic metals may be of the form M°. Metals may be deposited according to a
particular stoichiometry. For example, where a first metal is M1, a second metal is M2, and a
third metal is M3, the metais may be deposited in a stoichiometric ratio M1:M2:M3. The
metals may be deposited in any stoichiomestric ratio including, but not imited o, 2 1:1:1, 1:2:1,
1:1:2, or 2:1:1 stoichiomelric ratio. The mstals deposited in a stoichiomstric ratio may be
exiracted from &.q., a Co-bsaring material. A metal deposited in a stoichiomelric ratio may be
deposited as a metal hydroxide. The metals deposiied in a stoichiometric ratio may be used
as a cathode material. For example, Ni-Mn-Co hydroxides deposited in a stoichiomelric ratio

may be used to produce cathodes for Li ion batleries.

[00181] The elecirochemical deposition apparatus and method may change the

axidation state of one or more metals. Alkali metals, including, but not limited to, H, Li, Na, K|
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Rb, Cs, or a combination thereof, may only be found in agueous solution as the +1 oxidation.
Native metal in the 0 oxidation state is the anly other common form and this oxidation state
reacts vigorcusly with water to produce hydrogen and an oxidized metal. Alkali metal ions

may have high water solubilitiss and tend not {0 precipitate during electrosxiraction.

[06182] Alkali metals, including, but not limited tg, Be, Mg, Ca, Sr, Ba, or a combination
thereof, may be only found in agueous solution as the +2 oxidation. The nalive metal in the 0
oxidation siate is the only other common form and reacis vigorously with waler to produce

hydrogen and the oxidized metal. These meials ions have high water solubilities and fend not

to precipitate during electroextraction.

Table 1. Transition Metal Common Oxidation Siates

So ' Fe Co Ni Cu Zn As
B3 LR 342434446 Qorivld | QrE+d A3 Grie2 G2 “48.4345
Y Nb Ru | Rh | Pd | Ag | Cd St
C.+3 Q+3 03.4+3 44 0.43 G.+2.+4 08.+1 §,+2 0.+3+3
i Ta Os Ir Pt Ay Hg Bi
o+4 9.+3 Q+4 Q,+3,+4 Q. +2,+4 Q+1,+8 0,+1,42 043
(00193} Metal hydroxides with higher fransition metal oxidation states may have more

thermodynamicaily favorable metal cation-hydroxide anion bonds and may have a greater
tendency to precipitate as a metal hydroxide. For example, metal ions with oxidation states of
2+4 {end to precipitate at pH < 2 {or [HO-] < 1012 M), Metal ions with an oxidation state of +3
tend {o precipitate in the pH rangs of 1-6 {or 10 < [HO-] < 10%). Melals ions with an
oxidation state of +2 precipitate in the pH range of 6-10 {or 108 < [HO-} < 10:%). Metal ions
with an oxidation state of +1 precipitate at pH > 10 (or 104 < [HO-]). Native mstals will

spontaneously precipitaie in waler,

[00194] Oxidizing one metal to a higher oxidation state such that it would precipitate out
at a lower pH may allow for selective precipitation of a single metal ion. For example, four
primary metals in biack mass may be nickel, manganese, coball, and lithium. The standard
reduction (reverss for oxidation) potentials for Ni**, Mn?*, and Co® are listed in Table 2, and

there is no potential listed for Li* as it cannot be further oxidized. Mn has a lower oxidation
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potential than either Co or Ni, and there may be a number of eleciroextraction sirategies that

may be used to selectively oxidize Mn? and precipitate Mn as manganese dioxide (MnOy).

Table 2. Standard Reduction Potentials of Black Mass Metals and Chloride

Reaction Stoichiomstry Standard Reduction Potential”
MnO; + 4H* + 28" — Mn®* + 2H,0 1224V
HCIO + HY + 28— Cl + HO 1482V
MnOg+ 8H + B — Mn?* + 4H,0 1.507 v
Co¥ + & — Co?* 182V
NI + @ - NIz »>>2.0V
Fe* +e — Fe® 077V
Cu® + 2 — Cud 0.34V

" Standard T and P, pH 0, and 1 M concentration. From CRC Handbook—Eiectrochemica Series.

(00195} A low-pH mixed NiyMn/Co feed may first pass through a porous cathodic
material where water reduction may produce hydroxide {o increase the pH. The solution may
then pass through the anode at a sufficient anods potential to oxidized Mn®*, but not Co®*.

The oxidized Mn** may then precipifate as MnQ;, which is collected by filtration. An exemplary

embaodiment of this process is shown in Fig. 24.

[00198] A moderate-pH mixed Ni/Mn/Co feed may first pass through an anode at a
sufficient anode potential {0 oxidize Mn?*, but not Co?*. The oxidized Mn then precipitates as
MnO., which is either filtered by the porous ancde or a separate filter placed between the
anode and porous cathodic material. The remaining Ni/Co solution may then pass through the
porous cathodic matarial whers water reduction produces hydroxide thersby increasing the pH
and precipitating a mixed NiCo hydroxide product. The mixed NiCo hydroxide produci may

then be collected by filtration. An exemplary embadiment of this process is shown in Fig. 25,

[06187] A moderate-pH mixed Ni/Mn/Co feed may first flow by an anode and an Nall
electrolyte feed may flow bebween the anode and a porous cathodic material. The NaCl
elecirolyte feed may separaiely flow out through both the anode and the porous cathodic
material. As the NaCl flows through the anode, the chioride may be oxidized to chiorine, and
the chiorine may then react selectively with Mn?* in the anocds flow-by stream to produce MnQ;

as a precipitate. The MnO:z may then be fillered out and the remaining Ni/Co solution may
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than flow by the porous cathodic matsrial. As the NaCl solution flows through the porous
cathodic material, water reduction producing hydroxide occurs and the hydroxide reacts with
the Ni/Cao in solution to produce a NiCo mixed metal hydroxide (MHP product). An exemplary

embuodiment of this process is shown in Fig. 28.

[00198] Allow-pH mixed NYMn/Co feed may be passead outside-in through the anode
and an elecirolvte feed is passed oulside-in through the porous cathodic maternal, with both
reacted solutions mixed in-belween the electrodes. As the mixed NifMn/Co feed passes
through the anode with a potential sufficient to oxidize Mn® but not Co?, Mn is selectively
oxidized to Mn**, which precipitates as MnQ.. As the slectrolyle passes through the porous
cathodic material where water is reduced to hydrogen and hydroxide, the produced hydroxide
nHxing in the center chamber may increase the pH o enhance the precipiiation of MnG.. The
produced MnO, may then be coliected by fillration. An exemplary embodiment of this process

is shown in Fig. 27.

[00198] if it is desired to separate all three metals individually, then various
electrachemical deposition chambers may be used in series {o achieve separation of more
than one metal individually. For sxample, the anode potential of a second mstal separation
process may be higher than a first process such that Co® oxidation to Co® is achisved. The
Co* may then react with hydroxide produced by the porous cathoedic material and precipitate
as Co{OH)z or CoOOH. The CoQOH may be collected by fillration. The remaining Ni solution
may then flow by a porous cathodic material to further increase the pH to allow for Ni{OH)

precipitation. An exemplary smbodiment of this process is shown in Fig. 28.

[00200] Another flow regime o separats more than one individual metal may be to flow
a moderate-pH mixed Ni/Mn/Co solution by an anode with a sufficient anode potential to
oxidize electrolyle chioride {o chlorine as i flows through the anode. The produced chiorine
then oxidizes the Mn?2* to Mn?* that precipitates as MnQ;. The MnO; is then collected on a
filter. The remaining NifCo solution then flows by another anode at a sufficient polential to
oxidize chioride o the dichioride radical anion as it flows through the anode. The produced

dichioride radical anion then oxidizes the Co? to Co’t that precipitates as CoOQOH, which is
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than collscted by filiration. The remaining Ni solution flows by the porous cathodic material
which reduces the water flowing through the porous cathodic maierial to produce hydroxide.
Hydroxide may react with the Ni to precipitate as Ni{OH): which may then be collacted by

filtration. An exemplary smbodiment of this process is shown in Fig. 28.

[00201] To precipitate all three meatals Ni, Mn, and Co at once, a slightly acidic mixture
of dissolved NIVMCo ("NMC™} solution flows by the porous cathodic malerial, while an
elecirolyte solution flows between and through the anode and porous cathodic material. As
the elscirolyts flows through the porous cathodic material, watsr is reducsd o produce
hydrogen and hydroxide anion, and the hydroxide anion reacts with the dissolved
NIPYMn2/Co?* flowing by to yield a mixed NMC hydroxide precipitate. If bicarbonate is used
as the elecirolyte rather than sulfate, then a mixed NMC carbonate precipitate may be
produced since the bicarbonate may react with the hydroxide to produce carbonats, which will
precipitats the NMC. Similar strategies may be ussed {o produce other NMC salts. The
elsctrolyte flowing through the anode may undergo water oxidation producing oxygen and
protons/acid, which may then be recycled back o the initial leach sfep. An exemplary

embaodiment of this process is shown in Fig. 30

(00202} Flow schemes may be used for other metal mixtures, including, but not limited
o, of Fe, Cu, Ni, Co, PGM, or combinations thereof found &.g., in sulfidic ores. In Table 1, the
numbers below the slement are the common, e.g., typically observed, oxidation states.
Multiple oxidation states indicate that the oxidation state may be manipulated by an
electrochemical redox process. This process may be performed directly ai the anode or
porous cathodic material, or indirectly through generation of a reactive reductant including, but
not imited {o, a carbon dicxide radical or oxidant such as chioring. For example, reduction of
Cu™ to Cu® may occur at the porous cathodic material, or oxidation of Mn?®* to Mn** may occour

directly at the anode or indirectly through chiorine production.

[00203] Mulliple metals with muliiple oxidation states (e.g., the black mass exiract
initially has Ni, Co, Mn all in 2+ staie, but the individual metals have multiple oxidation states

Ni(2+), Co(2+ 3+, Mn(2+ 4+ 7+)), then the appiied slectrocherical potential may be rationally
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manipulated to sslectively oxidize only one of the metals, according io Table 2. For example,
in the case of black mass, Mn®* may be selectively oxidized to Mn** first by applving an anode
potential between 1.25 and 1.85 V {or the appropriate range according to the Nernst Equation
for a particular Mn concentration) to seleclively pracipitate as MnO; for subssquent removal by
filtration. Then Co® may be selectively oxidized by applving a potential »1.8 V (or the
appropriaie range according to the Nermst Equation for a particular Co concentration) to
precipitate as Co(OH): or CoOOH for subsegquent removal by filtration. Finally Ni®*, which
cannot be oxidized further, may precipitated as Ni{OH): by increasing the hydroxide

concantration of the sclution.

[00204] A metal, e.g., Ni, within an ore/concentrate {(e.g., chalcopyrile) may be leached,
The leached concentrate would be a slightly acidic mixed metal solution of e.g., Fe™, Cu'?,
and Ni**. The solution would first flow through a flow regime where dissolved Cu is first
reduced to metallic copper at a porous cathodic material. Dissolved Fe?" may then be
oxidized at the anode to Fe¥. The Fe¥ would precipitate to form Fe(OH)s or Fe,0; that may
be collected by filtration. The remaining Ni®* solution may pass through another flow regime
where the Ni** may fiow by a porous cathodic material producing hydroxide to be precipitated
as Ni{OH); and collected by filiration. An exemplary embodiment of this process is shown in
Fig. 3t.

[00205] Low eleciroextraction reactivity metal, e.g., Li*, may be collected as a product.
Li* may be concenirated into transportable brine or even precipitate after concentration, likely
as a carbonate. The electroexiraction technology may be hybridized, and electrodialysis
technology may be used to selectively concentrate and/or precipitaie a species such as Li*.
During elsctrodialysis, a bipolar elsctrode systerm may be used in combination with an anion-
exchange membrane, located near the anode, and a cation-exchange membrane, localed
near the porous cathodic material, with the membranes placed between the two elecirodes.
Electrodialysis may then separate anions and cations in the elsctrolvts by using the electric
field generated by the eleclrodes and the produced ions {cathodic anionic hydroxides and
(anodic cationic protons) during water splitting. For example, if & lithium sulfate solution flows

between the ion-exchange membranes, then the positive ithium ion will slectromigrate through
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the cation-exchange membrane toward the porous cathodic material, and the negative sulfate
ion will electromigrate through the anion-exchange membrane toward the anode. fon-
exchange membranes may only allow ions {o pass and prevent passage of water. Thus, ions
that do slectromigrate through the membrans may be concentrated in the membrane
parmeate. If there are cation contaminants in the lithium sulfate solution, thess may be
rejected by using an Li-ion-spacific cation exchange membrane that only allows Li* to pass.
Finally, if a Li precipitate rather than a Li concentrate is the end-product, then a sodium
bicarbonale electrolyte may be used to cathedically preduce carbonate ion. Lithium carbonate
{(LixCOs) has a significantly lowsr STP solubilily that lithium hydroxide (LIOH) at 13 g/l (8.18
M) as compared to 130 g/L (5.4 M), respectively. The hybrid eleciroextraction-glectrodialysis
systemn may be further merged fo use the produced acid and/or base for alternative leach and
precipitation processes, respectively. The anodic/cathadic reactions may be used for
axidation/reduction of metals where the increased/decreased charge of the metais may drive
the elsciromigration process similar to protons/hydroxides during water splitting. An

exemplary embodimeant of this process is shown in Fig. 32.

[00208] Metals may be deposited as metal hydroxides. The deposited metal hydroxides
may be of the form M™{OH),. The porous cathodic material may electrocatalyze the reduction
of water. The electrocatalyzed reduction of water occurs according to chemical regotion 2HC
+ 2e > Hy + 2HO. Hydroxide anion from reduced water may react with metal ions lo yisld
meatal hydroxides. Hydroxids concentration near the cathodic material may be high ralativs o
at other locations in the feed. The high relative hydroxide concenirations near the cathodic
material enhances homogensous metal or melal oxide precipitation and deposition onto the
porous cathodic material. Metal hydroxides may form according to the following chemical

formulae;

28+ 2H0 — Ho + 20H"
MM+ (OH)y — M{OH)n )
MY+ 2o+ 2H2C} ¥ Hg + EVE(OH)(\, (s}-

For example, cobalt hydroxide may be formed according to the following formulas where

hydroxide ions are in stoichiometric excass compared to Co:
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2 + 2H0 — Mg + 20H
Co?" + 20H - Co(OH)z
Co* + 2e + 2H;0 — Hy + Co(OH) 0.

[00207] A single metal may be deposifed onto the surface of the porous cathodic
material. A single metal may be deposited onto the surface of a plurality of porous cathodic
materials. Depositing a single metal onle the surface of a plurality of porous cathodic
materials may comprise sequentially reducing the amount of metal in a feed, for example, by
passing a feed through a first porous cathodic maierial to deposit 8.q., 90% of the metal in the
feed onto the first porous cathodic material to form a depleted solulion; and passing this
depleted solution through a second poreus cathodic material to deposit e.g., 90% of the metal
in the depleted solution onto the sscond porous cathodic material. The porous cathodic
material may have an exiended lifetime of use. The lifelime of the porous cathodic material
may include, butl is not limited to, at least about 50 hours, about 50 hours o about 1000 hours,
about 100 hours to about 900 hours, about 200 hours o about 800 hours, about 300 hours to
about 700 hours, about 400 hours to about 600 hours, about 500 hours to about 1260 hours,
about 1200 hours to about 2000 hours, about 1500 hours to about 3000 hours, about 2280
hours {0 about 4600 hours, or about 5060 hours .

[06208] A plurality of metals may be deposited onto the surface of a plurality of porous
cathodic materials. For example, a first metal, for example Nd, may be deposited onio a first
porous cathadic material and a second metal, for example Pr, may be deposited onfo a
sacond porous cathodic material. In another example, Cu may be deposited onto a first
porous cathodic material at 1.5 V| and then Ni or Co may be deposiied onto a second porous

cathodic material at 3.0 V.

[00208] Metals may be deposited on a porous cathodic material o ramove impurities
fromn the feed and allow a metal of interest, e.g., Li, {o pass through the electrochemical
deposition apparatus for collection. Metal deposition onto a porous cathodic material yields a

permeate. The permeate may be metal free or depleted of metal. The metal depleted
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permaate may be recycled back into the electrochemical deposition apparatus as feed. Melal

deposition onto a porous cathodic material may yield a plurality of permeates.

[00210] Deposited matals are removed from the porous cathodic material and may form
a concentrate and/or extract comprising metals. The concentrale and/or extract may be
recycled back into the elsctrochemical deposition apparatus as feed. Deposited metals
remaved from the porous cathodic material may form a plurality of concentrates and/or

extracts.

[00211] Deposited metals are removed from the porous cathodic material. Deposited
metals may be removed from the porous cathodic material by an increased cross flow over the
surface of the porous cathodic material and/or an air scour. Deposited metals may also be
removed from the porous cathodic material by a reverse flow through the electrochemical
deposition apparatus. Deposited matals may be removed from the porous cathodic material
by a pulsed current that repels deposited metals from the porous cathodic material. Deposited
metals may also be removed from the porous cathodic material by increased cross flow over
the surface of the porous cathodic material in combination with a pulsed current. Additionally,
deposited metals may be removed from the porous cathodic material by a reverse flow

through the electrochemical deposition apparatus in combination with a puilsed current.

[66212] The electrochemical deposition method may comprise a solvent extractant.
The solvent extractant may be non-covalently bound to the cathodic material. The solvent
extractant may include, butis not limited to, tributyl phosphate, iri-octy! amine, tri-decyl amine,
di{2-ethyi-hexyiphosphoric acid, dialky! sulfides, hydroxyoximes, or a combination thereof.
The solvent sxiractant may be dissolved in the feed solution that may be aqusous or non-
aqueous. The solvent extraciant may facilifate an in situ reversible glectrochemical metal solid
phase exiraction process. The elecirochemical deposition apparatus may comprise a plurality

of solvent exiractants.

(006213} The electrochemical deposition apparaius may comprise a center flow design.
The center flow design may comprise a region for receiving feed; a region for receiving feed

elsctrolyts; a first outlet, a porous cathodic material; and an anode. The porous cathodic
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material may be in communication with the ragion for receiving feed. The hydroxide ions may
fraverse across the porous cathodic material, form at the surface of the porous cathodic
material, and/or form within the porous cathodic material and enter the region for receiving
fead. Metal ions may be deposited at the porous cathodic material and may be converted {o
metal hydroxidss. Converted metal hydroxidss may form a metal hydroxids concentrate within
the region for receiving feed. The metal hydroxide concenirate may flow from the
slectrachemical deposition apparatus from the first outlet. Water may be elecirolvzed at the
anode to form hydrogen ions and oxygen. Water may be elecirolyzed at the porous cathodic
material to form hydrogen and hydroxide ions. The elscirochemical deposition apparatus may
further comprise a second outlel. Feed electrolyle may flow from the electrochemical
deposition apparatus through the second outlel. Feed electrolyte may be recycled ino a feach
solution (e.g., an acidic leach solution). The electrochemical deposition apparatus may also
comprise an anode permeate region, a feed region, and an electrolyte feed region. Optionally,
thare may be cross flows between the ancde permeate region, the feed region, and the
electrolyte feed ragion. The electrochemical deposition apparatus may comprise a surface {o
prevent outflow from the electrolyte feed region. The surface may be e.g., a rigid wall, valve,
fiexible membrane, or a combination thereof. The elscirochemical deposition apparatus may
also comprise a third outlet. The first, second, and third outlets may be disposed on the
electrochemical deposition device to allow flow through from the anode permeate region, the

feed region, and the electrolyie feed region.

[00214] The center flow design may creale positive pressure perpendicular {o, and
moving away from the porous cathodic material and anode. The metal hydroxide generated at
or naar the porous cathodic material may be resuspended and/or gathered by cross flow

through the center flow design.

(00215} The method of the present invention may comprise contacting or passing a fesd
comprising metal ions through an electrochemical deposition apparaius; contaciing ths fesd
with a porous cathodic material, depositing a metal onto the surface of the porous cathodic
material, and converting the metal ions to metal hydroxides o form a metal hydroxide

concentrate. The method may further comprise recovering the metal hydroxides from the
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meatal hydroxide concentrate. Recovering the metal hydroxidss from the metal hydroxide
concenirate may comprise passing the metal hydroxide concentrate through a device,
inciuding but not limited {o, a filter, filtration device, sedimeniation process, centrifuge, press,
or a combination thereof. The method may further comprise slectrolyzing water to form
hydrogen gas and hydroxide ions. The method may further comprise electrolyzing water to
form oxygen gas and hydrogen ions. Wailer may be electrolyzed at the porous cathodic
material andfor anode. The method may further comprise contacting an electrolvte feed
across a porous cathodic material and/or an anods. The elecirolyte feed may comprise, but
not be limited o, HCH HNGQs, or other salts. The electrolyte fasd may comprise, but not be
fimited to, electrolytic protons and slectrolyiic hydroxids. The electrolyte feed flow may
transport electrolylic protons across the anode and slectrolytic hydroxides across the porous
cathodic material. The methed may also comprise recycling the slectrolyte solution info a
ieach solution (8.¢., an acidic leach solution). Output from the feed region and/or anode

permeaate region may also be recycled.

[00218] The present invention may further comprise a filtration device. The filtration
device may receive metal hydroxide concentrate. The filtration device may comprise an inlet;
an outlet; a housing; and a filer. The inlel may receive metal hydroxide concentrate. Meial
hydroxide-depleted solution may flow out of the filtration device by ths outlet. The filter may
comprise pores, a membrane, an exchange column, or a combination thereof. The filler may
be capable of capturing metal hydroxides. The present invention may further comprise a
vessel or containing feed {0 be flowed inlo the elecirochemical deposition device. The present
invention may also includse a user interface. The user interface may comprise a screen. The
screen may be a touch screen. The user interface may comprise an automated control
system. The automate control system may be used for cleaning, in sifu cleaning, or for

cleaning cycles using a feedback loop.

(00217} The electrochemical deposition apparatus may generale a gas. The gas may
comprise, but not be limited {o, oxygen, hydrogen, chiorine, NO,, wherein X is an integer from
1 {0 4, or a combination thereof. The electrochemical deposition apparatus may also comprise

a gas release valve. The gas release valve may release gas generated by the electrochemical
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deposition apparatus. The gas release valve may comprise a vent, a manual valve, ora

combination thereof.

{00218} The elecirochemical deposition apparatus may comprise a filter press. The
filter press may comprise a filter plate; filler press cylinder; a porous cathodic material; an
anode; an inlet; and an outlet. The filler press may also comprise a mesh, a gasket, a current
collector, a collar gasket, or a combination thereof. Pairs of the mesh, gasket, current
collector, and collar gasket may be at least partially disposed on either side of the filter plate.
The mesh may be at least partially disposed within the filter plaie. The current collector may
comprise an elongated current collecior. The slongated current collector may comprise a
perforated metal sheet. The elongated current collecior may comprise, but not be limited (o,
Ti, stainless stsel, or other metal. The filler plate may be at least pariially disposed betwsen
two gaskets. The porous cathodic material may be af least partially disposed bebween a first
current collector and a first collar. The anode may be at least partially disposed between a
second current collector and a second collar. The collar may be at least partially disposed
betwsen the current collector and the collar gaskst. Electrolyte solution may flow through
andior across the filter plate. The porous cathodic maiernial may separaie the feed and
electrolyte feed, including, for example, by preventing the feed and electrolyle feed from

nHXINgG.

(06219} The elecirocchemical deposition apparatus may comprise a filler press, and may
comprise a plurality of plates arrangsd in paraliel. The plales arranged in paraliel may form at
feast two channels. Each plate in the plurality of plates may receive an electrolyte solution,

An electrode and an anode may be at least partially disposed around a plate. Atleastone
channel formed by the plates arranged in paraliel may be in contact with two porous cathodic
materials. Feed may be received by the al least one channel in contact with two porous
cathodic materials. At least one channel formed by the plates arranged in paraliel may be in
contact with two anodes. Anode permeate may be received by the at least one channelin

contact with fwo anodes.

(002201 The elecirochemical deposition apparatus comprising a filter press may operaie

at a feed flow rate and/or alecirolyte Teed flow rate inciuding, but not limited {o, at least about
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50 mb/min per plate, about 50 ml/min per plaie to about 10 L/min per plate, about 100 ml/min
per plate to about 9 Limin per plate, about 200 mb/min per plate {o about 8 L/min per plate,
about 300 mb/min per plate to about 7 L/min per plate, about 400 mbLimin per plate to about
8 L/min per plate, about 560 mi/min per plate to about & L/min per plate, about 830 ml/min
per plate, to about 41L/min per plats, 700 mb/min par plate to about 3 L/min per plats, about
800 mi/min per plate to about 2 Limin per plaie, aboui 800 ml/min per plate {o about 1L/min
per pate or about 10 L/min per plate. The tolal feed flow rate and/or elecirolyte feed flow rate
may include, butis notlimited to, at least about 500 L/min, about 500 L/min o about 1500
Limin, about 660 L/min to about 1408 L/min, about 700 L/min to about 1300 L/min, about 800
L/min {0 about 1200 L/min, about 200 L/min {o about 1100 Limin, or about 1500 LU/min. The
anode permeate flow rate may include, but is not limited {o, at least about 18 L/min, about 18
Limin to about 99 Umin, about 27 L/min o about 80 L/min, about 36 Limin to about 81 U/min,
about 45 L/min o about 72 Limin, about 54 L/min to about 63 L/min, or about 99 L/min. The
anode permeate may include, but is not limited to, at least about 10%, about 10% to about
50%, about 20% to aboui 40%, or about 50% of the electrolyie feed. The anode permeale
flow rate per plate may include, but is not imited {0, at least about 1 L/min, about 1 LU/min to

about 36 L/min, about 8 L/min to about 27 Umin, or about 36 L/min.

[00221] The electrochemical deposition apparatus may comprise a computenzed
conirol system. The computerized control system may evaiuate the performance of the
electrochemical deposition apparatus o design exiractants with improved cathodic material
binding and/or metal selectivity. The compulerized control system also may evaluale the
parformance of the slectrochemical deposition apparatus for real-time optimization of

operational condifions.

[00222] The electrochemical deposition method may further comprise a leach. The
feach may be run at a range of current densities (A/m?). The current density may include, but
is not limited to, at least 1 A/m?, about 1 A/m? to about 7000 A/m?, about 10 A/m? 1o about
8500 A/m?, about 50 A/m? to about 6000 A/m?, about 100 A/m? to about 5000 A/m?2, about 200
Aim? to about 4500 A/n?, about 300 A/m? to about 4000 A/m?, about 400 A/m? to about 3500
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A/m?, about 500 A/m? to about 3000 A/m?, about 800 Afm? to about 2500 A/m?, about 700
A/m? to gbout 2000 A/m?, about 800 A/ to about 1500 A/m?, or about 7000 A/mé.

[00223] The leach may generate an acid and/or reagent. The generation rate may be a
function of the current density (A/m?), the area of the electrode (m?), and the current efficiency
of the reaction (1; the fraction of the elsctrons flowed that result in the desired reaction). in the
case of acid generation from water, the reaction may be anodic water oxidation 2H0 = 4H*
+ 4e- + Og), which may cccur at 100% current efficiency. The anodic waler oxidation may
produce 1 H* for every 1 eleciron flowed. For example, an area of 1 m? with at max current
density of 7000 A/m?, the current at a single slectrode is 7000 A or (7000 C/s) / (Faraday’s
constant; 86845 Cimol e-), indicating that protons may be produced at a maximum rate of
+d[H+}/dt = 0.072 moles/s, e.g., that 1 mole of profons can be produced in 13.8 5. The {otal

production rate may be increased elecirodes in parallel.

(00224} The range of acid production rates for a single electrode (1 m? may be
dependent upon both the steady-state current density and the current efficiency of the
process. The sieady-state current density may be lowsred by decreasing a feedstock input
rate. The current efficiency may be lowered by operaiing simultansous anodic oxidation
reactions that may lower the fraction of tolal current going towards a water oxidation reaction.
For exampile, a black mass leach may use 3 L of 4M sulfuric acid for every kg of black mass.
Sulfuric acid has a pKa of -2.8 and 2, and sulfuric acid at a concentration of 4M may vield a pH
between -1 and 0. This pH range indicates that in aqueous solution at this concentration every
sulfuric acid molecule dissociates to produce a profon and a bisulfate. Thus, for every kg of
black mass leached, 12 moles of H* may be used. At a current density of 1000 A/m¥?, and
+d[H+]/dt = 0.01 moles/s, it would take 1200 s or 20 min {o produce the 12 moles of H*
required {o leach 1 kg of black mass. The time for the required H* production may be

decreased if the current density is increased.

[00225] The timescale for the leach may range from seconds fo minutes {o hours fo
days. The leach timescale may depend on the acid production rate and/or the particle
dissolution rate. Parlicle dissolution may be a surface-limited process, and the surface arsa fo

volume ratio of the particls may affect the overall dissolution or leach rats. Leached particles
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may have a range of sizes tens to hundreds of microns for ore concentrates and tailings, fo
millimeters for crushed ore particles. Leached particles may have a diameter including, but
not fimited to, at least 100 microns, about 100 microns to about 50 mim, about 300 microns o
about 25 mm, about 500 microns to about 10 mmt, about 1 mm {0 about S mum, or about 50
mm. Nanoparticle catalysis may also be ussd {0 accelsrate the lsach timescals. Larger
particles may be further processed, e.g., milled, ground, crushed, sonicated, or a combination
thereof {o achieve smaller particle size distributions and increase the leaching rate. The
leached particles may also be agglomerated before leaching. The amount of material that
needs to be dissoivad may also affect the timescale of the leach with largsr masses requiring
fonger leach fimes. Parlicle sorting, including, but not limited to, magnetic separation, flotation,
densily separation, or & combination thereof may be used to reduce total mass and increase

the leaching rate.

[06226] The type of particls and oxidatlion state of the mstal may also affect the
timescale of the leach. Metal oxides and hydroxides may be directly leached into acid

{(M™ O + ntHYeg 2 M™ug + (n/2)H0) where the higher the initial oxidation state {higher n™)
may result in slower dissolution and decreased leaching rate. The oxide and/or hydroxide may
& reduced by addition of a reductant (8.g., hydrogen peroxide, bisulfite, elc.} to reduce the
oxidation siate and increase the leach rate. For example, a reducing acid (hydrogen peroxide
plus sulfuric acid) leach may be used for black mass. If the material to be dissolved is metallic
or a metal sulfide, then an oxidizing acid leach may be required. An inilial oxidation of either
the metal to an agueous soluble metal ion {(e.g., PI®+ Cl; = P + 2CI) or of the sulfide to a
higher oxidation state (5% + 20; - 504 may be required o reduce the sulfide-metal bond
strength for the overall dissolution process. This additional stsp may limit the overall rats of

the leach.

(002271 The leach efficacy may include, bui is not limited to, at least about 0.5%, about
0.5% 1o about 99%, about 1% {o about 87%, about 5% to about 85%, about 10% 1o about
80%, about 20% to about 80%, about 30% {0 about 70%, about 40% to about 60%, or about
99%. Low leach efficacy may be preferrable when a trace amount of high value matenal or a

frace amount of deleterious material is present in the leach. A high leach efficacy may be
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prefarable when most the metal in the leached material are valuable. An intermediate lgach

efficacy is preferable if only target metal or deleterious metal is dissolved.

[00228] An acid may be used as a lixiviant. The acid may comprise, but is not limited
to, sulfuric acid, nitric acid, other acids, or a3 combination thereof. The acid may comprise, but
is not imited to, 2 mineral acid (or inorganic acid) acid derived from one or mors inorganic
compounds (compounds that are not carbon based). The inorganic acid may include, butis
not limited to, hydrofluoric acid; hydrochloric acid; hydrobromic acid; sulfuric acid, sulfurous
acid; nitric acid; perchloric acid; perbromic acid; phosphorous acid; pyrophasphaoric acid;
sulfamic acid; fluosilicic acid; sslencus acid; phosphoric acid; hypophosphorous acid;
phosphomolybdic acid; polyphosphoric acid; periodic acid, iodic acid; boric acid; molybdic
acid; tungsiosilicic acid; phosphotungstic acid; chlorosulfonic acid; chioroplatinic acid; meta-
phasphoric acid; hexafluorophosphoric acid; tetrafluaraboric acid; nitrosylsulfuric acid;
hydroxylamine-0O-sulfonic acid; hydrogen cyanide; hydrogen azide; chromic acid; water;
hydrogen suifide; carbonic acid; hydrogen peroxide; ammonium; arsenous acid; arsenic acid,

or a combination thereof.

[066229] The acid may comprise an organic acid. An organic acid is an grganic
compound {organic compounds are generally any chemical compounds that contain carbon-
hydrogen bond{s)} with acidic properties. The organic acid may include, but is not limited o,
formic acid; acelic acid; chloroacetic acid; dichioroacetic acid; trichloroacetic acid; benzene
sulfonic acid; bromoacetic acid; dibromoacetic acid; tribromoacetic acid; glycolic acid;
frifluoromethanesulfonic acid; peracetic acid; ethylenediaminetetraacetic acid; maleic acid;
phthalic acid; succinic acid; aminomethanesulfonic acid; bromochloroacstic acid; salicylic acid;
thivacetic acid; sulfanilic acid; oxalic acid; thioglycolic acid; malonic acid; chiorodifluoroacetic
acid; propionic acid; anthranilic acid; fluorcacetic acid; diflucroacetic acid; triflucroacetic acid;
formic acid; lactic acid; tariaric acid; gallic acid; barbituric acid; lipic acid; tannic acid; malic
acid; fumaric acid; benzoic acid; amino acids; fatly acids; sulfosalicylic acid; cifric acid,;
toluenesuifonic acid; sorbic acid; nitrilotriacetic acid; pyruvic acid; iodoacetic acid;
dehydroguinic acid; phenol and substituted phenols; thiophenol and substituted thiophenols;
aminophenol and substifuted aminophenols; aniling; picric acid; pyridine and substiluted

pyridines; methyl ammonium and other alkyl ammonium; any carboxylic acid, or a combination
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thareof. Carboxylic acid is an organic acid that contains a carboxyl group (C(=0)OH) atiached
to an R-group. The general formula of a carboxylic acid is R~COOH or R~CO.H, with R

referring {o the alkyl, alkenyi, aryi, or other group.

(0623801 Leaches may be carried out over a range of pH values. The pH may include,
but is not limited to, at least about -3.0, about -3.0 {o about 5.0, about -2.5 io about 2.5, about
-2.0 1o about 2.0, about -1.5 to about 1.5, about -1.0 to about 1.0, or about 5.0, The leach may
also be carried out under basic conditions.

(00231} Various types of material may be ieached. The material that may leached
includes, butl is not limited to, a black mass; an agglomesrated particle; a concentrate, a slumry,
a mixture of metal, plastic, glass, fiber, polymers or a combination thereof; battery material
inciuding, but not limited fo, Li-ion batteries and/or NiMH batteries; catalyst scrap including, but
not limited {o, catalytic converters, magnets, ol refining catalysts, or combination therecf,
manufacturing scrap; scrap and solutions for the plating industry; metal filler cake; non-ferrous
scrapy; alloy scrap including, but not limited to, Ni-Co alloy scrap; shredded and/or
fragmentized mixed non-ferrous scrap; Ni scrap; slectric motors; precious metal solutions
and/or sweeps; electronic waste including, but not limited to, circuit boards; wiring; mine
tailings; metal-containing think film and/or coaling; crushed and/or milled metal materials;

metal-containing particulate capturad by filters; or a combination thereof.

(00232} The leach may comprise an oxidizing agent. An oxidizing agent, also known as
an oxidant or oxidizer, is a substance that has the ability to oxidize other substances. An
oxidant may be used in combination with an acid for metal dissolution when the metal
particulate is found in the metallic state or as a sulfide. In the metallic state, an oxidant may
transform from the metaliic (o cationic state 10 enable metal ion dissolution. In a metal sulfide,
an oxidant may be used to transform the sulfur into a higher oxidation state that has a lowesr
bond energy with the metal ion enabling is release and dissolution from the solid. When an
oxidant is used with a metal sulfide, the in sifu production of sulfuric acid from the sulfide
axidation may be used as the leaching acid. The oxidant may include, butis not limited fo,
fluorine, chlorine, bromine, iodine, hydroxyi radical, hydrogen peroxide, superoxide,

hydroperoxids radical, oxygen, hypochiorous acid, hypofluorous acid, hypobromous acid,
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hypoiodous acid, dichloride radical, dibromide radical, diledids radical, ozone, O-alom,
carbonate radical, azide radical, amino radical, nitrogen dioxide radical, nitrogen trioxide
radical, phosphite radical, phosphate radical, sulfite radical, sulfate radical, peroxomonosuifate
radical, selenite radical, dithiocyanate radical, chloring dioxide, permanganate, ferrate,
bromine dioxids, perborate, lead dioxide, aqua regia (3HCH + HNOg}, concentrated nitric acid,
HNG:+H:80,, persulfaie, Caro’s Acid, perchiorate, chromic acid, chromium trioxide, nifrous

oxide, nitrogen dioxide, peroxides, or a combination thereof,

[06233] The leach may comprise a reducing agent. A rsducing agent {also knowns as
a reductant, reducer, or electron donor) is an element or compound thatl loses or "donates” an
electron to an eleclron recipient (known as the oxidizing agent, oxidant, or oxidizer) in a redox
chemical reaction. A reductant may be used when the metal {o be leached is found in high
axidation states (>2+) that is resistant to dissolution. The reductant reacts with the high-valent
metal ion to vield a lower valent metal jon that is sasily dissolved (e.g., Fe* + e- > Fe?'}. The
reductant may include, but is not limited to, agueous electron, H-atom, carbon dioxide radical,
phosphite radical, sulfur dioxide radical, sulfite, hydrogen peroxide, hvdrazine, hydrogen,
sodium borohydride, sodium aiuminum hydride, ferrous ion, stannous ion, sulfur dioxide,
dithionates, thiosulfates, ascorbic acid, reducing sugars, phosphifes, dithiothreitol, carbon

monoxide, cyanides, reduced carbon, hydroquinones, or a combination thereof.

[06234] Various types of metal, minerals, and/or ore concentrates may be leached. An
ore concentraie is ore mailerial that has besn crushed, grinded, and/or milled {0 a small
particle size and then concenirated in regard 1o the desired metal by a separation process
such as magnetic separation, density separation, flotation, size separation, eic. An ors
concenirate may include, but is not limited to, copper concentrale; nickel concentrale; cobalt
concentraie; titanium concentrate; base metal concentrate; gold concenirate; sitver
concentrate; RE concentrate; precious metal concentrate; mixed concentrates including, but
not limited to, Ni-Cu, Ni-Co, Co-Cu, Ni-Co-Cu, Ni-Co-Cu with platinum group metals (FGM).
The mineral o be leached may include, but is not limited to, iimenite; coal or coal by-products
inciuding, but not imited to, fly ash, bauxite, acanthite, barite, beryl, bomite, cassitertis,

chromite, cinnabar, columbite-tanialite, galena, molybdeniie, penilandite, scheelite, sperryliie,
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sphalerite, uraninite, wolframite, taconite, pyrolusite, braunits, psilomelane, and rhodochrosite,
or a combination thereof, Li in spomudens, pegmatiles, petalile, lepidolile, hectorite clay and
ather clays; Cu ore including, but not limited to, chalcopyrite, chalcacite, covellite, bomite,
telrahedrile, digenite, malachite, azurite, cuprite, chrysocolia, tennantits, dioptase, enargile; Fs
ore including, but not limited o, magnetite, hematite, goethite, imonite, siderite, taconits; Co
ore including, but not limited to, cobaltite; Ni in millerite, nickeline, penilandite, kamacits,
taenite, laterile, nickeliferous limonite, gamierile; Zn in sphalerite, smithsonite, hemimorphite,
wurtzite, hydrozincite; Nb in columbite, pyrochlors, euxenite, carbonatites; Mo in wuifenite,
powellite, molybdenite, Ru in pentlandite and pyroxenite; Rh as free mstal;, Pd in cooperats,
polarite, and free metal, Ag in acanthite, argentiie, free metal, chiorargyrite, pnictides, and
chalcogenides; Sn in cassiterite, stannite, cylindrite, franckeile, canfieldile, and teallite; Ta in
tanialite, microlite, wodginite, euxenite, polycrasse, samarskite, and fergusonite; W in
woiframite, scheslite, ferberite, and hubnerite; Re in molybdenite, PGM metals as sulfides,
tellurides, antimonides, and arsenides, and in alloys with nickel and copper; Pt as free metal,
alloy, sulfides, tellurides, antimonides, arsenidses, sperrylite, and cooperate; Au as free/native
metal, alloy such as Ag, Hg or Te, electrum, lode deposites, nuggets, calaverite, krennerite,
nagyagite, petzite, sylvanite, maldonite, aurostibile, auricupride, novodneprite, and weishanite;
Pb in galena, boulangerile, anglesite, cerussite; Bi as bismuthinile, bismite; Rare sarth
elements {S¢, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Th, Dy, Ho, Er, Yb) in xenolime, monazits,
gadolinite, samarskite, euxenite, vitrofantalite, ytirotungstite, ytirofluorite, thalenite, yitrialils,
eudialyte, bastanasite, allanite, loparite, ancylile, parasite, lanthanile, chevkinile, cerite,
stillwellite, britholite, fluccerite, cerianite, carbonatites, pegmatites; U in carnatile, autunite,

uranophane, torbernite, coffinite, lignite, monazite; or a combination thereof,

[00235] The leach may include counterions. If the reagent and/or buffer is anionic, then
the cationic counterion may include, but is not limited to, H*, Na*, K*, Rb*, Cs*, NH%, Be?,
Mg, Ca®™, Sr¥*, Ba?", AP, Bi*, tetraphenyiphosphonium, tetraalkylammonium, 1-sthylk-3-
methylimidazolium and dsrivatives, ionic liquid cations, or a combination thereof. f the
reagent/buifer listed is cationic, then the anionic counterion may include, but is not limited {o,

F-, CF, Br, I, borale, nitrate, sulfate, phosphate, bromate, chiorate, iodale, acetate, formate,
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tetrafluoroborate, hexafluorophosphate, tetraphenvlborate, tetrakis{pentafluorophenyl} borats,

ionic liguid anions, or a combination thereof.

industrial Applicability:

[00238] The invention is further illustrated by the foliowing non-limiiing examples.
Example 1
[00237] Cobali filter cake or ‘black mass’ was acquired from a vendor. The black mass

was produced by first isolating an end-of-life Li-ion battery mixture, inertly shredding this
nixiure, and then mechanically separating the bulk plastic and mstals (current collectors) from
the active anode (graphite) and porous cathodic material (metal, Le., Ni, Mn, Co) powders.
The latter was the black mass. The primary metal weight of the black mass was calculated.
The remainder of the mass was oxide oxygen, anode graphiie, and polymer binders. A
general procedure to leach the metals from the black mass was developed following reporied

literature on low pH reductive Co dissolution methods.

[00238] The metal leach was compieted in a2 2 L Erdenmasyer flask by addition of 500 mL
of 4 M sulfuric acid, 200 mi of 30% hydrogen peroxide, and 120 g of black mass. The black
mass was added in smaller aliquots of 10-20 g with vigorous stirring to prevent formation of a
graphite siabilized foam from oxygen gas formation. The black mass addition caused the
regction solution {o heat. Once the black mass solution had stabilized, it was haated to 60-80
C for 2-3 h under magneatic stirnng. Then, the solution was diluted {o 1 L with DI water and
filiered through an 0.3 micron nylon membrane {o remove any undissolved material. The
pinkish tan filirate was then measurs for pH (typically 1-2) and UV-vis for metal content
(typically 100-150 mbM for Co/Niy. The procedure was determined to leach >80% of the metal

in the received black mass and was successful on the first attempt.

(002391 The pH of the acidic metal leach solution was then increased {o 4-5 by addition

of small aliquots of 2M NaOH. Upon reaching this pH, a tannish precipitate began to form in
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the solution (lower mid left Scheme 1). The pH adjusted soluiion was then filtered through a
0.3 micron membrane to remove precipitated material. At this point, the black mass extract
had an NiMn:Co:Li metal ion ratio of 3:2:4:1. Trace metals such as Fe, Cu, and Al were
mostly removed by the pH adjusiment and filtration steps. The NMC BME was ready for
elsctrochemical deposition apparatus to recycls the active porous cathodic matsrials as metal
hydroxides.

(002403 The preceding examples can be repeated with similar success by substituting
the genearically or specifically described componsnts and/or operating conditions of

embodimenis of the present inveniion for thoss used in the preceding examples.

(00241} Although certain metals, reagents, acids, pre-processes, types of materials,
and operating parameters are described in reference to particular embodiments, other metals,
reagents, acids, pre-processes, types of matlerials and operating parameters may be used in
accordance with the present invention, particularly because sach material or mstal to be
recycled or processsd will require customizad reagents, processsas, and operating parametars.
Varigtions and modifications of the present invention for such customizations will be cbvious fo

those skilled in the art and it is intended {0 cover all such customizations.

[06242] Note that in the spscification and claims, “about” or "approximatsly” means

within twenty percent (20%) of the amount or value given.

(00243} Although the invention has been dascribed in detall with particular reference to
the disclossd embodiments, other embodiments can achieve the same results. Variations and
madifications of the present invention will be obvious o those skilled in the art and itis
intended 1o cover all such modifications and equivalents. The entire disclosures of all
references, applications, patents, and publications cited above and/or in the attachments, and
of the corresponding application(s), are hereby incorporated by reference. Unless specifically
stated as being “essential’ above, none of the various components or the interrelationship

thereof are essential to the operation of the invention. Rather, desirable results can be
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achieved by substituling various components and and/or reconfiguration of thair relationships

with one another.
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What is claimed is:

1. An slectrochemical deposition system, said elecirochemical deposition system
comprising:

at least one porous cathodic material;

at least one anode;

said at least one porous cathodic material and said at least one anode forming an inter-
electrode region;

a housing disposed around said at least one porous cathodic material and said at least
one anode;

at lsast one gas release channel;
at least one inlet, and

at least one outlel.

2. The electrochemical deposition system of claim 1 comprising a plurality of

electrochemical deposition systems arrangsd in series.

3. The electrochemical deposition system of claim 1 or 2 comprising a plurality of

electrochemical deposition systems arranged in parallel

4, The electrochemical deposition sysiem of any one of claims 1 to 3 further comprising a
filter.
5. The glectrochemical depaosition sysiem of any one of claims 1 to 4 further comprising a

current collector.
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8. The elsctrochemical deposition system of any one of claims 1 to § wherein said af least

one porous cathodic material comprises carbon nanotubes.

7. The elsctrochemical deposition system of any one of claims 1 {o 8 wherein said at least

ona anode is porous.

8. The elsctrochemical deposition system of any ons of claims 1 fo 7 wherein said at least

ong porous cathodic material comprises an eleciroactive area of about 25 cm? to about 10 M2,

9. The electrochemical deposition system of any one of claims 1 to 8 wherein said at least

one porous cathodic material comprises a catalyst.

10. The electrochemical deposition system of any one of claims 1 to 9 further comprising at

ieast one selective membrane.

11 A method for slectrochemically deposifing metal, the method comprising:
passing a solution comprising a metal into a cavity;

applying a charge to a porous cathodic material at least partially disposed within the
cavity;

contacting the solution with a porous cathodic material having the applied charge;
changing an oxidation state of the metal; and

selectively depositing at least a portion of the metal onto the porous cathodic material.

i2. The method of claim 11 further comprising coniacting the solution with an anode.
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13 The method of claim 11 or 12 further comprising contacting the porous cathodic

material with an acid.

14, The method of any one of claims 11 to 13 further comprising contacting the porous

cathodic material with a buffer.

15. The method of any one of claims 11 to 14 further comprising gensrating a gas.

16. The method of any one of claims 11 {o 15 further comprising leaching.

17. The method of any one of claims 11 t0 16 wherein changing the oxidation state of the

metal comprises increasing the oxidation state of the melal.

8. The method of any one of claims 11 to 17 wherein contacting the sclution with a

porous cathodic material comprises passing the solution across the porous cathodic material,

19 The method of any one of claims 11 to 18 wherein contacting the solution with a

porous cathadic material comprises passing the solution through the porous cathodic material

28, The method of any one of claims 11 to 19 further comprising removing the selectively

deposited metal from the porous cathodic material.



