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ABSTRACT
A variety of systems, methods and compositions are disclosed, including, in one method ‘for
recycling a spent alkaline battery comprising: dissolving insoluble metal ions in aqueous
solution thereby producing pregnant leach solution; extracting zinc sulfate from aqueous
solution thereby producing zinc sulfate product and raffinate solution comprising manganese
sulfate and potassium sulfate; separating manganese hydroxide from raffinate solution thereby
producing manganese sulfate product and aqueous potassium sulfate solution; crystallizing
aqueous pdtassium sulfate solution to 'produce solid potassium sulfate product. A system for
recycling spent alkaline battery comprising: first liquid-solid extraction unit capable of
dissolving insoluble metal ions in a_queous solution thereby producing pregnant leach solution;
liquid-liquid extraction unit capable of extracting zinc from pregnant leach solution; second
liqui‘d-solid extraction unit capable of precipitating manganese hydroxide from raffinate
produced by liquid-liquid extraction unit; and third liquid-solid extraction unit capable of
crystallizing aqueous potassium sulfate solution produced by second liquid-solid extraction

unit.
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A PROCESS F OR SEPARATING AND RECYCLING A SPENT ALKALINE
BATTERY '

- BACKGROUND _

[0001] Alkaline batter1es ‘make up about 80% of all collected spent batterles
Consequently, there is a need and interest of finding a process for recovery of the metal ions used
in spent alkaline batteries. Spent 'alkaline batteries may be. collected, sorted, processed, and
recycled. A spent alkaline battery.rn'ay comprise an outer casing, a label, and a black ‘po'wder
material disposed within the oute:rf_casing. The spent alkaline _batterles may be collected, ,sorted,
shredded, and screened to separate the black powder material from the outer casing and the label.
The blaclg 'powder material may COrnprise, manganese oxides, z_lnc oxides, potassium ox_ides, and
leftover trash and iron. The bla‘ck‘powder'material contained in spent alkaline batteries may be
recovered and metal sulfates may be produced therefrom. The black powder material may be mixed
w1th water to form a slurry. The slurry may then pass through a screen and a magnetic separator to
remove any excess labels and iron remaining in the slurry The resulting black mass slurry may

now ' be ready for further processmg

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] These drawings illustrate certain aspects of some of the systems, methods and
composmons of the present d1sclosure and should not beused to limit or define the systems,
methods and/or composmons ' » _> ' o

» [0003] Frg‘ure _-l A _lllustrates an embodirnentfof a spent alkaline 'vb'attery‘ recycling
,"process. - : | | ._ | - o o
- [0004] Flgure' AlB "illustrates an alternat_i\_/e embodiment of a spent alkaline battery
- reo}’.c‘lingprocess. ) g 7: o I » S
R [0005] -Figure'2'“illustrates an embodiment‘of '.a’li'quid solid extraCtion\un'Aitcapable» of
o reducmg insoluble metals 1nt0 soluble metals in a spent alkahne battery recychng process

- [0006] F1gure 3 1llustrates an embodiment for extracting zinc sulfate in a spent alkaline

i rbattery recycling process.

[0007] Flgure 4 1llustrates an embodlment for separating - manganese sulfate and

v'potass1um sulfate in a spent alkalme battery recychng process
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, DETAILED DESCRIPTION

[0008] The black mass slurry may contain excess labels, iron, and other unwanted materials.
The unwanted materials may be removed from the black mass slurry in any suitable manner and should
not be limited herein. Suitable method for. removing unwanted materials from the black mass slurry
may include, but are not limited to, screening, wet magnetic separators, dry magnetic separators, the
like, or any' combinations thereof. Further,processing of the black mass slurry may be described below.
- [0009] Figure 1A illustrates an embodiment for separating and recycling the metal
values found in a black mass of a sf)ent alkaline battery 100. First, spent alkaline batteries may:be :
processed to remove, labels, outer casings, and iron thereby leaving a black powder mass. In cértain
embodiments, the black powder mass may comprise insoluble metals including, but not l1m1ted to,
zinc, manganese, potassium, the like, any derivatives thereof, and/or any combinations thereof.
Insoluble metals may comprise metal oxides, metal hydroxides the like, and/or any combinations
thereof Ina non-limiting example suitable metal oxides and metal hydrox1des may mclude zine
oxide, zinc hydroxide, manganese ‘oxide, manganese d1ox1de manganese hydroxide, potassium
hydroxide, the like, and/or any comb1nat1ons thereof. The black powder mass may be mixed with
a base fluid to form a black mass slurry 102. Suitable base fluids may include, but are not limited
to, aqueous base ﬂu1ds non- aqueous base ﬂulds the like, and/or any combinations thereof. In a
 non- 11m1t1ng example, suitable base fluids may include, but are not limited to, water, brmes

- -recycled aqueous solutions, recycled water, the like, or any combinations thereof,
[0010] Any remammg labels, iron, and/or impurities present m the black mass slurry
' 102 may be removed before further processing.- Any | processmg equipment capable of removing
.labels,’ iron, and/or impurities may be used including but not limited to, filters, screens, dry
magnetic separation units, wet magnetic separation units, jon exchange separation units, membrane
] 'bsep'ara‘tion units, the like "an‘d/ or ?any'combinations thereof. The black mass slurrly‘ 102 may be ready
' _for further processing once the black mass slurry 102 substantrally comprrses 1nsoluble metals and
_ abaseﬂuld o S _' .
| [0011] The black mass slurry 102 may then be sent to a first liquid- sol1d extractlon unit
. 200 capable of converting the msoluble metals into soluble metals thereby prov1d1ng a pregnant
: leach_solutron 104. In certam'_embodlments, soluble metals may include, but are not.lrm1ted to,
metal sulfates, the like; and/or any combinations thereof.'Any liquid-solid extraction un1t capable
_of dissolving the insoluble metals thereby providing a pregnant leach solution 104 may be used. In
certain embodiments, the first liquid-solid extraction unit 200 may be a leaching unit. The pregnant

leach solution 104 may comprise metal sulfates and water. In a non-limiting example, the pregnant
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leach solution 'may comprise zinc sulfate, manganese sulfate, potassium sulfate, water, and/or any
combinations thereof. '

‘ [0012] The pregnant leach solution 104 may then be sent to a first liquid-liquid.
extraction unit 300 capable of separating out a specific metal sulfate from the pregnant leach.
solution 104. Any liquid-liquid extraction unit capable of separating an at least one metal sulfate -
from the pregnant leach solution 104 may be used. In certain embodiments, the first liquid-liquid'
extraction unit 300 may be solvent ext'raction unit. In a non-limiting example, the pregnant le'ach
solution lO4 may be sent to the first liquid-'l-iquid extraction unit 300 to separate out zinc sulfate -
thereby producing- an aqueous zinc sulfate and an aqueous raffinate 106 comprising manganese
sulfate, potassium sulfate, and water. Th_e produced aqueous zinc sulfate may then undergo further .
processing tov\provide a solid zinc sulfate 108. In'certain embodiments, the produced aqueous Zine
sulfate- may be the desired product In certain embodiments, the solid zinc sulfate may be the
de51red product Further processmg may include, but is not limlted to filtering, pH adjustment
granulatlon drying, the like, and/or any combination thereof ' ‘

. [0013] The aqueous rafﬁnate 106. may then be. sent to a second liquid-solid extraction
unit 400 capable of separating the 1 remamlng metal sulfates. Ina non—limitmg example, the aqueous
raffinate 106 may be sent to the second liquid-solid extraction unit 400 to precipitate out

A'manganese hydroxide and reacting the manganese hydroxrde with an acid thereby producmg a
manganese sulfate product 110 and an aqueous potassium - sulfate 112. The manganese. sulfate
product 110 may then undergo further processing. In certam embod1ments the manganese sulfate
product 110 may be a solid: manganese sulfate product or an aqueous manganese sulfate product.
Further _processing may 1nclude but is not limited to, granulatlon drying, the llke and/or any
combinatlon thereof. ‘
| - [0014] The aqueous potassmm sulfate 112 may then be sent to.a third hquid solid
eXtraction unit 500. capable of producmg a solid potassium. sulfate 114. Any suitable liqu1d solid
extraction unit 500 may be used and should not be limited hereln In certain embodiments the third

' f. liquid solid extraction unit 500 may be an evaporation- crystalhzation unit. In certam embodiments

- solid potassmm sulfate 114 may undergo further processing. Further processing may include, but
is not limited to, granulat1on drymg, the like, and/or any combmation thereof. .

[0015] In certain'embodiments, the metal sulfates in liquid or solid form may be
packaged and transported to-another facility for further processing and/or to aid in the production
of consumer products. F or example, zinc sulfate, in liquid or solid form, may be used in a number
of agricultural products including, but not limited to, fertiliéers, animal feed, irrigationwater, and

the like. Zinc sulfate, in liquid or solid form, may also be used as a feedstock for electrowinning
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or other zinc chemicals. In another non-limlting example, manganese sulfate, in aqueous or solid
form, may be used in a number of agricultural products including, but not limited to, fertilizers,
animal feed, irrigation water, and the like. Manganese sulfate, in aqueous or solid form, may als:o ‘
be used as a feedstock for electrowinning or other manganese »ehemicals, a feed stock . for.. -
electrolytic manganese dioxide for battery production, the production 'of ferromanganese, and the
like. In another non-limiting example, ~potassium sulfate, in aqueous or solid form, may be used '
for a number of agricultural products including, but not limited to, fertllizer. Metal sulfates may be
used for a variety of things in a number of industries and should not be limited herein.
' _[00_1 6] Optionally, Figure 1B illustrates an embodiment 'in_ which the aqueous raffinate
106 may be sent to a second liquid-liquid extraction unit 401 capable of separating out manganese
sulfate thereby" producing an aqueous manganese sulfate and an aqueous potassium sulfate 112.
Any suita’ble. liquid-liquid extraction uni.tb capable of separating manganese sulfate and potaSsium'
sulfate may be used and should not be' limited herein. In a non—limiting example, the second liquid—'
liquid extraction unit 401 may be a solvent extraction unit. The aqueous manganese sulfate may-
then undergo further processing to provide a solid manganese sulfate 110. Further processing may
include,’ but is not limited to, ﬁltermg, pH adjustment, granulatron, drying, the like, and/or any~
combination thereof. '
o [0017] Figure 2 illustrates an embodiment of a first l1qu1d -solid extraction unit 200
capable of reducing msoluble metals 1nto soluble metals in a spent alkaline battery recychng
process In certain embod1ments llquld solid extraction unit 200 may be a leaching unit. Leaching
1nvolves the dissolution of des1red target metals into an aqueous phase by contactmg a leach
solut1on 214 216, which contams leachmg agents, w1th the ‘black mass slurry 102, thereby
obtalmng a pregnant leach solutlon 104 with dissolved target metals and a leached waste material
| with reduced content of target metals which may be dlsposed of or subjected to other processmg
‘ steps A SRR . S
[0018] The l1qu1d SOlld extraction un1t 200 may involve heap leachmg, ag1tat10n
leachmg, in- -situ leachmg, dump leachmg, vat leachmg, pressure leaching, or any other klnd of
leachmg technique. Prior to leachmg, the black slurry feed material 102 may be subjected to
commrnutron (e.g. crushmg, grmdmg, etc.), separat1on/concentrat1on (e.g. screening, s1ev1ng, etc.),
drymg, roasting, blendlng, agglomeratron, curing, ox1dat1on, reduction, among many others
process steps. Leaching may be thus performed preferably either in a tank, a vessel, a reactor, a
co’lumn, a heap, a pile, a dump, alvat, or in situ, among other alternatives, and more preferably in
a heap, a stirred tank reactor, a rotating drum reactor, a column-type reactor, or any combinations

thereof. Liquid-solid extraction unit 200 may operate at a pressure in the range of about ambient

CA 3097576 2020-10-29



to about 100 psig, or about ambient to about 15 psig, or about 15psig to about 100 psig, or any
value or range of values therein. Liquid-solid extraction unit 200 may operate at a temperature in
the range of about ambient to about 225 °F.

[0019]  Liquid-solid extraction unit 200 may comprise a single leaching stage or multiple
leaching stages 206, 208, 210, 212, which may be operated in batch or continuous modes, and may
involve different leach solutions 214, 216 which may contact consecutively the black mass slurry
102. In certain embodiments, leaching may be carried out in at least about two or more leaching
stages 206, 208, 210, 212.

[0020]  Liquid-solid extraction unit 200 may use any suitable leach solution 214, 216 or
plurality of leach solutions 214, 216 for a given application. Each leach solution 214, 216 may comprise
an at least one leaching agent. In certain embodiments, the leaching agent may be an acid. Suitable
leaching agents may include, but are not limited to, carbon dioxide (CO2), sulfur dioxide (SO2),
carbonic acid (H2CO3), sulfurous acid (H2S03), sulfuric acid (H2S0O4), hydrochloric acid (HCI),
nitric acid (HNO3), formic acid (HCOOH), acetic acid (CH3COOH), oxalic acid (HOOCCOOH),
hydrogen cyanide (HCN), carbonates in general, among others, and/or any combinations thereof.
Leaching agents may be added to the leach solution 214, 216 or directly to the black mass slurry
102. Some leaching agents may even be added during the leaching process.

[0021] In a non-limiting example, the first stage 202 may comprise reacting the black
mass slurry 102 with a first leach solution 214 comprising sulfur dioxide thereby reducing
insoluble manganese dioxide present in the black mass slurry 102. The second stage 204 may
comprise reacting the partially reduced black mass slurry 102 with a second leach solution 216
comprising sulfuric acid thereby reducing the remaining insoluble metals present in the black mass
slurry 102.

[0022] In certain embodiments, additional acid such as phosphoric acid, sulfuric acid,
the like, or any combinations thereof, may be added to the leaching solution leaving the leaching
process to aid in complete dissolution of the insoluble metal ions. In certain embodiments
additional acid may be added in excess to the leaching solution in an amount of about 0.0001% to
about 20% by weight. Additionally, the liquid-solid extraction unit 200 may comprise an additional
liquid-solid separation step (not shown) after the leaching and before the pregnant leach solution
104 is continued in the process. The additional liquid-solid separation step may be carried out with
a filter or a centrifuge that is placed in the outlet of the liquid-solid extraction unit 200.

[0023] Figure 3 illustrates an embodiment for extracting zinc sulfate in a spent alkaline
battery recycling process. In certain embodiments, the pregnant leach solution 104 may be sent

from liquid-solid extraction unit 200 (referring to Figure 2) to a zinc sulfate extraction unit 300.
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Zinc sulfate extraction unit 300 may be a liquid-liquid extraction unit, aliquid-solid extraction unit,
the like, and/or any combinations thereof. In certain embodiments, zinc sulfate extraction unit 300
may comprise a plurality of processing units. For example, zinc sulfate extraction unit 300 may
comprise a first liquid-liquid extraction unit 302, a second liquid-liquid extraction unit 304, and a
third liquid-liquid extraction unit 306. Any suitable liquid-liquid extraction unit 302, 304, 306 may
be used and should not be limited herein. Suitable liquid-liquid extraction unit 302, 304, 306 may
include, but is not limited to, a solvent extraction unit, ion exchange extraction unit, an absorption
unit, an adsorption unit, a scrubbing unit, a stripping unit, the like, and/or any combinations thereof.
In an embodiment, the first liquid-liquid extraction unit 302 may be a solvent extraction unit, the
second liquid-liquid extraction unit 304 may be a scrubbing unit, and the third liquid-liquid
extraction unit 306 may be a stripping unit.

[0024] The pregnant leach solution 104 may be sent from liquid-solid extraction unit
200 (referring to Figure 2) to solvent extraction unit 302. Solvent extraction unit 302 may be a
counter-current or a co-current, continuous, batch, or semi-batch process. Solvent extraction unit
302 may comprise a single extraction stage or multiple extraction stages, and may be connected in
any configuration (e.g. series, parallel, series-parallel, interlaced, etc.). Each extraction stage 310,
312, 314, 316 may comprise a mixer-settler unit, a mixer, a reactor, a thickener, a pulsated column,
a pulsed packed extraction column, a pulsed sieve-tray extraction column, a karr extraction
column, a rotating disc contactor, a stirred cell extraction column, an agitated column, a baffled
column, a spray column, a graesser, the like, or any combinations thereof. In certain embodiments,
solvent extraction may comprise about three or more extraction stages connected in series. Zinc
sulfate may be extracted from the pregnant leach solution 104 by contacting the pregnant leach
solution 104 with an organic solution 318 comprising one or more metal extractants so as to
selectively transfer zinc ions from the pregnant leach solution 104 into the organic solution 318
thereby providing a resultant loaded organic solution 320 comprising zinc ions, and a raffinate
solution 106 comprising water, manganese sulfate, and potassium sulfate. Further processing of
the raffinate solution 106 will be discussed in greater detail below. In certain embodiments, zinc
extraction unit 300 may comprise several pregnant leach solutions feeding different extraction
stages as well as several raffinates returned to different leach stages or operations (not shown) and
should not be limited herein.

[0025] Organic solution 318 may comprise one or more metal extracting agents
dissolved in a water-immiscible organic solvent or diluent. Suitable water-immiscible organic
solvents may include, but are not limited to, aliphatic and aromatic hydrocarbons such as kerosene,

benzene, toluene, xylene, and the like, among others, and/or any combinations thereof. In certain
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embodiments, suitable water-immiscible organic solvents may be aliphatic and aromatic
hydrocarbons having flash points of about 90 °C or greater, and solubility in water of about less
than 0.1 % by weight. In certain embodiments, the organic solution may be low in aromatic content.
In certain embodiments, an organic solution may have an aromatic content of about 1,000 mg/kg
or less. These solvents are also essentially non-toxic, chemically inert, and the costs thereof are
currently within practical ranges.

[0026] The one or more metal extracting agents or extractants of the organic solution
318 may comprise organophosphorus compounds such as di-2-ethylhexyl phosphoric acid (also
called D2EHPA, DEHPA, or HDEHP), dinonyl phenyl phosphoric acid (also called DNPPA), 2-
ethylhexyl phosphonic acid mono-2-ethylhexyl ester, bis-2,4,4-trimethylpentyl phosphinic acid,
bis-2,4,4-trimethylpentyl-dithiophosphinic acid, bis-2.4,4-trimethylpentyl-monothiophosphinic
acid, trioctylphosphine oxide (also called TOPO), trialkylphosphine oxides (a mixture of 4
trialkylphosphine oxides, namely trihexylphosphine oxide, dihexylmonooctyl-phosphine oxide,
dioctylmonohexyl- phosphine oxide, and trioctylphosphine oxide), triisobutylphosphine sulfide,
octyl-phenyl-N,N- diisobutyl-carbamoylmethylphosphine oxide (also called CMPO), octyl phenyl
acid phosphate (also called OPAP), tributyl phosphate (also called TBP), the like, or any
combinations thereof.

[0027] In a non-limiting example, solvent extraction unit 302 may be a continuous
process comprising four counter-current stages 310, 312, 314, 316, connected in series wherein
each stage may comprise a mixer-settler unit. Organic solution 318 may comprise kerosene in an
amount of about 60% to about 80% by volume of the organic solution 318 and DEHPA in an
amount of about 20% to about 40% by volume of the organic solution 318. In each stage 310, 312,
314, 316, pregnant leach solution 104 may be mixed with organic solution 318, wherein the
pregnant leach solution 104 and organic solution 318 may be immiscible. After mixing, both
phases may be allowed to settle. Settling may allow gravity to separate both solutions such that at
least a portion of zinc ions are transferred to the organic solution 318. This process may occur in
each stage 310, 312, 314, 316. This process may result in a loaded organic solution 320. In certain
embodiments, loaded organic solution 320 may comprise zinc ions and at least a portion of
manganese ions. Zinc ions may be present in the loaded organic solution 320 in an amount of about
0.5% to about 2% by weight of loaded organic solution 320, and, optionally, manganese ions may
be present in the loaded organic solution 320 in an amount of about 0.0001 % to about 0.05% by
weight of loaded organic solution 320.

[0028] Loaded organic solution 320 may then be sent to an absorption unit 304 thereby

extracting the manganese ions present in the loaded organic solution 320. Any suitable absorption
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unit 304 may be used and should not be limited herein. Suitable absorption unit 304 may include,
but are not limited to, mixer-settler unit, a mixer, a reactor, a thickener, a pulsated column, a pulsed
packed extraction column, a pulsed sieve-tray extraction column, a karr extraction column, a
rotating disc contactor, a stirred cell extraction column, an agitated column, a baffled column, a
spray column, a graesser, a column contact unit, ion exchange unit, the like, and/or any
combinations thereof.

[0029] Absorption unit 304 may be a counter-current or a co-current, continuous, batch,
or semi-batch process. Absorption unit 304 may comprise at least two or more extraction stages,
and may be connected in any configuration (e.g. series, parallel, series-parallel, interlaced, etc.).
Each absorption stage 322, 324, 326, 328 may comprise a mixer-settler, a mixer, a settler, a reactor,
a thickener, a pulsated column, a pulsed packed extraction column, a pulsed sieve-tray extraction
column, a bubble column, a sparged tank, a differential contactor, a karr extraction column, a
rotating disc contactor, a stirred cell extraction column, an agitated column, a baffled column, a
spray column, a graesser, the like, or any combinations thereof.

[0030] Absorption unit 304 may extract the manganese ions from the loaded organic
phase 320. The loaded organic phase 320 may be scrubbed by an aqueous solution 332 comprising
an inorganic acid thereby producing a zinc rich organic phase 330 and an aqueous extract phase
334. Any inorganic acid capable of removing the manganese ions from the loaded organic phase
may be used and should not be limited herein. In certain embodiments, the inorganic acid may be
produced zinc sulfate, wherein the zinc sulfate is a portion of the zinc sulfate produced from a
stripping unit 306. In certain embodiments, produced zinc sulfate may be recycled to the scrubber
in an amount of about 5% to about 20% of the produced zinc sulfate. In certain embodiments, zinc
sulfate may be produced and used in the scrubbing unit 304 by reacting zinc oxide with an acid.
The value of pH in the scrubbing process may be selected such that the manganese ions are allowed
to pass from the loaded organic phase 320 into the aqueous extract phase 334. Manganese ions
remaining in the aqueous extract phase 334 after the absorption process may be recovered and
recycled back into the solvent-extraction unit 302 and the zinc rich organic phase 330 may then be
further processed which will be discussed in greater detail below.

[0031] In an embodiment, absorption unit 304 may comprise a counter-current
continuous multi-stage scrubbing unit, wherein the scrubbing unit may comprise four stages. Each
stage 322, 324, 326, 328 may comprise a mixer-settler unit. The loaded organic solution may be
scrubbed by a zinc sulfate solution during mixing. After mixing, both phases may be allowed to
settle. Settling may allow gravity to separate both solutions such that the manganese sulfate is

transferred to the aqueous extract phase. This process may occur in each stage 322,324,326,328..
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The value of pH in the scrubbing process may range from about 0.5 to about 2.5, or any value or
range of values therein. The overall volume ratio of the organic phase to the aqueous phase may
range from about 5:1 to about 20:1, or any value or range of values therein. The volume ratio of
the organic phase to the aqueous phase for each absorption stage may range from about 1:4 to about
4:1, or any value or range of values therein.

[0032] The zinc rich organic phase 330 may then be sent to a stripping unit 306 in
which zinc sulfate may be removed from the zinc rich organic phase 330 thereby producing a
stripped organic phase 318 and a zinc sulfate stripped solution 338. Any suitable stripping unit
may be used. Stripping unit 306 may be a counter-current or a co-current, continuous, batch, or
semi-batch process. Stripping unit may comprise at least two or more extraction stages. Each
extraction stage 342, 344 may comprise a mixer-settler unit, a mixer, a reactor, a thickener, a
pulsated column, a pulsed packed extraction column, a pulsed sieve-tray extraction column, a karr
extraction column, a rotating disc contactor, a stirred cell extraction column, an agitated column,
a baffled column, a spray column, a graesser, the like, or any combinations thereof. In an
embodiment, the zinc rich organic phase 330 may be contacted with a dilute acid solution 336 to
remove zinc ions from the zinc rich organic phase 330 and into a zinc sulfate stripped solution 338.
The stripped organic phase 318 may be recycled back to the solvent extraction unit 302. The value
of pH in the stripping process may be selected such that the zinc ions are allowed to pass from the
zinc rich organic phase 330 into the zinc sulfate stripped solution 338. In certain embodiments, at
least a portion of the zinc sulfate stripped solution 338 may be recycled back to absorption unit
304. The remaining portion of the zinc sulfate stripped solution 340 may then be further processed
to provide a zinc sulfate product 108. In certain embodiments, zinc sulfate product 108 may be an
aqueous zinc sulfate product or a solid zinc sulfate product. In an embodiment, additional
processes in which the zinc sulfate stripped solution 338 may undergo may include, but are not
limited to, filtering, adjusting the pH to precipitate out insoluble zinc ions, granulation, drying, the
like, or any combinations thereof. Any suitable equipment 308 capable of processing the zinc
sulfate stripped solution to provide a zinc sulfate product may be used and should not be limited
herein. The stripped organic phase 318 may then be recycled back to solvent extraction unit 302.

[0033] The zinc rich organic phase 330 may be contacted with any suitable dilute acidic
solution 336 may be used and should not be limited herein. Suitable dilute acidic solutions may
include, but are not limited to, sulfuric acid, phosphoric acid, nitric acid, hydrochloric acid, the
like, or any combinations thereof.

[0034] In certain embodiments, the acidic stripping solution may not be saturated at first

(e.g. if it was previously subjected to electrowinning in order to produce another metal product
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prior to stripping), but will become saturated as the zinc sulfate is stripped from the organic
solution.

[0035] In an embodiment, stripping unit 306 may comprise a counter-current
continuous multi-stage stripping unit 306, wherein the stripping unit 306 may comprise two stages.
Each stage 342, 344 may comprise a mixer-settler unit. The zinc rich organic phase 330 is mixed
with a dilute acid solution 336. In certain embodiments, the dilute acid solution 336 comprises at
least one of sulfuric acid, phosphoric acid, nitric acid, hydrochloric acid, the like, or any

- combinations thereof. After mixing, both phases may be allowed to settle. Settling may allow
gravity to separate both solutions such that zinc sulfate is removed from the zinc rich organic phase
330 and into a zinc sulfate stripped solution 338. The stripped organic phase 318 may then be
recycled to the first liquid-liquid extraction unit 302. In certain embodiments, at least a portion of
the zinc sulfate stripped solution 338 may be recycled back to a second liquid-liquid extraction unit
304. The remaining portion of the zinc sulfate stripped solution may then be further processed to
provide a zinc sulfate product 108. In certain embodiments, zinc sulfate product 108 may be a
liquid zinc sulfate product or a solid zinc sulfate product. In certain embodiments, zinc sulfate |
extraction unit 300 may be modified to product zinc oxide and/or hydroxide.

[0036] Figure 4 illustrates an embodiment for separating manganese sulfate and
potassium sulfate. In certain embodiments, the raffinate solution 106 may be sent from solvent
extraction unit 302 to manganese extraction unit 400. Any suitable extraction unit capable of
separating manganese metal ions and potassium metal ions may be used. Manganese extraction
unit 400 may be a liquid-solid extraction unit, a liquid-liquid extraction unit, the like, and/or any
combinations thereof. In certain embodiments, manganese extractlon unit 400 may be a llquld-
solid extraction unit capable of chemlcally precipitating manganese out of raffinate solution 106.
Suitable liquid-solid extraction units may include, but are not limited to, gravity settlers, clarifiers,
deep thickeners, thickeners, lamella separators, settling tanks, sediment centrifuges, tubular bowl,
skimmer pipe, disc, scroll discharge, hydrocyclones, classifiers, reactors, mixer-settlers, the like, -
and/or any combinations thereof. In a non-limiting example, manganese extraction unit 400 may
comprise a pH adjustment unit 402 and a thickener 404.

[0037] The pH adjustment unit 402 may be any unit capable of adjusting the pH of
raffinate solution 106 such that manganese hydroxide may precipitate therefrom. The pH
adjustment unit 402 may comprise a reactor and/or a plurality of reactors 408, 410. In certain
embodiments, pH adjustment unit 402 may comprise two or more reactors and may be connected
in any configuration (e.g. series, parallel, series-parallel, interlaced, etc.). The pH of the raffinate

solution 106 may be adjusted such that manganese hydroxide may precipitate out thereby forming
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a slurry 418. In certain embodiments, a neutralizing agent 412 may be added to the reactor and/or
reactors 408, 410. Neutralizing agent 412 may adsorb on the surface of the insoluble manganese
hydroxide present in the reactors 408, 410, thereby adjusting the pH of the reactors. Any suitable
neutralizing agent may be used and should not be limited herein. Suitable neutralizing agents may
include alkali metal compounds, alkaline earth metal compounds, the like, and/or any combinations
thereof. Non-limiting examples of neutralizing agents may include, but are not limited to,
potassium hydroxide, sodium hydroxide, potassium carbonate, sodium carbonate, limestone,
dolomitic lime, lime, calcium carbonate, the like, and/or any combinations thereof. After the pH
of reactor 410 is adjusted such that manganese hydroxide may precipitate out of the solution,
thereby forming a slurry 418. Slurry 418 may comprise insoluble manganese hydroxide,
neutralizing agent 412, and aqueous potassium sulfate. In an embodiment, a portion of the
precipitated manganese hydroxide and the neutralizing agent 412 may be recycled back to reactor
408 by way of recycle stream 416. |

[0038] The remaining portion of slurry 418 may then be sent to a thickener 404.
Thickener 404 may allow the insoluble manganese hydroxide to settle out from the aqueous
potassium sulfate, thereby forming a high density sludge comprising insoluble manganese
hydroxide. The aqueous potassium sulfate may be removed from thickener 404 by way of overflow
stream 112. The high density sludge may be removed from thickener 404 by way of underflow
stream 420 |

[0039] A portion of the high density sludge may be recycled back to reactor 408 by
way of recycle stream 422. In certain embodiments, about 50% by weight or more of the insoluble
manganese hydroxide present in the high density sludge may be recycled back to reactor 408 by
way of recycle stream 422.

'[0040] In certain embodiménts, a flocculating agent méy be added to slurry 418 and/or
thickener 404 to aid in settling. Any suitable flocculating agent may be used including, but not
limited to, a high molecular weight non;ionic polymer, a high mblecular weight non-ionic |
copolymer, a high molecular weight anionic polymer, a high molecular weight anionic copolymer,
the like, and/or any combinations thereof. As used herein, “high ﬁolecular weight” refers to a
molecular weight of about 500,000 or greater. Suitable flocculating agents may include, but are.
not limited to, polyacrylamide, polyethylene oxide, dextran, the like, and/or any combinations
thereof. The amount of flocculating agent used may be directly related to the size of the thickener
404. For example, as the amount of flocculating agent added to slurry 418 increases, the size

requirements for thickener 404 decreases (i.e. the size of the thickener may be smaller).
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[0041] In a non-limiting example, raffinate solution 106 may be sent to a first reactor
408, wherein the raffinate solution 106 may be reacted with recycle stream 416 and recycle stream
422 thereby forming slurry 414. In certain embodiments, the amount of recycled insoluble
manganese hydroxide to precipitated manganese hydroxide present in recycle stream 416 may be
a ratio of about 1:1 to about 1:3, or about 1:3 or greater. In certain embodiments, the amount of
recycled insoluble manganese hydroxide to precipitated manganese hydroxide present in recycle
stream 422 may be a ratio of about 1:20 or greater. Slurry 414 may be sent to a second reactor 410.
The slurry may react with a neutralizing agent 412 thereby increasing the pH of reactor 410 such
that manganese hydroxide may precipitate out. In a non-limiting example, the difference in pH
between reactor 408 and reactor 410 may be about 2 to about 4, or any value or range of values
therein. The retention time in reactor 408 and reactor 410 may range from about 2 min or greater,
or about 2 minutes to about 15 minutes, or about 15 minutes to about 8 hours, or any value or range
of values therein. In an alternative embodiment, raffinate solution 106 may be sent to reactor 410
and the neutralizing agent may be added to reactor 408 and should not be limited herein. In certain
embodiments neutralizing agent 412 may be potassium hydroxide. After manganese hydroxide has
precipitated out, thereby forming slurry 418. At least a portion of slurry 418 is recycled back to
reactor 408 by way of recycle stream 416. A flocculating agent may then be added to a portion of
slurry 418 that is not recycled and then may be sent to thickener 404,

[0042] Thickener 404 may allow the insoluble manganese hydroxide to settle thereby
producing an overflow stream 112 comprising aqueous potassium sulfate and an underflow stream
420 comprising insoluble manganese hydroxide. The underflow stream 420 may comprise
insoluble manganese hydroxide. A portion of the insoluble manganese hydroxide may be recycled
back to reactor 408 via recycle stream 422. The portion of underflow stream 420 not recycled may
undergo further processing 406. The portion of underflow stream 420 not recycled may be filtered
to remove any remaining remnants of potassium sulfate 428 and washed with a water to remove
any soluble potassium sulfate. The portion of underflow stream 420 not recycled may be filtered
and washed at least one or more times, to ensure complete separation and conversion of the
manganese hydroxide from the potassium sulfate. Filtered potassium sulfate remnants 428 may be
sent to a vent scrubber (not shown) for further processing and use. Any suitable filter 424 capable
of cake washing may be used including, but not limited to, a horizontal vacuum belt filter, a
horizontal filter press, the like, or any combinations thereof. The insoluble manganese hydroxide
may then be re-dissolved in water and sulfuric acid to provide a manganese sulfate solution 430
which may then further processed to provide a solid manganese sulfate product 110. In an

embodiment, additional process in which the manganese sulfate solution 430 may undergo may
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include, but are not limited to, filtering, adjusting the pH to precipitate out insoluble zinc ions,
granulation, drying, the like, or any combinations thereof. Any suitable equipment 426 capable of
processing the manganese sulfate solution 430 to provide a solid manganese sulfate product 110
may be used and should not be limited herein. Suitable equipment may include, but is not limited
to, fluidized bed dryer, fluidized bed granulator, rotary drum granulator, spray driers, the like, or
any combinations thereof.

[0043] The overflow aqueous potassium sulfate may then be sent to evaporation-
crystallization unit 500 to provide solid potassium sulfate 506, 508. Any suitable evaporation-
crystallization unit 500 may be used and should not be limited herein. In an embodiment,
evaporation crystallization unit 500 may be a mechanical vapor recompression evaporator-
crystallizer or a multiple effect evaporator 502. The crystallized potassium sulfate may then be
removed from the evaporation-crystallization unit 500 in any suitable method including, but not
limited to, by way of centrifuge. The crystallized potassium sulfate may then be dried to provide
solid potassium sulfate 114. Crystallized potassium sulfate may be dried using any suitable process
504 including but not limited to, fluidized bed dryer, rotary drum dryer, the like, or any
combinations thereof. In certain embodiments, solid potassium sulfate may be granulated.
Condensate 510 may be recycled to another part of process 100 (referring to Figure 1).

[0044]  The black mass compositions disclosed herein may directly or indirectly affect
one or more components or pieces of equipment associated with the preparation, delivery,
recapture, recycling, reuse, separation, and/or disposal of the disclosed separation processes. For
example, the black mass slurry compositions may directly or indirectly affect one or more mixers,
related mixing equipment, pits, storage facilities or units, composition separators, heat exchangers,
sensors, gauges, pumps, compressors, and the like used generate, store, monitor, regulate, and/or
recondition the exemplary black mass compositions. The disclosed black mass compositions may
also directly or indirectly affect any transport or delivery equipment used to convey the black mass
compositions to a processing unit, within a processing unit, or from a processing unit such as, for
example, any transport vessels, conduits, pipelines, trucks, tubulars, and/or pipes used to
compositionally move the black mass compositions from one location to another, any pumps,
compressors, or motors used to drive the black mass compositions into motion, any valves or
related joints used to regulate the pressure or flow rate of the black mass compositions, and any
sensors (i.e., pressure and temperature), gauges, and/or combinations thereof, and the like. The
disclosed black mass compositions may also directly or indirectly affect the various equipment
found within a process such as, mixers, reactors, tanks, gravity settlers, clarifiers, deep thickeners,

thickeners, lamella separators, settling tanks, sediment centrifuges, tubular bowl, skimmer pipe,
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disc, scroll discharge, hydrocyclones, classifiers, reactors, mixer-settlers, a pulsated column, a
pulsed packed extraction column, a pulsed sieve-tray extraction column, a bubble column, a
sparged tank, a differential contactor, a karr extraction column, a rotating disc contactor, a stirred
cell extraction column, an agitated column, a baffled column, a spray column, a graesser, a scrubber
unit, a wet scrubber unit, a spray scrubber unit, a venturi scrubber unit, falling film adsorber unit,
a packed bed absorber unit, a packed bed unit, a column contact unit, ion exchange unit, the like,
and any combinations thereof.

[0045]  Accordingly, this disclosure describes systems, methods, and compositions that
may relate to alkaline battery recycling operations. The systems, methods, and compositions may
further be characterized by one or more of the following statements:

[0046] Statement 1. A method for recycling a spent alkaline battery comprising:
dissolving insoluble metal ions in an aqueous solution thereby producing a pregnant leach solution;
extracting zinc sulfate from the aqueous solution thereby producing a zinc sulfate product and a
raffinate solution comprising manganese sulfate and potassium sulfate; separating manganese
hydroxide from the raffinate solution thereby producing a manganese sulfate product and an
aqueous potassium sulfate solution; crystallizing the aqueous potassium sulfate solution to produce
a solid potassium sulfate product.

[0047] Statement 2: The method of statement 1, wherein insoluble metal ions comprise
at least one of manganese dioxide, manganese hydroxide, manganese oxide, zinc hydroxide, zinc
oxide, potassium hydroxide, potassium oxide, and any combination thereof.

[0048] Statement 3: The method of statement 1 or 2, wherein dissolving the insoluble
metal ions in an aqueous solution further comprises: reacting manganese dioxide with sulfur
dioxide to produce a soluble manganese sulfate; reacting manganese hydroxide, zinc hydroxide,
and potassium hydroxide with sulfuric acid to produce additional soluble manganese sulfate,
soluble zinc sulfate, and soluble potassium sulfate.

[0049] Statement 4: The method of any of the preceding statements, wherein extracting
zinc metal ions further comprises: contacting the aqueous solution with an organic solution to
produce aloaded organic phase and the raffinate solution; contacting the loaded organic phase with
an aqueous solution comprising an inorganic acid to produce a zinc rich organic phase; and
contacting the zinc rich organic phase with dilute sulfuric acid to produce the zinc sulfate product.

[0050] Statement 5: The method of any of the preceding statements, wherein the
organic solution comprises a water-immiscible organic solvent selected from the group consisting
of kerosene, benzene, toluene, xylene, and any combination thereof, and a metal extracting agent

selected from the group consisting of di-2-ethylhexyl phosphoric acid, dinonyl phenyl phosphoric
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acid, 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester, bis-2.4,4-trimethylpentyl phosphinic
acid, bis-2.4,4-trimethylpentyl-dithiophosphinic acid, bis-2.4,4-trimethylpentyl-
monothiophosphinic acid, trioctylphosphine oxide, trialkylphosphine oxides, triisobutylphosphine
sulfide, octyl-phenyl-N,N- diisobutyl-carbamoylmethylphosphine oxides, octyl phenyl acid
phosphate, tributyl phosphate, and any combinations thereof.

[0051] Statement 6: The method of any of the preceding statements, wherein separating
the manganese hydroxide further comprises: reacting the raffinate solution with a neutralizing
agent thereby adjusting the pH of the raffinate solution to about 9 or greater; separating insoluble
manganese hydroxide from aqueous potassium sulfate; reacting the insoluble manganese
hydroxide with an acid to produce liquid manganese sulfate; drying the liquid manganese sulfate;
and granulating the manganese sulfate to produce a solid manganese sulfate product.

[0052] Statement 7: The method of any of the preceding statements, wherein the
neutralizing agent is selected from the group consisting of potassium hydroxide, sodium hydroxide,
potassium carbonate, sodium carbonate, limestone, dolomitic lime, lime, calcium carbonate, and
any combinations thereof, and wherein the acid is selected from the group consisting of sulfuric
acid, phosphoric acid, nitric acid or hydrochloric acid, and any combinations thereof.

[0053] Statement 8: The method of any of the preceding statements, wherein separating
the manganese hydroxide further comprises: contacting the raffinate solution with an organic
solution to produce a loaded organic phase and the aqueous potassium sulfate solution; contacting
the loaded organic phase with an aqueous solution comprising an inorganic acid to produce a
manganese rich organic phase; and contacting the manganese rich organic phase with a dilute acid
to produce the manganese sulfate product.

[0054] Statement 9: The method of any of the preceding statements, wherein
crystallizing the aqueous potassium sulfate further comprises: evaporating the aqueous potassium
sulfate; and crystallizing the evaporated potassium sulfate to produce the solid potassium sulfate
product.

[0055] Statement 10: The method of any of the preceding statements, further
comprising: packaging the zinc sulfate product, the manganese sulfate product, and the solid
potassium sulfate product; transporting the packaged products to a second processing facility,
wherein the second processing facility produces agricultural products; adding the packaged
products to the second processing facility to produce an agricultural product.

[0056] Statement 11: A system for recycling a spent alkaline battery comprising: a first
liquid-solid extraction unit capable of dissolving a insoluble metal ions in an aqueous solution

thereby producing a pregnant leach solution; a liquid-liquid extraction unit capable of extracting
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zinc from the pregnant leach solution; a second liquid-solid extraction unit capable of precipitating
a manganese hydroxide from a raffinate produced by the liquid-liquid extraction unit; and a third
liquid-solid extraction unit capable of crystallizing an aqueous potassium sulfate solution produced
by the second liquid-solid extraction unit.

[0057] Statement 12: The system of statement 11, wherein the first liquid-solid
extraction unit comprises two stages, wherein a first stage comprising reacting the insoluble metal
ions with sulfur dioxide, and wherein a second stage comprising reacting the insoluble metal ions
with sulfuric acid.

[0058] Statement 13: The system of statement 11 or 12, wherein the liquid-liquid
extraction unit further comprises: a first liquid-liquid extraction unit capable of contacting the
pregnant leach solution with an organic phase to produce a loaded organic phase and a raffinate
solution; a second liquid-liquid extraction unit capable of contacting the loaded organic phase with
an aqueous solution comprising an inorganic acid to produce a zinc rich organic phase; and a third
liquid-liquid extraction unit capable of contacting the zinc rich organic phase with dilute sulfuric
acid to produce a zinc sulfate product.

[0059] Statement 14: The system of any of the preceding statements, wherein the
second liquid-solid unit further comprises: a pH adjusting unit capable of forming a suspension
fluid comprising a soluble potassium metal ion and an insoluble manganese hydroxide; and a
thickener capable of separating the aqueous potassium sulfate from the insoluble manganese
hydroxide.

[0060] Statement 15: The system of any of the preceding statements, wherein the pH
adjustment unit comprises a first reactor and a second reactor connected in series, wherein a
neutralizing agent is added to the second reactor to adjust the pH of the raffinate solution to about
9 or greater thereby precipitating insoluble manganese hydroxide therefrom.

[0061] Statement 16: The system of any of the preceding statements, further
comprising: a reactor comprising an acid capable of converting the insoluble manganese hydroxide
to soluble manganese sulfate; a dryer capable of removing a liquid from the soluble manganese
sulfate; and a granulator capable of increasing the size of the insoluble manganese sulfate to
provide a solid manganese sulfate product.

[0062] Statement 17: The system of any of the preceding statements, wherein the third
liquid-solid unit further comprises: an evaporator capable of evaporating the aqueous potassium
sulfate; and a crystallizer capable of crystallizing evaporated aqueous potassium sulfate to produce

a solid potassium sulfate product.
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[0063] Statement 18: The system of any of the preceding statements, further
comprising: a granulator capable of increasing the size of the produced solid potassium sulfate
product.

[0064] Statement 19: A system for recycling a spent alkaline battery comprising: a
leaching unit capable of dissolving insoluble metal ions in an aqueous solution thereby producing
a pregnant leach solution; a zinc extraction unit capable of extracting zinc sulfate from the pregnant
leach solution wherein the zinc extraction unit further comprises: a solvent-extraction unit thereby
contacting the pregnant leach solution with an organic phase to produce a loaded organic phase
and a raffinate solution; an absorption unit thereby contacting the loaded organic phase with an
aqueous solution comprising an inorganic acid to produce a zinc rich organic phase; and a stripping
unit thereby contacting the zinc rich organic phase with dilute sulfuric acid to produce a zinc sulfate
product; a chemical precipitation unit capable of precipitating a manganese metal ion from a
raffinate produced by the zinc extraction unit, wherein the chemical precipitation unit further
comprises: a pH adjustment unit capable of raising the pH such that manganese hydroxide is
precipitated out, and a thickener capable of separating the manganese hydroxide from the aqueous
potassium sulfate; and an evaporation-crystallization unit capable of crystallizing an aqueous
potassium sulfate solution produced by the chemical precipitation unit.

[0065] Statement 20: The system of statement 19, wherein the pH adjustment unit
further comprises a first reactor and a second reactor connected in series, wherein a neutralizing
agent is added to the second reactor thereby adjusting the pH to about 9 or greater.

[0066] Therefore, the present disclosure is well adapted to attain the ends and
.advantages mentioned as well as those that are inherent therein. The particular systems, methods
and operating conditions disclosed above are illustrative only, as the present disclosure may be
modified and practiced in different but eq‘ui\ralent manners apparent to those skilled in the art
having the benefit of the teachings herein. Furthermore, no limitations are inte_nded to the details
of construction or design herein shown, other than as described in the claims below. It is therefore
evident that the particular illustrative systems, methods and conditions disclosed above may be
altered or modified and all such variations are coné_idcred within the scope and spirit of the present

99 <C

disclosure. While compositions and methods are described in terms of “comprising,” “containing,”
“having,” or “including”.various components or steps, the compositions and methods can also
“consist essentially of”” or “consist of” the various components and steps. Whenever a numerical
range with a lower limit and an upper limit is disclosed, any number and any included range falling
within the range is specifically disclosed. In particular, every range of values (of the form, “from

about a to about b,” or, equivalently, “from approximately a to b,” or, equivalently, “from
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approximately a-b”) disclosed herein is to be understood to set forth every number and range
encompassed within the broader range of values. Also, the terms in the claims have their plain,

ordinary meaning unless otherwise explicitly and clearly defined by the patentee.
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CLAIMS

What is claimed is:

1. A method for recycling a spent alkaline battery comprising:

dissolving insoluble metals in an aqueous solution thereby producing a pregnant
leach solution;

extracting zinc sulfate from the pregnant leach solution thereby producing a zinc
sulfate product and a raffinate solution comprising manganese sulfate and potassium sulfate;

separating manganese hydroxide from the raffinate solution thereby producing
a manganese sulfate product and an aqueous potassium sulfate solution;

crystallizing the aqueous potassium sulfate solution to produce a solid

potassium sulfate product.

2. The method of claim 1, wherein the insoluble metals comprise at least one of
manganese dioxide, manganese hydroxide, manganese oxide, zinc hydroxide, zinc oxide,

potassium hydroxide, potassium oxide, and any combination thereof.

3. The method of claim 2, wherein dissolving the insoluble metals in the aqueous solution
further comprises:

reacting the manganese dioxide with sulfur dioxide to produce a soluble
manganese sulfate;

reacting the manganese hydroxide, the zinc hydroxide, and the potassium
hydroxide with sulfuric acid to produce additional soluble manganese sulfate, soluble zinc

sulfate, and soluble potassium sulfate.

4. The method of any one of claims 1 to 3, wherein extracting the zinc sulfate further
comprises:

contacting the pregnant leach solution with an organic solution to produce a
loaded organic phase and the raffinate solution;

contacting the loaded organic phase with an aqucous solution comprising an
morganic acid to produce a zinc rich organic phase; and

contacting the zinc rich organic phase with dilute sulfuric acid to produce the

zinc sulfate product.
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5. The method of claim 4, wherein the organic solution comprises a water-immiscible
organic solvent selected from the group consisting of kerosene, benzene, toluene, xylene, and
any combination thereof, and a metal extracting agent selected from the group consisting of di-
2-ethylhexyl phosphoric acid, dinonyl phenyl phosphoric acid, 2-ethylhexyl phosphonic acid
mono-2-cthylhexyl ester, bis-2,4,4-trimethylpentyl phosphinic acid, bis-2,4,4-trimethylpentyl-
dithiophosphinic acid, bis-2,4,4-trimethylpentyl-monothiophosphinic acid, trioctylphosphine
oxide, trialkylphosphine oxides, triisobutylphosphine sulfide, octyl-phenyl-N,N- diisobutyl-
carbamoylmethylphosphine oxides, octyl phenyl acid phosphate, tributyl phosphate, and any

combinations thereof.

6. The method of any one of claims 1 to 5, wherein separating the manganese hydroxide
further comprises:

reacting the raffinate solution with a neutralizing agent thereby adjusting a pH
of the raffinate solution to about 9 or greater;

separating insoluble manganese hydroxide from the aqueous potassium sulfate

solution;

reacting the insoluble manganese hydroxide with an acid to produce liquid
manganese sulfate;

drying the liquid manganese sulfate; and

granulating the manganese sulfate product to produce a solid manganese sulfate

product.

7. The method of claim 6, wherein the neutralizing agent is selected from the group
consisting of potassium hydroxide, sodium hydroxide, potassium carbonate, sodium carbonate,
limestone, dolomitic lime, lime, calcium carbonate, and any combinations thereof, and wherein
the acid is selected from the group consisting of sulfuric acid, phosphoric acid, nitric acid,

hydrochloric acid, and any combinations thereof.

8. The method of any one of claims 1 to 5, wherein separating the manganese hydroxide
further comprises:

contacting the raffinate solution with an organic solution to produce a loaded
organic phase and the aqueous potassium sulfate solution;

contacting the loaded organic phase with an aqueous solution comprising an

morganic acid to produce a manganese rich organic phase; and
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contacting the manganese rich organic phase with a dilute acid to produce the

manganese sulfate product.

9. The method of any one of claims 1 to 8, wherein crystallizing the aqueous potassium
sulfate solution further comprises:

evaporating the aqueous potassium sulfate solution; and

crystallizing the evaporated potassium sulfate to produce the solid potassium

sulfate product.

10.  The method of any one of claims 1 to 9, further comprising:

packaging the zinc sulfate product, the manganese sulfate product, and the solid
potassium sulfate product;

fransporting the packaged products to a second processing facility, wherein the
second processing facility produces agricultural products;

adding the packaged products to the second processing facility to produce the
agricultural products.

11. A system for recycling a spent alkaline battery comprising:

a first liquid-solid extraction unit capable of dissolving insoluble metals in an
aqueous solution thereby producing a pregnant leach solution;

a liquid-liquid extraction unit capable of extracting zinc sulfate from the
pregnant leach solution;

a second liquid-solid extraction unit capable of precipitating a manganese
hydroxide from a raffinate solution produced by the liquid-liquid extraction unit; and

a third liquid-solid extraction unit capable of crystallizing an aqueous potassium

sulfate solution produced by the second liquid-solid extraction unit.

12.  The system of claim 11, wherein the first liquid-solid extraction unit comprises two
stages, wherein a first stage comprising reacting the insoluble metals with sulfur dioxide, and

wherein a second stage comprising reacting the insoluble metals with sulfuric acid.

13.  The system of claim 11 or 12, wherein the liquid-liquid extraction unit further

comprises:
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a first liquid-liquid extraction unit capable of contacting the pregnant leach
solution with an organic phase to produce a loaded organic phase and the raffinate solution;

a second liquid-liquid extraction unit capable of contacting the loaded organic
phase with an aqueous solution comprising an inorganic acid to produce a zinc rich organic
phase; and

a third liquid-liquid extraction unit capable of contacting the zinc rich organic

phase with dilute sulfuric acid to produce a zinc sulfate product.

14.  The system of any one of claims 11 to 13, wherein the second liquid-solid unit further
comprises:

a pH adjustment unit capable of forming a suspension fluid comprising a soluble
potassium metal ion and an insoluble manganese hydroxide; and

a thickener capable of separating the aqueous potassium sulfate from the

insoluble manganese hydroxide.

15.  The system of claim 14, wherein the pH adjustment unit comprises a first reactor and a
second reactor connected in series, wherein a neutralizing agent is added to the second reactor
to adjust a pH of the raffinate solution to about 9 or greater thereby precipitating the insoluble

manganese hydroxide therefrom.

16.  The system of claim 14, further comprising:
a reactor comprising an acid capable of converting the insoluble manganese
hydroxide to soluble manganese sulfate;
a dryer capable of removing a liquid from the soluble manganese sulfate; and
a granulator capable of increasing the size of the insoluble manganese sulfate to

provide a solid manganese sulfate product.

17.  The system of any one of claims 11 to 16, wherein the third liquid-solid unit further
comprises:

an cvaporator capable of evaporating the aqueous potassium sulfate solution;
and

a crystallizer capable of crystallizing the evaporated aqueous potassium sulfate

to produce a solid potassium sulfate product.
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18.  The system of claim 17, further comprising:
a granulator capable of increasing the size of the produced solid potassium

sulfate product.

19. A system for recycling a spent alkaline battery comprising:

a leaching unit capable of dissolving insoluble metals in an aqueous solution
thereby producing a pregnant leach solution;

a zinc extraction unit capable of extracting zinc sulfate from the pregnant leach
solution wherein the zinc extraction unit further comprises:

a solvent-extraction unit thereby contacting the pregnant leach solution
with an organic phase to produce a loaded organic phase and a raffinate solution;

an absorption unit thereby contacting the loaded organic phase with an
aqueous solution comprising an inorganic acid to produce a zinc rich organic phase;
and

astripping unit thereby contacting the zinc rich organic phase with dilute
sulfuric acid to produce a zinc sulfate product;

a chemical precipitation unit capable of precipitating a manganese metal ion
from the raffinate solution produced by the zinc extraction unit, wherein the chemical
precipitation unit further comprises:

a pH adjustment unit capable of raising a pH of the raffinate solution
such that manganese hydroxide is precipitated out, and

a thickener capable of separating the manganese hydroxide from an
aqueous potassium sulfate; and

an evaporation-crystallization umit capable of crystallizing the aqueous

potassium sulfate produced by the chemical precipitation unit.

20.  Thesystem of claim 19, wherein the pH adjustment unit further comprises a first reactor
and a second reactor connected in series, wherein a neutralizing agent is added to the second

reactor thereby adjusting the pH of the raffinate solution to about 9 or greater.
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