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Battery Recycling Process

TECHNICAL FIELD

[0001] The present invention relates to a method for the recovery of metals from feed
materials containing such metals. More specifically, the present invention relates to the
recovery of various metals contained in spent lithium-based (Li-ion) batteries.

BACKGROUND ART

[0002] The following discussion of the background art is intended to facilitate an
understanding of the present invention only. The discussion is not an acknowledgement
or admission that any of the material referred to is or was part of the common general
knowledge as at the priority date of the application.

[0003] The volume of rechargeable Li-ion batteries used worldwide has been growing
rapidly in recent years and is set for further expansion with the emerging markets of
electric vehicles and mass electric power storage. As the demand for Li-ion batteries
increases, so does the demand for the metal / metal oxide components that are used in
the batteries. The rapid increase in demand for some of these metals, such as cobalt,
has put pressure on the sustainable supply of such resources. This has caused the

cost of such metals to rapidly increase.

[0004] There has been little interest in developing processes for the recovery and
recycling of the various components in modern batteries. This is mainly due to the
relatively low volume of Li-ion batteries available for recycling and the relatively high
cost of the typical pyro- and hydro-metallurgical processes by which the recovery is
achieved. As the demand for Li-ion batteries continues to increase, so too does the
volume of spent Li-ion batteries that are available for recycling. There is a need for
low-cost, efficient recycling processes, particularly for the more complex metal/metal

oxide components.

[0005] The composition of Li-ion batteries has evolved considerably over recent times.
Whilst some battery recycling processes have been developed, these have primarily
been limited to the recovery of certain metals from a certain type of battery or feed

source. For example, early batteries were predominantly lithium-cobalt and the focus of
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the recovery methods was on the recovering cobalt. As lithium demand increased, the
recovery methods shifted to the recovery of both cobalt and lithium. As battery
technologies further developments, the cathodes incorporated other metals, such as
manganese, nickel, aluminium, iron and phosphorus. The methods used to recovery
lithium and cobalt are not suited for the recovery of other metals, nor are they well
suited for different battery chemistries.

[0006] The uptake in the usage of Li-ion batteries will increase the volume of spent Li-
ion batteries available for recycling. However, the supply of spent Li-ion batteries will
include many different types of batteries. The suitability of recovery methods to only a
single battery type presents a significant problem to the commercialisation of such
processes as it will require sorting and separation. There is a need for the development
of a process for the recovery of a range of metals from a range of different Li-ion battery
types.

[0007] It is against this background that the present invention has been developed.

[0008] The present invention seeks to overcome, or at least ameliorate, one or more of
the deficiencies of the prior art mentioned above, or to provide the consumer with a

useful or commercial choice.

[0009] Throughout this specification, unless the context requires otherwise, the word
"comprise" or variations such as "comprises" or "comprising”, will be understood to
imply the inclusion of a stated integer or group of integers but not the exclusion of any
other integer or group of integers.

SUMMARY OF INVENTION

[0010] In accordance with a first aspect of the present invention, there is provided a
method for the recovery of metals from a feed stream containing one or more value
metals and lithium, the method comprising:

subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a
pregnant leach solution of soluble metal salts and a solid residue;

separating the pregnant leach solution and the solid residue;



WO 2020/124130 PCT/AU2019/051318
3

subjecting the pregnant leach solution to one or more separate solvent extraction
steps, wherein each solvent extraction step recovers one or more value metals
from the pregnant leach solution, the remaining pregnant leach solution

comprising lithium; and

recovery of lithium from the pregnant leach solution.

[0011] The method of the present invention is particularly useful for the recovery of at
least a significant portion of all the value metals from spent Li-ion batteries, preferably
as high purity sulphates. The process is particularly robust in that it can accommodate
a variety of Li-ion battery chemistries as a single or mixed feed source. This is achieved
by way of an acidic leach, followed by sequential metal recovery steps using solvent
extraction techniques. This has been found to particularly advantageous as the
process can handle a number of different battery chemistries, meaning there is no

sorting of different battery types required.

[0012] In preferred forms of the present invention, the feed stream comprises one or

more of copper, iron, manganese, aluminium, cobalt and nickel.
[0013] In one embodiment of the present invention, the method further comprises the

step of:

subjecting the feed stream to a pretreatment process,

prior to the step of subjecting the feed stream to a sulphuric acid leach.

[0014] Preferably, the pre-treatment process comprises one or more mechanical
treatment steps. More preferably, the mechanical treatment steps comprises one or
more of a crushing step and a shredding step.

[0015] Preferably, the pre-treatment process comprises one or more size reduction

steps. More preferably, the one or more size reduction steps comprise a grinding step.

[0016] In one form of the present invention, the pre-treatment process comprises one or
more beneficiation steps. Preferably, the one or more beneficiation steps include one or

more of an air classification step, a magnetic classification step and a floatation step.

[0017] In one form of the present invention, the steps of:
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subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a

pregnant leach solution of soluble metal salts and a solid residue; and
separating the pregnant leach solution and the solid residue,

are undertaken in a leach circuit. Preferably, the leach circuit comprises a leach
section, a thickener section and a filter section.

[0018] In one form of the present invention, the step of:

subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a

pregnant leach solution of soluble metal salts and a solid residue,

more specifically comprises subjecting the feed stream to a sulphuric acid leach in one
or more leach reactors. Preferably, the step comprises subjecting the feed stream to a
sulphuric acid leach in two or more leach reactors. More preferably, the step comprises
subjecting the feed stream to a sulphuric acid leach in three or more leach reactors.
More preferably, the step comprises subjecting the feed stream to a sulphuric acid leach
in four or more leach reactors. More preferably, the step comprises subjecting the feed

stream to a sulphuric acid leach in five or more leach reactors.

[0019] Preferably, the step of subjecting the feed stream to a sulphuric acid leach is
conducted at atmospheric pressure.

[0020] Preferably, the step of subjecting the feed stream to a sulphuric acid leach is

conducted at elevated temperature.

[0021] In one form of the present invention, each solvent extraction step comprises the
contact of the pregnant leach solution with an extractant to extract one or more metals
to produce a loaded extractant containing the one or more extracted metals. Preferably,
each solvent extraction step further comprises the separation of the loaded extractant
from the pregnant leach solution. More preferably, each solvent extraction step further

comprises the recovery of the metal from the loaded extractant.

[0022] In one form of the present invention, one of the separate solvent extraction steps
is adapted to recover copper from the pregnant leach solution. Preferably, the pregnant
leach solution is contacted with a copper extractant to produce a copper depleted
pregnant leach solution and loaded copper extractant. More preferably, copper is
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recovered from the loaded copper extractant. Still preferably, copper is recovered as a

sulfate.

[0023] In one form of the present invention, one of the separate solvent extraction steps
is adapted to recover aluminium from the pregnant leach solution. Preferably, the
pregnant leach solution is contacted with an aluminium extractant to produce an
aluminium depleted pregnant leach solution and loaded aluminium extractant. More
preferably, aluminium is recovered from the loaded aluminium extractant. In one form
of the present invention, aluminium is recovered from the pregnant leach solution

following the recovery of copper.

[0024] In one form of the present invention, the contact of the pregnant leach solution
with an aluminium extractant will further load iron from the pregnant leach solution onto
the loaded aluminium extractant. Preferably, iron is recovered from the loaded

aluminium extractant.

[0025] In an alternative form of the present invention, aluminium is recovered from the
pregnant leach solution by way of a precipitation step. Preferably, where aluminium is
recovered by way of a precipitation step, iron is also recovered in the precipitation step.
Preferably, aluminium and iron are recovered as a mixed hydroxide precipitate. More
preferably, the precipitation step further comprises the separation of the precipitated

solids from the pregnant leach solution.

[0026] In one form of the present invention, the precipitation step comprises the addition
of an oxidising agent. Preferably the oxidising agent is selected from air, oxygen gas,

oxygen enriched gases and hydrogen peroxide.

[0027] In one form of the present invention, the precipitation step comprises increasing
the pH of the pregnant leach solution to above 4.5. Preferably, the pH is increased by
the addition of a base. Preferably the base is selected from ammonia, lime or
limestone. In one form of the present invention, the precipitation step comprises two or
more precipitation stages operating at increasing pH. Preferably, at least one
precipitation stage is operated at a pH of 3.2 to 4 and at least one precipitation stage is
operated at a pH above 4.5. More preferably, an oxidising agent is added to one or

both precipitation stages.
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[0028] In one form of the present invention, one of the separate solvent extraction steps
is adapted to recover manganese from the pregnant leach solution. Preferably, the
pregnant leach solution is contacted with a manganese extractant to produce a
manganese depleted pregnant leach solution and loaded manganese extractant. More
preferably, manganese is recovered from the loaded manganese extractant. Still
preferably, manganese is recovered as a sulfate. In one form of the present invention,
manganese is recovered from the pregnant leach solution following the recovery of

aluminium and/or iron.

[0029] In one form of the present invention, one of the separate solvent extraction steps
is adapted to recover cobalt from the pregnant leach solution. Preferably, the pregnant
leach solution is contacted with a cobalt extractant to produce a cobalt depleted
pregnant leach solution and loaded cobalt extractant. More preferably, cobalt is
recovered from the loaded cobalt extractant. Still preferably, cobalt is recovered as a
sulfate. In one form of the present invention, cobalt is recovered from the pregnant

leach solution following the recovery of manganese.

[0030] In one form of the present invention, one of the separate solvent extraction steps
is adapted to recover cobalt and manganese from the pregnant leach solution. It is
envisaged by the inventors that in this form of the invention, cobalt and manganese will
be simultaneously extracted from the pregnant leach solution using a single extractant.
Preferably, the pregnant leach solution is contacted with a Co-Mn extractant to produce
a cobalt and manganese depleted pregnant leach solution and loaded Co-Mn
extractant. More preferably, cobalt and manganese are recovered from the loaded

Co-Mn extractant. Still preferably, manganese and cobalt are recovered as a sulfate. In
one form of the present invention, cobalt and manganese are recovered from the

pregnant leach solution following the recovery of aluminium and/or iron.

[0031] In one form of the present invention, one of the separate solvent extraction steps
is adapted to recover nickel from the pregnant leach solution. Preferably, the pregnant
leach solution is contacted with a nickel extractant to produce a nickel depleted
pregnant leach solution and loaded nickel extractant. More preferably, nickel is
recovered from the loaded nickel extractant. Still preferably, nickel is recovered as a
sulfate. In one form of the present invention, nickel is recovered from the pregnant

leach solution following the recovery of manganese and/or cobalt.
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[0032] In one form of the present invention, the separate solvent extraction steps are
performed sequentially. Preferably, the separate solvent extractions step are performed
in the sequence: copper, aluminium, manganese, cobalt and nickel. Where manganese
and cobalt are co-extracted, the separate solvent extractions step are performed in the

sequence: copper, aluminium, manganese/cobalt and nickel.

[0033] In one form of the present invention, following the one or more separate solvent
extraction steps, the pregnant leach solution comprises lithium.

[0034] In one form of the present invention, the recovery of lithium from the pregnant
leach solution more specifically comprises the precipitation of a lithium compound.
More preferably, the lithium compound is subsequently recovered from the solution. In
one embodiment, the lithium compound is lithium carbonate. Preferably, the pregnant
leach solution is contacted with ammonium carbonate to precipitate lithium carbonate.
Alternatively, the pregnant leach solution is contacted with sodium carbonate to

precipitate lithium carbonate.

[0035]In an alternative form of the present invention, lithium compounds are
precipitated by means of crystallisation. Preferably, lithium sulphate is crystallised from
solution by way of evaporation.

[0036] In one form of the present invention, the recovery of lithium from the pregnant
leach solution more specifically comprises the recovery of lithium using solvent

extraction.

[0037] In one form of the present invention, the recovery of lithium from the pregnant

leach solution more specifically comprises the recovery of lithium using ion exchange.

[0038] In one form of the present invention, the recovery of lithium from the pregnant
leach solution more specifically comprises the use of an electrolysis step. Preferably,

the electrolysis step produces a solution of LIOH.

[0039] In one form of the present invention, following the step of lithium recovery, the
leach solution is subjected to an ammonia recovery step. Preferably, the ammonia

recovery step comprises an ammonium sulfate crystallisation step.
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[0040] In accordance with a further aspect of the present invention, there is provided a
method for the recovery of metals from a feed stream containing one or more value

metals and lithium, the method comprising:

subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a
pregnant leach solution of soluble metal salts and a solid residue;

separating the pregnant leach solution and the solid residue;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover copper from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover aluminium from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover manganese from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover cobalt from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to
recover nickel from the pregnant leach solution; and

recovery of lithium from the pregnant leach solution.

[0041] Preferably, iron is also recovered in the solvent extraction step adapted to

recover aluminium from the pregnant leach solution.

[0042] Preferably, each solvent extraction step comprises the contact of the pregnant
leach solution with an extractant to extract one or more metals to produce a loaded
extractant containing the one or more extracted metals. More preferably, each solvent
extraction step further comprises the separation of the loaded extractant from the
pregnant leach solution. Still preferably, each solvent extraction step further comprises
the recovery of the metal from the loaded extractant.
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[0043] In accordance with a further aspect of the present invention, there is provided a
method for the recovery of metals from a feed stream containing one or more value

metals and lithium, the method comprising:

subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a
pregnant leach solution of soluble metal salts and a solid residue;

separating the pregnant leach solution and the solid residue;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover copper from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover aluminium from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to
recover manganese and cobalt from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover nickel from the pregnant leach solution; and

recovery of lithium from the pregnant leach solution.

[0044] Preferably, iron is also recovered in the solvent extraction step adapted to

recover aluminium from the pregnant leach solution.

[0045] Preferably, each solvent extraction step comprises the contact of the pregnant
leach solution with an extractant to extract one or more metals to produce a loaded
extractant containing the one or more extracted metals. More preferably, each solvent
extraction step further comprises the separation of the loaded extractant from the
pregnant leach solution. Still preferably, each solvent extraction step further comprises
the recovery of the metal from the loaded extractant.

[0046] Preferably, the product of the solvent extraction step adapted to recover
manganese and cobalt from the pregnant leach solution is subjected to a process to
separately recover manganese and cobalt. More preferably, the product of the solvent
extraction step adapted to recover manganese and cobalt from the pregnant leach
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solution is subjected to a solvent extraction step adapted to recover manganese. Sitill
preferably, cobalt is recovered from the raffinate of the solvent extraction step adapted

to recover manganese.

[0047] In accordance with a further aspect of the present invention, there is provided a
method for the recovery of metals from a feed stream containing one or more value

metals and lithium, the method comprising:

subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a

pregnant leach solution of soluble metal salts and a solid residue;

separating the pregnant leach solution and the solid residue;

subjecting the pregnant leach solution to a solvent extraction step adapted to
recover copper from the pregnant leach solution;

subjecting the pregnant leach solution to a precipitation step adapted to recover

aluminium from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover manganese from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover cobalt from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to
recover nickel from the pregnant leach solution; and

recovery of lithium from the pregnant leach solution.

[0048] Preferably, the precipitation step adapted to recover aluminium from the pregnant

leach solution will also recover iron from pregnant leach solution.

[0049] Preferably, each solvent extraction step comprises the contact of the pregnant
leach solution with an extractant to extract one or more metals to produce a loaded
extractant containing the one or more extracted metals. More preferably, each solvent
extraction step further comprises the separation of the loaded extractant from the
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pregnant leach solution. Still preferably, each solvent extraction step further comprises

the recovery of the metal from the loaded extractant.

[0050] In accordance with a further aspect of the present invention, there is provided a
method for the recovery of metals from a feed stream containing one or more value

metals and lithium, the method comprising:

subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a

pregnant leach solution of soluble metal salts and a solid residue;

separating the pregnant leach solution and the solid residue;

subjecting the pregnant leach solution to a solvent extraction step adapted to
recover copper from the pregnant leach solution;

subjecting the pregnant leach solution to a precipitation step adapted to recover

aluminium from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover manganese and cobalt from the pregnant leach solution;

subjecting the pregnant leach solution to a solvent extraction step adapted to

recover nickel from the pregnant leach solution; and

recovery of lithium from the pregnant leach solution.

[0051] Preferably, the precipitation step adapted to recover aluminium from the pregnant

leach solution will also recover iron from pregnant leach solution.

[0052] Preferably, each solvent extraction step comprises the contact of the pregnant
leach solution with an extractant to extract one or more metals to produce a loaded
extractant containing the one or more extracted metals. More preferably, each solvent
extraction step further comprises the separation of the loaded extractant from the
pregnant leach solution. Still preferably, each solvent extraction step further comprises
the recovery of the metal from the loaded extractant.
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[0053] Preferably, the product of the solvent extraction step adapted to recover
manganese and cobalt from the pregnant leach solution is subjected to a process to
separately recover manganese and cobalt. More preferably, the product of the solvent
extraction step adapted to recover manganese and cobalt from the pregnant leach
solution is subjected to a solvent extraction step adapted to recover manganese. Sitill
preferably, cobalt is recovered from the raffinate of the solvent extraction step adapted

to recover manganese.

BRIEF DESCRIPTION OF THE DRAWINGS

[0054] Further features of the present invention are more fully described in the following
description of several non-limiting embodiments thereof. This description is included
solely for the purposes of exemplifying the present invention. It should not be
understood as a restriction on the broad summary, disclosure or description of the
invention as set out above. The description will be made with reference to the

accompanying drawings in which:
Figure 1 is a flow sheet of the method of the present invention;
Figure 2 is a flow sheet of leaching circuit;
Figure 3 is flow sheet of the copper solvent extraction circuit;
Figure 4 is flow sheet of the aluminium solvent extraction circuit;
Figure 4a is a flow sheet of an alternative aluminium extraction circuit;
Figure 5 is flow sheet of the cobalt / manganese recovery circuit;
Figure 6 is a flow sheet of the Co-Mn solvent extraction circuit;
Figure 7 is flow sheet of the manganese solvent extraction circuit;

Figure 7a is a flow sheet of an alternative manganese and cobalt solvent

extraction circuit;
Figure 8 is flow sheet of the nickel solvent extraction circuit;

Figure 9 is flow sheet of the lithium recovery circuit;
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Figure 11 is a graph showing an extraction distribution isotherm for copper;
Figure 12 is a graph showing copper sulfate crystallization;

Figure 13 is a graph showing copper sulfate crystallization;

Figure 14 is a graph showing the effect of pH on the precipitation of metals at
45°C;

Figure 15 is a graph showing the effect of pH on the precipitation of metals at
65°C;

Figure 16 is a graph showing the effect of pH on the precipitation of metals at
90°C;

Figure 17 is a graph showing the effect of temperature on the separation of

aluminium from cobalt;

Figure 18 is a graph showing the effect of temperature on the separation of

aluminium from nickel;

Figure 19 is a graph showing a pH isotherm with 15% (v/v) D2EHPA at an O/A
ratio of 1:1;

Figure 20 is a graph showing pH isotherm with 30% (v/v) Cyanex 272 at an O/A

ratio of 3:1;

Figure 21 is a graph showing an extraction distribution isotherm for cobalt with
30% (v/v) Cyanex 272 at pH 4.80;

Figure 22 is a graph showing an extraction distribution isotherm for manganese
with 30% (v/v) Cyanex 272 at pH 4.80;

Figure 23 is a pH isotherm with 10% (v/v) LIX84l at an O/A ratio of 1:1; and

Figure 24 is a graph showing copper in the raffinate and extraction for the

campaign duration.
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DESCRIPTION OF EMBODIMENTS

[0055] As described above, in one aspect of the invention, there is provided a method
for the recovery of metals from a feed stream containing one or more value metals and

lithium, the method comprising:

subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a

pregnant leach solution of soluble metal salts and a solid residue;

separating the pregnant leach solution and the solid residue;

subjecting the pregnant leach solution to one or more separate solvent extraction
steps, wherein each solvent extraction step comprises the contact of the
pregnant leach solution with an extractant to extract one or more metals, the
separation of the loaded extractant from the pregnant leach solution and the

recovery of the metal from the loaded extractant; and

recovery of lithium from the pregnant leach solution.

[0056] In Figure 1, there is shown a method for the recovery of metals 10 in accordance
with an embodiment of the present invention. In this embodiment, a feed stream 12 is
subjected to a pre-treatment process 14 to render the feed stream suitable for further
processing. The resulting feed stream 16 is then passed to a leaching circuit 200 where
it is contacted with sulphuric acid 18 to solubilise metal species. Undissolved solids 20
are removed from the leach solution to provide a pregnant leach solution 22.

[0057] The pregnant leach solution 22 is directed to a copper solvent extraction circuit
300 where it is contacted with a copper extractant 26. Copper is loaded onto the copper
extractant and the loaded extractant 28 is separated from the pregnant leach solution

22. Copper product is subsequently recovered from the copper extractant.

[0058] The copper depleted pregnant leach solution 30 is directed to an aluminium
solvent extraction circuit 400 where it is contacted with an aluminium extractant 34.
Aluminium is loaded onto the aluminium extractant and the loaded extractant 36 is
separated from the pregnant leach solution 30. Aluminium product is subsequently

recovered from the aluminium extractant.
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[0059] The aluminium depleted pregnant leach solution 38 is directed to a cobalt /
manganese recovery circuit 500 where it is contacted with a Co-Mn extractant 42.
Cobalt and manganese are loaded onto the Co-Mn extractant and the loaded extractant
44 is separated from the pregnant leach solution 38. Cobalt product and manganese

product are subsequently recovered from the Co-Mn extractant.

[0060] The cobalt / manganese depleted pregnant leach solution 48 is directed to a
nickel solvent extraction circuit 800 where it is contacted with a nickel extractant 52.
Nickel is loaded onto the nickel extractant and the loaded extractant 54 is separated
from the pregnant leach solution 48. Nickel product is subsequently recovered from the

nickel extractant.

[0061] The resulting pregnant leach solution 56 is directed towards a lithium recovery
circuit 900 where it is contact with ammonium carbonate 58 to precipitate lithium
carbonate. Lithium carbonate product 60 is recovered from the solution. The resulting
filtrate 62, which contains ammonia, is passed to an ammonium sulfate recovery circuit

1000 to produce an ammonium sulfate product 64.

[0062] A more detailed description of each of the above discussed circuits is provided

as follows.
Feed Material

[0063] In one embodiment of the present invention, the feed material comprises Li-ion
batteries. The process of the present invention is adapted to treat a range of different
battery types and recover a range of value metals. Throughout this specification, unless
the context requires otherwise, the term "Li-ion battery"”, will be understood to refer to
any battery that comprises lithium or lithium compounds. The term will also be
understood to include any components from such batteries or waste products from the

production of such batteries.

[0064] In one embodiment, the feed stream comprises battery cathode and anode
materials which contain lithium and one or more of cobalt, copper, manganese, nickel,

aluminium and iron.
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Pre-treatment Process

[0065] The target value metals in Li-ion batteries are contained within the cathode and
anode. Commercial batteries typically comprise the cathode and anode contained
within a casing. In some instances a plastic covering is also wrapped around the
casing. As no value metals are contained within the casing and covering, it is preferred
that these should be removed prior to the step of subjecting the feed stream to a
sulphuric acid leach.

[0066] In one embodiment of the present invention, the feed material is subjected to a
mechanical treatment step. Preferably, the mechanical treatment step comprises a
crushing and/or shredding step. It has been found by the inventors that the mechanical
treatment of spent Li-ion batteries will release the anode and cathode materials from

within the casings of the Li-ion batteries.

[0067] In one embodiment of the present invention, the feed materials are subjected to a
size reduction step. Preferably, the size reduction step comprises a grinding or milling
step. The inventors have found that the reduction of the particle size is beneficial for
the subsequent acid leach steps.

[0068] In one form of the present invention, the average particle size of the feed material
is reduced to below 5 mm. Preferably, the average particle size of the feed material is
reduced to below 4 mm. Preferably, the average patrticle size of the feed material is
reduced to below 3 mm. Preferably, the average particle size of the feed material is
reduced to below 2 mm. Preferably, the average particle size of the feed material is
reduced to below 1 mm. Preferably, the average patrticle size of the feed material is
reduced to below 900 um. Preferably, the average particle size of the feed material is
reduced to below 800 um. Preferably, the average particle size of the feed material is
reduced to below 700 um. Preferably, the average particle size of the feed material is
reduced to below 600 um. Preferably, the average particle size of the feed material is
reduced to below 500 um.

[0069] In one embodiment, the one or more pre-treatment steps are conducted in an

inert atmosphere.



WO 2020/124130 PCT/AU2019/051318
17

[0070] In one embodiment of the present invention, the shredded material is subjected
to one or more beneficiation steps. Preferably, the beneficiation step separates at least

some of the non-value materials from the feed stream.

[0071]In one form of the present invention, the one or more beneficiation steps
comprises an air classification step. The inventors have found that air classification is

useful for the separating of the light plastics from the heavier metal values.

[0072] In one form of the present invention, the one or more beneficiation steps
comprises a magnetic separation step. The inventors have found that magnetic
separation is useful in separating the magnetic casing material from the anode and
cathode materials.

[0073] In one embodiment, the size reduction step is performed prior to the beneficiation
step. In an alternative embodiment, the size reduction step is performed after the
beneficiation step.

Leaching Circuit

[0074] As discussed above, the processed feed materials are directed to a leaching
circuit where it is subjected to a sulphuric acid leach to form a slurry comprising a
pregnant leach solution of soluble metal salts and a solid residue. Figure 2 shows a
flowsheet of a leaching circuit 200 in accordance with one embodiment of the present
invention. In leaching circuit 200, the feed material 202 is mixed with water 204 and
wash filtrate 206 to form a slurry with a target solids content. The target solids content
is dependent on the grade of the feed material and is manipulated such that sufficient
dilution water is present in the discharge from the leach to maintain all soluble salts in

solution.

[0075] The slurry is passed to a series of leach reactors 208. Concentrated sulphuric
acid 210 is added to the leach reactors 208 in sufficient excess to maintain a free acid
concentration. At least a portion of any copper, cobalt, aluminium, iron, nickel, lithium
and manganese are extracted into solution, forming a leach solution 212. Metals and
their compounds react with sulphuric acid to produce their respective sulfate salts via
multiple potential reaction pathways, some of the dominant reactions are presented

below:
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Cu () + 2 H2SO4 (aq) = CuSO4 (ag) + SO2 (g) + 2 H20
2LiC00z2 (s) + H2SO4 (aq) + 2502 (g) = Li2SO4 (ag) + 2C0S04 (aq) + Hz (g)

2LIMnNiCoOz2(s) + 7H2S04(aq) = Li2SO4(aq)+2NiSO4(aq) + 2MNSO4(agy+2C0SOs(ag)+
4H20+3H:2 (g)

2Al(s) + 3H2S04 (ag) = Al2(SO4)3 (ag) + 3H2 (g)
2Fe(s) + 3H2S04 (ag) = Fe2(S04)3 (ag) + 3H2 (g)
Ni) + H2SO4 (ag) = NiSO4 (aq) + H2 (g)

Mn(s) + H2SO4 (ag) = MNSO4 (aq) + H2 (g)

2LiOH¢s) + H2S04 (ag) = Li2SO4 (ag) + 2H20 (g)

[0076] Where multiple leach reactors 108 are used, the leach reactors are arranged in

series

[0077] In one embodiment, a gas scrubbing system (not shown) is connected to the
headspace of the leach reactors 208 to remove water vapour and any other gases
produced in the leach reactors 208.

[0078] Whilst a tank leach process is described above, it is envisaged that the person
skilled in the art may select from any leaching circuit available in the art to achieve the
same effect.

[0079] The resultant leach solution 212 is a slurry containing the pregnant leach solution
and solid residue. The leach solution 212 is directed to a thickener 214 in order to
dewater the leach solution 212 slurry. The overflow 216 from the thickener 214 is free of
solids and is collected in a holding tank (not shown) for further processing. The
underflow 218 from the thickener 214 is discharged, at a high solids content of

approximately 65% solids by weight, to leach filter 220.

[0080] The underflow 218 is passed to the leach filter 220 where it is dewatered further
to produce a relatively dry filter cake at approximately 15% moisture content. Primary
filtrate 222 is collected and passed to a holding tank (not shown) for further processing.
Fresh water 224 is used in the leach filter 220 to wash the cake and maximise recovery
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of pregnant leach solution entrained in the filter cake. The wash filtrate 206 is recycled
back to the head of the leach circuit 200 where it is combined with feed material 202.
Filter cake is discharged from the leach filter 220 and passed to a residue stockpile for

disposal.

Leaching Circuit Conditions

[0081] In one form of the present invention, the feed material is mixed with water and/or
wash filtrate to a target solids content. Preferably, the target solids content is between
5% and 70% by weight. More preferably, the target solids content is between 10% and
30% by weight. Still preferably, the target solids content is about 20% by weight. The
inventors have found that the preferred target solids content is depended on the grade
of the feedstock. Generally speaking, the higher the feedstock grade, the lower the
target solids content.

[0082] In one form of the present invention, the concentration of the sulphuric acid is at
least 1 g/L. Preferably, the concentration of the sulphuric acid is at least 2 g/L.
Preferably, the concentration of the sulphuric acid is at least 3 g/L. Preferably, the
concentration of the sulphuric acid is at least 4 g/L. Preferably, the concentration of the
sulphuric acid is at least 5 g/L. Preferably, the concentration of the sulphuric acid is at
least 6 g/L. Preferably, the concentration of the sulphuric acid is at least 7 g/L.
Preferably, the concentration of the sulphuric acid is at least 8 g/L. Preferably, the
concentration of the sulphuric acid is at least 9 g/L. Preferably, the concentration of the
sulphuric acid is at least 10 g/L. As would be appreciated by a person skilled in the art,
the concentration of the sulphuric acid in the leach solution will affect the
reaction/dissolution kinetics. If operated too low, the reaction will be slow to a point

where it becomes impractical.

[0083] In one embodiment, the amount of sulphuric acid is sufficient to maintain a free
acid concentration of at least 1 g/L. In one embodiment, the amount of sulphuric acid is
sufficient to maintain a free acid concentration of at least 2 g/L. In one embodiment, the
amount of sulphuric acid is sufficient to maintain a free acid concentration of at least 3
g/L. In one embodiment, the amount of sulphuric acid is sufficient to maintain a free acid
concentration of at least 4 g/L. In one embodiment, the amount of sulphuric acid is
sufficient to maintain a free acid concentration of at least 5 g/L. In one embodiment, the
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amount of sulphuric acid is sufficient to maintain a free acid concentration of at least 6
g/L. In one embodiment, the amount of sulphuric acid is sufficient to maintain a free acid
concentration of at least 7 g/L. In one embodiment, the amount of sulphuric acid is
sufficient to maintain a free acid concentration of at least 8 g/L. In one embodiment, the
amount of sulphuric acid is sufficient to maintain a free acid concentration of at least 9
g/L. In one embodiment, the amount of sulphuric acid is sufficient to maintain a free acid
concentration of at least 10 g/L.

[0084] Preferably, the step of subjecting the feed stream to a sulphuric acid leach to
form a slurry comprising a pregnant leach solution of soluble metal salts and a solid
residue is performed at atmospheric pressure. Methods for leaching materials at
atmospheric pressure are well known to persons skilled in the art, and include vat
leaching and tank leaching.

[0085] In preferred forms of the invention, the step of subjecting the feed stream to a
sulphuric acid leach to form a slurry comprising a pregnant leach solution of soluble
metal salts and a solid residue takes place at elevated temperatures. In one
embodiment, the step of subjecting the feed stream to a sulphuric acid leach to form a
slurry comprising a pregnant leach solution of soluble metal salts and a solid residue is
conducted at a temperature of at least 40 °C. In one embodiment, the step of
subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a
pregnant leach solution of soluble metal salts and a solid residue is conducted at a
temperature of at least 45 °C. In one embodiment, the step of subjecting the feed
stream to a sulphuric acid leach to form a slurry comprising a pregnant leach solution of
soluble metal salts and a solid residue is conducted at a temperature of at least 50 °C.
In one embodiment, the step of subjecting the feed stream to a sulphuric acid leach to
form a slurry comprising a pregnant leach solution of soluble metal salts and a solid
residue is conducted at a temperature of at least 55 °C. In one embodiment, the step of
subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a
pregnant leach solution of soluble metal salts and a solid residue is conducted at a
temperature of at least 60 °C. In one embodiment, the step of subjecting the feed
stream to a sulphuric acid leach to form a slurry comprising a pregnant leach solution of
soluble metal salts and a solid residue is conducted at a temperature of at least 65 °C.
In one embodiment, the step of subjecting the feed stream to a sulphuric acid leach to

form a slurry comprising a pregnant leach solution of soluble metal salts and a solid
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residue is conducted at a temperature of at least 70 °C. In one embodiment, the step of
subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a
pregnant leach solution of soluble metal salts and a solid residue is conducted at a
temperature of at least 75 °C. In one embodiment, the step of subjecting the feed
stream to a sulphuric acid leach to form a slurry comprising a pregnant leach solution of
soluble metal salts and a solid residue is conducted at a temperature of at least 80 °C.
In one embodiment, the step of subjecting the feed stream to a sulphuric acid leach to
form a slurry comprising a pregnant leach solution of soluble metal salts and a solid
residue is conducted at a temperature of at least 85 °C. In one embodiment, the step of
subjecting the feed stream to a sulphuric acid leach to form a slurry comprising a
pregnant leach solution of soluble metal salts and a solid residue is conducted at a

temperature of at least 90 °C.

[0086] In an embodiment of the present invention where the leach is performed at

elevated temperature, the leach reactors are preferably heated with steam.

[0087] In one embodiment of the present invention, the step of the step of subjecting the
feed stream to a sulphuric acid leach to form a slurry comprising a pregnant leach

solution of soluble metal salts and a solid residue more preferably comprises:

subjecting the feed stream to a sulphuric acid leach in the presence of an
oxidising agent to form a slurry comprising a pregnant leach solution of soluble

metal salts and a solid residue.

[0088] As would be appreciated by a person skilled in the art, metallic copper is not
easily directly soluble in sulphuric acid, resulting in slow or incomplete extraction. The
inventors have found that providing an oxidizing agent during the sulphuric acid leach
step will ensure almost complete leaching of the copper. In one form of the present
invention, the oxidisation agent is hydrogen peroxide.

Solvent Extraction

[0089] Following the step of separating the pregnant leach solution and the solid
residue, the pregnant leach solution is passed to one or more separate solvent

extraction steps to recover value metals.
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[0090] Throughout this specification, unless the context requires otherwise, the term
“extractant” will be understood to refer to an organic compound dissolved in an organic
solvent. The organic compound typically has an available proton which can be

exchanged with a metal ion from the aqueous solution.

[0091] Throughout this specification, unless the context requires otherwise, the term
“loaded extractant” and variations such as “loaded organic”, will be understood to refer
to an extractant that has been enriched with metal ions that have transferred from the

aqueous solution to the extractant.

[0092] Throughout this specification, unless the context requires otherwise, the term
“scrubbing” will be understood to refer to a purification step of a loaded extractant in

which at least some undesired elements are removed.

[0093] Throughout this specification, unless the context requires otherwise, the term
“stripping” will be understood to refer to a step transferring a metal of interest from the
loaded extractant to an aqueous phase by addition of stripping solution, typically in the

form of a diluted or concentrated acid or basic solution.
Copper Solvent Extraction Circuit

[0094] Following the step of separating the pregnant leach solution and the solid
residue, the pregnant leach solution is passed to a copper solvent extraction circuit to
recover copper. Figure 3 shows a flowsheet of a copper solvent extraction circuit 300 in
accordance with one embodiment of the present invention. Pregnant leach solution 302
from the leach circuit 200 is directed to the copper solvent extraction circuit 300. In the
embodiment shown in the Figure 3, the copper solvent extraction circuit 300 comprises
an extraction stage 304, a scrubbing stage 306 and a stripping stage 308 to selectively
recover copper from the pregnant leach solution 302 into a copper strip liquor 310. The

Cu-free raffinate 312 is directed to a holding tank for further processing.

[0095] Prior to being directed to the extraction stages 304, the pregnant leach solution
302 is pumped through a counter-current heat exchanger (not shown) to reduce the

temperature of the pregnant leach solution 302.

[0096] The cooled pregnant leach solution 302 is directed to the extraction stage 304.
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[0097] In one embodiment of the present invention, the extraction stage comprises one
or more solvent extraction mixer settlers. More preferably, the extraction stage
comprises two or more solvent extraction mixer settlers. Still preferably, the extraction

stage comprises three or more solvent extraction mixer settlers.

[0098] In one embodiment, where the extraction phase comprises two or more solvent
extraction mixer settlers, the two or more solvent extraction mixer settlers are arranged

in series.

[0099] In one embodiment, where the extraction stage comprises two or more solvent
extraction mixer settlers arranged in series, the mixer settlers are arranged for counter-

current operation.

[00100] In the embodiment shown in Figure 3, the extraction stage 304 comprises
three solvent extraction mixer settlers arranged in series. It is envisaged by the
inventors that one or more mixer settlers may be used. The pregnant leach solution
302 is directed to the first mixer settler where it is contacted with a copper extractant

314 to selectively extract copper from the pregnant leach solution 302.

[00101] In a preferred form of the present invention, the copper extractant is an
organic extractant. More preferably, the copper extractant is an oxime. Still preferably
the copper extractant is LIX84l.

[00102] The generic extraction reaction is presented in Equation 1 below:
2RH + CuSO4 = CuR2 + H2SO4 (1)

[00103] The pregnant leach solution 302 and the copper extractant 314 are
contacted in a counter-current arrangement to maximize extraction efficiency. Ammonia
solution 316 is dosed to each of the mixer-settlers to maintain a target pH by

neutralizing sulphuric acid via the reaction presented in Equation 2:
H2504 + 2NH3 = (NH4)2504 2)

[00104] Copper is selectively recovered from the pregnant leach solution 302 and
the Cu-free raffinate 312 is directed to a holding tank for further processing.

[00105] The loaded extractant 318 is directed to a scrubbing stage 306. In
scrubbing stage 306, the copper loaded extractant 318 is contacted with a portion of a
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scrub solution 320 that contains copper ions. The copper in the scrub solution 320
preferentially loads onto the loaded extractant 318 and displaces any impurity elements

loaded onto the loaded extractant 318 in the extraction stage 304.

[001086] In one embodiment of the present invention, the scrubbing stage

comprises one or more mixer settlers.

[00107] In the embodiment shown in Figure 3, the scrubbing stage 306 comprises

a single mixer-settler.

[00108] The aqueous phase from the scrubbing stage 306 is directed back to the
first extraction mixer-settler.  Loaded extractant 322 from the scrubbing stage 306
advances to a stripping stage 308. In the stripping stage 308, the loaded extractant 322
is contacted with an acidic strip solution 324 to displace the majority of copper ions on
the organic (in a reversal of the extraction reaction detailed in Equation 1) into the
aqueous phase, producing the copper strip liquor 310.

[00109] In one embodiment, the stripping stage comprises one or more mixer

settlers. Preferably, the stripping stage comprises two or more mixer settlers.

[00110] In an embodiment where the stripping stage comprises two or more mixer

settlers, the two or more mixer settlers are arranged in series.

[00111] The organic phase 326 exiting the stripping stage 308 is recycled to the
extraction stage 304 where it again loads with copper. In this way the organic phase
326 is kept in a closed circuit within the copper solvent extraction circuit 300.

[00112] A portion of the copper strip liquor is recycled for use as the scrub solution

in the scrubbing stage 306.

[00113] The copper strip liquor 310 from the stripping stage 306 is directed to a
copper crystallization stage 328. In the copper crystallization stage 328, the copper strip
liquor 310 is contacted with sulphuric acid 330 to force the crystallisation of copper
sulfate penthydrate (CuS0O4.5H20) as a solid in a salting crystallisation process. The
copper crystallization stage 328 produces a slurry 332 of copper sulfate penthydrate

and in a sulphuric liquor.
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[00114] In one form of the present invention, the copper crystallization stage
comprises a crystallisation unit. Preferably, the crystallisation step is performed in a

jacketed reaction vessel or scraped surface crystallizer.

[00115] The slurry 332 from the copper crystallization stage 328 is passed to a
filtration stage 334. In the filtration stage 334, copper sulfate solids 336 are separated
from acidic liquor 338. Water 340 is used in the filtration stage 334 to wash the filter
cake and maximise removal of entrained acidic liquor 338 in the filter cake.

[00116] Preferably, the filtration stage comprises a solid liquid separation device.

More preferably, the solid liquid separation device is a plate and frame filter.

[00117] In one embodiment, the acidic liquor is 338 is recycled back to the
stripping stage 306. A portion of the copper filtrate is recycled for use in the scrubbing
stage 306.

Copper Solvent Extraction Circuit Conditions

[00118] In one form of the present invention, the pregnant leach solution is cooled
prior to being directed to the extraction stage. In one embodiment, the pregnant leach
solution is cooled to below 65 ¢C. In one embodiment, the pregnant leach solution is
cooled to below 60 °C. In one embodiment, the pregnant leach solution is cooled to
below 55 2C. In one embodiment, the pregnant leach solution is cooled to below 50 °C.
In one embodiment, the pregnant leach solution is cooled to below 45 °C. In one
embodiment, the pregnant leach solution is cooled to below 40 2C. In one embodiment,
the pregnant leach solution is cooled to below 35 °C. In one embodiment, the pregnant
leach solution is cooled to below 30 ¢C. Preferably, the pregnant leach solution is
cooled to at least below 50 ¢C. The maximum temperature is determined by the flash

point, with it being practical to operate at least 10 °C below this temperature.

[00119] In one form of the present invention, the copper extractant is diluted to a
target concentration with a diluent. Preferably, the target concentration is between 20%
and 40% on a volume basis. More preferably, the target concentration is about 30% on
a volume basis. As would be appreciated by a person skilled in the art the dilution of
the copper extractant is used to control viscosity.
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[00120] In forms of the invention, where the copper extractant is diluted with a
diluent, the diluent is Shellsol2046.

[00121] In a preferred form of the present invention, the ratio of organic to

agueous in the extraction stage is 2.15:1. As would be appreciated by a person skilled
in the art, the ratio of organic to aqueous in the extraction stage is dependent on the
copper tenor in the pregnant leach solution as well as the loading of copper on the
organic. One method for calculation of equilibrium concentration of extractant is using
the material balance, i.e. it is equal to the difference between total (analytical)

concentration of extractant and the sum of all solvated species in the solvent phase.

[00122] Preferably, the target pH of the pregnant leach solution in the extraction
stage is between 1 and 3. More preferably, the target pH of the pregnant leach solution

in the extraction stage is 2.

[00123] In one form of the present invention, the ratio of the copper loaded
extractant to the scrub solution is between 20:1 and 100:1 (organic:aqueous) on a
volume basis. Preferably the ratio is between 25:1 and 50:1 (organic:aqueous) on a
volume basis. More preferably, the ratio is about 35:1 (organic:aqueous) on a volume
basis.

[00124] In one form of the present invention, the acidic strip solution 324
comprises sulphuric acid. Preferably, the sulphuric acid concentration of the strip
solution is at least 100 g/L. More preferably, the sulphuric acid concentration of the strip
solution is at least 110 g/L. More preferably, the sulphuric acid concentration of the strip
solution is at least 120 g/L. More preferably, the sulphuric acid concentration of the strip
solution is at least 130 g/L. More preferably, the sulphuric acid concentration of the strip
solution is at least 140 g/L. More preferably, the sulphuric acid concentration of the strip

solution is at least 150 g/L.

[00125] In one form of the present invention, the sulphuric acid concentration of
the slurry exiting the crystallisation stage is between 150 and 350 g/L. Preferably, the
sulphuric acid concentration of the slurry exiting the crystallisation stage is between 160
and 300 g/L. Preferably, the sulphuric acid concentration of the slurry exiting the
crystallisation stage is between 170 and 275 g/L. Preferably, the sulphuric acid

concentration of the slurry exiting the crystallisation stage is between 180 and 260 g/L.



WO 2020/124130 PCT/AU2019/051318
27

Preferably, the sulphuric acid concentration of the slurry exiting the crystallisation stage
is between 190 and 250 g/L. Preferably, the sulphuric acid concentration of the slurry
exiting the crystallisation stage is between 200 and 340 g/L. Preferably, the sulphuric
acid concentration of the slurry exiting the crystallisation stage is about 220 g/L.

[00126] In one form of the present invention, the temperature of the crystallisation
step is controlled. Preferably, the temperature of the crystallisation step is between 10
°C and 50 °C. Preferably, the temperature of the crystallisation step is between 20 °C
and 40 °C. Preferably, the temperature of the crystallisation step is between 25 °C and
30 °C. As would be appreciated by a person skilled in the art, at lower temperatures
copper sulfate that is less soluble, thereby maximising the recovery.

Aluminium Solvent Extraction Circuit

[00127] Following the step of separating the pregnant leach solution and the solid
residue, and preferably after the copper solvent extraction step, the pregnant leach
solution is passed to an aluminium solvent extraction circuit to recover aluminium.
Figure 4 shows a flowsheet of an aluminium solvent extraction circuit 400 in accordance
with one embodiment of the present invention. Pregnant leach solution 402 from the
copper solvent extraction circuit is directed to the aluminium solvent extraction circuit
400. In the embodiment shown in the Figure 4, the aluminium solvent extraction circuit
400 comprises an extraction stage 404, a scrubbing stage 406 and a stripping stage
408 to selectively recover aluminium from the pregnant leach solution 402 into an
aluminium strip liquor 410. The Al-free raffinate 412 is directed to a holding tank for

further processing.

[00128] In one embodiment of the present invention, the extraction stage
comprises one or more solvent extraction mixer settlers. More preferably, the extraction
stage comprises two or more solvent extraction mixer settlers. Still preferably, the

extraction stage comprises three or more solvent extraction mixer settlers.

[00129] In one embodiment, where the extraction phase comprises two or more
solvent extraction mixer settlers, the two or more solvent extraction mixer settlers are

arranged in series.
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[00130] In one embodiment, where the extraction stage comprises two or more
solvent extraction mixer settlers arranged in series, the mixer settlers are arranged for

counter-current operation.

[00131] In the embodiment shown in Figure 4, the extraction stage 404 comprises
three solvent extraction mixer settlers arranged in series. It is envisaged by the
inventors that one or more mixer settlers may be used. The pregnant leach solution
402 is directed to the first mixer settler where it is contacted with an aluminium
extractant 414 to selectively extract aluminium from the pregnant leach solution 402.
Iron and any remaining copper ion will also be extracted aluminium from the pregnant

leach solution 402.

[00132] In a preferred form of the present invention, the aluminium extractant is an
organic extractant. More preferably, the aluminium extractant is selected from a
phosphinic acid type organic extractant, a phosphonic acid type organic extractant and
a phosphoric acid type organic extractant. Still preferably the aluminium extractant is
selected from Cyanex272, lonquest 801 (PC88A) and D2EHPA.

[00133] The generic extraction reaction is presented in Equation 3 below:
6RH + X2(S04)3 = 2XR3 + 3H2S04 (where X = Al , Fe*®) (3)

[00134] The pregnant leach solution 402 and the aluminium extractant 414 are
contacted in a counter-current arrangement to maximize extraction efficiency. Ammonia
solution 416 is dosed to each of the mixer-settlers to maintain a target pH by

neutralizing sulphuric acid via the reaction presented in Equation 2.

[00135] Aluminium, iron and copper ions are selectively recovered from the
pregnant leach solution 402 and the Al-free raffinate 412 is directed to a holding tank for

further processing.

[00136] The loaded extractant 418 is directed to a scrubbing stage 406. |In
scrubbing stage 406, the aluminium loaded extractant 418 is contacted with a portion of
a scrub solution 420 that contains aluminium ions. The aluminium ions in the scrub
solution 420 preferentially loads onto the loaded extractant 418 and displaces any
impurity elements loaded onto the loaded extractant 418 in the extraction stage 404.
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[00137] In one embodiment of the present invention, the scrubbing stage

comprises one or more mixer settlers.

[00138] In the embodiment shown in Figure 4, the scrubbing stage 406 comprises

a single mixer-settler.

[00139] The aqueous phase from the scrubbing stage 406 is directed back to the
first extraction mixer-settler. Loaded extractant 422 from the scrubbing stage 406
advances to a stripping stage 408. In the stripping stage 408, the loaded extractant 422
is contacted with an acidic strip solution 424. The acidic strip solution results in the
displacement of the majority of ions on the organic (in a reversal of the extraction
reaction detailed in Equation 3) into the aqueous phase, producing the aluminium strip
liquor 410. Sufficient water 426 is added in the stripping stage 406 to prevent the
crystallisation of salts in the aluminium strip liquor 410. The aluminium strip liquor 410
is directed to aluminium product storage. A portion of the aluminium strip liquor 410 is

recycled for use as the scrub solution in the scrubbing stage.

[00140] In one embodiment, the stripping stage 408 comprises one or more mixer
settlers. Preferably, the stripping stage 408 comprises two or more mixer settlers.

[00141] In an embodiment where the stripping stage 408 comprises two or more

mixer settlers, the two or more mixer settlers are arranged in series.

[00142] The organic phase 428 exiting the stripping stage 408 is recycled to the
extraction stage 404 where it again loads with aluminium. In this way, the organic

phase 428 is kept in a closed circuit within the aluminium solvent extraction circuit 400.
Aluminium Solvent Extraction Circuit Conditions

[00143] In one form of the present invention, the aluminium extractant is diluted to
a target concentration with a diluent. Preferably, the target concentration is between
20% and 40% on a volume basis. More preferably, the target concentration is about
30% on a volume basis.

[00144] In forms of the invention, where the aluminium extractant is diluted with a
diluent, the diluent is Shellsol2046.
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[00145] In a preferred form of the present invention, the ratio of organic to
aqueous in the extraction stage is 1.85:1. As would be appreciated by a person skilled
in the art, the ratio of organic to aqueous in the extraction stage is dependent on the
aluminium tenor in the pregnant leach solution as well as the loading of aluminium on
the organic. One method for calculation of equilibrium concentration of extractant is
using the material balance, i.e. it is equal to the difference between total (analytical)
concentration of extractant and the sum of all solvated species in the solvent phase.

[00146] Preferably, the target pH of the pregnant leach solution in the extraction
stage is between 2 and 3.5. More preferably, the target pH of the pregnant leach
solution in the extraction stage is 3.3

[00147] In one form of the present invention, the ratio of the aluminium loaded
extractant to the scrub solution is between 20:1 and 100:1 (organic:aqueous) on a
volume basis. Preferably the ratio is between 30:1 and 70:1 (organic:aqueous) on a
volume basis. More preferably, the ratio is about 50:1 (organic:aqueous) on a volume

basis.

[00148] In one form of the present invention, the loaded extractant is contacted
with sufficient acidic strip solution to achieve a target pH in the aluminium strip liquor.
Preferably, the target pH is less than 2. More preferably, the target pH is less than 1.5.
More preferably, the target pH is less than 1. The inventors have found that if the pH is
above 2 there is insufficient acid concentration to strip the metal from the extractant.

[00149] In one form of the present invention, water is added to the stripping stage
to reach a target concentration of aluminium in the aluminium strip liquor. Preferably,

the target concentration is between 50 g/L and 70 g/L.
Aluminium Recovery Circuit

[00150] As discussed above, aluminium and iron may be recovered from the
pregnant leach solution by way of a solvent extraction process. In Figure 4a there is
shown an alternative form of the present invention in which aluminium and iron are
recovered from the pregnant leach solution in an aluminium precipitation circuit 430.
Like numerals with Figure 3 denotes like parts. Similar to the discussion above, the
pregnant leach solution is preferably passed to the aluminium precipitation circuit 430

after the copper solvent extraction step.
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[00151] In the embodiment shown in the Figure 4a, the aluminium precipitation
circuit 430 comprises a primary precipitation stage 431, a primary thickening stage 432,
a secondary precipitation stage 433 and a secondary thickening stage 434 to selectively
precipitate and recover aluminium and iron from the pregnant leach solution 402. The

Al-free raffinate 412 is directed to a holding tank for further processing.

[00152] In the primary precipitation stage 431, the solution is contacted with an
oxidant 435 to oxidise ferrous iron species in the solution to ferric ions. Suitable
oxidants are known to those skilled in the art and include, air, oxygen gas, oxygen
enriched gases and hydrogen peroxide. The solution pH is increased to the range of 3.2
to 4 by the addition of a base, for example ammonia 436. A number of other bases may
be used to increase the solution pH, for example lime or limestone. The majority of the
aluminium and iron values in the solution are precipitated as hydroxides in a slurry 437.

[00153] The resulting slurry 437 is directed to the first thickening stage 432. The
slurry 437 is thickened and the overflow 438 is directed to the secondary precipitation
stage 433. The underflow 439 from the first thickening stage 432 is directed to a
filtration stage 440. The filter residue 441 is recovered and directed to further treatment
or disposal. The filtrate 442 is directed to the secondary precipitation stage 433.

[00154] Preferably, the first thickening stage 431 is conducted using a
conventional thickening apparatus. Other means of solid liquid separation used by those
skilled in the art may be employed.

[00155] In the secondary precipitation stage 433, the solution is contacted with an
oxidant 443 to oxidise ferrous iron species in the solution to ferric ions. Suitable
oxidants are known to those skilled in the art and include, air, oxygen gas, oxygen
enriched gases and hydrogen peroxide. The solution pH is increased to above 4.5
through the addition of a base 445, for example ammonia. In one embodiment, the pH
is increased to a range of 4.5-6.0. A number of other bases may be used to increase the
solution pH, for example lime or limestone. The use of an oxidant 443 in both
precipitations steps has been found to be advantageous as the oxidation rate of ferrous
to ferric is slow at the low pH of the first stage and much faster at the higher pH in the
second stage. The remaining aluminium and iron values in the solution are precipitated

as hydroxides in a slurry 446.
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[00156] The resulting slurry 446 is directed to the secondary thickening stage 433.
The slurry 446 is thickened and the overflow 412, which is substantially free of
aluminium and iron is directed to a holding tank for further processing. The thickener
underflow 447 may be recycled to the first precipitation stage 431 to minimise any loses.
Alternatively or additionally, the thickener underflow 447 may be directed to the leach
circuit or a separate acid dissolution stage to recover co-precipitated cobalt, nickel and

lithium.

[00157] Preferably, the secondary thickening stage 433 is conducted using a
conventional thickening apparatus.

[00158] The inventors have also found that the primary precipitation stage and the
secondary precipitation stage may be replaced with a single precipitation stage at pH
4.5-6 in the presence of an oxidant. The disadvantage with such an approach however
is that there are greater losses of cobalt.

Aluminium Recovery Circuit Conditions

[00159] In one form of the present invention, the primary precipitation stage is
conducted at a temperature above 50°C. Preferably, the primary precipitation stage is
conducted at a temperature above 55°C. More preferably, the primary precipitation
stage is conducted at a temperature above 60°C. Still preferably, the primary

precipitation stage is conducted at a temperature above 65 °C.

[00160] In one form of the present invention, the secondary precipitation stage is
conducted at a temperature above 50°C. Preferably, the secondary precipitation stage
is conducted at a temperature above 55°C. More preferably, the secondary
precipitation stage is conducted at a temperature above 60°C. Still preferably, the

secondary precipitation stage is conducted at a temperature above 65°C.

[00161] In one form of the present invention, the Eh of the solution in at least one

of the precipitation steps is at least 400 mV Ag/AgCI.
Cobalt / Manganese Recovery Circuit

[00162] Following the step of separating the pregnant leach solution and the solid
residue, and preferably after the copper solvent extraction step and the aluminium
solvent extraction step, the pregnant leach solution is passed to a cobalt / manganese
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recovery circuit to recover cobalt and manganese. Figure 5 shows a flowsheet of a
cobalt / manganese recovery circuit 500 in accordance with one embodiment of the
present invention. Pregnant leach solution 502 from the aluminium solvent extraction

circuit 400 is directed to the cobalt / manganese recovery circuit 500.

[00163] In the embodiment shown in the Figure 5, the cobalt / manganese
recovery circuit 500 comprises a Co-Mn solvent extraction circuit 504 to selectively
recover cobalt / manganese from the pregnant leach solution 502.  The Co-Mn-free
raffinate 506 is directed to a holding tank for further processing. A resulting Co-Mn
stream 507 is directed for further processing. The cobalt / manganese recovery circuit
500 further comprises a manganese solvent extraction circuit 508 to separate cobalt
and manganese. A resulting cobalt containing stream 510 is directed to a cobalt
crystallisation stage 512 to recover a cobalt product 514. A resulting manganese
containing stream 516 is directed to a manganese crystallisation stage 518 to recover a

manganese product 520.
Co-Mn Solvent Extraction Circuit

[00164] A detailed view of the Co-Mn solvent extraction circuit 504 is shown in
Figure 6, like numerals with Figure 5 denote like parts. The Co-Mn solvent extraction
circuit 504 comprises an extraction stage 602, a scrubbing stage 604 and a stripping
stage 606 to selectively recover cobalt / manganese from the pregnant leach solution
502 into a Co-Mn strip liquor 608. The Co-Mn-free raffinate 506 is directed to a holding

tank for further processing.

[00165] In one embodiment of the present invention, the extraction stage
comprises one or more solvent extraction mixer settlers. More preferably, the extraction
stage comprises two or more solvent extraction mixer settlers. Still preferably, the

extraction stage comprises three or more solvent extraction mixer settlers.

[00166] In one embodiment, where the extraction phase comprises two or more
solvent extraction mixer settlers, the two or more solvent extraction mixer settlers are

arranged in series.

[00167] In one embodiment, where the extraction stage comprises two or more
solvent extraction mixer settlers arranged in series, the mixer settlers are arranged for

counter-current operation.
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[00168] In the embodiment shown in Figure 6, the extraction stage 602 comprise
four solvent extraction mixer settlers arranged in series. It is envisaged by the inventors
that one or more mixer settlers may be used. The pregnant leach solution 502 is
directed to the first mixer settler where it is contacted with a Co-Mn extractant 610 to

selectively extract cobalt / manganese from the pregnant leach solution 502.

[00169] In a preferred form of the present invention, the Co-Mn extractant is
selected from a phosphinic acid type organic extractant, a phosphonic acid type organic
extractant and a phosphoric acid type organic extractant. Still preferably, the Co-Mn
extractant is selected from Cyanex272, lonquest 801 (PC88A) and D2EHPA.

[00170] The generic extraction reaction is presented in Equation 4 below:
2RH + XSO4 = XR2 + H2SO4 (where X = Co* , Mn*?)  (4)

[00171] The pregnant leach solution 502 and the Co-Mn extractant 610 are
contacted in a counter-current arrangement to maximize extraction efficiency. Ammonia
solution 612 is dosed to each of the mixer-settlers to maintain a target pH by

neutralizing sulphuric acid via the reaction presented in Equation 2.

[00172] Cobalt and manganese are selectively recovered from the pregnant leach
solution 502 and the Co-Mn-free raffinate 506 is directed to a holding tank for further

processing.

[00173] The loaded extractant 614 is directed to a scrubbing stage 604. In
scrubbing stage 604, the loaded extractant 614 is contacted with a portion of a scrub
solution 616. The cobalt / manganese in the scrub solution 616 preferentially loads onto
the loaded extractant 614 and displaces some impurity elements loaded onto the loaded
extractant 614 in the extraction stage 602.

[00174] In one embodiment of the present invention, the scrubbing stage

comprises one or more mixer settlers.

[00175] In the embodiment shown in Figure 6, the scrubbing stage 604 comprises

a single mixer-settler.

[00176] The aqueous phase from the scrubbing stage 604 is directed back to the
first extraction mixer-settler.  Loaded extractant 618 from the scrubbing stage 604



WO 2020/124130 PCT/AU2019/051318
35

advances to a stripping stage 606. In the stripping stage 606, the loaded extractant 618
is contacted with an acidic strip solution 620 to displace the majority of cobalt /
manganese ions on the organic (in a reversal of the extraction reaction detailed in
Equation 1) into the aqueous phase, producing the Co-Mn strip liquor 608. Sufficient
water 622 is added in the stripping stage 606 to prevent the crystallisation of salts in the

Co-Mn strip liquor 608.

[00177] The Co-Mn strip liquor 608 is directed to the manganese solvent

extraction circuit 508.

[00178] In one embodiment, the stripping stage comprises one or more mixer
settlers. Preferably, the stripping stage comprises two or more mixer settlers.

[00179] In an embodiment where the stripping stage comprises two or more mixer

settlers, the two or more mixer settlers are arranged in series.

[00180] The organic phase 624 exiting the stripping stage 606 is recycled to the
extraction stage 602 where it again loads with cobalt / manganese. In this way the
organic phase 624 is kept in a closed circuit within the cobalt / manganese solvent
extraction circuit 504. The Co-Mn strip liquor 608 is directed to the manganese solvent
extraction circuit 508.

Cobalt / Manganese Solvent Extraction Circuit Conditions

[00181] In one form of the present invention, the Co-Mn extractant is diluted to a
target concentration with a diluent. Preferably, the target concentration is between 15%
and 35% on a volume basis. More preferably, the target concentration is about 30% on
a volume basis. As would be appreciated by a person skilled in the art the dilution of
the Co-Mn extractant is used to control viscosity.

[00182] In forms of the invention, where the Co-Mn extractant is diluted with a
diluent, the diluent is Shellsol2046.

[00183] In a preferred form of the present invention, the ratio of organic to
agueous in the extraction stage is 3.1:1. As would be appreciated by a person skilled in
the art, the ratio of organic to aqueous in the extraction stage is dependent on the cobalt
/ manganese tenor in the pregnant leach solution as well as the loading of cobalt /

manganese on the organic. One method for calculation of equilibrium concentration of
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extractant is using the material balance, i.e. it is equal to the difference between total
(analytical) concentration of extractant and the sum of all solvated species in the solvent
phase.

[00184] Preferably, the target pH of the pregnant leach solution in the extraction
stage is between 4.2 and 5. More preferably, the target pH of the pregnant leach

solution in the extraction stage is 4.8.

[00185] In one form of the present invention, the ratio of the Co-Mn loaded
extractant to the scrub solution is between 20:1 and 100:1 (organic:aqueous) on a
volume basis. Preferably the ratio is between 30:1 and 70:1 (organic:aqueous) on a
volume basis. More preferably, the ratio is about 50:1 (organic:aqueous) on a volume
basis.

[00186] In one form of the present invention, the acidic strip solution comprises
sulphuric acid.

[00187] In one form of the present invention, the loaded extractant is contacted
with sufficient acidic strip solution to achieve a target pH in the Co-Mn strip liquor.
Preferably, the target pH is below 3.

[00188] In one form of the present invention, water is added to the stripping stage
to reach a target concentration of cobalt in the Co-Mn strip liquor. Preferably the target

concentration is between 80 g/L and 140 g/L.
Manganese Solvent Extraction Circuit

[00189] A detailed view of the manganese extraction circuit 508 is shown in Figure
7, like numerals with Figures 5 and 6 denote like parts. The manganese extraction
circuit 508 comprises a preload stage 720, an extraction stage 722, a scrubbing stage
724 and a stripping stage 726 to selectively recover manganese from the Co-Mn strip

liqguor 608 into a manganese strip liquor 730 and a cobalt raffinate 732.

[00190] The Co-Mn strip liquor 608 is directed to the extraction stage 722 where it
is contacted with a preload organic 734 from the preload stage 720. It is envisaged that
the preload organic 734 may be supplemented or replaced with a fresh stream of

manganese extractant (not shown).
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[00191] In the preload stage 720, stripped organic 736 from the manganese
stripping stage 726 (described below) is contacted with the cobalt filtrate 740 from the
cobalt filter 742 (described below). It is envisaged that the manganese extraction
circuit 508 may operate without the preload stage 720. In such an embodiment fresh
manganese extractant would be introduced into the extraction stage 722. The use of
the preload stage 720 has been found to prevent the need for ammonia to be

introduced into the manganese solvent extraction circuit.

[00192] In one embodiment of the present invention, the extraction stage
comprises one or more solvent extraction mixer settlers. More preferably, the extraction
stage comprises two or more solvent extraction mixer settlers. Still preferably, the

extraction stage comprises three or more solvent extraction mixer settlers.

[00193] In one embodiment, where the extraction phase comprises two or more
solvent extraction mixer settlers, the two or more solvent extraction mixer settlers are

arranged in series.

[00194] In one embodiment, where the extraction stage comprises two or more
solvent extraction mixer settlers arranged in series, the mixer settlers are arranged for

counter-current operation.

[00195] In the embodiment shown in Figure 7, the preload stage 720 comprises
three mixer settlers arranged in series. It is envisaged by the inventors that one or more
mixer settlers may be used. The cobalt filtrate 740 is directed to the first mixer settler
where it is contacted with stripped organic 736 to selectively extract cobalt ions from the
cobalt filtrate 740.

[00196] In a preferred form of the present invention, the stripped organic 736 from
the manganese stripping stage 726 comprises a phosphoric acid type organic
extractant. Still preferably the stripped organic 736 is Di-(2-ethylhexyl)phosphoric acid
(D2EHPA).

[00197] The generic extraction reaction is presented in Equation 5 below:
2RH + XS04 = XR2 + H2504 (5)

[00198] The cobalt filtrate 740 and the stripped organic 736 are contacted in a

counter-current arrangement to maximize extraction efficiency. Ammonia solution 534
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is dosed to each of the mixer-settlers on fixed flowrate or to maintain a target pH by

neutralizing sulphuric acid via the reaction presented in Equation 2.

[00199] The flow rate of the cobalt filtrate 740 directed to the preload stage 720 is
controlled to achieve a target cobalt loading on the stripped organic 736. Preferably,
the target cobalt loading is such that the moles of cobalt ions loaded are substantially
equivalent to the moles of manganese ions in the Co-Mn strip liquor 608. A preferred
ratio of Co:Mn is between 1:1 and 1.1:1. As such, the target loading is dependent on
the manganese tenor in the Co-Mn strip liquor 608. If insufficient cobalt is loaded then

ammonia will need to be introduced to the extraction stage to extract all the manganese.

[00200] The pre-load raffinate 510 still contains cobalt and so it can be directed to

extraction stage 602 of the Co-Mn solvent extraction circuit 504.

[00201] The preload organic 734 is directed to the extraction stage 722 where it is
contacted with the Co-Mn strip liquor 608.

[00202] In one embodiment of the present invention, the extraction stage
comprises one or more solvent extraction mixer settlers. More preferably, the extraction
stage comprises two or more solvent extraction mixer settlers. Still preferably, the

extraction stage comprises three or more solvent extraction mixer settlers.

[00203] In one embodiment, where the extraction phase comprises two or more
solvent extraction mixer settlers, the two or more solvent extraction mixer settlers are

arranged in series.

[00204] In one embodiment, where the extraction stage comprises two or more
solvent extraction mixer settlers arranged in series, the mixer settlers are arranged for
counter-current operation. In the embodiment shown in Figure 7, the extraction stage
722 comprises three solvent extraction mixer settlers arranged in series. It is envisaged
by the inventors that one or more mixer settlers may be used. The Co-Mn strip liquor
608 is directed to the first mixer settler where it is contacted with the preload organic
734, to selectively extract manganese from the Co-Mn strip liquor 608. Manganese ions
preferentially load onto the preload organic 734, displacing cobalt ions via the reaction
presented in Equation 6:

CoRz + MnSO4 = MnRz + CoSO4 (6)
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[00205] The Co-Mn strip liqguor 608 and the preload organic 734 are contacted in a
counter-current arrangement to maximize extraction efficiency. Ammonia solution 744
is dosed to each of the mixer-settlers to maintain a target pH by neutralizing sulphuric
acid via the reaction presented in Equation 2.

[00206] Manganese is selectively recovered from the Co-Mn strip liquor 608 to
produce a loaded organic 746. The Mn-free raffinate 510 is directed to the cobalt
crystallisation stage 512.

[00207] The loaded organic 746 is directed to a scrubbing stage 724. In scrubbing
stage 724, the manganese organic 736 is contacted with a portion of a scrub solution
748. The manganese in the scrub solution 748 preferentially loads onto the loaded
organic 746 and displaces any cobalt loaded onto the loaded organic 746 by the
reaction given in Equation 6.

[00208] In one embodiment of the present invention, the scrubbing stage

comprises one or more mixer settlers.

[00209] In the embodiment shown in Figure 7, the scrubbing stage 724 comprises

a single mixer-settler.

[00210] The aqueous phase from the scrubbing stage 724 is directed back to the
first extraction mixer-settler. Loaded extractant 750 from the scrubbing stage 724
advances to a stripping stage 726. In the stripping stage 726, the loaded extractant 750
is contacted with an acidic strip solution 752 to displace the majority of manganese ions
on the organic (in a reversal of the extraction reaction detailed in Equation 4) into the
aqueous phase, producing the manganese strip liquor 730. Sufficient water 754 is
added in the stripping stage 726 to prevent the crystallisation of salts in the manganese
strip liquor 730.

[00211] In one embodiment, the stripping stage comprises one or more mixer
settlers. Preferably, the stripping stage comprises two or more mixer settlers.

[00212] In an embodiment where the stripping stage comprises two or more mixer

settlers, the two or more mixer settlers are arranged in series.

[00213] The organic phase 736 exiting the stripping stage 726 is recycled to the
preload stage 720. In this way the organic phase 736 is kept in a closed circuit within
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the manganese solvent extraction circuit 704. The manganese strip liquor 730 is
directed to the manganese crystallisation stage 518.

[00214] The manganese strip liquor 730 from the stripping stage 726 is directed to
a manganese crystallization stage 518. In the manganese crystallization stage 518,
water is removed from the manganese strip liquor 730 to cause the crystallisation of
MnSO4.H20 in a slurry 756.

[00215] In one form of the present invention, the manganese crystallization stage
comprises a crystallisation unit. Preferably, the crystallisation unit is an evaporative

crystalliser.

[00216] The slurry 756 from the manganese crystallization stage 518 is passed to
a filtration stage 758. In the filtration stage 758, manganese sulfate solids 520 are
separated from filtrate. Water 760 is used in the filtration stage 758 to wash the filter
cake and maximise recovery of manganese. The filtrate is recycled back to the
manganese crystallization stage 518 to maximise the recovery of manganese. A
portion of the filtrate may also be recycled for use in the manganese scrubbing stage
724.

[00217] The cobalt raffinate 510 from the extraction stage 722 is directed to a
cobalt crystallization stage 512. In the cobalt crystallization stage 512, water is removed

from the cobalt raffinate 510 to cause the crystallisation of CoSO4.7H20 in a slurry 762.

[00218] In one form of the present invention, the cobalt crystallization stage 512
comprises a crystallisation unit. Preferably, the crystallisation unit is an evaporative

crystalliser.

[00219] The slurry 762 from the cobalt crystallization stage 512 is passed to a
filtration stage 742. In the filtration stage 742, cobalt sulfate solids 514 are separated
from filtrate. Water 764 is used in the filtration stage 742 to wash the filter cake and
maximise recovery of cobalt. The filtirate is recycled back to the cobalt crystallization
stage 512 to maximise the recovery of cobalt. A portion of the filtrate is recycled for use

in the preload stage 720.

Manganese Solvent Extraction Circuit Conditions
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[00220] In one form of the present invention, the manganese extractant is diluted
to a target concentration with a diluent. Preferably, the target concentration is between
15% and 35% on a volume basis. More preferably, the target concentration is about
30% on a volume basis. As would be appreciated by a person skilled in the art the

dilution of the manganese extractant is used to control viscosity.

[00221] In forms of the invention, where the manganese extractant is diluted with a
diluent, the diluent is Shellsol2046.

[00222] Preferably, the target pH of the preload stage is between 4.5 and 12.
More preferably, the target pH of the preload stage is 4.8.

[00223] Preferably, the cobalt loading in the preloaded organic is at least 10 g/L.
Preferably, the cobalt loading in the preloaded organic is at least 11 g/L. Preferably, the
cobalt loading in the preloaded organic is at least 12 g/L. Preferably, the cobalt loading
in the preloaded organic is at least 13 g/L. Preferably, the cobalt loading in the
preloaded organic is at least 13.5 g/L. Preferably, the cobalt loading in the preloaded

organic is at about 13.8 g/L.

[00224] In one form of the present invention, the preloaded organic is diluted to a
target concentration with a diluent. Preferably, the target concentration is between 15%
and 35% on a volume basis. More preferably, the target concentration is about 30% on
a volume basis. As would be appreciated by a person skilled in the art the dilution of
the manganese extractant is used to control viscosity.

[00225] In forms of the invention, where the preloaded organic is diluted with a
diluent, the diluent is Shellsol2046.

[00226] In a preferred form of the present invention, the ratio of organic to
agueous in the extraction stage is 1.65:1. As would be appreciated by a person skilled
in the art, the ratio of organic to aqueous in the extraction stage is dependent on the
manganese tenor in the pregnant leach solution as well as the loading of manganese on
the organic. One method for calculation of equilibrium concentration of extractant is
using the material balance, i.e. it is equal to the difference between total (analytical)
concentration of extractant and the sum of all solvated species in the solvent phase.
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[00227] In one form of the present invention, the ratio of the manganese loaded
extractant to the scrub solution is between 20:1 and 100:1 (organic:aqueous) on a
volume basis. Preferably the ratio is between 30:1 and 70:1 (organic:aqueous) on a
volume basis. More preferably, the ratio is about 50:1 (organic:aqueous) on a volume

basis..

[00228] In one form of the present invention, the acidic strip solution comprises
sulphuric acid.

[00229] In one form of the present invention, the loaded extractant is contacted
with sufficient acidic strip solution to achieve a target pH in the manganese strip liquor.
Preferably, the target pH is below 3.

[00230] In one form of the present invention, water is added to the stripping stage
to reach a target concentration of manganese in the manganese strip liquor. Preferably
the target concentration is between 100 g/L and 220 g/L.

Sequential Manganese and Cobalt Solvent Extraction Circuits

[00231] As discussed above, cobalt and manganese may be co-extracted from the
pregnant leach solution in a single solvent extraction step. In Figure 7a there is shown
an alternative form of the present invention in which manganese and cobalt are
sequentially recovered from the pregnant leach solution in separate solvent extraction
steps. Like numerals with Figures 5 and 6, denote like parts. In this embodiment,
pregnant leach solution 502 from the aluminium solvent extraction circuit 400 is directed
to a manganese recovery circuit 766 to recover manganese from the pregnant leach
solution 502. The manganese-free raffinate 767 is directed to a cobalt recovery circuit
768 to recover cobalt from the pregnant leach solution. The Co-Mn-free raffinate 506 is

directed to a holding tank for further processing.

[00232] The Manganese solvent extraction circuit 766 comprises an extraction
stage 769, a scrubbing stage 770 and a stripping stage 771 to selectively recover
manganese from the pregnant leach solution 502 into a manganese strip liquor 772.

The manganese-free raffinate 767 is directed to a holding tank for further processing.

[00233] In one embodiment of the present invention, the extraction stage 769

comprises one or more solvent extraction mixer settlers. More preferably, the extraction
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stage 769 comprises two or more solvent extraction mixer settlers. Still preferably, the

extraction stage 769 comprises three or more solvent extraction mixer settlers.

[00234] In one embodiment, where the extraction phase 769 comprises two or
more solvent extraction mixer settlers, the two or more solvent extraction mixer settlers

are arranged in series.

[00235] In one embodiment, where the extraction stage 769 comprises two or
more solvent extraction mixer settlers arranged in series, the mixer settlers are

arranged for counter-current operation.

[00236] In the embodiment shown in Figure 7a, the extraction stage 769
comprises five solvent extraction mixer settlers arranged in series. It is envisaged by
the inventors that one or more mixer settlers may be used. The pregnant leach
solution 502 is directed to the first mixer settler where it is contacted with a manganese
extractant 773 to selectively extract manganese from the pregnant leach solution 502.

[00237] In a preferred form of the present invention, the manganese extractant
773 is phosphoric acid type organic extractant. Still preferably, the manganese
extractant is Di-(2-ethylhexyl)phosphoric acid (D2EHPA).

[00238] The generic extraction reaction is presented in Equation 5 below:
2RH + MnSO4 = XR2 + H2S504 (5)

[00239] The pregnant leach solution 502 and the manganese extractant 773 are
contacted in a counter-current arrangement to maximize extraction efficiency. Ammonia
solution 774 is dosed to each of the mixer-settlers to maintain a target pH by

neutralizing sulphuric acid via the reaction presented in Equation 2.

[00240] Manganese is selectively recovered from the pregnant leach solution 502
and the manganese-free raffinate 767 is directed to a holding tank for further

processing.

[00241] The loaded extractant 775 is directed to a scrubbing stage 770. |In
scrubbing stage 770, the loaded extractant 775 is contacted with a portion of a scrub
solution 776. The manganese in the scrub solution 776 preferentially loads onto the
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loaded extractant 775 and displaces some impurity elements loaded onto the loaded

extractant 775 in the extraction stage 769.

[00242] In one embodiment of the present invention, the scrubbing stage

comprises one or more mixer settlers.

[00243] In the embodiment shown in Figure 7a, the scrubbing stage 770

comprises a single mixer-settler.

[00244] The aqueous phase from the scrubbing stage 770 is directed back to the
first extraction mixer-settler. Loaded extractant 777 from the scrubbing stage 770
advances to a stripping stage 771. In the stripping stage 771, the loaded extractant 777
is contacted with an acidic strip solution 778 to displace the majority of manganese ions
on the organic (in a reversal of the extraction reaction detailed in Equation 5) into the
aqueous phase, producing the manganese strip liquor 772. Sufficient water 779 is
added in the stripping stage 771 to prevent the crystallisation of salts in the manganese
strip liquor 772.

[00245] The manganese strip liquor 772 is directed to the manganese
crystallisation stage 780.

[00246] In one embodiment, the stripping stage 771 comprises one or more mixer

settlers. Preferably, the stripping stage 771 comprises two or more mixer settlers.

[00247] In an embodiment where the stripping stage 771 comprises two or more

mixer settlers, the two or more mixer settlers are arranged in series.

[00248] The organic phase 773 exiting the stripping stage 771 is recycled to the
extraction stage 769 where it again loads with manganese. In this way the organic
phase 781 is kept in a closed circuit within the manganese solvent extraction circuit 766.

[00249] The manganese strip liquor 772 from the stripping stage 771 is directed to
a manganese crystallization stage 780. In the manganese crystallization stage 780,
water is removed from the manganese strip liquor 772 to cause the crystallisation of
MnSO4.H20 in a slurry 782.
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[00250] In one form of the present invention, the manganese crystallization stage
comprises a crystallisation unit. Preferably, the crystallisation unit is an evaporative

crystalliser.

[00251] The slurry 782 from the manganese crystallization stage 780 is passed to
a filtration stage 783. In the filtration stage 783, manganese sulfate solids 784 are
separated from filtrate. Water 785 is used in the filtration stage 783 to wash the filter
cake and maximise recovery of manganese. The filtrate is recycled back to the
stripping stage 771 or the manganese crystallization stage 780 to supplement water
being used and to maximise the recovery of manganese. A portion of the filtrate may
also be recycled for use in the manganese scrubbing stage 769.

[00252] The cobalt solvent extraction circuit 768 comprises an extraction stage
785, a scrubbing stage 786 and a stripping stage 787 to selectively recover cobalt from
the manganese free raffinate 767 into a cobalt strip liquor 788. The cobalt-free raffinate

506 is directed to a holding tank for further processing.

[00253] In one embodiment of the present invention, the extraction stage 785
comprises one or more solvent extraction mixer settlers. More preferably, the extraction
stage 785 comprises two or more solvent extraction mixer settlers. Still preferably, the

extraction stage 785 comprises three or more solvent extraction mixer settlers.

[00254] In one embodiment, where the extraction phase 785 comprises two or
more solvent extraction mixer settlers, the two or more solvent extraction mixer settlers

are arranged in series.

[00255] In one embodiment, where the extraction stage 785 comprises two or
more solvent extraction mixer settlers arranged in series, the mixer settlers are

arranged for counter-current operation.

[00256] In the embodiment shown in Figure 7a, the extraction stage 785
comprises four solvent extraction mixer settlers arranged in series. It is envisaged by
the inventors that one or more mixer settlers may be used. The manganese free
raffinate 767 is directed to the first mixer settler where it is contacted with a cobalt
extractant 789 to selectively extract cobalt from the manganese free raffinate 767.
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[00257] In a preferred form of the present invention, the cobalt extractant 789 is an
organic extractant. More preferably, the cobalt extractant 789 is a phosphinic acid type

organic extractant. Still preferably, the cobalt extractant 789 is Cyanex272.
[00258] The generic extraction reaction is presented in Equation 3 below:
6RH + X2(SO4)3 = 2XR3 + 3H2S04 (where X = AF® | Fe*) (3)

[00259] The manganese free raffinate 767 and the cobalt extractant 789 are
contacted in a counter-current arrangement to maximize extraction efficiency. Ammonia
solution 790 is dosed to each of the mixer-settlers to maintain a target pH by

neutralizing sulphuric acid via the reaction presented in Equation 2.

[00260] Cobalt is selectively recovered from the manganese free raffinate 767 and

the cobalt-free raffinate 767 is directed to a holding tank for further processing.

[00261] The loaded extractant 791 is directed to a scrubbing stage 786. In
scrubbing stage 786, the loaded extractant 791 is contacted with a portion of a scrub
solution 792. The scrub solution 792 will act to displace some impurity elements loaded

onto the loaded extractant 791 in the extraction stage 785.

[00262] In one embodiment of the present invention, the scrubbing stage

comprises one or more mixer settlers.

[00263] In the embodiment shown in Figure 7a, the scrubbing stage 786

comprises a single mixer-settler.

[00264] The aqueous phase from the scrubbing stage 786 is directed back to the
first extraction mixer-settler. Loaded extractant 793 from the scrubbing stage 786
advances to a stripping stage 787. In the stripping stage 787, the loaded extractant 793
is contacted with an acidic strip solution 794 to displace the majority of cobalt ions on
the organic (in a reversal of the extraction reaction detailed in Equation 3) into the
aqueous phase, producing the cobalt strip liquor 788. Sufficient water 795 is added in
the stripping stage 787 to prevent the crystallisation of salts in the cobalt strip liquor
788.

[00265] The cobalt strip liquor 788 is directed to the cobalt crystallisation stage
796.



WO 2020/124130 PCT/AU2019/051318
47

[00266] In one embodiment, the stripping stage 787 comprises one or more mixer

settlers. Preferably, the stripping stage 787 comprises two or more mixer settlers.

[00267] In an embodiment where the stripping stage 787 comprises two or more

mixer settlers, the two or more mixer settlers are arranged in series.

[00268] The organic phase 789 exiting the stripping stage 787 is recycled to the
extraction stage 785 where it again loads with cobalt. In this way the organic phase 789
is kept in a closed circuit within the cobalt solvent extraction circuit 768.

[00269] The cobalt strip liquor 788 from the stripping stage 787 is directed to a
cobalt crystallization stage 796. In the cobalt crystallization stage 796, water is removed
from the cobalt strip liquor 788 to cause the crystallisation of CoSO4.7H20 in a slurry
798.

[00270] In one form of the present invention, the cobalt crystallization stage 796
comprises a crystallisation unit. Preferably, the crystallisation unit is an evaporative

crystalliser.

[00271] The slurry 798 from the cobalt crystallization stage 796 is passed to a
filtration stage 799. In the filtration stage 799, cobalt sulfate solids 7701 are separated
from filtrate. Water is used in the filtration stage 799 to wash the filter cake and
maximise recovery of cobalt. The filtrate is recycled back to the cobalt crystallization
stage 796 to maximise the recovery of cobalt. A portion of the filtrate may also be
recycled for use in the cobalt scrubbing stage 785 or recycled upstream of the cobalt

solvent extraction circuit.
Manganese Solvent Extraction Circuit Conditions

[00272] In one form of the present invention, the manganese extractant is diluted
to a target concentration with a diluent. Preferably, the target concentration is between
15% and 35% on a volume basis. More preferably, the target concentration is about
30% on a volume basis. As would be appreciated by a person skilled in the art the

dilution of the manganese extractant is used to control viscosity.

[00273] In forms of the invention, where the manganese extractant is diluted with a
diluent, the diluent is Shellsol2046. Other diluents knowns to those in the art may
alternatively be used, for example, Exsol D80.
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[00274] Preferably, the target pH of the pregnant leach solution in the extraction
stage is between 3 and 4.5. More preferably, the target pH of the pregnant leach

solution in the extraction stage is 3.5.

[00275] In a preferred form of the present invention, the ratio of organic to
aqueous in the extraction stage is 1.65:1. As would be appreciated by a person skilled
in the art, the ratio of organic to aqueous in the extraction stage is dependent on the
manganese tenor in the pregnant leach solution as well as the loading of manganese on
the organic. One method for calculation of equilibrium concentration of extractant is
using the material balance, i.e. it is equal to the difference between total (analytical)
concentration of extractant and the sum of all solvated species in the solvent phase.

[00276] In one form of the present invention, the ratio of the manganese loaded
extractant to the scrub solution is between 20:1 and 100:1 (organic:aqueous) on a
volume basis. Preferably the ratio is between 30:1 and 70:1 (organic:aqueous) on a
volume basis. More preferably, the ratio is about 50:1 (organic:aqueous) on a volume

basis..

[00277] In one form of the present invention, the acidic strip solution comprises
sulphuric acid.

[00278] In one form of the present invention, the loaded extractant is contacted
with sufficient acidic strip solution to achieve a target pH in the manganese strip liquor.
Preferably, the target pH is below 3.

[00279] In one form of the present invention, water is added to the stripping stage
to reach a target concentration of manganese in the manganese strip liquor. Preferably
the target concentration is between 100 g/L and 220 g/L.

Cobalt Solvent Extraction Circuit Conditions

[00280] In one form of the present invention, the cobalt extractant is diluted to a
target concentration with a diluent. Preferably, the target concentration is between 15%
and 35% on a volume basis. More preferably, the target concentration is about 30% on
a volume basis. As would be appreciated by a person skilled in the art the dilution of
the cobalt extractant is used to control viscosity.
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[00281] In forms of the invention, where the cobalt extractant is diluted with a
diluent, the diluent is Shellsol2046.

[00282] In a preferred form of the present invention, the ratio of organic to

agueous in the extraction stage is 3.1:1. As would be appreciated by a person skilled in
the art, the ratio of organic to aqueous in the extraction stage is dependent on the
cobalt / manganese tenor in the pregnant leach solution as well as the loading of

cobalt / manganese on the organic. One method for calculation of equilibrium
concentration of extractant is using the material balance, i.e. it is equal to the difference
between total (analytical) concentration of extractant and the sum of all solvated species
in the solvent phase.

[00283] Preferably, the target pH of the pregnant leach solution in the extraction
stage is between 4.2 and 5. More preferably, the target pH of the pregnant leach
solution in the extraction stage is 4.8.

[00284] In one form of the present invention, the ratio of the cobalt loaded
extractant to the scrub solution is between 20:1 and 100:1 (organic:aqueous) on a
volume basis. Preferably the ratio is between 30:1 and 70:1 (organic:aqueous) on a
volume basis. More preferably, the ratio is about 50:1 (organic:aqueous) on a volume

basis.

[00285] In one form of the present invention, the acidic strip solution comprises
sulphuric acid.

[00286] In one form of the present invention, the loaded extractant is contacted
with sufficient acidic strip solution to achieve a target pH in the cobalt strip liquor.
Preferably, the target pH is below 3.

[00287] In one form of the present invention, water is added to the stripping stage
to reach a target concentration of cobalt in the cobalt strip liquor. Preferably the target
concentration is between 80 g/L and 140 g/L.

Nickel Solvent Extraction Circuit

[00288] Following the step of separating the pregnant leach solution and the solid
residue, and preferably after the copper, aluminium, and cobalt/manganese extraction
steps, the pregnant leach solution is passed to a nickel solvent extraction circuit to
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recover nickel. Figure 8 shows a flowsheet of a nickel solvent extraction circuit 800 in
accordance with one embodiment of the present invention. Pregnant leach solution 802
from the cobalt / manganese solvent extraction circuit is directed to the nickel solvent
extraction circuit 800. In the embodiment shown in the Figure 8, the nickel solvent
extraction circuit 800 comprises an extraction stage 804, a scrubbing stage 806 and a
stripping stage 808 to selectively recover nickel from the pregnant leach solution 802
into a nickel strip liquor 810. The Ni-free raffinate 812, now largely free of other metals,

is directed to a holding tank for further processing.

[00289] In one embodiment of the present invention, the extraction stage
comprises one or more solvent extraction mixer settlers. More preferably, the extraction

stage comprises two or more solvent extraction mixer settlers arranged in series.

[00290] In an embodiment, where the extraction stage comprises two or more
solvent extraction mixer settlers arranged in series, the mixer settlers are arranged for

counter-current operation.

[00291] In the embodiment shown in Figure 8, the extraction stage 804 comprises
three solvent extraction mixer settlers arranged in series. It is envisaged by the
inventors that one or more mixer settlers may be used. The pregnant leach solution
802 is directed to the first mixer settler where it is contacted with a nickel extractant 814

to selectively extract nickel from the pregnant leach solution 802.

[00292] In a preferred form of the present invention, the nickel extractant is an
organic extractant. More preferably, the nickel extractant is an oxime. Still preferably
the nickel extractant is LIX84Il. Alternatively, the nickel extractant is a carboxylic acid,
such as Versatic 10.

[00293] The generic extraction reaction is presented in Equation 7 below:
2RH + NiSO4 = NiR2 + H>504 (7)

[00294] The pregnant leach solution 802 and the nickel extractant 814 are
contacted in a counter-current arrangement to maximize extraction efficiency. Ammonia
solution 816 is dosed to each of the mixer-settlers to maintain a target pH by
neutralizing sulphuric acid via the reaction presented in Equation 2.
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[00295] Nickel is selectively recovered from the pregnant leach solution 802 and

the Ni-free raffinate 812 is directed to a holding tank for further processing.

[00296] The loaded extractant 818 is directed to a scrubbing stage 806. In
scrubbing stage 806, the nickel loaded extractant 818 is contacted with a portion of a
scrub solution 820 containing nickel ions. The nickel ions in the scrub solution 820
preferentially loads onto the loaded extractant 818 and displaces any impurity elements
loaded onto the loaded extractant 318 in the extraction stage 804.

[00297] In one embodiment of the present invention, the scrubbing stage

comprises one or more mixer settlers.

[00298] In the embodiment shown in the Figure 8, the scrubbing stage comprises

a single mixer-settler.

[00299] The aqueous phase from the scrubbing stage 806 is directed back to the
first extraction mixer-settler. Loaded extractant 822 from the scrubbing stage 806
advances to a stripping stage 808. In the stripping stage 808, the loaded extractant 820
is contacted with an acidic strip solution 824 to displace the majority of nickel ions on
the organic (in a reversal of the extraction reaction detailed in Equation 7) into the
aqueous phase, producing the nickel strip liquor 810. Sufficient water 825 is added in

the stripping stage 808 to prevent the crystallisation of salts in the nickel strip liquor 810.

[00300] In one embodiment, the stripping stage 808 comprises one or more mixer
settlers. Preferably, the stripping stage 808 comprises two or more mixer settlers.

[00301] In an embodiment where the stripping stage 808 comprises two or more

mixer settlers, the two or more mixer settlers are arranged in series.

[00302] The organic phase 826 exiting the stripping stage 808 is recycled to the
extraction stage 804 where it again loads with nickel. In this way the organic phase 826

is kept in a closed circuit within the nickel solvent extraction circuit 800.

[00303] The nickel strip liquor 810 from the stripping stage 808 is directed to a

nickel crystallization stage 828.

[00304] In the nickel crystallization stage 828, water is removed from the nickel
strip liquor 810 to cause the crystallisation of NiSO4.6H20 in a slurry 830.
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[00305] In one form of the present invention, the nickel crystallization stage 828
comprises a crystallisation unit. Preferably, the crystallisation unit is an evaporative

crystalliser.

[00306] The slurry 830 from the nickel crystallization stage 828 is passed to a
filtration stage 832. In the filtration stage 832, nickel sulfate solids 834 are separated
from filtrate. Water 840 is used in the filtration stage 832 to wash the filter cake and
maximise recovery of nickel. The filtrate is recycled back to the nickel crystallization
stage 828 to maximise the recovery of nickel. A portion of the 836 is recycled for use in
the scrubbing stage 806. Nickel sulfate solids 834 are transported a nickel sulfate
product stockpile.

Nickel Solvent Extraction Circuit Conditions

[00307] In one form of the present invention, the nickel extractant is diluted to a
target concentration with a diluent. Preferably, the target concentration is between 5%
and 35% on a volume basis. More preferably, the target concentration is about 10% on
a volume basis. As would be appreciated by a person skilled in the art the dilution of
the nickel extractant is used to control viscosity.

[00308] In forms of the invention, where the nickel extractant is diluted with a
diluent, the diluent is Shellsol2046.

[00309] In a preferred form of the present invention, the ratio of organic to
agueous in the extraction stage is 3.55:1. As would be appreciated by a person skilled
in the art, the ratio of organic to aqueous in the extraction stage is dependent on the
nickel tenor in the pregnant leach solution as well as the loading of nickel on the
organic. One method for calculation of equilibrium concentration of extractant is using
the material balance, i.e. it is equal to the difference between total (analytical)

concentration of extractant and the sum of all solvated species in the solvent phase.

[00310] Preferably, the target pH of the pregnant leach solution in the extraction
stage is at least 6.4. More preferably, the target pH of the pregnant leach solution in the

extraction stage is between 5 and 7.

[00311] In one form of the present invention, the ratio of the nickel loaded
extractant to the scrub solution is between 20:1 and 100:1 (organic:aqueous) on a
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volume basis. Preferably the ratio is between 30:1 and 70:1 (organic:aqueous) on a
volume basis. More preferably, the ratio is about 50:1 (organic:aqueous) on a volume
basis.

[00312] In one form of the present invention, the acidic strip solution comprises
sulphuric acid.

[00313] In one form of the present invention, the loaded extractant is contacted
with sufficient acidic strip solution to achieve a target pH in the manganese strip liquor.
Preferably, the target pH is below 4.

[00314] In one form of the present invention, water is added to the stripping stage
to reach a target concentration of nickel in the manganese strip liquor. Preferably the
target concentration is 50 g/L and 120 g/L.

Lithium Recovery Circuit

[00315] Following the step of separating the pregnant leach solution and the solid
residue, and preferably after the copper, aluminium, cobalt/manganese and nickel
extraction steps, the pregnant leach solution is passed to a lithium recovery circuit to
recover lithium. Figure 9 shows a flowsheet of a lithium solvent extraction circuit 900 in
accordance with one embodiment of the present invention. Pregnant leach solution 902
from the nickel solvent extraction circuit is directed to the lithium solvent extraction
circuit 900. In the embodiment shown in the Figure 9, the lithium solvent extraction
circuit 900 comprises an evaporation stage 904, a precipitation stage 906 and a filtration
stage 908 to selectively recover lithium from the pregnant leach solution 902 into a
lithium solid 910. The Li-free filtrate 912, now largely free of metals, is directed to a
holding tank for further processing.

[00316] Pregnant leach solution 902 is directed to an evaporation stage 904 where
water is removed from the pregnant leach solution 902 to produce a concentrated
lithium liquor 914. Water removal is targeted to maximize the concentration of lithium in
concentrated lithium liquor 914 to just below the solubility limit of salts in the

concentrated lithium liquor 914.

[00317] In one form of the present invention, the evaporation stage 904 comprises
an evaporator unit. Preferably, the evaporator unit is a falling film type evaporator.
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Energy is input through the use of steam in an indirect heat exchanger. Evaporation is
conducted at high temperature and moderate vacuum to assist in the efficient removal

of water.

[00318] Concentrated lithium liquor 914 is directed to the precipitation stage 906
where it is contacted with ammonium carbonate 916 to precipitate lithium carbonate in a
lithium carbonate slurry 918. The precipitation of lithium carbonate occurs in
accordance with the reaction in Equation 8.

Li2SO04 (ag) + (NH4)2CO3 (aq) = Li2COs3s) + (NH4)2S04 (aq) (8)
[00319] Preferably, the precipitation stage comprises one or more reaction
vessels.
[00320] Preferably, the lithium carbonate slurry 918 is maintained at an elevated

temperature. It is understood by the inventors that by conducting the precipitation step
at elevated temperatures, the precipitation efficiency is maximized by taking advantage
of the inverse temperature-solubility profile of lithium carbonate.

[00321] The lithium carbonate slurry 918 is passed to the filtration stage 908 to
separate lithium carbonate solid 910 from the lithium carbonate slurry 918.

[00322] Preferably, the filtration stage comprises a solid liquid separation device.

More preferably, the solid liquid separation device is a centrifuge.

[00323] Fresh water 920 is used in the filtration stage 908 to wash the cake and
maximise removal of entrained liquor in the filter cake. The Li-free filtrate 912,

comprising ammonia is directed to a holding tank for further processing.

[00324] A precipitation stage 906 and a filtration stage 908 to selectively recover
lithium from the pregnant leach solution 902 into a lithium solid 910. The Li-free filtrate

912, now largely free of metals, is directed to a holding tank for further processing.
Lithium Recovery Circuit Conditions

[00325] In a preferred form of the invention, the concentration of lithium in the
concentrated lithium liquor is targeted at 300 g/L Li2SOa.
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[00326] Preferably, the lithium carbonate slurry is maintained at a temperature of
at least 90°C.

Alternative Lithium Recovery Means

[00327] It is envisaged that other means for lithium recovery may be used.

Suitable means available to those skilled in the art include precipitation of other lithium

compounds, solvent extraction, ion exchange and electrolysis.
Lithium Solvent Extraction

[00328] Where solvent extraction is used to recover lithium, the pregnant leach
solution may be contacted with a lithium extractant to recover lithium. It is envisaged
that the lithium extraction circuit would comprise an extraction stage, a scrubbing stage
and a stripping stage to selectively recover lithium from the pregnant leach solution into

a lithium strip liquor.

[00329] In one form of the present invention, the pregnant leach solution is
subjected to an impurity removal step prior to the lithium solvent extraction step. It is
envisaged that the pregnant leach solution may contain impurities such as Ca, Mg, K,
Na, and possibly other alkali metals and alkaline earth metals. These impurities are
preferably removed to prevent them from loading into the lithium extractant. In one
form of the present invention, the pregnant leach solution is subjected to an ion
exchange step to remove any multivalent ions from the pregnant leach solution. A
number of suitable exchange resins are available to those skilled in the art, including
Dowex G26 resin. Alternatively, these impurities may be precipitated out of pregnant

leach solution.

[00330] It is envisaged that a number of commercially available extractants are
available for the recover lithium from the pregnant leach solution. In a preferred form of
the present invention, the lithium extractant is an organic extractant. In one
embodiment, the lithium extractant comprises a phosphorous based organic extractant.
Preferably, the lithium extractant is selected from Cyanex 936, Cyanex 923 and Cyanex
926. In one embodiment, the lithium extractant comprises an oxime. Preferably, the
oxime is selected from LIX 54, Mextral 54-100 and LIX 55. In one embodiment, the
lithium extractant comprises a mixture of two of more phosphorous based organic

extractants and oxime extractants.
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[00331] Ammonia solution is dosed to each of the mixer-settlers to maintain a
target pH. Preferably, the target pH is above 9. Still preferably, the target pH is between
9and 11.

[00332] Preferably the stripping stage comprises the contact of the loaded organic
extractant with an acidic strip solution. In one form of the present invention, the acidic
strip solution comprises sulphuric acid. In an alternative form of the present invention,
the acid strip solution is hydrochloric acid. The use of hydrochloric acid will result in a
lithium chloride strip liquor. It is envisaged that LiCl may be crystallised from this strip

liquor.

[00333] Other known processes to recover lithium from the leach solution by way
of solvent extract processes know to those skilled in the art may be used without

deviating from the scope of the present invention.
Lithium lon Exchange

[00334] Where ion exchange is used to recover lithium from the pregnant leach
solution, it is envisaged that the method will comprise the step of contacting the
pregnant leach solution with an ion exchange resin to selectively recover lithium from
the pregnant leach solution. The method will further comprise the contact of the loaded

ion exchange resin with a strip solution to recover lithium in a lithium strip solution.
Lithium Electrolysis

[00335] Where lithium is recovered from the leach solution by way of electrolysis it
envisaged that the method will comprise the step of directing the pregnant leach
solution to an electrolytic cell to recover lithium. Preferably, the pregnant leach solution
is subjected to an impurity removal step to remove dissolved metal species. These

metal species include, for example, Ca, Mg, and other transition metal ions.

[00336] In one form of the present invention, lithium is recovered in the electrolytic
cell as lithium hydroxide. Preferably, the electrolytic cell is an electrodialysis
(membrane) cell or a two compartment electrolytic cell. In one embodiment, the pH of

the pregnant leach solution is maintained between 9.5 and 12.5 in the electrolytic cell.
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[00337] In one form of the present invention, lithium is recovered in the electrolytic
cell as lithium metal. Preferably, the electrolytic cell is a fused salt electrolytic cell.

More preferably, the cell matrix is a chloride salt.

[00338] Other electrolytic processes available to those skilled in the art to recover
lithium or lithium products from the leach solution may be used without deviating from

the scope of present invention.
Lithium Compound Precipitation

[00339] It is envisaged that lithium products may be precipitated and separated
from the pregnant leach solution by the addition of a precipitant.

[00340] In one embodiment of the present invention, the precipitant is a carbonate,
for example sodium carbonate. As would be appreciated by a person skilled in the art,
the addition of a carbonate will precipitate lithium carbonate. The recovered precipitate
may also be forwarded to a purification circuit to remove impurities. In one form of the
present invention, a lithium phosphate solid may be precipitated from the leach solution.
Preferably, a phosphate material is added to the leach solution to precipitate lithium
phosphate. More preferably, the phosphate material is lithium phosphate.

[00341] Other means for precipitating and recovering lithium products known to
those skilled in the art may be used without deviating from the scope of the present

invention.
Ammonium Sulfate Recovery Circuit

[00342] In certain embodiments of the present invention, the separation of lithium
from the pregnant leach solution produces a filtrate comprising ammonia. This ammonia
is recovered as ammonium sulfate in the ammonium sulfate recovery circuit. Figure 10
shows a flowsheet of an ammonium sulfate recovery circuit 1000 in accordance with
one embodiment of the present invention. Filtrate 902 from the lithium recovery circuit is
directed to the ammonium sulfate recovery circuit 1000. In the embodiment shown in
the Figure 10, the ammonium sulfate recovery circuit 1000 comprises a crystallisation
stage 1004 and a filtration stage 1006 to selectively recover ammonium sulfate from the
pregnant leach solution 902 into an ammonium sulfate solid 1008.
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[00343] The filtrate 902 is directed to the crystallisation stage 1004. In the
crystallisation stage 1004, water is removed from the filirate 902 to cause the
crystallisation of ammonia as ammonium sulfate (NH4)2SO4 in a slurry 1012. Water
removal is targeted to maximize recovery of ammonium sulfate as a solid. Any
compounds still remaining in the lithium filtrate (i.e NiSOa, Li2COs etc) will co-crystallise

as impurities.

[00344] In one form of the present invention, the ammonium sulfate crystallization
stage 1004 comprises a crystallisation unit. Preferably, the crystallisation unit is an
evaporative crystalliser. Still preferably, the evaporative crystalliser is a forced
circulation type evaporative crystalliser.

[00345] The slurry 1012 from the crystallisation stage 1004 is passed to a filtration
stage 1006. In the filtration stage 1006, the precipitated ammonium sulfate solids are
separated from filtrate 1014. Water 1016 is used in the filtration stage 1006 to wash the
filter cake and maximise recovery of ammonium sulfate. The filtrate 1014 is recycled
back to the crystallisation stage 1004 to maximise the recovery of ammonium sulfate.
The recovered ammonium sulfate solid 1008 is discharged from the filter press and

passed to an ammonium sulfate product stockpile.
Example 1

[00346] A Li-ion laptop battery was disassembled and an assay of the materials is
shown in Table 1.

Table 1: Battery Assay

SAMPLE Mass (kg) Yield (%)
Total 7.468 100.00%
Fraction
Plastic Waste Fraction 0.788 10.56%
Battery Cell Fraction 6.459 86.48%
Circuitry Fraction 0.221 2.96%
[00347] An analysis of the chemical assay of the battery was performed and the

results are shown in Table 2.
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Table 2: Chemical Analysis

SAMPLE Li-O CoO Fe.03 AlxO3 Si0, | TiO2 | Mn S P Sn0:

ppm ppm ppm ppm ppm | ppm | ppm | ppm ppm ppm

Assay Head 56405 | 268790 | 240620 | 101390 | 550 | 120 | 605 | 970 2250 5.0

SAMPLE Ta:0s | Nb.Os | Na.O | PbO CaO | MgO | K20 | NiO | CuO Rb

ppm | ppm ppm ppm pPm | ppm | ppm | ppm | ppm ppm
AssayHead |<05 |5 <5 96 1255 | 910 | <5 | 19771 | 124766 | <0.5
Example 2
[00348] Three separate leaches were undertaken on samples of the battery of

Example 1 to analyse the effect that different leach conditions had on the dissolution of

metals in the battery.

[00349] The battery sample was subjected to a H2SO4 leach with SO2 gas sparged
through the leach vessel. The leach parameters are shown in Table 3.

Table 3: Leach Parameters

Size: 10mm P100
Start Mass: 57.1 g

Pulp Density: 20.0 % (W/W)
H2S04 Conc: 30 % (W/w)
Leach Time: 2.0 hours
Leach Temp: 100 °C
Sparge rate (S02) 0.02 L/min

[00350] The leach results are shown in Table 4 and Table 5.

Table 4: Leach Results

Solid Mass Li Co Fe Al Ni Cu
¢ ppm ppm ppm ppm ppm ppm
'ﬁ‘zi‘i’gu . 74.74 7269 | 147122 635 10795 5210 70767
Solution Volume Li Co Fe Al Ni Cu
mL mg/L mg/L mg/L mg/L mg/L mg/L
Leach Liquor | 24.52957 19460 27730 30 27570 2760 18080
Wash 249.1459 3382 12098 24 4732 585 3793
Calc Head. 5714 32608.36 | 257092.6 | 948.1149 | 46588.33 | 10550.36 | 116864.4




WO 2020/124130 PCT/AU2019/051318
60

Table 5: Leach Distribution
Solid Mass Li Co Fe Al Ni Cu

g dist. dist. dist. dist. dist. dist.
Iﬁeac_:h 74.74 0.291581 | 0.748516 | 0.876043 | 0.303081 | 0.645927 | 0.792066

esidue

Solution Volume | Li Co Fe Al Ni Cu

mL dist. dist. dist. dist. dist. dist.
Leach Liquor | 24.52957 | 0.256191 | 0.046303 | 0.013583 | 0.254044 | 0.112303 | 0.066415
Wash 249.1459 | 0.452229 | 0.205181 | 0.110373 | 0.442875 | 0.24177 | 0.141519
Calc Head. 57.14 1 1 1 1 1 1
[00351] The battery sample was subjected to a H2SO4 leach. The leach
parameters are shown in Table 6.
Table 6: Leach Parameters
Size: 10mm P100
Start Mass: 47.6 g
Pulp Density: 12.5 % (W/w)
H2S04 Conc: 20 % (W/w)
Leach Time: 4.0 hours
Leach Temp: 100 C
[00352] The leach results are shown in Table 7 and Table 8.
Table 7: Leach Results
Solid Mass Li Co Fe Al Ni Cu

9 ppm ppm ppm ppm ppm ppm

Leach
Residue 18.42 40 499 40 885 125 551
Solution Volume Li Co Fe Al Ni Cu

mL mo/L mg/L mg/L mg/L mg/L mg/L
Leach 195.0 6152 47095 141 7662 1292 18149
Liquor
;73120 Min 15.2 6062 46574 187 7562 1279.00 | 17740.00
Wash 366.7 463 3625 11 576 99.00 1413.00
Calc Head. 47.55 30750 236126 718 38532 6506 91154.54
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Table 8: Leach Distribution
Solid Mass Li Co Fe Al Ni Cu
g dist. dist. dist. dist. dist. dist.
Leach
C 13.4 0.04% 0.06% 1.57% 0.65% 0.54% 0.17%
Residue
Solution Volume Li Co Fe Al Ni Cu
mL dist. dist. dist. dist. dist. dist.
Leach 195.0 8207% | 81.81% | 8053% | 81.57% | 81.45% | 81.67%
Liquor
;731 20Min | 45, 6.29% 6.29% 6.08% 6.26% 6.27% 6.21%
Wash 366.7 1161% | 11.84% | 1181% | 1153% | 11.73% | 11.95%
Calc Head. | 4755 | 100.00% | 100.00% | 100.00% | 100.00% | 100.00% | 100.00%

[00353] The battery sample was subjected to a H2SO4 leach with 1 Molar
hydrogen peroxide being added dropwise until ORP stabilised. The leach parameters
are shown in Table 9.

Table 9: Leach Parameters

Size: 10mm P100
Start Mass: 51.6 g

Pulp Density: 20.0 Y% (W/w)
H2S04 Conc: 30 % (W/w)
Leach Time: 2.0 hours
Leach Temp: 80 °C
Sparge rate (S02) 51.6 g

ORP Maintained: >300 mV (Ag/AgCl)
Total 1M H202 added: 157.71 g

[00354] The leach results are shown in Table 10 and Table 11.

Table 10: Leach Results

Solid Mass Li Co Fe Al Ni Cu

g ppm ppm ppm ppm ppm ppm
Leach
Roaidue 17.3 4037 65674 1045 12605 1271 66480
Solution Volume Li Co Fe Al Ni Cu

mL mg/L mg/L mg/L mg/L mg/L mg/L
Leach
Liguor 253.0 5704 42328 84 8381 1362 16790
Wash 340.2 427 3670 6 652 109.00 1616.00
&a;fn')"ead' 51.55 32163 | 253970 802 49660 7829 115366.24




WO 2020/124130 PCT/AU2019/051318

62

Table 11: Leach Distribution
Solid Mass Li Co Fe Al Ni Cu

g dist. dist. dist. dist. dist. dist.
Leach 17.3 421% | 868% | 4370% | 852% | 5.45% | 19.34%
Residue . . o . (o] . (o] . (o) . (o] . o]
Solution Volume Li Co Fe Al Ni Cu

mL dist. dist. dist. dist. dist. dist.
:::Za:: v 253.0 87.03% 81.78% 51.36% 82.82% 85.36% 71.42%
Wash 340.2 8.76% 9.54% 4.93% 8.67% 9.19% 9.25%
Calc Head. 51.55 100.00% | 100.00% | 100.00% | 100.00% | 100.00% | 100.00%

253.0 87.03% 81.78% | 51.36% | 82.82% 85.36% | 71.42%

Example 3 - Copper Recovery

[00355] A series of tests were undertaken to determine the conditions required to
extract copper from a pregnant leach solution. The primary objective of copper solvent
extraction was to maximise copper recovery thus providing a raffinate liquor low in

copper (<10 ppm Cu).

[00356] Due to the high copper concentration in solution, a commercially available
extractant with high concentration was used as the organic. 30% (v/v) LIX84l in Exxsol
D80 was selected. The behaviour of LIX reagents are well known in the art, in particular

the stripping characteristics.

[00357] A distribution isotherm test was conducted on leach liquor generated from
the leach pilot plant to determine the number of stages to extract copper. The leach
liquor contained 28.3 g/L Co, 6.24 g/L Cu, 5.09 g/L Ni, 6.56 g/L Al, 1.42 g/L Fe, 4.14 g/L
Li and 3.39 g/L Mn. The distribution isotherm test was conducted at pH 2.0 and 40°C to
prevent ammonium alum crystallisation.  The distribution isotherm and McCabe Thiele

diagram are presented in Figure 11.

[00358] The results indicate that >99% Cu can be extracted in two stages at an
advance O/A ratio of 1.1:1 at pH 2.0. The raffinates contained <10 ppm Cu. The results
indicate excellent separation of copper from the other metals in the synthetic liquor.

Minor cobalt is co-extracted, which may be problematic as cobalt does not strip
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effectively from the loaded solvent under the copper stripping conditions. A lower co-
extraction of cobalt is expected at a lower pH. Stripping of copper from the loaded
organic is a conventional process and is expected to be achievable by those skilled in
the art.

[00359] Two copper sulfate crystallization tests were conducted to determine the
piloting conditions required for copper sulfate recovery. The first test used a synthetic
solution containing 75 g/L Cu (as copper sulfate) and 140 g/L H2SO4. The second test
used a synthetic solution containing 75 g/L Cu (as copper sulfate) and 125 g/L H2SOa.
The tests liquors were cooled from 40°C to 20°C and then sulphuric acid was
subsequently added to account for the sulfate contained in the copper sulfate. The
results are presented in Figures 12 and 13, respectively.

[00360] For both scenarios, the copper concentration reduced by 25-30 g/L Cu,
with copper crystallization being more dependent on temperature than acid
concentration. The copper sulfate product was recovered by batch filtration and
washing. The batches were dried at 50°C. The product contained 25.5% Cu, 27 ppm
Fe, 25 ppm Al and <3 ppm Co, <6 ppm Ni and <20 ppm Li.

Example 4

[00361] Three precipitation tests were conducted to determine the conditions
required to precipitate aluminium and iron from solution while minimising the co-
precipitation of cobalt, nickel and lithium. Copper raffinate, recovered from a bulk batch
copper solvent extraction test was used for both tests. The liquor contained 25.2 g/L
Co, 4.38 g/l Ni, 7.70 g/L Al, 1.27 g/l Fe, 3.58 g/L Li and 3.08 g/l Mn. The tests involved
the initial addition of hydrogen peroxide to increase the Eh to >600 mV for iron oxidation
and 28%(v/v) ammonia addition to control the pH. The tests were conducted at different
temperature, 45°C, 65°C and 90°C. The results are presented in Figures 14, 15 and
16, respectively.

[00362] The results indicate that >85% iron and >90% aluminium are effectively
precipitated from solution at pH >4.50. The co-precipitation of cobalt, nickel and lithium
increases with increasing pH. At 45°C, the co-precipitation of cobalt is <5% at below pH
3.75 and >10% above pH 4.75.
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[00363] The effect of temperature on separation of aluminium from cobalt and

nickel is presented in Figures 17 and 18, respectively.

[00364] The results indicate aluminium precipitation occurs at a significantly lower
pH at 65°C and 90°C in comparison to 45°C. At 45°C, the pH for high aluminium
precipitation must be >pH 4.50, in which the co-precipitation of cobalt is high (>8%). In
comparison, at 65°C and 90°C, the aluminium precipitation efficiency was 95% at pH
4.0, while the co-precipitation of cobalt was <2%. Similar results were evident for
nickel. The co-precipitation of nickel was 11% at pH 4.00 both at 65°C and 90°C. The
nickel losses are higher (>20%) when targeting high aluminium precipitation efficiencies

at lower temperature.

[00365] The data indicates the precipitation of iron and aluminium can be achieved
with minimal cobalt losses by undertaking a counter current precipitation circuit. This
may involve primary and secondary precipitation circuits including the following:

primary neutralisation (PN) circuit involves processing the copper solvent
extraction raffinate at pH 3.2-4.0 at 65-90°C to precipitate the majority of iron and

aluminium via the addition of hydrogen peroxide or air and ammonia solution;

the PN discharge is thickened, filtered and washed, and the residue is discarded,;

and

the PN liquor advances to the secondary neutralisation (SN) stage. The SN
circuit processes PN liquor at a pH of 4.5-6.0 at 45-65°C to precipitate the
remaining aluminium and iron via the addition of hydrogen peroxide or air and

ammonia.

[00366] The SN discharge is thickened, and the thickener overflow advances to
the cobalt recovery circuit. The thickener underflow is pumped up-stream to the either
leach circuit, a small stand-alone leach circuit or the feed the PN circuit to recover co-
precipitate cobalt, nickel and lithium.

Example 5

[00367] A pH isotherm was conducted on precipitation filtrate to assess the
selectivity of D2EHPA for manganese / cobalt separation. The pH isotherm was
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prepared using an organic containing 15% D2EHPA in Exxsol D80 at an O/A ratio of

1:1. The isotherm is presented in Figure 19.

[00368] The pH isotherm indicates manganese is extracted more selectively from
cobalt using D2EHPA. At pH 3.5 the manganese extraction is 75% and the cobalt

extraction is 12%.

[00369] A pH isotherm test was conducted on precipitation filtrate to assess the
selectivity of Cyanex 272 for manganese + cobalt / nickel separation. The pH isotherm
was prepared using an organic containing 30% Cyanex 272 in Exxsol D80 at an O/A

ratio of 3:1. The isotherm is presented in Figure 20.

[00370] The pH isotherm indicates manganese and cobalt is extracted more
selectively from nickel and magnesium using Cyanex 272. At pH 5.0 the manganese
and cobalt extractions are 92% and 78%, respectively, while the magnesium and nickel
extractions are only 19% and <1%, respectively.

[00371] A distribution isotherm test was conducted on precipitation filtrate to
assess the number of stages required to extract manganese and cobalt from solution.
The test was conducted using 30% Cyanex 272 in Exxsol D80 at pH 4.80. The
isotherms for cobalt and manganese are presented in Figures 21 and 22, respectively.

[00372] The isotherms are steep and indicate high cobalt and manganese

extractions in 3-4 stages.
Example 6

[00373] A pH isotherm was conducted on cobalt solvent extraction raffinate to
assess the selectivity of LIX84I for nickel / lithium separation. The pH isotherm was
prepared using an organic containing 10% LIX84l in Exxsol D80 at an O/A ratio of 1:1 at
55C. The isotherm is presented in Figure 23.

[00374] The pH isotherm indicates nickel is extracted more selectively from cobalt
and lithium using LIX84l. At pH 5.0 the nickel extraction is 84% and the cobalt
extraction is only 10%. The lithium extraction is <1%. Excellent separation of nickel

from lithium is expected in a counter current solvent extraction operation.
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Example 7

[00375] A leach piloting campaign was conducted in which 980 kg of feed material
was processed continuously over a 116 hour period. The pilot consisted of six (6)
agitated leach tanks, operating at atmospheric pressure and 80C. The leach feed was
pulped was fed to leach tank 1 (L1) via a gravity feeder and 96% sulphuric acid and
water were pumped into Leach tank 1 on fixed flow control to target a percent solids of
12.8% and acid addition rate of 1100 kg/t.

[00376] The cobalt, nickel and lithium extraction for the campaign was high,
achieving 99.8, 99.5 and 99.5%, respectively. The copper extraction was much lower at
80.9%. This was associated with a low Eh in the circuit during the initial 72 hours of
operation. The Eh during this period was consistently <100 mV. During this period the

leach residue grade averaged 10.5% Cu and the copper extraction averaged 73%.

[00377] From 72 hours until the remainder of the campaign, hydrogen peroxide
was added to leach reactor 2 at an average of 63 g/min. This resulted in a significant
increase in copper extraction. For the remaining operating period, the copper extraction
exceeded 97.5%. A total of 5.8 m3 combined leach liquor, containing 27.4 g/L Co, 4.9
g/L Ni, 8.4 g/L Cu and 4.0 g/L Li, was recovered.

Example 8

[00378] A copper solvent extraction and crystallisation piloting campaign was
conducted in which approximately 2000 L of the leach liquor, recovered from the leach
pilot, was processed over a 136 hour period. Copper recovery involved solvent
extraction of copper from the pregnant leach solution and crystallisation of copper
sulphate from the loaded strip liquor. The copper solvent extraction and crystallisation
circuits were operated in a closed loop, in which copper crystallisation filtrate was used

as strip liquor.

[00379] The copper solvent extraction pilot consisted of 3 extraction, 1 wash and 2
stripping stages. Ammonia solution was used as pH in the extraction stages and

sulphuric acid was used in the scrub and stripping stages.

[00380] The copper concentration of the pregnant leach solution and copper SX
raffinate for the campaign duration is presented in Figure 24. The copper extraction
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averaged 99.6% for the campaign and was consistently >99.5% after 25 hours of
operation and for the remainder of the campaign duration. The copper concentration in

the raffinate averaged 12 mg/L for this period.

[00381] The copper sulphate crystallisation circuit consisted of a loaded strip liquor
surge tank, two crystallisation tanks operating at 30°C and a vacuum filter. 96%
sulphuric acid is dosed into the first crystallisation tank to target 150 g/L H2SOa4 in the
crystallisation filtrate. The crystallisation tanks were indirectly cooled with chilled water
to target 30°C. Slurry from the second crystallisation tank was filtered and washed.
The combined filtrate and wash filtrate was stored in the strip feed tanks operating on
duty/ standby arrangement. This liquor was pumped into the copper solvent extraction
strip circuit.

[00382] The average copper concentrations in the copper SX strip feed and
loaded strip liquors are 50.0 g/L Cu and 67.1 g/L Cu, respectively. Some 48.6 kg of
copper sulfate was produced at an average grade of 27.4% Cu. The main impurity was
iron (138 ppm). The recovered copper is relatively consistent to that present in the
copper solvent extraction feed liquor.

Example 9

[00383] An iron and aluminium precipitation pilot campaign was conducted in
which approximately 1700 L of the copper solvent extraction raffinate, recovered from
the CuSX pilot, was processed over a 90 hour period. The circuit involved two stages of

precipitation, partial neutralisation (PN) and secondary neutralisation (SN).

[00384] The precipitation of iron and aluminium in the PN circuit consistently
exceeded 80% for the majority of the campaign. The filtrate contained, on average,
23.8 g/L Co, 4.13 g/L Ni, 2.93 g/L Mn, 1.21 g/L Al and 55 mg/L Fe. The cobalt,
manganese and nickel concentrations were lower than the feed, mainly due to dilution.
The cobalt and nickel contained in the PN residue is not recovered and accounts for
approximately 1.2% of the contained cobalt and 4.0% of the contained nickel. These

losses may be minimised by operating at a lower pH in the PN circuit.

[00385] The precipitation of iron and aluminium in the SN circuit consistently

exceeded 98% for the majority of the campaign. The filtrate contained, on average,



WO 2020/124130 PCT/AU2019/051318
68

18.1 g/L Co, 2.70 g/L Ni, 2.84 g/L Mn, 17 mg/L Al and <1 mg/L Fe. The SN residue was

recovered by batch filtration, washing and drying.

[00386] The results indicate significant cobalt and nickel losses to the SN residue
of approximately 23% and 35%, respectively. This accounts for the significantly lower
cobalt and nickel concentration in the SN filtrate, in comparison to the SN feed. Cobalt
and nickel may be recovered from these residues by recycling the residue upstream of
the PN circuit or in a standalone leach circuit.

Example 10

[00387] A cobalt solvent extraction campaign was conducted in which
approximately 500 L of the precipitation filtrate, recovered from the precipitation pilot,
was processed over a 45 hour period. The circuit consisted of four extraction, two
scrubbing and two stripping stages. The feed liquor contained 19.9 g/L Co and 2.93 ¢/L
Mn. The raffinate contained 18.3 mg/L Co and 2.93 mg/L Mn, resulting in 99.9% Co
and 99.97% Mn extraction for the campaign. The loaded strip liquor contained 84.0 g/L
Co, 9.06 g/L Mn and only 22 mg/L Mg and 6 mg/L Ni.

Example 11

[00388] A manganese solvent extraction campaign was conducted in which
approximately 120 L of synthetic loaded strip liquor, containing 81 g/l Co and 13 g/l Mn
was processed over a 48 hour period. The circuit consisted of four pre-load stages, six
extraction stages, three scrub stages and two strip stages. Once equilibrium was
established, the extraction raffinate contained 84.7 g/L Co and only 5 mg/L Mn and the
loaded strip liquor contained 39.5 g/l Mn and only 24 mg/L Co. These results indicate

excellent separation of cobalt from manganese.
Example 12

[00389] A nickel solvent extraction campaign was conducted in which
approximately 1000 L of the cobalt SX filtrate, recovered from the cobalt solvent
extraction pilot, was processed over a 94 hour period. The circuit consisted of four
extraction, two scrubbing and three stripping stages. The feed liquor contained 2.06 g/L
Ni, 2.48 g/L Li, 50 mg/L Co and 65 mg/L Mn. The raffinate contained 104 mg/L Ni, 31
mg/L Co, 2.35 g/L Li and 62 mg/L Mg resulting in 95% Ni extraction for the campaign,
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but consistently achieved >99% for after 24 hours of operation for the duration of the
campaign. The loaded strip liquor contained 51.7 g/L Ni and only 1 mg/L Mg, 7 mg/L
Co and <2 mg/L Li. The results indicate excellent separation of nickel from cobalt,

lithium and magnesium in the liquor.

[00390] Those skilled in the art will appreciate that the invention described herein
is susceptible to variations and modifications other than those specifically described.
The invention includes all such variation and modifications. The invention also includes
all of the steps, features, formulations and compounds referred to or indicated in the
specification, individually or collectively and any and all combinations or any two or
more of the steps or features.

[00391] Each document, reference, patent application or patent cited in this text is
expressly incorporated herein in their entirety by reference, which means that it should
be read and considered by the reader as part of this text. That the document,
reference, patent application or patent cited in this text is not repeated in this text is

merely for reasons of conciseness.

[00392] Any manufacturer’s instructions, descriptions, product specifications, and
product sheets for any products mentioned herein or in any document incorporated by
reference herein, are hereby incorporated herein by reference, and may be employed in

the practice of the invention.

[00393] The present invention is not to be limited in scope by any of the specific
embodiments described herein. These embodiments are intended for the purpose of
exemplification only. Functionally equivalent products, formulations and methods are
clearly within the scope of the invention as described herein.

[00394] The invention described herein may include one or more range of values
(eg. size, displacement and field strength etc). A range of values will be understood to
include all values within the range, including the values defining the range, and values
adjacent to the range which lead to the same or substantially the same outcome as the

values immediately adjacent to that value which defines the boundary to the range.



