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Method for the production of cobalt and associated oxides from

various feed materials
Field of the invention

The present invention relates generally to methods for the production of cobalt

and associated oxides from various primarily cobalt-bearing feed materials.

Background of the invention

The use of rechargeable Li-ion batteries has been growing steadily, and this
growth will increase considerably as electric cars become more reliable and available,
coupled with the increasing demand for off-peak mass electric power storage. It is
variously estimated that there will be a significant shortfall of high-purity cobalt, in

particular, by the year 2020.

There are no primary cobalt mines operating, with the metal generally being
recovered as the by-product of copper (the African Copperbelt) or nickel (Canada and
laterites) mining. With the former, the cobalt to nickel ratio is generally of the order of
100:1 in the cobalt sulphate solution derived from the leaching of concentrates, whereas
in the latter, it is typically 1:10. Thus, in conventional processing, the requirement is
either to remove a small amount of nickel from cobalt solutions, or a small amount of

cobalt from nickel solutions.

Additionally, it can be expected that the recovery of cobalt and other metals from
the recycling of spent Li-ion and similar batteries, and specialty alloys, will become
significant, in order to recover specifically the cobalt, manganese and nickel. However,
unlike the mining of by-product sources referred to above, the ratio of cobalt to nickel
(and to manganese) can often be close to unity. Thus, rather than just a purification
problem, each of the metals represents a major recovery opportunity, but also a
separation problem. There are presently no operations that are separating all of these

metals in a state of high-purity as valuable commodities from such feedstocks.

Douglas S. Flett, in an article entitled “Cobalt-Nickel Separation in
Hydrometallurgy: a Review”, and published in Chemistry for Sustainable Development

12(2004), pages 81-91, reviewed all of the processes that have been used to effect
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separation of small amounts of cobalt from nickel and vice versa. He concluded that
solvent extraction processes were superseding precipitation processes for removing
cobalt from nickel, and that ion exchange was the only method to effectively remove

nickel from cobalt in a sulphate medium.

Oxidative precipitation processes for cobalt removal from nickel solutions, which
have relevance to the current invention, were also reviewed. Much like is the case for
the equivalent solvent extraction and ion exchange processes, it was noted that the
issue with all of them was pH control, especially if significant amounts of cobalt were
present, i.e. close to the 1:10 ratio referred to above. It was further noted that even
strong oxidants such as Caro’s Acid (H.SOs, peroxy monosulphuric acid), sometimes
referred to as a superoxidant, were generally inadequate for effective and efficient
cobalt removal. Additionally, all such reagents generate acid, requiring substantial

amounts of base to be added at the same time.

G.M. Dunn, HW. Schubert and H.E. Holliday, in an article entitled “Nickel Cobalt
Separation with Superoxidants”, published in Hydrometallurgy and Refining of Nickel
and Cobalt, Volume 1 of Nickel Cobalt 97, Edited by W.C. Cooper and I. Mihaylov, CIM,
Montreal, 1997, pages 197-210, describe the use of Caro’s Acid and ozone as methods
of oxidative precipitation. As with the article by Flett, it was noted that pH control is
important, and also that the cobalt products contained significant amounts of nickel,
requiring their re-processing. The large amounts of nickel co-precipitated were

undoubtedly due to the long residence times employed.

With recycling, especially from the various types of lithium-ion batteries, more
particularly from the so-called NMC (nickel-manganese-cobalt) batteries, and alloys
such as alliages blancs, the ratios of cobalt to nickel are very much lower than those
referred to above, often close to unity. The oxidative precipitative processes referred to
above are inadequate, since they require large amounts of base, and generally co-

precipitate large amounts of nickel along with the cobalt.

Different approaches to recovering cobalt are now being investigated, but none
of them can generate a pure cobalt product directly suitable for use in battery
manufacture. For instance, Retriev Technologies, in US Patent 8,882,007 B1, entitled

“Process for Recovering and Regenerating Lithium Cathode Material From Lithium-lon

2
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Batteries”, by W. Novis Smith and Scott Swoffer, published on November 11, 2014,

describe a process wherein the original lithium cathode material is regenerated.

This process is also fundamentally pyrometallurgical, requiring a “low-
temperature” (relative to smelting) roasting step combined with physical separation.
Additional lithium hydroxide is then added to return the lithium content of the recovered
cathode material to its original composition. It is not really a recovery process as such,

but rather one of refurbishing the original component.

Akitoshi Higuchi et al., in an article entitled “Selective Recovery of Lithium from
Cathode Materials of Spent Lithium lon Battery”, published in JOM, Volume 68, Number
10, October 2016, pages 2624-2631 noted that simpler metals recovery processes than
presently exist are strongly required. Their somewhat surprising approach was to
attempt to selectively recover the lithium, rather than the much more valuable cobalt.
This was achieved by employing highly oxidising leaching conditions using sodium
persulphate. High recoveries of lithium were obtained, whilst suppressing the dissolution
of the other metallic components. The high oxidising potential of sodium persulphate

effectively precludes any cobalt dissolution.

Eric Gratz, Qina Sa, Diran Apelian and Yan Wang, in an article entitled “A Closed
Loop Process for Recycling Spent Lithium lon Batteries”, published in Journal of Power
Sources 262 (2014), pages 255-262, describe a process for recycling spent batteries.
Their mode of recovery is to precipitate a combined nickel-cobalt-manganese
hydroxide, the composition of which is then adjusted to re-create the original battery

material. This mode of recycling is also reported in a number of other articles.

Pratima Meshram, B.D. Pandey and T.R. Mankand, in an article entitled
“Hydrometallurgical Processing of Spent Lithium lon Batteries (LIBs) in the Presence of
a Reducing Agent with Emphasis on Kinetics of Leaching’, published in Chemical
Engineering Journal 281 (2015), pages 418-427, describe a method of recovering
cobalt from the leach solutions by precipitation of cobalt oxalate with oxalic acid.
However, the considerable co-precipitation of nickel oxalate occurred, giving a cobalt
purity of ~95%. A number of other researchers have reported similar processes using

oxalic acid.
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It is apparent from the foregoing that there is not yet any universal process, or
combination of processes, for the high recovery of a pure form of cobalt from
concentrated leach solutions. It would be beneficial if there were such a process,
enabling high recoveries of cobalt, and the metals usually associated with cobalt,
namely manganese and nickel, from a variety of different feedstocks. Such is important,
since there is projected to be a significant shortfall in cobalt availability in the next half-

decade.

In view of the above, it is desirable to provide a process for improving the

recovery of cobalt while avoiding one or more of the problems of prior art processes.

Reference to any prior art in the specification is not an acknowledgment or
suggestion that this prior art forms part of the common general knowledge in any
jurisdiction or that this prior art could reasonably be expected to be understood,
regarded as relevant, and/or combined with other pieces of prior art by a skilled person
in the art.

Summary of the invention

In one aspect of the invention, there is provided a method for the recovery of

cobalt from a Co- and Ni-containing aqueous solution, the method including:

providing a Co- and Ni-containing aqueous solution having a pH of from
about 4.5 to about 6.5 and an oxidation-reduction potential of from about 750 to about

900 mV as measured against a Pt-Ag/AgCl electrode;

treating the Co- and Ni-containing aqueous solution with an amount of
hypochlorite to oxidise and precipitate a portion of the cobalt to form a precipitate of

CoOOH and to form a Co-lean Ni-aqueous solution; and
separating the CoOOH from the Co-lean Ni-containing aqueous solution.

This process advantageously recovers cobalt in a trivalent state oxidation state
as opposed to prior art processes which typically recover cobalt salts in the divalent
state. A cobalt product in the trivalent state is of particular economic value as it

eliminates further processing steps, such as the oxidation of divalent cobalt, for
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applications that require cobalt in the trivalent state — particularly in electrochemical

processes such as those in battery operation.

In an embodiment, the Co- and Ni-containing aqueous solution is a chloride

and/or sulphate solution.

In an embodiment, the Co is in the form of a Co®* cation, and the Ni is in the form

of a Ni®* cation.

In an embodiment, the amount of hypochlorite is a sub-stoichiometric amount.
Preferably, the sub-stoichiometric amount of hypochlorite is sufficient to precipitate up to
90% of the cobalt as CoOOH. Advantageously, the inventors have found that using a
sub-stoichiometric amount of hypochlorite provides for a precipitate that is substantially
pure CoOOH and substantially free of other metals. This high degree of purity is of
particular importance as a number of applications, such as in electrochemical
processes, demand high levels of purity if they are to be efficient. By substantially free
of other metals, it is meant that on a comparative basis, other metals (for example Ni)
are present in the precipitate in an amount of 0.5 wt% or less in comparison with Co

(based on elemental Co). A preferred hypochlorite is NaOCI.

In embodiments where a sub-stoichiometric amount of hypochlorite is used, there
is recoverable residual cobalt left in solution. Thus, in one form of this embodiment, the

method further includes:

treating the Co-lean Ni-containing aqueous solution with an amount of
hypochlorite to substantially oxidise and precipitate the remaining cobalt in the Co-lean
Ni-containing aqueous solution as CoOOH and form a Co-barren Ni-containing aqueous

solution; and

separating the CoOOH from the Co-barren Ni-containing aqueous

solution.

In an embodiment, the pH of the Co- and Ni-containing aqueous solution is from
about 5.0 to about 5.5.

In an embodiment, the oxidation-reduction potential of the Co- and Ni-containing

aqueous solution is from about 800-850 mV.

5
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In an embodiment, the step of treating the Co- and Ni-containing aqueous

solution is conducted for a time of less than 2 hours.

In an embodiment, the step of treating the Co- and Ni-containing aqueous

solution is conducted for a time of at least 30 minutes.

In an embodiment, the Co- and Ni-containing solution has a Co:Ni ratio of from

about 100:1 to about 1:10. Preferably, the Co:Ni ratio is less than or equal to about 5.

In an embodiment, the method further includes a Ni-precipitating step including
adding a precipitant to the Co-barren Ni-containing aqueous solution to precipitate

nickel; and separating the nickel from the solution.
In one form of this embodiment, the precipitant is a carbonate.

In one form of this embodiment, prior to adding the precipitant, the pH of the Co-

barren Ni-containing aqueous solution is adjusted to a value of from about 7.5 to 8.5.

In one form of this embodiment, the Ni-precipitating step is conducted at a

temperature of from 45-80°C.

In an embodiment, the Co- and Ni-containing solution is substantially free of Cu,
Fe, and Mn.

In an embodiment, the method includes:

treating a precursor solution containing at least Mn, Co, and Ni with a

precipitant to selectively form a Mn-precipitate; and

separating the Mn-precipitate to form the Co- and Ni-containing aqueous

solution.

In one form of this embodiment, prior to treating the precursor solution with the
precipitant, the pH of the precursor solution is adjusted to a value of from about 3.5 to
about 5.0.

In one form of this embodiment, the precipitant is a permanganate, and the

permanganate oxidises the Mn to form a precipitate of MnO,. Preferably, sufficient
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permanganate is added to adjust the oxidation-reduction potential of the precursor
solution to a value of from about 700 to about 800 mV as measured against a Pt-
Ag/AgCl electrode.

In one form of this embodiment, prior to treating the precursor solution with the

precipitant, the precursor solution is treated to remove iron and copper.

Further aspects of the present invention and further embodiments of the aspects
described in the preceding paragraphs will become apparent from the following

description, given by way of example and with reference to the accompanying drawings.

Brief description of the drawings

Figure 1: Process flow diagram of an embodiment of the invention.

Figure 2: XRD spectrum of solids produced according to an embodiment of the

invention.

Detailed description of the embodiments

The description, and the embodiments described therein, is provided by way of
illustration of examples of particular embodiments of principles and aspects of the
present invention. These examples are provided for the purposes of explanation and not
of limitation, of those principles of the invention. In the description that follows, like parts
and/or steps are marked throughout the specification and the drawing with the same

respective reference numerals.

The embodiments of the present invention shall be more clearly understood with

reference to the following description and Figure 1.

Figure 1 provides a schematic representation of an embodiment of the invention
for a method for the recovery of cobalt, manganese and nickel from a Co-, Ni- and Mn-
containing aqueous feed solution. The Co, Ni and Mn are present in the solution in ionic
form. The Co-, Ni-, and Mn-containing feed solution may be a sulphate and/or chloride
based aqueous solution, in which case the Co, Ni, and Mn are present as sulphate

and/or chloride salts and are in the form of Co(ll) Ni(ll), or Mn(Il) respectively.
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In this particular embodiment, the feed solution has been pre-treated to remove
metal ions which may interfere with the recovery of cobalt from the Co-,Ni-, and Mn-
containing aqueous feed solution to form a pre-purified feed solution 10. Such metal
ions include at least Fe and Cu. Fe and Cu may be removed by methods known to
those skilled in the art. Such methods may include precipitation with a base such as
lime, electrowinning, solvent extraction or ion exchange. The Co-Ni-, and Mn-
containing aqueous feed solution may be subjected to additional treatment steps to

remove other metal ion contaminants if necessary.

In this embodiment, the pre-purified feed solution 10 (being substantially free of
Fe and Cu) additionally includes Mn ions (generally in the form of Mn(ll)). The inventors
have found that Mn(Il) can be effectively removed in an oxidation/precipitation process

that involves treating the pre-purified feed solution 10 with permanganate.

The pre-purified feed solution 10 is first adjusted 11 with caustic soda 12 to raise
the pH to a value in the range of from about 3.5 to about 5.0, preferably from about 4.0
to about 4.5, and most preferably to a pH value of about 4.2. Sodium permanganate 14
is then added in order to preferentially and selectively oxidise the divalent manganese in
solution 10 and form a precipitate slurry 15 that includes a manganese dioxide
precipitate 17. In order to achieve this, sufficient permanganate is added to adjust the
oxidation-reduction potential (ORP) of the pre-purified feed solution 10 to a value of
from about 700 to about 800 mV (versus the Pt-Ag/AgCl electrode), and preferably to
about 750 mV. Under these pH and ORP conditions, manganese can be selectively and
quantitatively recovered while avoiding precipitation of cobalt or nickel according to

Equation (1) below in a sulphate medium:
(1) 3MnSO4 + 2NaMnO4 =2 5MnO, + HoSO4 + NaxSOy4

It is important to adjust the concentration of the permanganate solution, such
concentration being dependent upon the concentration of manganese in the feed
solution (see equation (1)) and ensure that it is efficiently dispersed, since it may form

localised areas of very high ORP promoting the formation of cobaltic oxide.

Sodium permanganate 14 is the preferred oxidant, because it is sufficiently

powerful to affect the oxidation of divalent manganese in solution. Hydrogen peroxide,
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for instance, a commonly-employed oxidant, does not work in this system. Potassium
permanganate, a more common chemical than sodium permanganate, can also be

used. However, this is more expensive to prepare than sodium permanganate.

The precipitation slurry 15 then undergoes solid-liquid separation 16. This may
be effected by any convenient means, such as, but not limited to, flocculation and
thickening, filter press or vacuum belt filter. The solids 17 are a pure form of manganese
dioxide, part of which 19 are recycled to make sodium permanganate 14. To regenerate
sodium permanganate, the solids portion 19 is first fused 20 with solid caustic soda 21,
and the liquid melt 22 is quenched in water 23, where it dissolves 13 to form sodium
permanganate solution 14. Sodium permanganate solution can be unstable if stored,
but in this case it is used immediately, so no such issues arise. The remaining

manganese dioxide solids 18 form a product for sale.

The treated feed solution 24 from solid-liquid separation 16 then proceeds to a
first stage of cobalt precipitation 25 which is effected by the addition of sodium
hypochlorite 27. The pH of the treated feed solution 24 is first adjusted by the addition of
an alkali, such as caustic soda 26, to a value of from about 4.5 to about 6.5, preferably
from about 5.0 to about 5.5. The ORP is then adjusted by the addition of sodium
hypochlorite 27 to a value of from about 750 to about 900 mV, preferably from about
800 to about 850 mV (relative to the Pt-Ag/AgCI electrode). The inventors have found
that these pH and ORP values allow for the preferential and selective oxidation of the
cobalt (e.g. from Co(ll) to Co(lll)) and the precipitation of the cobalt in the form of a
heterogenite, a hydrated cobaltic oxide, CoOOOH. Equation (2) shows the reaction from

a chloride medium:
(2) 2CoCl, + 3NaOCl + H,0, > 2CoO0H + 3NaCl

Sodium hypochlorite is a common chemical, often referred to as household
bleach, and is a powerful oxidising agent. It is rarely used in extractive metallurgy,
however, because it introduces both sodium and chloride into predominantly sulphate-
based processing schemes. However, it has been determined that its use is particularly
suited to the recovery of cobalt when the concentration of both cobalt and nickel is high

as described in this invention, since it does not generate any acid, unlike the processes
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described in the prior art, and therefore requires no additional base, which is a major

issue in conventional processing schemes.

Nickel can also react under these conditions which is undesirable. The reaction
with nickel is very slow, given this, one option for preventing the reaction of nickel is by
limiting the residence time. The inventors have found that by limiting the residence time,
such as to a time of limited to less than two hours (and preferably of from about 30 to
about 60 minutes) the co-precipitation of nickel can be avoided allowing an essentially
pure cobalt product to be obtained (i.e. a cobalt precipitate that does not include
additional metal co-precipitate). Further, using a sub-stoichimetric amount of sodium
hypochlorite relative to cobalt can also avoid co-precipitation of nickel. In this regard, a
multi-stage cobalt oxidation and precipitation process can be used. By way of example,
and as shown in Figure 1 in the first cobalt precipitation stage 25, sufficient sodium
hypochlorite is used to precipitate 80 to 90% of the cobalt to ensure that no other
metals, notably nickel, co-precipitate. The precipitation slurry 28 undergoes solid-liquid
separation 29, which may be effected by any convenient means, such as, but not limited
to, flocculation and thickening, filter press or vacuum belt filter. The solids 30 may, if

desired, be dried to form cobaltic oxide, Co,0s3.

The solution 31 then undergoes a second stage of cobalt precipitation 32 by the
addition of excess sodium hypochlorite 33. This ensures that all of the cobalt is
recovered. This may also result in the co-precipitation of a small amount of nickel. The
second cobalt precipitation slurry 34 undergoes solid-liquid separation 35, which may be
effected by any convenient means, such as, but not limited to, flocculation and
thickening, filter press or vacuum belt filter. The solids 36 are returned to the leaching

stage (not shown) of the flowsheet.

The solution 37 now substantially free of cobalt, then undergoes nickel
precipitation 38. This is achieved by the addition of sodium carbonate 39 at a
temperature from about 45 to about 80°C, preferably from about 60 to about 65°C. The
pH of the solution is adjusted to and/or controlled at about 7.5 to about 8.5, and
preferably about 8.0 to about 8.2. The precipitation slurry 40 undergoes solid-liquid

separation 41, which may be effected by any convenient means, such as, but not limited

10
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to, flocculation and thickening, filter press or vacuum belt filter. The solids 42 are pure

nickel carbonate.

The solution 43, containing a mixture of sodium sulphate and sodium chloride if
the original solution was sulphate, or just sodium chloride if the original solution was

chloride, may be treated for their recovery if warranted, or simply disposed of.

The principles of the present invention are illustrated by the following example,
which is provided by way of illustration, and should not be taken as limiting the scope of

the invention.

Example 1

A solution containing 80 g/L Co and 20 g/L Ni was adjusted to pH 5.5 with caustic
soda, and then sodium hypochlorite was added to raise the ORP to 850 mV (versus Pt-
Ag/AgCl). Black solids were formed immediately, which after filtering, washing and air
drying were found to contain 59% Co and just 0.2% nickel, with the balance being
primarily oxygen. Figure 2 shows an XRD scan of the solids which indicates that the
solids are primarily heterogenite (CoOOH), together with a small amount of a mixed

cobaltic-nickelic oxide.

This example demonstrates the ability of the process to recover a high-purity

form of trivalent cobalt oxide from a solution containing high levels of nickel.

It will be understood that the invention disclosed and defined in this specification
extends to all alternative combinations of two or more of the individual features
mentioned or evident from the text or drawings. All of these different combinations

constitute various alternative aspects of the invention.

11
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CLAIMS

1. A method for the recovery of cobalt from a Co- and Ni-containing aqueous

solution, the method including:

providing a Co- and Ni-containing aqueous solution having a pH of from about
4.5 to about 6.5 and an oxidation-reduction potential of from about 750 to about 900 mV

as measured against a Pt-Ag/AgCl electrode;

treating the Co- and Ni-containing aqueous solution with an amount of a
hypochlorite to oxidise and precipitate a portion of the cobalt as CoOOH and form a Co-

lean Ni-aqueous solution; and
separating the CoOOH from the Co-lean Ni-containing aqueous solution.

2. The method of claim 1, wherein the amount of hypochlorite is a sub-

stoichiometric amount.

3. The method of claim 2, wherein the sub-stoichiometric amount of hypochlorite is

sufficient to precipitate up to 90% of the cobalt as CoOOH.
4. The method of claim 2, wherein the method further includes:

treating the Co-lean Ni-containing aqueous solution with an amount of
hypochlorite to substantially oxidise and precipitate the remaining cobalt in the Co-lean
Ni-containing aqueous solution as CoOOH and form a Co-barren Ni-containing aqueous

solution; and
separating the CoOOH from the Co-barren Ni-containing aqueous solution.

5. The method of claim 1, wherein the pH of the Co- and Ni-containing aqueous

solution is from about 5.0 to about 5.5.

6. The method of claim 1, wherein the oxidation-reduction potential of the Co- and

Ni-containing aqueous solution is from about 800-850 mV.

7. The method of claim 1, wherein the step of treating the Co- and Ni-containing

aqueous solution is conducted for a time of less than 2 hours.

12
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8. The method of claim 1, wherein the step of treating the Co- and Ni-containing

aqueous solution is conducted for a time of at least 30 minutes.

9. The method of claim 1, wherein the Co- and Ni-containing solution has a Co:Ni
ratio of from about 100:1 to about 1:10.

10.  The method of claim 9, wherein Co:Ni ratio is less than or equal to about 5.

11.  The method of claim 1, wherein the method further includes a Ni-precipitating
step including adding a precipitant to the Co-barren Ni-containing aqueous solution to

precipitate nickel; and separating the nickel from the solution.
12.  The method of claim 11, wherein the precipitant is a carbonate.

13.  The method of claim 11, wherein prior to adding the precipitant, the pH of the Co-

barren Ni-containing aqueous solution is adjusted to a value of from about 7.5 to 8.5.

14.  The method of claim 11, wherein the Ni-precipitating step is conducted at a

temperature of from 45-80°C.

15. The method of claim 1, wherein the Co- and Ni-containing solution is

substantially free of Cu, Fe, and Mn.
16. The method of claim 1, wherein the method includes:

treating a precursor solution containing at least Mn, Co, and Ni with a precipitant

to selectively form a Mn-precipitate; and

separating the Mn-precipitate to form the Co- and Ni-containing aqueous

solution.

17.  The method of claim 16, wherein prior to treating the precursor solution with the
precipitant, the pH of the precursor solution is adjusted to a value of from about 3.5 to
about 5.0.

18. The method of claim 16, wherein the precipitant is a permanganate, and the

permanganate oxidises the Mn to form a precipitate of MnO,.

13
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19.  The method of claim 18, wherein sufficient permanganate is added to adjust the
oxidation-reduction potential of the precursor solution to a value of from about 700 to

about 800 mV as measured against a Pt-Ag/AgCl electrode.

20.  The method of claim 16, wherein prior to treating the precursor solution with the

5 precipitant, the precursor solution is treated to remove iron and copper.
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