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This invention relates to a process for producing nickel hydroxide from
5 nickel powders. In particular, this invention relates to conversion of nickel powder to

BACK K INVENTION

nickel hydroxide in aqueous solutions containing ammonia and nickel ions.

Nickel hydroxide is an important material in the manufacture of positive
nickel electrodes for alkaline batteries and industrial applications. Essentially all known -
10 prdcesses for making nickel hydroxide are based exclusively on caustic precipitation of

nickel hydroxide from nickel salt solutions. For example, typical nickel salt solutions
for forming nickel hydroxide include nickel sulfate, nickel chloride or nickel nitrate.
Unfortunately, methods of production that rely upon caustic precipitation of nickel salts
involve a number of operating steps and produce environmentally unacceptable

15 effluents.
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disclosed the use of ammonia and oxygen under pressure to form nickel hydroxide from
nickel powder in aqueous solutions. However, the 648 patent states that conversion of
Ni powders into nickel kiydroxide in ammonium hydroxide solutions can be achieved, at
practical rates, only at elevated temperatures and oxygen partial pressures. At lower
temperatures and oxygen partial pressures, the rate of Ni conversion is impractically
slow. For example, only about 0.1% Ni dissolved from nickel powder in a 10 molar
NH, solution at 55°C and 2 atmospheres oxygen pamal pressure during 4 hours of

- batch reaction.

It was later discloéed in EPO Pat. Publication No. 575,093 ("093) that
when using nitric acid as an oxidant of nickel powder, atmospheric operations may be
used to produce nickel hydtoxide.. However, the problem with the process of the *093
publication is that nitrate impurity levels exceed customer requirements for some
applications. The use of nitric acid is believed to cause entrainment of nitrate in the
nickel hydroxide.

It is an object of this invention to provide a method for producing nickel

hydroxide from nickel powder at atmospheric pressure conditions.

It is a further object of this invention to provide a method of reducing

nitrate impurities.

It is a further object of this invention to control crystallinity of nickel
hydroxide produced from nickel powder.

N _OF DRA

Figure 1 is a plot of potential as a function of time of nickel powders in
IN (NH,), SO, solution at a pH of 8.8 and a temperature of 70°C; and
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-2- The direct conversion of Ni powder into nickel hydroxi dg TS SHEEStHAS BEEN ||
described in-Australian Pat.. No. 626,648 (' 648). The procesf of tREPLADED
pat ent ‘di scl osed the use of anmonia and oxygen under pressu
ni ckel hydroxi de from ni ckel powder in aqt®ous sol utions. HowevdC4i2d ' 648
patent states that conversion of _ 2

Figure 2 is a plot of potential as a function of time of nickel powders in
IN(NH,), SO, solution at a pH of 9.1 and a temperature of 50°C.

SUMMARY OF THE INVENTION
‘ Thé invention provides a method of producing nickel hydroxide from
5 elemental metal. Elemental nickel is first introduced into an aqueous ammonia or
ammonia/ammonium salt solution having the capability of dissolving nickel. The
potential, as measured by a standard calomel elecﬁ'ode,- is allowed to reach a negative
or reducing level. Oxygen is added to the aqueous solution at a rate that maintains the
* negative potential to facilitate the conversion of elemental nickel to nickel hydroxide.
a 10 Nickel hydroxide may be readily pi'ecipimted from the aqueous solution.

DESCRIPTION OF PREFERRED EMBODIMENT
It has been discovered that elemental nickel can be converted directly

into nickel hydroxide in an aqueous solution at atmospheric pressure using a controlled
rate of oxygen addition. Advantageously, the nickel is in the form of particulate or

15 powder having a surface area of at least 0.2 m?/g. The oxygen addition is controlled to
maintain a negative or reducing redox potential, with respect to a standard calomel
electrode (S.C.E.). At negative redox potentials, the reactions responsible for nickel
powder conversion into nickel hydroxide operate effectively at atmospheric oxygen

partial pressures.

N 20 The aqueous solution should contain free ammonia and be capable of
dissolving nickel. (Unless the solution is capable of dissolving nickel, the reaction will
not proceed.) A relatively small concentration of ammonium is inherently present in
the ammonia-containing solution, since the ammonium/ammonia reaction is reversible.
The solution optionally contains an anion. Advahtageously, the anion arises from an )

25 ammonium salt, such as e.g. ammonium sulfate, acetate, chloride or formate.
Ammonium salts may be added to increase solubility of nickel in the solution.
Ammonium sulfate has been found to be particularly effective at increasing reaction

rate. Initial tests with ammonium acetate have produced acceptable results that are
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Examples :
Example 1: - Initially, 1.5 L of approximately 1.2 normal ammonium sulfate solution
5 was placed into a 2 L reaction-vessel. The reaction vessel was equipped with four
h baffles, 6-blades radial turbine impeller, a pH electrode and a potential electrode. The
reactor was opened to tlie atmosphere via a condenser. The pH of the solution was
adjusted to 9 using 30% ammonium hydroxifle and the mixture was then heated to
70°C. An addition of 225.7 g of INCO type 255 nickel powder was then reacted in the
\ 10 vessel over a period of about 15 minutes INCO is a trademark of the Inco family of
Companies.) At the end of this period, the solution potential was measured and showed
a value of -750 mV with respect to a standard calomel electrode. (All potentials listed
in this specification were measured with a standard calomel electrode.) Oxygen flow
was introduced at this point into the suspension at the rate of S0 mL/minute. The
15 potential of the reaction mixture remained unchénged after reacting for 2 h and 40
minutes. The reaction was allowed to proceed for a total of 20 h, at which point the
potential increased to -15 mV. The resulting 1.2 L nickel hydroxide slurry was filtered
and the filter cake washed with water. The filtration of nickel hydroxide was very
good. The remaining about 300 mL of the nickel hydroxide slurry was saved as a seed
20 material for the next test.

- Dry filter cake analyzed in mass %: 62.6 total Ni, 2.75 elemental nickel
and 0.055 NH; and the filtrate contained in g/L: 31.2 Ni, 64.9 total ammonia and 48
sulfate.

Example 2: The test of Example 1 was repeated using the filtrate and 300 mL of

25 unfiltered slurry from the previous test (Example 1) as the feed solution. The potential
of the suspension after the addition of type 255 nickel powder into the reactor was
around -700 mV and remained unchanged for at least 4.5 h of reacting. The test was
terminated after 23 h, at which point the potential increased to 0 mV.

\
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used-to produce nickel hydroxide. However, the problemw th tferp i

the '093, publication is that nitrate |rrpur|ty | evel s exceed c stoﬁa\‘%&fgg%m
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cause entrai nnent of nitrate in the nickelShydroxide. It is an olfﬁ:'éé@l bf
this invention to provide a nmethod for producing n| ckel hydr oxi de from

ni ckel powder at atnospheric pressure conditions. Is a further object of

this invention to provide absatgkelRygroxidepoeduced %Weétl’ém%ﬁr P37 elemental Ni,
62.0 total Ni and 0.058 NHsandtheﬁlttateanalyzedmg/L 30.7 Ni, 59.5 total

ammonia and 55.5 sulfate.

Example 3:  The test of Example 1 was repeated using the filtrate from the test of

5 Example 2 and type 255 nickel pov)der. However, the oxygen addition at the rate of 50
mL/min. was initiated too soon, when the redox-potential was at only about -120 mV.
No reaction was observed during 16 h of operétion at which point the experiment was
terminated.

Y Example 4: Filtrate from the test of Example 3 was placed into the same reaction
10 vessel and heated to 55°C. 225 g of Type 255 powder was then introduced into the
reactor and allowed to agitate until the potential decreased to -670 mV, at which point
the oxygen addition was started at the rate of 50 mL/min. The potential was followed
and recorded versus time:

15 Min ..
0 670 - Oxygen addition started
| 10 640
II 20 -596
N~ |F 55 610
20 130 <220
180 -160
The reaction of nickel conversion into nickel hydroxide, which started as
expected in view of Examples 1 and 2, have stopped after some 100 minutes of
reacting, due to a too high a rate of oxygen addition at this operating temperature
25 (55°C).

Example 5: Potential of nickel suspension was measured as a function of time and
temperature. Approximately IN solution of ammonium sulfate was spiked with a

S
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It is‘a further object of this i nvention to control crystal lin tBH!S%HEEWQISBEEh
hydr oxi de produced from nickel powder. DESCRI PTI ON OF THE DRAV) NG Flm@c’gp

is a plot of potential as a function of tl%E of nickel powders ST

solution at a pH of 8.8 and a tenperature [err]; and

concentrated aqueous ammonia to a pH of about 9. 750 mL of this solution was placed
into an agitated vessel, which was temperature controlled. When the solution was
heated to the desired temperature, 110 g of Type 255 nickel was added and the potential
followed and recorded versus time. The result for two different temperatures are '

5 shown below: -

S
10
" 1.5 -150 -540
n 2 -170 -560 "
“ 3 250 585 n
" 4 350 610 "
15 " 5 400 620 "
ﬂ 6 . 420 620 | |
| 8 470 620 |
.\\-//
10 -500 630

It can be seen that the potential of the above nickel powder suspensions
20 is a very strong function of both the contact time and temperature.

Similar tests were performed using other nickel powders (INCO type 123

powder and a sulfur activated powder). The results are shown diagrammatically in
Figure 1 for 70°C and in Figure 2 for 50°C. It can be seen from the Figures that
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-3- Figure 2 is a plot of potential as a function of tine of ’1TUI&SHEEW\HABSBEEN
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THE [ NVENTI ON The invention provides a ma’t hod of producing 1
hydroxi de from el enental netal. Elenental “fickel is first .int rogﬁ‘g& {hto
an aqueous ammoni a or anmoni-a/ ammoni um salt sol ution having the capab| lity
of dissolving nickel  The ent i, al, asur ed t and

el ectrode, ig al | RNl pge P'g%\é‘ﬁ 3 significapy ontherategf(ﬁvglop?nga i ucmg

potential of the nickel powder suspension.

Example 6:  The effect of solution pH on the potential of nickel powder suspensions
was studied for two different powders using a similar procedure as that applied in

5 Example 5, except that the temperature was kept at 50°C. The pH of the feed solution
(1 N ammonium suifate) was adjusted to the desired value, using 30% ammonia, prior
to the nickel powder addition. The results are presented in Table 3 below:

10 0 +90 +45
R -160 270 280 40
E 360 460 260 170 |
3 495 -530 250 -250
l, 4 520 560 250 350
5 | s 570 260 400
I s 560 -590 260 420
g K 595
| I s -600 390 470
s 10 ||
20 | 10 580 615 390 500 ﬂ
I 500 525
I 15 590 624 540 550
I 2 -590 625 -560 560
T 593 628 580 570
I 593 630 590 580
| 4 605 60 |
[
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or reduci:ng | evel. Oxygen is added to the aqueous sol ution at aTH&§SHE@ﬁHASBEEN
mai nt ai ns the negative potential to facilitate the conversi on |pf elemﬁmneto

ni ckel to ni ckel hydroxi de. N ckel hydroxide may be readily precepreated =
from the adueous sol ution. DESCRI PTI ON OF-%REFERRED EMBODI MENT BC-Had/lpeen

di scovered that el enental nickel .can be converted directly into nickel
hydroxi de in an aqueous sol ution at atnDs heric pressure using a controlled
rate of oxygen addition. Advant g Ok S A : '

particul ate or po i..f atd o
oxygen addition i

50 615 610
60 ' 625 625

The above Example illustrated that the rate of potential decrease (or the
rate of nickel powder activation) increases with the solution pH for both Types 123 and
5 255 powders. The activation of Type 123 powder was more rapid than that of Type
— 255 powder (In spite of its greater surface area 0.68m?/g versus 0.34-0.44 m*/g for type
123.)

Example 7: The effect of thiosulfate anion addition to the feed solution on the nickel

powder activation was tested. Tests were performed in 1 N ammonium sulfate solution
10 at pH=7 and 50°C in the absence and in the presence of 1 g/L sodium thiosulfate

(Na,S,0) using Type 123 nickel powder. The results are shown in Table 4 below:

9
15 0 +90 +45

| 1 -160 540

I 2 -360 545

| 3 495 553

4 -520 562

20 5 572

6 -560 580

| 8 | -590

| 10 580 592
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mai ntain a-negative or reducing redox potential, wth respec THISEHEEATHISS BEEN
cal’onel ‘el ectrode (S.C.E.). At negative redox potentials, th@ reacBERNACED

responsi bl e for nickel powder conversion into nickel hydroxi Ge-operate
effectively at atnobspheric oxygen partial -9ressures. The aqueouPCG#l2itl on
shoul d contain free ammoni a and be capabl e of dissolving nickel. (Unless
the solution is capable of dissolving nickel, the reaction will not
proceed.) A relatively small concentf Tl
in the amoni a- contai ning_sol ution
reversi bl e.

I 20 590 593

' Table 4 illustrates that a small addition of thiosulfate anion enhances the
rate of nickel powder activation quite substantially.

Example 8: Potential of nickel powder suspensions was measured in three acidic

10 solutions. 1.7 L of distilled water was placed into an agitated vessel, which was
temperature controlled. After heating the contents to 50°C, a solution of approximately
1 M H,SO, was added until the desired pH was obtained. Then 256.9 g of INCO Type
123 powder were added into the vessel and an automatic titrator was used to maintain
the desired pH with the 1 M H,SO, solution. The potential of the nickel powder

15 suspension was measured and recorded versus time. The results are presented in Table

5 below.

20

430 -510 -190
-430 -510 -200
- -510 -

0
1
2
| 3 - 510 - -190
.
5
6

s |
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The sol ution optionally contains an anion. Advantageously, t&eﬂ'ﬂﬁi [TEAHASREEN
chl'oT]

froman amohiumsalt, such as e.g. amoni um sul fate, acetat

format €. Anmonium salts may be added to increase solubility of nickel 1n
the solution. Ammonium sul fate has been f#0md to be particul arl PCetidlkive

at increasing reaction rate. Initial tests with amonium acetate have
produced acceptable results tha :

5

—
10
15

k/’
20

10 ' - -510 450
15 420 -510 510
20 | -510
25 550 |
30 510

From Table 5 it was demonstrated that the potential of nickel powder
suspensions may be readily reduced (or nickel powder activated) quite readily in acidic
solutions, containing as little as around 0.000001 equivalents of H* per liter. The rate
on nickel powder activation increases with the acid concentration and becomes quite

rapid somewhere between 0.000001 and 0.0001 H*/L.

Exahnple 9: The potential of nickel powder suspension was measured at 53°Cin 1 N

The results are given below:

' ammonium acetate, adjusted to pH=9, with 30% ammonia, using Type 123 powder.

=797

-800
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- 4- corrpar able to additions of amoni um sul fate. However, rej’ HIS SHEET MASEBEEN
i ndi cated that the reaction readily proceeds in solutions fr of d?E_PLACED

substantially free of anions. Exanples Exanple 1: Initially, "I.5 £ of
approxi mately 1.2 normal .anmoni um sul f at eltol uti on was pl aced i RG4RIA |
reaction-vessel. The reaction vessel was equipped with four baffles,

6- bl ades radi al turbine inpeller pH el ectrode and a potential electrode.
.The reactor was opened to (& arinet 5 TS TR oTe of the

sol uti on was

The activation of nickel powder in ammonium acetate is also very rapid.

Example 10: Feed solution for this test was made-up by mixing 102 g of concentrated
ammonia (29% NH,) with 1400 mL of distilled water. The ammonia concentration in

10 the resulting solution was approximately 1.2 N and had a pH of 11.4 at 25°C. The test
apparatus consisted of a 2 L resin kettle (glass cylindrical vessel) equipped with four
baffles, a 5 cm diameter radial turbine impeller having 6 blades, a reflux condenser (to
prevent ammonia-water losses during the tests), a redox _combination electrode, an
oxygen sparger and a heating mantle to maintain the desired temperature. The feed

15 solution was heated to 60°C, at which temperature the pH meter indicated a pH of 9.9,
and after reaching this temperature 170 g of Type 123 Ni powder were added. The
redox potential decreased from a positive value to -710 mV in approximately 20 min.
Then 170 g of Ni(OH), seeds were added and after about 2 h the oxygen was started at
a rate of 30 mL/min. The oxygen flow remained on for a total of 1430 minutes. After

20 1430 minutes, the redox was 0 mV and the test was terminated. The reacted slurry was
then filtered and the cake washed with water and dried in an oven at 70°C. Mass of
wet cake recovered was 433 g and mass of dry solids recovered was 350 g. Analysis -
of the solids was 0.08 (mass %) elemental nickel and 63.8 (mass %) total nickel. The
conversion of Ni powder into nickel hydroxide was essentially complete.

25 Example 11: This Example was carried out in a similar way as Example 10, except
that the feed solution was approximately 2 N ammonia and the operating temperature
was 80°C. Also the ammonia concentration was kept constant during the test by adding
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to {err]. An addition of 225.7 g of INCO type 255 nickel powder wasephsce
reacted in the vessel over a period of about 15 minutes (IN
trademark of the Inco family of Conpaniesl3- At the end of this PEH4IBYL t he
solution potential was measured and showed a value of -750 nmV with respect
to a standard cal omel electrode. (Al potentials listed in this

speci fication mremmammmammcmmmmmw of D2 gEle f | ow

nilm nut e, The poluil Pl kB e m Y. Ofect A ofts s a s,
reacting for 2 h ﬂﬁﬁtaﬂ@rate of 50 mL/min. The test was terminated after 1040 minutes (when the
potential became positive). The reacted slurry was filtered, the cake washed with
5  water, dried in an oven at 70°C and analyzed. The dried cake contained 63.6% Ni and
0.04% NH,, indicating essentially complete conversion of Ni powder into nickel

adjusted to 9 using 30% ammoni um hydr oxi de and the m xture gsmm@md@av@%m ﬁ

. I
LI 2 = Y

hydroxide. .

From the above examples, a continuous process for making nickel
hydroxide can be formulated in which nickel powder and a recycled ammonia /

10 ammonium sulfate (or other ammonium salt) aqueous solution are introduced into the
reaction system, comprising a single reactor or a number of reactors in series. Itis
recognized that elemental nickel may be used in any form. Advantageously, elemental
nickel is added as nicke! powder due to its simplified handling characteristics,
commercial availability and relatively large surface area. The reactor apparatus, which

15 operates at atmospheric pressure, is supplied with oxygen, ammonia, nickel and
optionally an ammonium salt at controlled rates for continuous operations. Oxygen is
added at a controlled rate in order to maintain the reducing potential of the reaction
mixture, to cause an oxidative nickel dissolution, which leads to the precipitation of the
desired nickel hydroxide product. Oxygen may alternatively be added from a donor

20 source or from an oxygen-containing gas. During operation, oxygen diffusion appears
to control the reaction rate. In fact, under normal operating conditions, the steps of

~ dissolution of nickel to formation of nickel hydroxide appear to occur instantaneously.

Since oxygen diffusion rate appears to control the reaction, it is preferred to add oxygen
in substantially pure form.

25 : Elemental nickel containing a passive film may be activated by several
separate methods at pH levels from less than 0 to as high as 14.” For purposes of this
specification, activated nickel is defined as nickel capable of dissolving in an ammonia-
containing solution at atmospheric pressure in the presence of oxygen. First, nickel
may be activated by contacting the feed powder with recycled process solution in a

30 separate agitating tank with the resulting suspension being fed into a reactor. Second,
the powder may be activated in a separate solution such as dilute acid and transferring
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m nut es.. The reaction was allowed to proceed for a total of PROTHIS SkEERHATBEEN
poi ht the potential increased to -15 nV. The resulting 1.2 Ljni ckeﬂ*EPLACED '
“hydroxide slurry was filtered and the filter cake washed wi th Wa
filtration of nickel hydroxide was very gd@dd. The remai ning abomC-Zmllm_ of
t he nickel hydroxide slurry was saved as a seed material for the next test.
Dry filter cake analyzed in mass % 62.6 total N, 2.75 el enmental nickel

and 0.055 [err] atu actiatediidkelafter £ sephratione dperaion /into the teactolli Thitd, the hickel Imay

ammoni a and 48 sulf 8h&ared by introducing it directly into a reactor maintained at a redox-potential
below about -200mV as measured with respect to a standard calomel electrode.
Finally, any suitable reducing agent such as hydrogen gas may be used to reduce any
5 passive oxygen film surrounding the nickel to effectively activate the nickel. Using a
separate vessel for activation provides the advantage of improved pH control.
Alternatively, the first and second activation steps may be preformed in batch
operations.

After a reaction has initiated, the reaction continues to operate effectively

10 even when the temperature decreases or the potential increases. Advantageously,
potentials below about -100 mV with respect to S.C.E., are maintained to facilitate the
conversion of nickel powder into nickel hydroxide. Advantageously, potential is
maintained between about -100 mV and -600 mV for effective conversion. Most
advantageously, potential is maintained within the range of -200mV to -500mV.

15 Advantageously, pH of the solution is maintained between 8.5 and 12 during conversion
to nickel hydroxide. Most advantageously, pH of the solution is maintained between 9
and 12 during conversion to nickel hydtoxide. Prior to their introduction into the
reaction apparatus the recycled feed solution and the nickel feed powder may optionally
be contacted for a suitable period of time to reduce the supsension’s potential to the

20 desired level. | '

- Experimentation has indicated that the operating temperature may be
between room temperature and the boiling temperature. For purposes of this
specification, room temperature is defined as being about 20°C. However, it has been
found that nickel hydroxide powdefs produced at temperatures close to the boiling

25 temperature are more crystalline and less amorphous than nickel hydroxide powders
produced at lower temperatures. The end-use of nickel hydroxide would dictate the
operating temperature. For example, a general purpose, more crystalline, hydroxide
can be produced at higher temperatures (close to the boiling point), while nickel
hydroxide destined for batteries should preferably be made at lower temperature, e.g. -

30 50°C. Advantageously, "amorphous” nickel hydroxides are produced at temperatures

between 20° and 70°C. Most advantageously, "amorphous” nickel hydroxides are
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Exanpl e .2: . The test of Exanple 1 was repeated using the filt aTBI%thﬁQQHST‘BEEN
of unfiltered slurry fromthe previous test (Exanple 1) as t fle f eedePLACED

sol ution. The potential of the suspension after the addition® :
ni ckel powder into the reactor was aroundl4/00 nmV and renai ned mﬂ:-hmigled
for at least 4.5 h of reacting. The test was term nated after 23 h, at '

whi ch point the potential increased to 0 nV.
produced at temperatures between 30°C and 60°C. Optionally, the crystallmxty may be

reduced by the addition of a suitable crystal habit modifier(s) into the reactor system.

After formation of nickel hydroxide, reacted nickel hydroxide slurry
5 exiting the réaction system is most advantageously subjected to a magnetic separation to
remove and recycle any unreacted nickel powder back to the reactor. Initial tests have
demonstrated that magnetic separation is a highly effective method for ensuring
elemental powder does not contaminate the' nickel hydroxide.

Furthermore, nickel hydroxide slurry is most advantageously subjected to
10 a solid-liquid separation to obtain the desired nickel hydroxide product and the aqueous
ammonia or ammonia/ammonium sulfate solution for recycling. Advantageously, nickel
hydroxide is filtered and washed. If desired, the water washed cake may be contacted
with an alkaline solution (NaOH, KOH, etc.) in order to reduce the concentration of
anionic impurities, which have entered the structure of Ni(OH), during its
15 crystallization. During this contact, an anion exchange process occurs whereby anion
impurities (e.g. sulfate, acetate) in the solids phase are exchanged by an equivalent
quantity of hydroxyl group from the aqueous solution. The filter cake may then be
dried in a suitable dryer to form the final product. Alternatively, the nickel hydroxide
may be classified into a coarse fraction and a fine fraction to control ultimate size of
20. nickel hydroxide particulate. Most advantageously, the fine fraction from the
classification step is recycled into a nickel hydroxide precipitation apparatus to provide
— seed for the growing of coarse nickel hydroxide. It is apparent from the above that the
instant process can be conveniently set up as a closed loop process in which the
ammonia or ammonia/ammonium salt reaction medium is recycled and no liquid
25 effluent, containing reaction by-products is generated. The pH of the recycling solution
should be checked and adjusted if necessary to be above 8.

While in accordance with the provisions of the statute, there is illustrated
and described herein specific embodiments of the invention. Those skilled in the art
will understand that changes may be made in the form of the invention covered by the

30 claims and the certain features of the invention may sometimes be used to advantage
without a corresponding use of the other features.
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- 5- Tﬁmhydroxi de produced analyzed in mass % 0. 37 e" e bRk NHAS BEEN

62.0 t W(““'BMF [err] and the fitrate analyzed in g/|L: 30.REANACED
59.5 t\mﬂ\\ i B 55.5 sulfate. Exanple 3: The test of _
repeated usihg Phe’filtrate fromthe test -8 Exanple 2 and type P6313ldkel
powder. However, the oxygen addition at the rate of 50 nL/m n. was
initiated too soon, when the redox-potential was at only about -120 nV. No

reaction was observed duri nGhei@nutedigtents o€ thetinvention imwhichranrestlnsive property or
experinent Was  privilege is claimed are defined as follows:

1. A method of producing nicke] hydroxide from elemental nickel
comprising the steps of:

5 . a) introducing the elemental nickel into an aqueous
solution to form a mixture, said agueous solution containing ammonia ions and the
elemental nickel of said mixture being activated for dissolution into said aqueous

- solution;

b) dissolving said activated elemental nickel to provide
10 dissolved nickel in said aqueous solution and to provide a negative potential for said
mixture of said activated elemental nickel and said aqueous solution; and

) adding oxygen to said aqueous solution at a rate that
maintains said negative potential of said mixture of said activated elemental nickel and
said aqueous solution to convert said dissolved nickel to nickel hydroxide.

15 2.  The method of claim 1 including the additional step of
filtering nickel hydroxide from said aqueous solution.

N 3.  The method of claim 1 wherein said aqueous solution has a
PH between about 8.5 and 12 during said converting of said dissolved nickel to nickel
hydroxide.

20 i 4.  The method of claim 1 wherein said aqueous solution has a -
temperature between about 20°C and boiling during said conversion of the dissolved
nickel to nickel hydroxide. '

5.  The method of claim 1 wherein said aqueous solution has a
temperature between about 20°C and 70°C for forming amorphous nickel hydroxide
25 during said conversion of the dissolved nickel to nickel hydroxide.

—_—
—
———
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term nated. Exanple 4: Filtrate fromthe test of Exanple 3
55 pORERIAGRDS

the's and heated to [err]. 225 g of Type
t hen 1mmﬁﬂﬂl“ﬂ’"“ﬂmﬁe reactor and allowed to agitate unti
decreased ‘t0'-6%0 HV,* at whi ch point the d&ygen addition was st RGSRIA the
rate of 50 nL/mn. The potential was followed and recorded versus ti ne:

TABLE | O -670 - Oxygen addition started '
6.  The method of claim 1 wherein said negative potential of

said mixture of smd activated elemental nickel and said aqueous solution is between
about -100mV and -600mV during said conversion of the dissolved nickel to nickel
hydroxide.

5 7.  The method of claim 1 wherein said aqueous solution is
recycled after separation from nickel hydroxide for converting additional elemental
nickel into nickel hydroxide. '

8.  The method of claim 1 wherein said aqueous solution
contains an ammonium salt.

10 9.  The method of claim 1 including the additional step of
precipitating the nickel hydroxide from said aqueous solution.

10. A method of producing nickel hydroxide form elemental

nickel comprising the steps of:

a) introducing the elemental nickel particulate into an
15 aqueous solution to form a mixture, said aqueous solution containing ammonia ions and
the elemental nickel particulate of said mixture being activated for dissolution into said
aqueous solution;
— b)  dissolving said activated elemental nickel particulate
to provide dissolved nickel in said aqueous solution and to provide a negative potential
20 for said mixture of said activated elemental nickel particulate and said aqueous solution,
said negative potential being below about -100mV;

¢)  adding oxygen to said aqueous solution at a rate that
prevents said negative potential of said mixture of said activated elemental nickel
particulate and said aqueous solution from increasing above about -100mV to convert
25 said dissolved nickel to nickel hydroxide; and
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d)  precipitating said nickel hydroxide from said

aqueous solution.

11.  The method of claim 10 including the additional step of
filtering nickel hydroxide from said aqueous solution.

12. The method of claim 10 wherein said aqueous solution has
a pH between about 9 and 12 during said converting of said dissolved nickel to nickel
hydroxide.

13. The method of claim 10 wherein said aqueous solution has
a temperature between about 30°C and boiling during said conversion of the dissolved
nickel to nickel hydroxide.

14. The method of claim 10 wherein said aqueous solution has
a temperature between about 30°C and 60°C for forming amorphous nickel hydroxide
during said conversion of the dissolved nickel to nickel hydroxide.

15. The method of claim 10 wherein said negative potential of
said mixture of said activated elemental nickel particulate and said aqueous solution is
between about -200mV and -500mV during said conversion of the dissolved nickel
hydroxide.

16. The method of claim 10 wherein said aqueous solution is
recycled after removal of nickel hydroxide for converting additional nickel particulate
into nickel hydroxide.

17. The method of claim 10 wherein said aqueous solution is
substantially free of anions. '

18. The method of claim 10 wherein said precipitated nickel
hydroxide is classified by size into a coarse fraction; and a fine fraction and said fine
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m_. of this solufion was pl aced . -18- | PC4121/1

fraction of the said nickel hydroxide is recycled to seed precipitation of said coarse
nickel hydroxide. '

| 19. The method of claim 10 wherein said nickel particulate is
activated in 4 separate vessel prior to said introduction into said aqueous solution.

5 . 20. The method of claim 10 wherein the nickel hydroxide is
precipitated at atmospheric pressure. '

\
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sol Uti on was heated to the desired tenperature, 110 g of Typ¢ 255 REPkKRCED

into an,agjtated vessel, which was tenperature controlled. :ﬁemHtsfm-fEET HAS BEEN

was added and the potential followed and recorded versus ti FEst
for two different tenperatures are shown b@ow. TABLE 2 0 PC-4121/1
0 0 0.5 -20 - -200 1
40 -490 -
FROCESS FOR PRODUCING
ABSTRACT

The invention provides a method of producing nickel hydroxide from
5 elemental metal. Elemental nickel is first introduced into an aqueous ammonia or
ammonia/ammonium salt solution capable of dissolving nickel. The potential, as

N/
measured by a standard calomel electrode, is allowed to reach a negative or reducing
level. Oxygen is added to the aqueous solution at a rate that maintains the negative
potential to facilitate the conversion of elemental nickel to nickel hydroxide. Nickel
10 hydroxide may be readily precipitated from the aqueous solution.
"
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This invention relates to a process for producing nickel hydroxide from
nickel powders. In particular, this invention relates to conversion of nickel powder to
nickel hydroxide in aqueous solutions containing ammonia and nickel ions.

BACKGROUND OF THE INVENTION

Nickel hydroxide is an important material in the manufacture of positive
nickel electrodes for alkaline batteries and industrial applications. Essentially all known
ptdc&s& for making nickel hydroxide are based exclusively on caustic precipitation of
nickel hydroxide from nickel salt solutions. For example, typical nickel salt solutions
for forming nickel hydroxlde mclude nickel sulfate mckel chloride or nickel nitrate.
Unfortunately, methods of production that rely upon caustic precipitation of nickel salts
involve a number of operating steps and produce environmentally unacceptable
effluents.

—_—
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effect of solution pH on.the potential of—ai ils [_sugpensi ong gvasAyY 1%95
studied for two different powders using a2-sinilar procedure |aS%€hatapptied -

in Exanpl e. 5, except that the tenperare was kept at [err]. Thé pH of the
feed solution (I .N anmoni um sul fate) was adjusted to the desired val ue,
usi ng 30% ammoni a, prior The direct conviersionos\MNi powdetdntoi nickel Hydeoxideswistfirstar e

present ed -i n Tabégcrﬁaeg' ?l‘.ll Ryxvstrahan Pat. No. 626,648 (’648). The process of the "648 patent
disclosed the use of ammonia and oxygen under pressure to form nickel hydroxide from
nickel powder in aqueous solutions. However, the *648 patent states that conversion of
Ni powders into nickel hydroxide m amnionium hydroxide solutions can be achieved, at
practical rates, only at elevated temperatures and oxygen partial pressures, At lower =~
temperatures and oxygen partial pressures, the rate of Ni conversion is impractically
slow. For example, only about 0.1%.Ni dissolved from nickel powder in a 10 molar
NH, solution at 55°C and 2 atmospheres oxygen partial pressure during 4 houré of

. batch reaction.

It was later disclosed in EPO Pat. Publication No. 575,093 (093) that
when using nitric acid as an oxidant of nickel powder, atmospheric operations may be
used to produce nickel hydroxide. However, the probl_ein with the process of the *093.
publication is that nitrate impurity levels exceed customer requirements for some |
applications. The use of nitric acid is believed to cause entrainment of nitrate in the
nickel hydroxide. '

It is an object of thié invention to provide a method for producing nickel
hydroxide from nickel powder at atmospheric pressure conditions.

It is a further object of this invention to provide a method of reducing
nitrate impurities.

It is a further object of this invention to control crystallinity of nickel
hydroxide produced from nickel powder.
_ N .
Figure 1 is a plot of potential as a function of time of nickel powders in
IN (NH,), SO, solution at a pH of 8.8 and a temperature of 70°C; and
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Figure 2 is a plot of potential as a function of time of nickel powders in
IN(NH,);SO, solution at a pH of 9.1 and a temperature of 50°C.

SUMMARY OF THE INVENTION
The invention provides a method of producing nickel hydroxide from

elemental metal. Elemental nickel is first introduced into an aqueous ammonia or

ammonia/ammonium salt solution having the capability of dissolving nickel. The

potential, as measured by a standard calomel electrode, is allowed to reach a negative

or reducing level. Oxygen is added to the aqueous solution at a rate that maintains the
- negative potential to facilitate the conversion of elemental nickel to nickel hydroxide.

Nickel hydroxide niay be readily ptecipiﬁted from the aqueous solution.

It has been discovered that elemental nickel can be converted dxrectly
into nickel hydroxide in an aqueous solution at atmospheric pressure using a controlled
rate of oxygen addition. Advantageously, the nickel is in the form of particulate or
powder havmg a surface area of at least 0.2 m*/g. The oxygen addition is controlled to
maintain a negative or teducmg redox potential, with respect to a standard calomel
electrode (S.C.E.). At negative redox_ potentials, the reactions responsible for nickel

* powder conversion into nickel hydroxide operate effectively at atmospheric oxygen
partial pressures.

. _Thé aqueous solution should contain free ammonia and be capable of
dissolving nickel. (Unless the solution is capable of dissolving nickel, the reaction will

" not proceed. ) A relatively small concentration of ammonium is inherently present in
the ammoma-contalmng solution, since the ammomumlammoma reaction is reversible.

~ The solution optionally contains an anion. - Advantageously, the anion arises from an

. ammonium salt, such as e.g. ammonium sulfate, acetate, chloride or formate.
Ammonium salts may be added to increase solubility of nickel in the solution.
Ammonium sulfate has been found to be particularly effective at increasing reaction
rate. Initial i&sts with ammonium acetate have produced acceptable results that are

-
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comparable to additions of ammonium sulfate. However, recent tests have indicated
that the reaction readily proceeds in solutions free of or substantially free of anions.

Examples :
Example 1: Initially, 1.5 L of approximately 1.2 normal ammonium sulfate solution

~ was placed into a 2 L reaction-vessel. The reaction vessel was equipped with four
baffles, 6-blades radial turbine impeller, a pH electrode and a potential electrode. The
reactor was opened to the atmosphere via a condenser. The pH of the solution was
adjusted to 9 using 30% ammonium hydroxide and the mixture was then heated to
70°C. An addition of 225.7 g of INCO type 255 nickel powder was then reacted in the
vessel over a period of about 15 minutes (INCO is a trademark of the Inco family of
Companies.) At the end of this period, the solution potential was measured and showed
a value of -750 mV with respect to a standard calomel electrode. (All potentials listed
in this specification were measured with a standard calomel electrode.) Oxygen flow
was introduced at this point into the suspension at the rate of 50 mL/minute. The
potential of the reaction mixture remained unchanged after reacting for 2 h and 40

" minutes, The reaction was allowed to proceed for a total of 20 h, at which point the
potential increased to -15 mV. The resulting 1.2 L nickel hydroxide slurry was filtered
and the filter cake washed with water. The filtration of nickel hydroxide was very
good. The remaining about 300 mL of the nickel hydroxide slurry was saved as a seed
material for the next test.

Dry ﬁltercakeanalyzedmmass %: 62.6 total Ni, 2.75 elemental mckel
andOOSSNH,andtheﬁltratecontamedmglL. 31 2N1,649totalammomaand48
sulfate.

Example 2: The test of Example 1 was repeated using the filtrate and 300 mL of

. unfiltered slurry from the previous test (Example 1) as the feed solution. The potential
of the suspension after the addition of type 255 nickel powder into the reactor was
around 700 mV and remained unchanged for at least 4.5 h of reacting. The test was
terminated after 23 h, at which point the potential increased to 0 mV.

_—
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The nickel hydroxide produced analyzed in mass %: 0.37 elemental Ni,
6zom1mandoossNH,andmeﬁ1ua:eana1yzedmg/L 30.7 Nl, 59.5 total
ammonia and 55 5 sulfate.

Example 3: The test of Example 1 was repeated using the filtrate from the test of
Example 2 and 'typé 255 nickel powder. However, the oxygen addition at the rate of 50
mL/min. was initiated t00 soon, when the redox-potential was at only about -120 mV.
No reaction was observed during 16 h of operation at which point the experiment was

Example 4: Filtrate from the test of Example 3 was placed into the same reaction
vessel and heated to 55°C. 225 g of Type 255 powder was then introduced into the
reactor and allowed to 'agitate until the potential decreased to -670 mV, at which point
the oxygen addition was started at the rate of 50 mL/min. The potential was followed
and recorded versus time: ’

The reaction of nickel conversion into nickel hydroxide, which started as ~
expected in view of Examples 1 and 2, have stopped after somé 100 minutes of
reacting, due to a too high a rate of oxygen addition at this operating temperature
(55°0).

Example 5: Potential of nickel suspension was measured as a function of time and
temperature. Approximately IN solution of ammonium sulfate was spiked with a

\
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rate of nickel powder activation) increas AnFBRFACHEMBNT BHEET
Types 123 and 255 powders. The activati of was

than that of Type 255 powder (In spite Of _eD%fPea [irﬂftpié%

versus [err] for type 123.) Exanple 7: The efeculfate anion
addition to the feed sqlution on the nickel powder activation was tested.

Tests were per f ¢naegrated aquequs;3mmonia;tp pH of ghout 8y 750 sl of; this splution,wag placed | n
the absence andipjoan’ 4)ftated $&EACRhich was ipedfiitd bohtrollbd? SWhidE solution was

heated to the desired temperature, 110 g of Type 255 nickel was added and the potential
followed and recorded versus time, The result for two different temperatures are

~ shown below:

It can be seen that the potential of the above nickel powder suspensions _
is a very strong function of both the contact time and temperature.

Similar tests were performed using other nickel powders INCO type 123
'powder and a sulfur activated powder). The results are shown diagrammatically in
Figure 1 for 70°C and in Figure 2 for 50°C. It can be seen from the Figures that
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[err] using Type 123 nickel powder. T§ ' in Table 4 bel ow.
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po_wﬂer type also has a significant effect on the rate of developing a highly reducing
potential of-the nickel powder suspension.

Example 6: The effect of sollmon PH on the potential of nickel powder suspensions
was studied for two different powdets using a similar procedure as that applied in
Example S, except that the temperature was kept at 50°C. The pH of the feed solution
(1 N ammonium sulfate) was adjusted to the desired value, using 30% ammonia, prior
to the nickel powder addition. The results are presented in Table 3 below:

0
1 -160 270 280 40
| I 360 | 460 | 260 | -170
n 3 — 530 250 250 “
. 5% 1 %0 250 -350
“ > -570 2260 400 "
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The above Example illustrated that the rate of potential decrease (or the
rate of nickel powder activation) increases with the solution pH for both Types 123 and
255 powders. The activation of Type 123 powder was more rapid than that of Type

255 powder (In spite of its greater surface area 0.68m*/g versus 0.34-0.44 m’/g for type
123.)

Example 7: The effect of thiosulfate anion addition to the feed solution on the nickel
powder activation was tested. Tests were performed in 1 N ammonium sulfate solution
at pH=7 and 50°C in the absence and in the presence of 1 g/L sodium thiosulfate
(Na,S,05) using Type 123 nickel powder. The results are shown in Table 4 below:

0 +90 +45
| 1 -160 540
2 -360 545
- 3 495 | - 553
4 -520 562 I
- " 5 5712
6 -560 © 580
|| 8 . 590 | ||
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256.9 g of I NCO Type 123 powder we
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 Table 4 illustrates that a smiall addition of thiosulfate anion enhances the
rate of nickel powder activation quite substantially.

Example 8: Potential of nickel powder suspensions was measured in three acidic
solutnons 1.7 L of distilled water was placed into an agitated vessel, which was
temperamte controlled. After heating the contents to 50°C, a solution of approxlmately
1 M H,SO, was added until the desired pH was obtained. Then 256.9 g of INCO Type
123 powder were added into the vessel and an automatic titrator was used to maintain
the desired pH with the 1 M H,SO, solution. The potential of the nickel powder
suspension was measured and recorded versus time. The results are presented in Table

§ below.

0
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: |
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From Table 5 it was demonstrated that the potential of nickel powder
suspensions may be readily reduced (of nickel powder activated) quite readily in acidic *
solutions, contafnihg as little as around 0.000001 equivalents of H* per liter. The rate
on nickel powder activation increases with the acid concentration and becomes quite
rapid somewhere between 0.000001 and 0.0001 H*/L.

Examplé 9: The potential of nickel pbwder suspension was memired atS53°Cinl1l N
ammonium acetate, adjusted to pH=9, with 30% ammonia, using Type 123 powder.
The results are given below:
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The activation of nickel powder in ammonium acetate is also very rapid.

Example 10: Feed solution for this test was made-up by mixing 102 g of concentrated
ammonia (29% NH,) with 1400 mL of distilled water. The ammonia concentration in

the resulting solution was approximately 1.2 N and had a pH of 11.4 at 25°C. The tesi

apparatus consisted of a 2 L resin kettle (glass cylindrical vessel) equipped with four
baffles, a 5 cm diameter radial turbine impeller having 6 blades, a reflux condenser (to

prevent ammonia-water losses dﬁring the tests), a redox combination electrode, an

oxygen sparger and a heating mantle to maintain the desired temperature. The feed
solution was heated to 60°C, at whichi temperature the pH meter indicated a pH of 9.9,
and after reaching this temperature 170 g of Type 123 Ni powder were added. The
redox potential decreased from a positive value to -710 mV in approximately 20 min.
Then 170 g of Ni(OH), seeds were added and after about 2 h the oxygen was started at '
a rate of 30 mL/min. The oxygen flow remained on for a total of 1430 minutes. After
1430 minutes, the redox was 0 mV and the test was terminated. The reacted slurry was
then filtered and the cake washed with water and dried in an oven at 70°C. Mass of
wet cake recovered was 433 g and mass of dry solids recovered was 350 g. Analysis
of the solids was 0.08 (mass %) elemental nickel and 63.8 (mass %) total nickel. The
conversion of Ni powder into nickel hydtoxide was essentially complete.

Example 11: This Example was carried out in a similar way as Example 10, except

that the feed solution was approximately 2 N ammonia and the operating temperature
was 80°C. Also the ammonia concentration was kept constant during the test by adding

: This Sheet Has Been Reﬂlaced
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suspensi ons may be readily reduced (or nickel powder activated) quite
readily in acidic solutions, containing as little as around 0.000001

equi val ents of [#¢onfennated lapieots anihenia os demand to maintain a constant pH of 11.2. The
initial potential, following the activation was -780mV. Oxygen flow was started at this
point at a rate of 50 mL/min. The test was terminated after 1040 minutes (when the
potential became positive). The reacted shurry was filtered, the cake washed with -
~ water, dried in an oven at 70°C and analyzed. The dried cake contained 63.6% Ni and
0.04% NH,, indicating essentially complete conversion of Ni powder into nickel
hydroxide. . " |
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From the above examples, a continuous process for making nickel
* hydroxide can be formulated in which nickel powder and a recycled ammonia /

ammonium sulfate (or other ammonium salt) aqueous solution are introduced into the
reaction system, comprising a single reactor or a number of reactors in series. It is
recognized that elemental nickel may be used in any form. Advantageously, elemental
nickel is added as nickel powder due to its simplified handling characte’ristics,_
commercial availability and relatively large surface area. The reactor apparatus, which
operates at atmospheric pressure, is supplied with oxygen, ammonia, nickel and

~ optionally an ammonium salt at controlled rates for continuous operatxons Oxygen is
added at a controlled rate in order to maintain the reducing potentnal of the reaction
mixture, to cause an oxidative mckel dissolution, which leads to the precipitation of the
desired nickel hydroxide product. Oxygen may alternatively be added from a donor
source or from an oxygen-containing gas. During operation, oxygen diffusion appears
to control the reaction rate. In fact, under normal operating conditions, the steps of
dissolution of nickel to formation of nickel hydroxide appear to occur instantaneously.
Since oxygen diffusion rate appears to control the reaction, it is preferred to add oxygen
in substantially pure form. : |

- Elemental nickel containing a passive film may be activated by several
separate methods at pH levels from less than O to as high as 14." For purposes of this
specification, activated nickel is defined as nickel capable of dissolving in an ammonia-
containing solution at atmospheric pressure in the presence of oxygen. First, nickel
may be activated by contacting the feed powder with recycled process solution in a
separate agitating tank with the resulting suspension being fed into a reactor. Second,
the powder may be activated in a separate solution such as dilute acid and transferring

-
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the activated nickel after a separation operation into the reactor. Third, the nickel may
be activafed by introducing it directly into a reactor maintained at a redox-potential
below about -200mV as measured with respect to a standard calomel efectrode.

Finally, any suitable reducing agent such as hydrogen gas may be used to reduce any
passive oxygen film surrounding the nickel to effectively activate the nickel. Using a
separate vessel for activation provides the advantage of improved pH control. '
Alternatively, the first and seeond activation steps may be preformed in batch
operations.

After a reaction has initiated, the reaction continues to operate effectively
even when the temperature decreases or the potential increases. Advantageously,
potentials below about -100 mV with respect to S.C.E., are maintained to facilitate the
conversion of nickel powder into nickel hydroxide. Advantageously, potential is
maintained between about -100 mV and -600 mV for effective conversion. Most
advantageously, potential is maintained within the range of -200mV to -500mV.
Advantageously, pH of the solution is maintained between 8.5 and 12 during conversion
to nickel hydroxide. Most advantageously, pH of the solution is maintained between 9
and 12 during conversion to nickel hydroxide. Prior to their introduction into the
reaction apparatus the recycled feed solution and the nickel feed powder may optionally
be contacted for a suitable period of time to reduce the supsension’s potential to the
desired level. '

_ Exberimentation has indicated that the operating temperature may be
between room temperature and the boiling temperature. For purposes of this
specification, room temperature is defined as being about 20°C. However, it has been
found that nickel hydroxide powders produced at temperatures close to the boiling

temperature are more crystalline and less amorphous than nickel hydroxide powders

. produced at lower temperatures. The end-use of nickel hydroxlde would dictate the

operatmg temperature. For example, a general purpose, more crystalline, hydroxide
can be produced at higher temperatures (close to the boiling point), while nickel
hydroxide destined for batteries should preferably be made at lower temperature, e.g.
50°C. Advantageously, "amorphous” nickel hydroxides are produced at temperatures
between 20° and 70°C. 'Most advantageously, "amorphous” nickel hydroxides are
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produced at temperatures between 30°C and 60°C. Optionally, the crystallinity may be
reduced by the addition of a suitable crystal habit modifier(s) into the reactor system.

After formation of nickel hydroxide, reacted nickel hydroxide slurry
exiting the reaction system is most advantageously subjected to a magnetic separation to
remove and recycle any unreacted nickel powder back to the reactor. Inmal tests have
demonstrated that magnetic separation is a highly effectnve method for ensurxng
elemental powder does not contaminate the nickel hydroxide.

Furthermore, nickel hydroxide slurry is most advantageously subjected to

a solid-liquid separation to obtain the desired nickel hydroxide product and the aqueous

' ammonia or ammonia/ammonium sulfate solution for recycling. Advantageously, nickel

 hydroxide is filtered and washed. If desired, the water washed cake may be contacted
with an alkaline solution (NaOH, KOH, etc.) in order to reduce the concentration of
anionic impurities, which have entered the structure of Ni(OH), during its
crystallization. During this contact, an anion exchange process occurs whereby anion
impurities (e.g. sulfate, acetate) in the solids phase are eichanged by an equivalent
quantity of hydroxyl group from the aqueous solution. The filter cake may then be
dried in a suitable dryer to form the final product. Alternatively, the nickel hydroxide
maybeclassiﬁedintoacoarsefratﬁonandaﬁne&actionb control ultimate size of
nickel hydroxidé particulate. Most advantageously, the fine fraction from the
classification step is recycled into a nickel hydroxide precipitation apparatus to provide
seed for the growing of coarse nickel hydroxide. It is apparent from the above that the
instant process can be conveniently sei up as a closed loop process in which the
ammonia or ammonia/ammonium salt reaction medium is recycled and no liquid
effluent, containing reaction 'by-ptoducts is generated. The pH of the recycling solution
should be checked and adjusted if necessary to be above 8.

~ While in accordance with the provisions of the statute, there is illustrated
and described herein specific embodiments of the invention. Those skilled in the art
will understand that changes may be made in the form of the invention covered by the
claims and the certain features of the invention may sometimes be used to advantage
without a corresponding use of the other features. |
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The embodiments of the invention i

| lproperty or privilege is claimed are defined as follows:

1. A method of producing nickel hydroxide from elemental

nickel comprising the steps of:

a) introducing the elemental nickel into an

aqueous solution to form a mixture, said aqueous solution containing aqueous ammonia

and the elemental nickel of said mixture being activated for dissolution into said

* aqueous solution;

b) dissolving said activated elemental nickel
to provide dissolved nickel in said aqueous solution and to provide a negative potential

for said mixture of said activated elemental nickel and said aqueous solution; and

¢) = adding oxygen to said aqueous solution
at a rate that maintains said negaﬁve potential of said mixture of said activated
elemental nickel and said aqueous solution to convert said dissolved nickel to nickel
hydroxide.

2. The method of claim 1 including the additional step of

filtering nickel hydroxide from said aqueous solution.

3. The method of claim 1 wherein said aqueous solution
has a pH between about 8.5 and 12 during said converting of said dissolved nickel to
" nickel hydroxide.

4, The method of claim 1 wherein said aqueous solution
has a temperature between about 20°C and boiling during said conversion of the
dissolved nickel to nickel hydroxide.

5. The method of claim 1 wherein said aqueous solution
has a temperature between about 20°C and 70°C for forming amorphous nickel
hydroxide during said conversion of the dissolved nickel to nickel hydroxide.
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about -100mV and -600mV during said conversion of the dissolved nickel to nickel
hydroxide.

7. The method of claim 1 wherein said aqueous solution
is fecycled after separation from nickel hydroxide for converting additional elemental
nickel into nickel hydroxide.

8. The method of claim 1 wherein said aqueous solution

contains an ammonium salt.

9. The methodof claim 1 including the additional step of
precipitating the nickel hydrox1de from said aqueous solution.

10. A method of producing nickel hydroxide form elemental

nickel comprising the steps of:

_ a) introducing the elemental nickel particulate into
an aqueous solution to form a mixture, said aqueous solution containing aqueous
ammonia and the elemental nickel particulate of said mixture being activated for

dissolution into said aqueous solution;

b)  dissolving said activated elemental nickel
particulate to provide dissolved mckel in said aqueous solutlon and to provide a
negative potential for said mixture of said activated elemental nickel particulate and
said aqueous solution, said negative potential bemg below about -100mV;

c) | adding oxygen to said aqueous solution at a rate
that prevents said negative potential of said mixture of said activated elemental nickel
particulate and said aqueous solution from increasing above about -100mV to convert
said dissolved nickel to nickel hydroxide; and
—_—
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redoxX potential decreased froma Resit-ive—vatwe=t—=-710 nV in appr oxi nat el y
.20 ni n. Mnm l'"“lﬂ)ﬂlumﬂ seeds &S adaetHABBEEN: pr aboeif 72 'hthe oxygen-.
was start 0 nL/mn| The REBLASGHEDS | ow remsu ed” on-feria, bﬂEEi
of 1430 minut &s." Aft e 1230 mi nut e S 0 mV afjd- .t ht

term nated. The reacted slurry was then filtered and the ﬁém
wat er and dried in an oven at [er\rﬂli Mass of wet cake recovere

and mass of dry solids recovered whs 3peecipitating-saidnickeldtydroxidefeom saidwvas 0. 08
(mass %9 el erren:?a& g#&ﬁﬂ and 63.8 (nmass % total nickel. The conversion of
Ni powder into e ™ oxi de was essentially conplete.

11. The method of claim 10 including the additional step of
filtering nickel hydroxide from said aqueous solution.

12. The method of claim 10 wherein said aqueous solution has
a pH between about 9 and 12 dunng said converting of said dissolved nickel to nickel
hydroxide.

13. The method of claim 10 wherein said aqueous solution has
a temperature between about 30°C and boiling during said conversion of the dissolved
nickel to nickel hydroxxde

- 14. The method of claim 10 wherein said aqueous solution has
a temperature between about 30°C and 60°C for forming amorphous nickel hydroxide
during said conversion of the dissolved nickel to nickel hydroxide. '

15. The method of claim 10 wherein said negative potential of
said mixture of said activated elemental nickel particulate and said aqueous solution is
between about -200mV and -500mV during said conversion of the dissolved nickel
hydroxide. |

_ 16, The method of claim 10 wherein said aqueous solution is
recycled after removal of nickel hydroxide for converting additional nickel particulate
into nickel hydroxide. '

17.- The method of claim 10 wherein said aqueous solution is
substantially free of anions. ' '

18.. The method of claim 10 wherein said precipitated nickel
hydroxnde is classxﬁed by size into a coarse fraction; and a fine fraction and said fine

This Sheet Has Been R
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Exanpl e 11: This Exanple was carried out in a sinilar way;

W
s 11 11511141 1| et @““f’:ﬁm sl B ¥ S

constant durrngtthe ttesf by addi ng - LIREBLAGRD Nt 1 gt ed|| Affous - amBRI-G...
on demand to maintain a constant pH of TII Z2—fhe———==

fracnon of the said nickel hydroxide is recycled to seed precxpltanon of said coarse
nickel hydroxide. -

19. The method of claim 10 wherein said nickel particulate is
activated in a separate vessel prior to said introduction into said aqueous solution.

20. The method of claim 10 wherein the nickel hydroxlde is
precipitated at atmosphenc pressure.
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initial potential, follow ng the acti.vatiea-—was—=280nV. O<ygen fl ow was
»started at this point at a rate of 5O n:/AmRET HASBERSt was_ternm nated affer

1040 minutes (when the potential becane pPeEPHAGED . The r eaCkep; REBGENT SRE
filtered, the cake washed wi th wat el*——~—&r-:19d—r-n—a-rr—oven at [erriﬁ Hﬁ ET

anal yzed. The dried cake contained 63.6% N and O. 04%[err]Datlerg_c_ij___c.&gmmg.]ggs__
sl ol £

_essentially conplete conversion of N powder |nto ni ckel My
. the above exanples, a continuous PPROCESSFOR P
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ABSTRACT |

The invention provides a method of producing nickel hydroxide from
 elemental metal. Elemental nickel is first introduced into an aqueous ammonia or
ammonia/ammonium salt solution capable of dissolving nickel. The potential, as
measured by a standard calomel electrode, is allowed to reach a negative or reducing
level. Oxygen is added to the aqueous solution at a rate that maintains the negative
potential to facilitate the conversion of elemental nickel to nickel hydroxide. Nickel
hydroxide may be readily precipitated from the aqueous solution.
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mxture, to cause an oxidative nickel dissolution, which | cal REFROACE®ILNT SHEET
preci pi tati.on of the desired nickel hydroxide product. Oxygep may
alternatively be added froma donor source or from an oxygeny @aid ai

gas. During operation, oxygen diffusion appears to control t
rate. In fact, under normal operating conditions, the steps of dissolution
of nickel to formation of nickel hydroxi de appear to occur instantaneously.
Si nce oxygen diffusion rate appears to control the reaction, it is
preferred to add oxygen in substantially pure form El enental nickel
containing a passive filmnmay be activated by several

FIELD OF THE INVENTION .
This invention relates to a process for producing nickel hydroxide from
nickel powders. In particular, this invention relates to conversion of nickel powder to
nickel hydroxide in aqueous solutions containing ammonia and nickel ions.

BACKGROUND OF THE INVENTION

Nickel hydroxide is an important material in the manufacture of positive
nickel electrodes for alkaline batteries and industrial applications. Essentially all known
prdcesses for making nickel hydrbxide are based exclusively on caustic precipitation of
nickel hydroxide from nickel salt solutions. For example, typical nickel salt solutions
for forming nickel hydroxide include nickel sulfate, nickel chloride or nickel nitrate.
Unfortunately, methods of production that rely upon caustic precipitation of nickel salts
involve a number of operating steps and produce environmentally unacceptable
effluents.



separate nmet hods at pH I evels fromless than 0 to as high a BEPLAEEMiNToHEE‘I
pur poses of, this specification, activated nickel is defined

as nic
capabl-e of.dissolving in an ammoni a- cont ai ni ng sol ution at

abatesp eﬁJ ACT.19%5.
pressure in the presence of oxygen. First, nickel may be ac
contacting the feed powder with recycl ed-2-process solution in a separ ate
agitating tank with the resulting suspension being fed into a reactor.
Second, the powder may be activated iin a separate solution such as dilute
acid and transferring The direct conversion of Ni powder into nickel hydroxide was first

described in Australian Pat. No. 626,648 ("648). The process of the *648 patent
disclosed the use of ammonia and oxygen under pressure to form nickel hydroxide from
nickel powder in aqueous solutions. However, the *648 patent states that conversion of
Ni powders into nickel hydroxide in ammonium hydroxide solutions can be achieved, at
practical rates, only at elevated temperatures and oxygen partial pressures. At lower
temperatures and oxygen partial pressures, the rate of Ni conversion is impractically
slow. For example, only about 0.1% Ni dissolved from nickel powder in a 10 molar

* NH, solution at 55°C and 2 atmospheres oxygen partial pressure during 4 hours of

" batch reaction. '

It was later disclosed in EPO Pat. Publication No. 575,093 ('093) that
when using nitric acid as an oxidant of nickel powder, atmospheric operations may be
used to produce nickel hydroxide. However, the problem with the process of the *093
publication is that mtrate impurity levels exceed customer requirements for some |
applications. The use of nitric acid is believed to cause entrainment of nitrate in the
nickel hydroxide.

It is an object of this invention to provnde a method for producing nickel
hydroxide from nickel powder at atmospheric pressure conditions.

It is a further object of this invention to provide a method of reducing
nitrate impurities.

It is a further object of this invention to control crystalhmty of nickel
hydroxide produced from nickel powder.

DESCRIPTION OF THE DRAWING
Figure 1 is a plot of potential as a function of time of nickel powders in
IN (NH)), SO, solution at a pH of 8.8 and a temperature of 70°C; and



-13- the activated nickel after a separation operation into |t BEPLAGEYENT SHEET

Third, the.nickel may be activated by introducing it directliy into
reactor mai'ntained at a redox-potential bel ow about -200nV sDl’ﬂ}*é:ﬁvs-b?*‘:l dn‘gnT{ﬁgs

respect to a standard cal onel electrode. Finally, any suitablre reducrng
agent such as hydrogen gas may be used t4-reduce any passive oxygen film
surrounding the nickel to effectively activate the nickel. Using a separate
vessel for activation provides the advantage of inproved pH control.

Figure 2 is a plot of potential as a function of time of nickel powders in

IN(NH,), SO, solution at a pH of 9.1 and a temperature of 50°C.

SUMMARY OF THE INVENTION
The invention provides a method of producing nickel hydroxide from
elemental metal. Elemental nickel is first introduced into an aqueous ammonia or
ammonia/ammonium salt solution having the capability of dissolving nickel. The
potential, as measured by a standard calomel electrode, is allowed to reach a negative
or reducing level. Oxygen is added to the aqueous solution at a rate that maintains the
" negative potential to facilitate the conversion of elemental nickel to nickel hydroxide.
Nickel hydroxide may be readily precipitated from the aqueous solution.

DESCRIPTION OF FREFERRED EMBODIMENT

It has been discovered that elemental nickel can be converted directly
into nickel hydroxide in an aqueous solution at atmospheric pressure using a controlled
rate of oxygen addition. Advantageously, the nickel is in the form of particulate or
powder having a surface area of at least 0.2 m*/g. The oxygen addition is controlled to
maintain a negative or reducing redox potential, with respect to a standard calomel
electrode (S.C.E.). At negative redox potentials, the reactions responsible for nickel
powder conversion into nickel hydroxide operate effectively at atmospheric.oxygen

. partial pressures.

The aqueous solution should contain free ammonia and be capable of
dissolving nickel. (Unless the solution is capable of dissolving nickel, the reaction will
not proceed.) A relatively small concentration of ammonium is inherently present in
the ammonia-containing solution, since the ammonium/ammonia reaction is reversible.
The solution optionally contains an anion. Advantageously, the anion arises from an
ammonium salt, such as e.g. ammonium sulfate, acetate, chloride or formate.
Ammonium salts may be added to increase solubility of nickel in the solution.
Ammonium sulfate has been found to be particularly effective at increasing reaction
rate. Initial tests with ammonium acetate have produced acceptable results that are
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Alternatively, the first and second activation steps may be
batch operations. After a reaction has initiated, the reactifpn contarajjfc.’t?g@
oper at e _eff:ectively even when the tenperature decreases or t/h®apot.erity. ath! W .

i ncreases. Advant ageously, potentials bel ow about -100 nV w ee=t+0
S.C.E., are maintained to facilitate the%*tonversion of nickel powder -into
ni ckel hydroxi de. Advant ageously, potential is maintai ned between about
-100 nV and -600 mV for effective conversion. Mst advantageously

potential is maicAmparahleitaaddiions of ammogivansulfate. Jpvayes, gecens destahave irdicated
that the reaction readily proceeds in solutions free of or substantially free of anions.

Examples |
Example 1: Initially, 1.5 L of approximately 1.2 normal ammonium sulfate solution
was placed into a 2 L reaction-vessel. The reaction vessel was equipped with four
baffles, 6-blades radial turbine impeller, a pH electrode and a potential electrode. The
reactor was opened to the atmosphere via a condenser. The pH of the solution was
adjusted to 9 using 30% ammonium hydroxide and the mixture was then heated to
70°C. An addition of 225.7 g of INCO type 255 nickel powder was then reacted in the
vessel over a period of about 15 minutes (INCO is a trademark of the Inco family of
Companies.) At the end of this period, the solution potential was measured and showed
a value of -750 mV with respect to a standard calomel electrode. (All potentials listed
in this specification were measured with a standard calomel electrode.) Oxygen flow
was. introduced at this point into the suspension at the rate of 50 mL/minute. The
potential of the reaction mixture remained unchanged after reacting for 2 h and 40
minutes. The reaction was allowed to proceed for a total of 20 h, at which point the
potential increased to -15 mV. The resulting 1.2 L nickel hydroxide slurry was filtered
and the filter cake washed with water. The filtration of nickel hydroxide was very
good. The remaining about 300 mL of the nickel hydroxide slurry was saved as a seed
material for the next test.

Dry filter cake analyzed in mass %: 62.6 total Ni, 2.75 elemental nickel
and 0.055 NH, and the filtrate contained in g/L: 31.2 Ni, 64.9 total ammonia and 48
sulfate,

Example 2: The test of Example 1 was repeated using the filtrate and 300 mL of
unfiltered slurry from the previous test (Example 1) as the feed solution. The potential
of the suspension after the addition_of type 255 nickel powder into the reactor was
around -700 mV and remained unchanged for at least 4.5 h of reacting. The test was
terminated after 23 h, at which point the potential increased to 0 mV.



Advant ageously, pH of the solution is maintained between 8.5 'NEP?:K.CE!HH:#%HEET
conversion t:o ni ckel hydroxide. -Mbst advant ageously, pH of the solution is
mai.nt ai ned between 9 and 12 during conversion to nickel hydrqgkipdg . Fﬁiﬂ)rﬁﬁ‘[o]ggs

their introduction into the reaction apparatus the recycl ed flbad—selgt{ g """
and the nickel feed powder nmay optional [-§- be contacted for a suitable

period of time to reduce the supsension's potential to the desired |evel.
Experimentation has indicated that the operating tenperature nmay be between

roomtenperature and the Theinickelchydeoxjderprodnced analyzedoiao mpss %s 037 démental Ni,
62.0 total Ni and 0.058 NH, and the filtrate analyzed in g/L: 30.7 Ni, 59.5 total

ammonia and 55.5 sulfate.

Example 3: The test of Example 1 was repeated using the filtrate from the test of
Example 2 and type 255 nickel powder. However, the oxygen addition at the rate of S0

- mL/min. was initiated too soon, when the redox-potential was at only about -120 mV.
No reaction was observed during 16 h of operation at which point the experiment was
terminated.

Example 4: Filtrate from the test of Example 3 was placed into the same reaction
vessel and heated to 55°C. 225 g of Type 255 powder was then introduced into the
reactor and allowed to agitate until the potential decreased to -670 mV, at which point
the oxygen addition was started at the rate of 50 mL/min. The potential was followed
and recorded versus time: ' "

_ The reaction of nickel conversion into nickel hydroxide, which started as
expected in view of Examples 1 and 2, have stopped after some 100 minutes of
reacting, due to a too high a rate of oxygen addition at this operating temperature
(55°C).

Example 5: Potential of nickel suspension was measured as a function of time and
temperature. Approximately 1N solution of ammonium sulfate was spiked with a



speci fication, roomtenperature is defined as bei ng about [er%hépm@@yzg&;rsngg-r
it has been :found that nickel hydroxide powders produced at tienperatyres
close tg the boiling tenperature are nore crystalline and | eSppamd pi

t han ni‘ckel hydroxi de powders produced at | ower tenperatures.=Fhe—eat—tse———r
of nickel hydroxide would dictate the op@rating tenperature. For exanple, a
general purpose, nore crystalline, hydroxi de can be produced at hi gher
tenperatures (close to the boiling point), while nickel hydroxide destined

for batteries skonsentraedesiqueons ammbaia beaipHaof abausdr 750 mieofahis solution was flased | .
Advantageous! v, i SUPLRNOY eesfl ith ol Suihilalles oGHRBIRE OMIELHe BbGIWE! 2t U s

heated to the desired temperature, 110 g of Type 255 nickel was added and the potential
followed and recorded versus time. The result for two different temperatures are
shown below:

H 6 420 620

SRS SIS SUSIEEE [ r—— e—

It can be seen that thé potential of the above nickel powder suspensions _
is a very strong function of both the contact time and temperature.

Similar tests were performed using other nickel powders (INCO type 123
powder and a sulfur actxvated powder). The results are shown diagrammatically in
Figure 1 for 70°C and in Figure 2 for 50°C. It can be seen from the Figures that



bet ween [err]
* -14- -produced at tenperatures between [err] and [err]. Optlongd )GCT
the crystallinity may be reduced by the addition of a suitablp Ratysi¥l 195

and [err]. Mst advantageously, "anorphous" nic dFEFHydmel étes.

habit nodifier(s) into the reactor system After formation of “Tmrcker
reacted ni ckel hydroxide slur?y

hydr oxi de,

powder type also has significant effect on the rate of developing a highly reducing
potential of the nickel powder suspension.

Example 6:  The effect of solution pH on the potential of nickel powder suspensions
was studied for two different powders using 2 similar procedure as that applied in
Example 5, except that the temperature was kept at 50°C. The pH of the feed solution
_ (1 N ammonium sulfate) was adjusted to the desired value, using 30% ammonia, prior
to the nickel powder addition. The results are presented in Table 3 below:
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exiting the reaction systemis nost advantageously subjected || gepi RN I GHeET
separation to renove and recycl e any unreacted nickel powder lpack to_the
reactor. Initial tests have denpnstrated that nagnetic separafigp IS&’:{]DCT%
hi ghly- effective nmethod for ensuring el enental powder does nok—eapiam-pate——
the ni ckel hydroxide. Furthernore, nicket8hydroxide slurry is nost

advant ageously subjected to a solid-liquid separation to obtain the desired

ni ckel hydroxi de product and the agueous anmpni a or ammbni a/ anmoni um
sul fate solution for recyclingE:7y 3

filtered and washed, 1f desir

The above Example illustrated that the rate of potential decrease (or the
rate of nickel powder activation) increases with the solution pH for both Types 123 and
255 powders. The activation of Type 123 powder was more rapid than that of Type
255 powder (In spite of its greater surface area 0.68m?/g versus 0.34-0.44 m?/g for type
123.)

Example 7: The eéffect of thiosulfate anion addition to the feed solution on the nickel

* powder activation was tested. Tests were performed m 1 N ammonium sulfate solution
~at pH=7 and 50°C in the absence and in the presence of 1 g/L. sodium thiosulfate
(Na,S,0,) using Type 123 nickel powder. The results are shown in Table 4 below:

10 | 580 -592
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with an al kaline solution (NaOH, KOH, etc.) in order to re
concentration of anionic inpurities, which have entered the|structure of
[err] -during its crystallization. During this contact, an DRk eﬁcﬂaﬂﬁﬁlﬂgﬁ
process occurs whereby anion inpurities (e.g. sulfate, acet ' =
sol i ds phase are exchanged by an equival e quantity of hydroxyl group from
t he aqueous solution. The filter cake nay then be dried in a suitable dryer
to formthe final product. Alternatively, the nickel hydroxide may be
classified into a coarse fraction s mr

size of nickel hydroxide particul at
fraction from t hEse s T

l
i
|

_ Table 4 illustrates that a small addition of thiosulfate anion enhances the
-rate of nickel powder activation quite substantially.

Example 8: Potential of nickel powder suspensions was measured in three acidic
solutions. 1.7 L of distilled water was placed into an agitated vessel, which was
temperature controlled. After heating the contents to 50°C, a solution of approximately
1 M H,SO, was added until the desired pH was obtained. Then 256.9 g of INCO Type
123 pow'der were added into the vessel and an automatic titrator was used to maintain
the desired pH with the 1 M H,SO, solution. The potential of the nickel powder
suspension was measured and recorded versus time. The results are presented in Table
5 below. .

0
| 1
B 2
| 3 - 510 -190
IF 4 430 510 190
5 430 510 200
|| 6 - -510 - |




classification step i-s recycled into a nickel hydroxide preci pBF%‘t“?“?ﬁV‘mTS“EET

apparat us to provide seed for the grow ng of coarse nickel oxi d
apparent fromthe above that the instant process can be conv n @ﬁti?gebq};‘m

as a closed | oop process in which the anﬂgnla or ammoni a/ anmoni um sarl t
reaction nediumis recycled and no |iqui® effluent, containing reaction
by-products is generated. The pH of the recycling solutlon shoul d be
checked and adjusted if neces
the provisions of the statutef
speci fic enbodi

T

7 -420 -510 210

8 - -510 -

10 - -510 450

15 420 -510 -510

20 - 510 |
25 ss0 |
30 -510

From Table § it was demonstrated that the potential of nickel powder
suspensions may be readily réduced (or nickel powder activated) quite readily in acidic
solutions, containing as little as- around 0.000001 equivalents of H* per liter. The rate
on nickel-powder activation increases with the acid concentration and becomes quite
rapid somewhere between 0.000001 and 0.0001 H*/L. '

Example 9: The potential ofliickel powder suspension was measured at 53°C in 1 N
ammonium acetate, adjusted to pH=9, with 30% ammonia, using Type 123 powder.
The results are given below:
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-15- The enbodi nents of the invention in which &a=exel
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The activation of nickel powder in ammonium acetate is also very rapid.

Example 10: Feed solution for this test was made-up by mixing 102 g of concentrated
ammonia (29% NH,) with 1400 mL of distilled water. The ammonia concentration in
the resulting solution was approximately 1.2 N and had a pH of 11.4 at 25°C. The test
apparatus ‘consisted of a 2 L resin kettle (glass: cylindrical vessel)iequipped with four
baffles, a 5§ cm diameter radial turbine impeller having 6 blades; a reflux condenser (to
prevent ammonia-water losses during the tests), a redox combination electrode, an

oxygen sparger and a heating mantle to maintain the desired temperature. The feed
solution was heated to 60°C, at which temperature the pH meter indicated a pH of 9.9,
and after reaching this temperature 170 g of Type 123 Ni powder were added. The
redox potential decreased from a positive value to -710 mV in approximately 20 min.
Then 170 g of Ni(OH), seeds were added and after about 2 h the oxygen was started at
a rate of 30 mL/min. The oxygen flow remained on for a total of 1430 minutes. After
1430 minntes, the redox was 0 mV and the test was terminated. The reacted slhurry was
then filtered and the cake washed with water and dried in an oven at 70°C. Mass of
wet cake recovered was 433 g and mass of dry solids recovered was 350 g. Analysis
of the solids was 0.08 (mass %) elemental nickel and 63.8 (mass %) total nickel. The
conversion of Ni powder into nickel hydroxide was essentially complete.

Example 11: This Example was carried out in a similar way as Example 10, except
that the feed solution was approximately 2 N ammonia and the operating temperature
was 80°C. Also the ammonia concentration was kept constant during the test by adding
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property or privilege is claimed are defined as fol I ows: 1. RE@?imhndu .eiEET“.1

produci ng ni ckel hydroxi de from el emental nickel comprising fhe ste né
a) ‘introducing the elenental nickel into an aqueous sol utljdmatd Q.. cﬁ QTIQ%

m xture, said aqueous solution containi ng Aaqueous ammoni a an
ni ckel of said m xture being activated f ? di ssolution into said aqueous
sol ution; b) di ssolving said activated el enental nickel

a concentrated aqueous ammonia on demand to maintain a constant pH of 11.2. The
initial potential, following the activation was -780mV. Oxygen flow was started at this
point at a rate of 50 mL/min. The test was terminated after 1040 minutes (when the
potential became positive). The reacted slurry was filtered, the cake washed with
water, dried in an oven at 70°C and analyzed. The dried cake contained 63.6% Ni and
0.04% NH,, indicating essentially complete conversion of Ni powder into nickel
hydroxide. .

| et ———— ot |
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From the above examples a continuous process for making nickel
hydroxlde can be formulated in which nickel powder and a recycled ammonia /

* ammonium sulfate (or other ammonium salt) aqueous solution are introduced into the
reaction system, comprising a single reactor or a number of reactors in series. It is
recognized that elemental nickel may be used in any form. Advantageously, elemental
nickel is added as nickel powder due to its simplified handling characteristics,
commercial availability and relatively large surface area. The reactor apparatus, which

 operates at atmospheric pressure, is supplied with oxygen, ammonia, nickel and
optionaliy an ammonium salt at controlled rates for continuous operations. Oxygen is
added at a controlled rate in order to maintain the reducing potential of the reaction
mixture, to cause an oxidative nickel dissolution, which leads to the precipitation of the
desired nickel hydroxide product. Oxygen may alternatively be added from a donor
source or from an oxygen-containing gas. During operation, oxygen diffusion appears
to control the reaction rate. In fact, under normal operating conditions, the steps of
dissolution of nickel to formation of nickel hydroxide appear to occur instantaneously.
Since oxygen diffusion rate appears to control the reaction, it is preferred to add oxygen
in substantially pure form. |

Elemental nickel containing a passive film may be activited by several
separate methods at pH levels from less than O to as high as 14.  For purposes of this
specification, activated nickel is defined as nickel capable of dissolving in an ammonia-
containing solution at atmospheric pressure in the presence of oxygen. First, nickel -
may be activated by contacting the feed powder with recycled process solution in a
separate agitating tank with the resulting suspension being fed into a reactor. Second,
the powder may be activated in a separate solution such as dilute acid and transferring
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sai d aqueous solution; and c) addi ng oxygen to said aquequBal§ol-ut-er. at.

a rate- that maintains said negative potential of said mxture of saird :
activated el emental nickel and said aque‘éé’s solution to convert said

di ssol ved ni ckel to nickel hydroxide. 2. The method of claim 1 including
the additional step of filtering nickel hydroxide fromsaid a ueo,ui
sol uti on. the activated nickel after a separation operation into the reactor. Third, the nickel may

be activated by introducing it directly into a reactor maintained at a redox-potential
below about -200mV as measured with respect to a standard calomel electrode.
Finally, any suitable reducing agent such as hydrogen gas may be used to reduce any
passive oxygen film surrounding the nickel to effectively activate the nickel. Usinga -
separate vessel for activation provides the advantage of improved pH control.
Alternatively, the first and second activation steps may be preformed in batch
operations. ' : '

After a reaction has initiated, the reaction continues to operate effectively
even when the temperature decreases: or the: potential increases.. Advantageously,
potentials below about -100 mV with respect to S.C.E., are maintained to facilitate the
conversion of nickel powder into nickel hydroxide. Advantageously, potential is
maintained between about -100 mV and -600 mV for effective conversion. Most
advantageously, potential is maintained within the range of -200mV to -500mV. |
Advantageously, pH of the solution is maintained between 8.5 and 12 during conversion
to nickel hydroxide. Most advantageously, pH of the solution is maintained between 9
and 12 during conversion to nickel hydroxide. Prior to their introduction into the
reaction apparatus the recycled feed solution and the nickel feed powder may optionally
be contacted for a suitable period of time to reduce the supsension’s potential to the
desired level. '

Experimentation has indicated that the operating temperature may be
between room temperature and the boiling temperature. For purposes of this
specification, room temperature is defined as being about 20°C. However, it has been
found that nickel hydroxide powders produced at temperatures close to the boiling
temperature are more crystalline and less amorphous than nickel hydroxide powders
produced at lower temperatures. The end-use of nickel hydroxide would dictate the
operating temperature. For example, a general purpose, more crystalline, hydroxide
can be produced at higher temperatures (close to the boiling point), while nickel
hydroxide destined for batteries should preferably be made at lower temperature, e.g.
50°C. Advantageously, "amorphous” nickel hydroxides are produced at temperatures
between 20° and 70°C. Most advantageously, “amorphous” nickel hydroxides are
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di ssol ved ni ckel
sai d aqueous sol

The met hod of claim 1 wherein said aqueousi| S¥teiti

form ng anor phous ni ckel :
~ produced at temperatures between 30°C and 60°C. Optionally, the crystallinity may be

reduced by the addition of a suitable crystal habit modifier(s) into the reactor system.

After formation of nickel hydroxide, reacted nickel hydroxide slurry
exiting the reaction system is most advantageously subjected to a magnetic separation to
remove and recycle any unreacted nickel powder back to the reactor. Initial tests have
demonstrated that magnetic separation is a highly effective method for ensuring
elemenital powder does not contaminate the nickel hydroxide.

Furthermore, nickel hydroxide slurry is most advantageously subjected to

-a-solid-liquid separation to obtain the'desired nickel hydroxide product and the aqueous
.ammionia or ammonia/ammonium sulfate solution for recycling. Advantageously, nickel

hydroxide i filtered and washed. If-desired, the water washed cake may be contacted
with an alkaline solution (NaOH, KOH, etc.) in order to reduce the concentration of
anionic impurities, which have entered the structure of Ni(OH), during its
crystallization. During this contact, an anion exchange process occurs whereby anion
impurities (e.g. sulfate, acetate) in the solids phase are exchanged by an equivalent
quantity of hydroxyl group from the aqueous solution. The filter cake may then be
dried in a suitable dryer to form the final product. Altematively, the nickel hydroxide
may be classified into a coarse fraction and a fine fraction to control ultimate size of
nickel hydroxide particulate. Most advantageously, the fine fraction from the
classification step is recycled into a nickel hydroxide precipitation apparatus to provide
seed for the growing of coarse mickel hydroxide. It is apparent from the above that the
instant process can be conveniently set up as a closed loop process in which the
ammonia or ammonia/ammonium salt reaction medium is recycled and no liquid
effluent, containing reaction by-products is generated. The pH of the recycling solution
should be checked and adjusted if necessary to be above 8. |

While in accordance with the provisions of the statute, there is illustrated
and described herein specific embodiments of the invention. Those skilled in the art
will understand that changés may be made in the form of the invention covered by the
claims and the certain features of the invention may sometimes be used to advantage
without a corresponding use of the other features.

: and boiljng during said conversrtom of the
to ni ckel hydroxide. 514" The nethod of claim 1 wherein
ution has a tenperature between about [err] and [err] for
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The embodiments of the invention in which an exclusive

property or privilege is claimed are defined as follows:

L. A method of producing nickel hydroxide from elemental

nickel comprising the steps of:

a) introducing the. elemental nickel into an

aqueous solution to form a mixture, said aqueous solution containing aqueous ammonia

and the elemental nickel of said mixture being activated for dissolution into said

aqueous solution;

b) dissolving said activated elemental pickel .
to provide dissolved nickel in said aqueous solution and to provide anegative potential . .

for said mixture of said activated elemental nickel and said aqueous solution; and

- c) adding oxygen to said aqueous solution
at a rate that maintains said negative potential of said mixtiure of said -activated -
elemental nickel and said aqueous solution to convert said dissolved nickel to nickel
hydroxide. '

2. The method of claim 1 including the additional step of

filtering nickel hydroxide from said aqueous solution.

3. The method of claim 1 wherein said aqueous solution
has a pH between about 8.5 and 12 during said converting of said dissolved nickel to
nickel hydroxide. '

4. The method of claim 1 wherein said aqueous solution
has a temperature between about 20°C and boiling during said conversion of the
dissolved nickel to nickel hydroxide. '

3. The method of claim 1 wherein said aqueous solution
has a temperature between about'20°C and 70°C for forming amorphous nickel
hvdroxide during said conversion of the dissolved nickel to nickel hydroxide. |

This Sheet Has Been Re{ilaced
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including the additional step of precipitatjgg the nickel hydroxide from

sai d aqueous sol ution.

6. The method of claim 1 wherein said negative potential
of said mixture of said activated elemental nickel and said aqueous solution is between
about -100mV and -600mV during said conversion of the dissolved nickel to nickel
hydroxide.

7. The method of claim 1 wherein said aqueous solution
is recycled after separation from nickel hydroxide for converting additional elemental
nickel into nickel hydroxide.

. 8. The method of claim 1 wherein said aqueous solution

contains an ammeonium salt.

9. The methodof claim 1 including the additional step of
precipitating the nickel hydroxide from said aqueous solution.

10. A method of producing nickel hydroxide form elemental

nickel comprising the steps of:

a) introducing the elemental nickel particulate into
an aqueous solution to form a mixture, said aqueous solution containing aqueous
ammonia and the elemental nickel particulate of said mixture being activated for

S ————

dissolution into said aqueous solution;

b) dissolving said activated elemental nickel
particulate to provide dissolved nickel in said aqueous solution and to provide a
negative potential for said mixture of said activated elemental nickel particulate and
said aqueous solution, said negative potential being below about -100mV;

©) ‘adding oxygen to said aqueous solution at a rate
that prevents said negative potential of said mixture of said activated elemental nickel
particulate and said aqueous solution from increasing above about -100mV to convert
said dissolved nickel to nickel hydroxide; and

'
anmonium salt. 9. The nEThodor crarm I

This Sheet Has Been Replaced



dend someHRserEN

10. A net hod of produci ng ni ckel hydro
t he ;@d@mqm;al nic

BEBLACEMENT SHEET

conprising the s rodUC|n parti

i an agococs: {{TIMATMEAM:"n % b pow -..3.0. 01,1065

cont ai ni ng aqueous ammohni a* arfd tthe el enental nickel particul T .
m xture being activated for di ssol ution 4Tt o said aqueous sol ution; b)

di ssolving said activated el enental nickel particulate to provide d| ssol ved

nickel in said aqueous solution and to provide a
d) precipitating said nickel hydroxide from said
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aqueous solution.

11. 'The method of claim 10 including the additional step of
filtering nickel hydroxide from said aqueous solution.

12. The method of claim 10 wherein said aqueous solution has
a pH between about 9 and 12 during said converting of said dissolved nickel to nickel

hydroxide.

13. . - Théemethivdzofrciaim: £0 aeherein said-aqueous solution has
a temperature between about 302 Cundr-boiling during said: conversion of the dissolved
nickel to nickel hydroxide.

14. The method.of claim.10 wherein said aqueous solution has
a temperature between about 30°C and 60°C.-for forming’ amorphous nickel hydroxide
during said conversion of the dissolvet ni¢kel to nickel hydroxide.

15. The method of claim 10 wherein said negative potential of
said mixture of said activated elemental nickel particulate and said aqueous solution is
between about -200mV and -500mV during said conversion of the dissolved nickel
hydroxide.

16. ‘The method of claim 10 wherein said aqueous solution is
recycled after removal of nickel hydroxide for converting additional nickel particulate
into nickel hydroxide. '

17. The method of claim 10 wherein said aqueous solution is
substantially free of anions. '

18. The method of claim 10 wherein said precipitated nickel
hydroxide is classified by size into a coarse fraction; and a fine fraction and said fine

i
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prevents “sai d negati v& pot dhti®al *of said mi xture of said actlvat ed

el emental nickel particulate and said adfeous solution fromincreasing
above about -100nV to convert said dissolved nickel to nickel hydroxide;
and '

fcaction of the said nickel hydroxide is recycled to seed precipitation of said coarse
nickel hydroxide.

19. The method of claim 10 wherein said nickel particulate is
activated in a separate vessel prior to said introduction into said aqueous solution.

20. ‘The method of claim 10 wherein the nickel hydroxide is

precipitated at atmospheric pressure.
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The invention provides a method of producing nickel hydroxide from
- elemental metal. Elemental nickel is first introduced into an aqueous ammonia or
ammonia/ammonium salt solution capable of dissolving nickel. The potential, as
measured by a standard calomel electrode, is allowed to reach a negative or reducing
level. . Oxygen is added to the aqueous solution at a rate that maintains the negative
potential to facilitate the conversion of elemental nickel to nickel hydroxide. Nickel
hydroxide may be readily precipitated from the aqueous solution.

-
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0 Solution is substantially free

The embodiments of the irivention in which an exclusive

property or privilege is claimed are defined as follows:

1. - A method of producing nickel hydroxide from elemental

nickel comprising the steps of:

a) introducing the elemental nickel into an
aqueous solution to form a mixture, said aqueous solution containing aqueous ammonia
and the elemental nickel of said mixture being activated for dissolution into said

aqueous solution;

b) dissolvingsaid activated elemental nickel
to provide dissolved nickel in said aqueous solution and to provide a negative potential

for said mixture of said activated elemental nickel and said aqueous solution; and

_ c) adding oxygen to said aqueous solution
at a rate that maintains said negative potential of said mixture of said activated
elemental nickel and said aqueous solution to convert said dissolved nickel to nickel
hydroxide.

2. The method of claim 1 including the additional step of

filtering nickel hydroxide from said aqueous solution.

3. The method of claim 1 wherein said aqueous solution
has a pH between about 8.5 and 12 during said converting of said dissolved nickel to
nickel hydroxide.

4, The method of claim 1 wherein said aqueous solution
has a temperature between about 20°C and boiling during said conversion of the
dissolved nickel to nickel hydroxide.

S. The method of claim 1 wherein said aqueous solution
has a temperature between about 20°C and 70°C for fbrming amorphous nickel

hydroxide during said conversion of the dissolved nickel to nickel hydroxide.
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6. The method of claim 1 wherein said negative potential
of said mixture of said activated elemental nickel and said aqueous solution is between
about -100mV and -600mV during said conversion of the dissolved nickel to nickel
hydroxide.

7. The method of claim 1 wherein said aqueous solution
is recycled after separation from nickel hydroxide for converting additional elemental
nickel into nickel hydroxide.

8. The method of claim 1 wherein said aqueous solution

contains an ammonium salit.

9. The methodof claim 1 including the additional step of

precipitating the nickel hydroxide from said aqueous solution.

10. A method of producing nickel hydroxide from elemental

nickel comprising the steps of: .

a)  introducing the elemental nickel particulate into
an aqueous solution to form a mixture, said aqueous solution containing aqueous
ammonia and the elemental nickel particulate of said mixture being activated for

dissolution into said aqueous solution;

b) dissolving said activated elemental nickel
particulate to provide dissolved nickel in said aqueous solution and to provide a
negative potential for said mixture of said activated elemental.nickel particulate and
said aqueous solution, said negative potential being below about -100mV;

c) adding oxygen to said aqueous solution at a rate

that prevents said negative potentlal of said mixture of said activated elemental nickel

particulate and said aqueous solution from increasing above about -106m¥V to convert -

said dissolved nickel to nickel hydroxide; and



19. The net hod of

& separate ve
20. The net ho

at'nospheri c pressure

reln said nickel particulate i[Spasti ahed | .
m “Aﬂ i ntroduction into said aqueo SR%AU(%‘ET&'\F(‘)%%JSHEET
rein the nickel hydroxide is pHesipitck 4dARR 1997

-17-

d)  precipitating said nickei hydroxide from said

aqueous solution.

11. The method of claim 10 including the additional step of
filtering nickel hydroxide from said aqueous solution.

12. The method of claim 10 wherein said aqueous solution has
a pH between about 9 and 12 during said converting of said dissolved nickel to nickel
hydroxide.

13. The method of claim 10 wherein said aqueous solution has
a temperature between about 30°C and boiling during said conversion of the dissolved
nickel to nickel hydroxide.

14. The method of claim 10 wherein said aqueous solution has
a temperature between about 30°C and 60°C for forming amorphous nickel hydroxide
during said conversion of the dissolved nickel to mickel hydroxide.

15. The method of claim 10 wherein said negative potential of

said mixture of said activated elemental nickel particulate and said aqueous solution is
between about -200mV and -500mV during said conversion of the dissolved nickel
to nickel hydroxide: _

16. The method of claim 10 wherein said aqueous solution is
recycled after removal of nickel hydroxide for converting additional nickel particulate
into nickel hydroxide. '

17. The method of claim 10 wherein said aqueous solution is

substantially free of anions.

18.  The method of claim 10 wherein said precipitated aickel
hydroxide is classified by size into a coarse fraction; and a fine fraction and said fine
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 fraction of the said nickel hydroxide is recycled to seed precipitation of said coarse
nickel hydroxide. |

19. The method of claim 10 wherein said nickel particulate is
activated in a separate vessel prior to said introduction into said aqueous solution.

20. The method of claim 10 wherein the nickel hydroxide is
precipitated at atmospheric pressure. '



