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can conprise the follow ng steps: (a) Providing an electrolysis cell; (b)
Anodi cal ly dissolving cobalt netal into an electrolyte solution; (c)

Passi ng iwpun@egectrol yte solution at controlled pH and fpEw$@Le258Cr 0ss a
chel ating ion exchange resin to renove contam nates and forma cl eaned

el ectrolyte solution; and (d) Transferring the cleaned el ectrolyte sol ution
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WO 02/ 028-48 PCT/ US01/192SS At | east one cathode 20 is provided in cathode

conpartnent 14, and at | east one anode 22 is provided in anode conpartnent

1 fi. A power source 24 is electrically connected with cathode 20 and anode
22 to formpart of an electrical circuit. 2 Menbranes 18 al | ow i oni ¢
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and exchanges netal cations with H ™ ions in the exchange col ums 32 and
34. This exchange can be dependent on tenperature, pH and flow rate. A pH
of bet weewoahmugssl and about 3 can be preferred. The resinpdags@a/rgher
affinity for inpurity ions of Cu, Ni and Fe than ions of Co. However,
especially in the case of N 2+, the reaction kinetics 5 WO 02/ 0288 PCTI
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thick. An exenplary cathode plate 50 is shown in Fig. 2. Plate 50 conprises
vertical sidewalls 52 (there are four vertical sidewalls, but only 2 are
visible in the view of Fig. 2)) a top surface 54, and a bottom surface (not
visible in the viewof Fig. 2) in opposigg relation to top surface 54. In
operation, one or nore of the top surfacé, bottom surface and si dewal |
surfaces are subnmerged in the electrolyte solution within chanber 14 (Fig.
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material. Any material can be used for the baskets as long as it is
dinensionally stable, or inert, as an anodic el ectrode under the descri bed
el ect r ol yWwip2008di t i ons. An exenplary suitable material foscf/iRasdkets is
titaniumw th an iridi um oxi de coating. WO 02/ 0288 PCT/US01/192i 5 An
anode current density (ACD) can affect the dissolution efficiency of cobalt
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t enper at ur eaniiénsf (s0th aH80L> a6D00) towredsdrdel2000C) . I n the el ectron beam
furnace, nmelt heating is a function of electron beam power density. Melts
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| oaded onto an ani on exchange resin. The cobalt was retained on the resin,
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from t he wioreatozs®l uti on. The present invention involves passi/oshilibss
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to, the foll ow rl}% exanpl es. le 1 Electrol thc formation of cobalt A
sanpl e of 1472 Bo'dﬂh QB'SOQI‘e l?‘l"iQ i shewa dny |t § ?’HP’@%?@DE’@%‘JF&% ihis Raker at

room t enpenaksistodtinke a%lltlbtﬁél%m;ﬁg%btﬁld% ! eowdeldr ripgd, dithBugiioply bhe igpbal t
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B
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heated to }g@ﬁsy@,ﬁg%galb@bré\ﬁd@d arted to the ion exchange tanks, which
contain 5 cubic” feet of resin, and a flow through the tanks is at_a rate of
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El ectrolysis is run constant current of 300A and the, vol tagfe observed to
fall -from ®0et3atheroy by reagen Ja VRN M exelanggdedunpe i98tegso R9ET and
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which relates to a cathodic current ef |C|enc of 74% The anal ysis of the
deposit i s YHBWPIAn tﬂ'ﬁ%l@‘“?”&'% twe exsgRIBucP ’@at‘ﬂ%déhoww sthe s ABERtion
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"hi gh puri material. The additional treatnents were either
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(specificall the treatments reduce concentrations of C S, Oand N). WO
02/ 0288 pml&w/tmgqgge-p@mf@r 1 For instance the columns can be different sizes than one
another, or can be packed with different resins. lon exchange resin system 30
comprises at least one ion exchange resin within at least one of columns 32 and 34.
For purposes of interpreting this disclosure and the claims that follow, an ion exchange
"resin" is defined as any material which supports ion-exchanging functional groups, and
can include, for example, DOWEX™ beads.

The impure electrolyte solution comes in contact with the ion exchange resin
and exchanges metal cations with H' ions in the exchange columns 32 and 34. This
exchange can be dependent on temperature, pH and flow rate. A pH of between about
1 and about 3 can be preferred. The resin has a higher affinity for impurity ions of Cu,

Ni and Fe than ions of Co. However, especially in the case of Ni*, the reaction kinetics
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PCTI USU111928 Cobal t powder of a purit 99 98% Powder A, and 2N7
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to get a fiyal solution volunme of about 5 liters. A plastic tube of 0.953cm
i nside diameter _and 120cm | ength, connected on one end with a reducer, is

used as an ion ebhengplytion G{ing. they 98 seXGHBNgS $esiR dani $a8 che EReFad idi 8% .2 The
tube is filgggnamit é]eétmylé MutPRL tdPMaratdvk{et Yhe 3BlaMe BYcddATiERor 8FicBhalttd h an
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f eed sol uti on. pi cal experinment conp ?ﬁfshe resin
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conducted: The first step uses a solution of_lower acidity to elute cobalt,

wher eas a SPRHRFeRNAEMIINGHI &CPBINUCYS IPEREESHor Thith iakiBaRRFKstadpkaep @TRW'BGS

ni ckel . Al tehpngheetiRy ShedaRRe. describes a batch el ution process, i's
not ed that one or nbre aspects of the exanple can al so be |ncor{)or at ed into

single step (iThe membrapes «i)Figl dt Rish optienabs sAsrordingly.paliRaigh They8pWon
V\/ner ein CO%%% Séﬁteéoﬁ”lﬁﬁégéghﬂetrﬁﬁah@ 18X GNANES HeCBhder¥obOHbt BR RYehgaded

and eluted w eparat e sol utions organi ¢ solution conprising 20vol. %
Cyanex 272 SficRepassasptBenambodimentsdnet shawp) whripadheig@reine Mmeseanesy utilized

extraction t@%‘ﬂhtpl‘r‘né'cfe'IIQHtB'é?BdeanGQ:léﬁHde RMBRIRALS  InQpRfiERdH dmibhirkdnts 2&h 0 Of

1 was used for both loading and stripping. |npure cobalt chloride sol uti on,
or sol uti orRRPrensiatel belanre s eaintainge betwearsthe tate of frapity semeya ihroygh ion
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netic heatin ate IS used pI‘OVI
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pH val ue is reac e mxture cobalt chloride 'solution and organic

sol ution i selistinatedd Fher a@aveaimpmbaﬂnmprmrﬁtﬁ bajapee san ibgRasgMPlighed) Ryateing
gé??lme(r:refn?l eg']Edu%H ré§|nrﬂ))%‘3 leédsé (tg]g\ﬁltr‘éfeomr%hst‘%%h RcHaMGe kit thBUs afiofrit @6
offset any mcrease in impurity concentration in the bulk electrolyte solution caused by
anodic dissolution of impure cobalt.
Eventually, the resin in the columns can become saturated with impurities.
When such happens, the columns can be regenerated by disconnecting them from cell
12, flowing an acid (of pH preferably less than or equal to 1) through the columns, and
subsequently flowing an acid (of pH preferably from about 1 to about 3) through the
columns to bring the pH of the resin back up to that of the electrolyte solution. The
columns can then be reconnected to cell 12.
The electrorefining step can electrolytically dissolve cobalt metal into solution in
the anolyte (with the anolyte being defined as the electrolyte around the anode) and

deposit it as high-purity cobalt from the purified catholyte (with the catholyte being



each phase are obtained for assay. The above-descri bed organic extraction
can separate cobalt fromother inpurities of the inpure cobalt sol ution.
Speci fi cawloyo2/obéue cobalt will mgrate fromthe agueous phaser/efoitibgsi npure
cobalt solution to the organic phase when the aqueous phase is pH 2, and
will then migrate fromthe organic phase to the aqueous stripping 13 WO

02/ 02848 Pgifihdahé lﬁ@%@oﬁelyta bRIUINWNRE daffdde).! | APbDgh %Qbéﬁrhéms i ave HOwA-
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conpar t mentsinify sy élB&r&W&&céﬁt@@é Eéﬁ%ln‘aﬁ@tﬁm@elé’&wﬂ@t ed inpure cobalt
chl oride sol ution. nmbrane used in this experinment_is an acrylic
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hi gh-purity titaniumplate. After Hagjustrrent of both anolyte and

cat hol yt e telgcyiqally sonasictive mateyisl, Suets ag JaaxareRie.atobalt o6 HEANiHS. Wa@mthe
density uti éfél‘r cRoitEFR Y Shtdde rﬂéteﬁgglnc%%eaof%ér%ﬁteﬁﬁ@?éutc}f RITIPION2

Tabl e 2 shows e major inpurities (In pp for cob ter processing by
el ectrol yS|C§t|'@ﬁ€ maiaTialxenangease dNpgites apaespensing teethet efher mpteriaisein e,
Table 2 El g H%;B er AAfter |on Exchange

Tr eat nent sMy (5 | 2. 20. 36Ti 21. 1V0. 130. 005Cr 162. 8Vh350. 004Fe202. 2Ni 292. 3Cu
3.51. 8Zn30162roIqm“wi%mmw@smmesmthm“mnbecmlﬂsestsqrze resianayiar78i8t®. 68Pu

t % 99, 5 96632 \ 2 |\ &th3

glhoars ( ﬁtabgﬁgf%ﬁogﬁorg @15% oﬁf‘tganuarllpg%té? Q%ﬁe @atﬁ’&é@ Eés%.éaug%% tmﬁP vﬁtr%

for diff er glimnersions of aeb@nbﬂ@' wn@@byahoubiﬂ" tgtadnout 2@" lwng raqdd‘mmbnglt 1l§6’| fo1
d , t

by o vent kot R2rR0R ERfifld SARICHERAR MShin LY 20RIEHS BLERRANE | ™

made usi ng vedicat sidewaliseit @hbre are fosir bymsailam@wallaxbutmm %nreawalbl@ mutheyleby i on

1. 41, anno Do Glra RG34 gl Bl 3etndt Al ) B Ghu 9058:” Bsnoo
. 10. 15W0. 020pegrd Teistions 8u tar Sudatz354 2 Purdpevationy 9oe I898G8 Y. the 7tepssurface, WO
02/ 0288 chouéqlélﬂ'&%ésand sidewall surfaces are submerged in the electrolyte solution within
chamber 14 (Fig. 1) during cathodic formation of cobalt on cathode 50. Ideally, top
surface 54 is submerged in the electrolyte solution , and the cobalt metal deposited
from the electrolyte solution forms a smooth film across surface 54. Due to high current
density at the cathode corners and edges, non-smooth or dendritic deposits of cobait
can form at corners and edges of surface 54. Such problem can be alleviated by
forming a non-conductive material over peripheral edges of surface 54, as well as over
sidewalls 52. The non-conductive material preferably covers the outer 1/2" of surface
54, and is shown in Fig. 2 as a coating 56. Exemplary suitable materials for coating 56
are paint, rubber coatings, or chemical and heat resistant tape (such as a tape identified
as AN™, and available from Canadian Finishing System, LTD., of Burlington, Ontario
(Canada)).

Referring again to Fig. 1, impure cobalt metal (typically 3N5) is provided as
anode 22, and is placed in one or more baskets made of a dimensionally stable anode
material. Any material can be used for the baskets as long as it is dimensionally stable,
or inert, as an anodic electrode under the described electrolysis conditions. An
exemplary suitable material for the baskets is titanium with an iridium oxide coating.



Table 4 shows a tabulation of netallic purity, and of major inpurities (in
ppm, for a cobalt sanple (Experinent starting with powder B). The cobalt

sanpl e waworma@es#gsi ng sol ution treated 1 tinme by sol vent epdmwesiihiorssand 5

times by ion exchange. Table 4 El enment ' Powder BCobal t

Sanpl eMy2500. 06AI 1300. 2Ti 5. 85V0. 46<0. 001Cr 980. 1Mh600. 01Fe60028N

| 7604Cu131Zn200AAZrddé cubidht BensifySACD) can affect the dissolution efficiency of cobalt
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cobalt sputteri and accordingly is preferably m nim zed.
. Al t hough ¢ ARe %é@%{h%ﬁ’oﬁ’(ﬁt he invention has the capability to absorb a
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After cobalt is formed on the cathode, it can be further processed by melting. [f

a low-purity cobalt or a titanium starter cathode is used, the high-purity cobalt deposit is
preferably stripped from the starter cathode before melting. If the starter cathode is
high-purity cobalt, it can be melted with the deposit. The methods of melting include,
but are not limited to, inert atmosphere induction melting, vacuum induction melting and
electron-beam melting. Electron-beam melting can be done by both drip and hearth
melting.

Oxygen and carbon removal can occur in the melting step. Dissolved oxygen
and carbon in the cathode materials react at melting temperatures to form CO gas. The
CO gas is not soluble in the molten metal and escapes from the melt. Carbon in the
final ingot is reduced to near depletion while the excess oxygen (that was present in the
cathode cobalt) that is not consumed in the reaction remains dissolved in the ingot.
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across thefy °'é>9£ﬁ an pgampovies dlensity MR WSEROROSEAMR SENET YATYUTS ¢ he
anodi cal | y pedczed Yowdr ckhgert asthct ¢rhey béeRsirehi@snshies. TAereBBd bk Rhgélial m 1
wherein th at hode has & %r; ace exposed to the electrolyte during the

cat hodi cal I%? odid? ¥AANF ur t her conprising form ng a nonconductive

materi al around mep:eédoﬁbeﬁeth@cﬁ férhiRdSelh @Q@gebﬁfnoth@ fmaep:@aumdlb‘yamimhg flne
depositing. 7 rein the ]JS cob

et bod of  RiHoRPPAHRE N I Eef SEHCRe (TR 1 SOB0 S PomPENSals {oF HTARNCRHS BUIE

anode chanigth r@@;ﬁieo% t@@éﬂb@dﬂn&h@m@ﬂrpdﬁtﬁ EatifdHeacy B infat e, hmgmamerémwmeof 9.
The net hod of cl.aim el ectrolt{qge sol utjion co S one or

both of Cf CaMRendpiat WIII@' wﬁweémwpéw (‘P9 o3kt 1110 an atomic basis.

This amount can be calculated. The cathode chemistry is generally consistent

throughout one lot of material, so the calculation can be based on one representative
analysis of oxygen and carbon in the cathode.

It is noted that previous methods for refinement of cobalt have utilized ion
exchange in combination with electrolysis. For instance, U.S. Patent No. 5,667,665
describes a process wherein an electrolyte from a cobalt refinement electrolysis
process is subjected to purification which includes utilization of an anion exchange resin
to separate cobalt from impurities. The patent further describes that the cobalt is
returned to the electrolysis process after the purification. The previous methods
differed from the method of the present invention. The previous methods involved
placing the cobalt from the electrolyte in a first solution from which the cobalt was
loaded onto an anion exchange resin. The cobalt was retained on the resin, and then
subsequently eluted with a second solution which was different from the first solution.
The present invention involves passing the electrolyte solution from an electrolysis cell



10. The method of claim7 wherein the anode current density during the
anodically dissolving is fromabout 10AIft2 to about 500A/ft2. 11. The

met hod ofwel@ipgsg Wherein the cathode current density durig@ri§irness
cathodically depositing is fromgreater than OAft2 to about 50AIft2. 12.
The met hod of claim7 wherein the cathode current density during the

czﬁt hodi ﬁagtm?@@paﬁiatnidngv\zmaﬁg@m%gm eatier cctertmn@qqh fviricr ﬁ o&bmeué rr%dvd Guch ad3. .
The met hod o er e i c e resi as ed vo an
wher e n ¢ neSkAE 8 1B Jeteneg” B e Fesi i EFHRE  phAves toRRL B aER ta RV ow
rate of gr papeities hetain@d Bl the resind Thesnethhain then bgusturied teltheteletffoBdsidell 14.
The nethod gf claim 7 wherein the i exchange resin _ha ed vol une, and
.wherein t h@gﬁr 2e$sid ﬁré’“gé tbﬁs@é'&' t %ﬁugﬁs?'ﬂ 'nvff?f'oé'xﬁ?fhi@? ggsrlnﬁre feadily| ow

rate of graaisted thaontthuBls ldUnflmdn|o¢$|$etélbaﬂilaroéomlpaév1c1@ prbcetsed, iB\thadrthe 15.
The net hod of C{,ﬁVm 7 further co%l Si

th
el'ect ol yt BresERLAVERon FHGLESH i Bip-BEeH g EVPE AT Ak B0 S huffion of the

Calt h?dl CaLbbﬁéVﬂ?@Qﬁ?éQs@che&?ﬁ@éﬂs) wiumgg:mlbauhg oﬁ:a&(tiétépduf%dh@réslt omanhien ek@mhgelt yte
sol utl on ex ction O e electro e | oanognlcsoven
ot racs i ng TR Ae CHGAN Bl temelal o) ineReb RV IRsaN e 4 oo aton caa o

aqueous sobides$ (thakthdld stepfRing Bébstab@ of abnethl 6f indréAlthioBgh @ntiie exchange
electrolysis cell. 16. The nethod of claim7 further conprising, prior to

passi ng t héeSMect r ol yte through the ion exchange resin, removing Fe from

the el ectrol yt e apdrig tr@nadvﬂaﬁtagﬁaeofrfaé hﬁ@th@a of ltié masehurrweﬁtrorpﬁémrve&brme
prior to passing the electrolgte t e ion_exchange resin,

preci pi t at PABF & PFocEpResRxerIRlited BY H%%ﬁ@@}ﬁ({ﬁ%ﬁ%%@ met hod of claim 7
further conprisigg, aft gl Messdshe thégr@bﬁpmv@htwha:awmnmetah@mm emmbange
resin and before cathodically deposit, ng cobal t, renovi %

el ectrol yte sol ution. 18P Q?BtOr%H" IBOTIeT & RTOFepSRS: K t lﬂ%ﬁmﬁnmye tPer
passing the el ectrol yt egh iroeitRahdierdsti agchange resin and before

cathodical ly dep05| ting cobalt, precipitating Fe fromthe el ectrol
sol ution. 20. Adbhppar aih%P'fOGF-‘S?pGF ths, Prageat W?'@HO" e¥hBlimERiRya cance tradion

el ectrolysis cell F'd?&hé”bnéf‘gﬁeprﬁéégé@é i /Richad @oBalf 3410 QA8 c‘éﬁé@ﬂfa‘téﬂﬂ(ﬁr
the anode conpartnen cat hod onpartment being in electrical

connection with on@veihetad aftenekitign frem aresin apd 9'?%‘ digpQlyqchin; Waier PEIJP itgne
ani oni ¢ exchange npgdbaaBER efetBiEH. Ny into the electrolyte solution and
separating the anode conpartnent fromthe cathode conpartnent, the cathode
conpartnment extending to a hei ght above the anode conpartnent, the nenbrane
20 W O 02/ 0288 PCTI US0111925s extending to a height between the heights
of the anode conpartnment and the cathode conpartnent such that electrolyte
fluid within the cathode conpartnent can flow over the nenbrane and into

t he anode conpartnent; an anode within the anode conpartnent, the anode
conprising an inpure formof the netal; and an ion exchange resin in
fluidic conmunication with the electrolyte solution of the cathode
conpartnent. 21. The apparatus of claim20 wherein the netal that is to be
purified is cobalt and wherein the anode conprises an inpure form of
cobalt. 22. The apparatus of claim 20 wherein the netal that is to be
purified is cobalt and wherein the anode conprises an inpure form of cobalt
in at | east one basket. 23. The apparatus of claim22 wherein the basket
has an i'ridi um oxide coating. 24. The apparatus of claim20 further
conprising: a fluid passageway fromthe anode conpartnment to the ion
exchange resin; and at | east one punp along the fluid passageway and
configured to punp electrolyte fromthe anode conpartnent to the ion
exchange resin, and further configured to punp electrolyte fromthe ion
“exchange resin to the cathode conpartnment. 25. A high-purity cobalt
material conprising |ess than 50 ppmtotal netallic inpurities, and | ess
than 0.05 ppm Cr. 26. The cobalt material of claim25 in the shape of a
"sputtering target. 27. A cobalt filmdeposited fromthe sputtering target
of claim26. 28. The cobalt material of claim25 conprising |ess than 0.01
ppm Cr.
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29. The cobalt material of claim25 conprising |l ess than 25 ppmtot al
metallic inmpurities. 30. The cobalt nmaterial of claim25 conprising |ess
than 25 pwonebsds netallic inpurities, and | ess than 0.01 mPruédi/1o5k A

hi gh-purity cobalt material conprising 99.99% cobalt and a sumtotal of M,
Al, Ti, V, Ct, M, Fe, N, Cu, Zn, Zr, No, Mo, Wand Pb of Less than 50
ppm 32. The cobalt material of clai nExdmpr&pri sing |less than 1 ppb of Th,
and conprising | sth e cobalt terial of claim3l in
the shape of a RGN ﬂ@'st'EH'%'@?ed @’4*’“%(“355‘3?9 t%th‘?rf"ﬁﬂ gyhgiexedrieom t he
sputtering target of claim33. 21 WO 02/ 0288 PCT/ US01/ 19255 35. The
cobalt material of claim31 wherein the sumtotal is less than 40 ppm 36.
., The cobalt material of claim31 whereF¥#®M@Isumtotal is |ess than 30 ppm
37. The cobalt material of clagBgdyEfr@atiod BEcobah total is less than 25
ppm 38. A cobalt material conprising greater than 99.9% cobalt and |ess
-than 0.5 ppm eaWséﬁnplB‘%farﬂﬁz s dreosd emHsb i?sodiﬂ;ﬁlvéaqnto' %Sgélleﬁé‘omaw%mapf

Ni, less than 1 ppm of less than 1 ppmof Ti and |ess &;m of
0 39. The re%atpmpﬁﬁat@rﬁu whileystigingi nAgaincwhis stiring, Hieeatled theapotml 919

cobalt. 40 soﬂ]ﬂ@n @%&tem Qrﬁyaédcmg Qha'd&lgﬁ% bﬁgé"}@‘%uﬁlm'?ooﬁcl@fA@S % efhd1g

target. 41. cobal | m deposited fromth sputterlngtar cIa|m40.

42. A hi gh-SBlle'P'ﬂ ye @éé@sﬂ fto r?ad'étdﬁélel%%mjﬂslssiaﬁb grelskeated to 5@2¢ mQI@u@tlon is
metal lic i @Hﬁf]e'dt foe§1e i%ﬂdeicﬂﬁﬁ%é ks 3 wWhRMA a_éntalﬁaé CEQ% %P?* tn?srﬁatﬁ{é! gl fl
nt ep

claimd42 i ttering tar
fromthe spough I"rﬂg’faﬂ&ﬁ! ipcat a)fate &P GBM. 4 e W#@ltcﬁﬂfatet sqtuticeris analazecbaml m 42

t 4 |
compr 1 51 ng 5oy e 8 18 80 gl Co’ G40 HifgRORpleha s 1, R sHiheThA%s
conpri sing El%%@ly@waa ran et.Lccmﬁhar@curram of BRQAGIsthe voltagsr dlaendd telfali from2oV
conpri sing WO&&QH? %1@%03,9%9 Cémgdegoéﬂgrégs %@%ﬁeéthgﬁb PRyt The

cobalt materi al aim4 rising | ess conpri sing
| ess than Glepgityppind A/ anﬂb@dnﬁﬁl Ib$ 19§ chlaltist m@mes@ecmaw gm@ateezo a/cathodic

, 9. AFs. AFL. céﬁ Wﬂ?ﬁ% %f“rﬁh/s.A?rﬁe ah9<is B the d¥oss sttt At 2sAfe hig- R 'A_‘g

2. AF9. AL. A
purity cathode". Also shown in Table 1 are analysis values obtained after additional

treatments of the "high purity cathode" material. The additional treatments were either
vacuum induction melting, electron beam drip melting or electron beam hearth melting.
The additional treatments reduce gaseous impurities (specifically, the treatments
reduce concentrations of C, S, O and N).
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+| 100/(k k & ) |&10 74 / [oLIWARY \JQinn/lJﬂ L S US4
10f(ye&' ()Ez!(‘ ! (10%&' OF S 190%&] ()20 1 5ol - s 109602 - v] 1098% ) - M
10( (") *+, 7uj _@ L109 (ﬂn 10 1£D 00047 0.15 0.02 0.01
10&?t 109&' ()-! " L! 16@&'—%—@] GE3. 109N - MZIHI Bhh@ @1 YD' 109& ()-2z
0Y9' 109%& ()-zY: 1098 () F® 10%& (')’9gY 109 () -y 16 () - B37 @
Ni 2.0 2.5 2 3.9
Cu 0.0091 0.08 0.65 0.42
Zn 2.0 <0.1 <0.1 <0.1
Mo 0.043 0.03 0.07 0.05
w 0.0020 <0.01 0.2 <0.01
Th (ppb) <0.072 <1 <1 <1
U (ppb) <0.086 <1 <1 <1
Pb 0.091 <0.01 <0.01 <0.01
C 223 5 3 6
@) 407 41 14 62
N 41 <1 1 1
P 0.06
S 8.7 6 <1 6
Total 90.998% | 99.998% | 99.996% | 99.998%
metallic
purity




1{l  10985& ()-'ql 10%+& ()-1 10%& ()-1 10%& ()-910%& ()-9! 10%& ()-gUo
"1 #1$1 940! zodY: > 10%&' ()- 10 10 10?° 109& ()-!17 "10%& ()-! nF. n{ 109%& ()-f!1"
"10%&' () -80l02MopsaE#eSS}[ dY: dY9E 10% & ()- @ PCT/US01/19255

191 109 ()-!9! 10%& ()-9! 10%& ()-!>Y9 (10% ()-F"s10%& ()-$c% ++

+1+"+/ +z0odY: L10% ()- 10 10 10?s10%& ()-! YO 10% (& ()- @' " YO 10% () - @
"YOE 10%' ()- @ Example 2

[ +>+- 6/ FO2i 4zX9dY: | +1 10%& ()-!! 10%& ()= @] 100 ()-f! Q¥93(10%& ()-!>Y93(10%&
"()-F" 1098 ()-i 4447696: 6; 6<6GHt | A?\éﬁgy&,\q_emlo 10

10?° 109&' () - 5! 10u8alf powkiefYadng pOAE INS (99¥B% )l Fivae& Al anfl OGBS, Bowder
A< A1 1 109, (%.- Sit1

(109 () -- bt Fodeeqlye %&6%%%’@ DY yeshty INQVaer) ol [t AANEQR sy then heated to
10&?" 10%& ébodtBDi(D,"/@hi(e) stﬁﬂ:@«ﬂb:(é?duﬂ @ hd0rsy @li@)Gdng OB (s) disrécl\ib‘kﬁﬂ’c:))( add@BAGATA
B RSP Sablod bl b AP b P
3015 FRME s baten ol iolin o o

Y200 () - hove LyaReaa SO BRI kit tene ot TP FTOVE o B TIONE ) - vsU
- UUW WYY eRdFivith @ réBucer, is used as an ion exchange column. Glass wool is used as screen

material. The tube is filled with about 42.6m| Dowex M-4195 anion exchange resin, with

an average size of 20-50 mesh. Prior to loading, the resin is conditioned by passing 2

bed volumes (BV) of HCI solution through it at a flow rate of about 15 BV/Hr. The pH

value of the HCI solution is the same as that of the feed solution. A typical experiment

comprises (1) loading the resin by pumping cobalt chloride solution through the resin

bed; and (2) eluting the loaded resin bed with HCI acid solution. A two-step eluting is

normally conducted: The first step uses a solution of lower acidity to elute cobalt,

whereas a stronger acid solution is used for the second step to elute nickel. Although

this example describes a batch elution process, it is noted that one or more aspects of

the example can also be incorporated into a single step (i.e., non-batch) elution process

of the present invention wherein cobalt passes through the ion exchange resin without

being loaded and eluted with separate solutions.

An organic solution comprising 20vol.% Cyanex 272 mixed with 80vol.% toluene
is prepared and utilized for extraction and purification of cobalt. An aqueous to organic
(A/O) ratio of 1 was used for both loading and stripping. Impure cobalt chloride
solution, or solution treated by ion exchange, is used as a feed solution for loading. An
HCI solution, diluted with deionized water, of pH about 0.2, is used for stripping. A
magnetic heating plate is used to provide both heating and stirring. A NaOH solution is
used to adjust the pH of the impure cobalt chioride solution to about 2 for loading. After
the desired pH value is reached, the mixture of cobalt chloride solution and organic
solution is stirred for an additional 10min. For stripping, the loaded organic solution is
mixed with stripping solution for 10 minutes. After settlement of 10min, samples of
each phase are obtained for assay.

The above-described organic extraction can separate cobalt from other
impurities of the impure cobalt solution. Specifically, the cobalt will migrate from the
aqueous phase of the impure cobalt solution to the organic phase when the aqueous
phase is pH 2, and will then migrate from the organic phase to the aqueous stripping
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10 107" 109 ()-!31 1(1098N& ()-g d3l 1(109%A1& ()-g/! 109%& ()-!Y(

"109&' () - WMWWAKYYA2QF; 10 1! 100& ()-f!>Y

(109& () -WhORRE- ! | 109& ()-fY" 100& ()-9109%& () - YZ[\\ n] mMaB@Fse1 40255

1# 109 ()-! !109& ()-g! 109& ()-!109%& ()-!109& ()-!109% ()- m " _aabaBQF; 10
18! 109%&’ ()-zF7! 109 ()-/!1109%& ()-! )!10%& ()-S)!10%& ()- SY(!10%& () - bbbbbbb

c[db@ 10 1sokytion(wimsngthe stripemgispiion)is pH 01D enruritieg peagedin theinmire cobalt

1057 (S9OSR bt g ()
10 10 10?109 (Yhe @eoy@ysis celbikdplgcpdfinaids & matgrinatiBiokeep about a constant
. é?%}@%{@ {e}“rﬁmmnmmwemg@cgb E'%g% ‘%‘% E’ﬁﬁ/‘%ﬂv/%)&e'}*%p@@énggg@% bR ea00g& () -
3"L10%g& (gxtrapoo@&r both, li(ﬂ'@oduced into the cathodic and membrane compartments, and
the anodic compartment contains untreated impure cobalt chloride solution. The
membrane used in this experiment is an acrylic membrane known by the trademark
204-UZRA-412. A piece of impure cobalt with a purity of 2N8 is used as the anode, and
the cathode is made of high-purity titanium plate. After pH adjustment of both anolyte
and catholyte to pH 1.5, electrolysis is conducted at a constant current density utilizing
a temperature of 50°C, and a current density of 200A/m?. Table 2 shows the major
impurities (in ppm) for cobalt after processing by electrolysis and ion exchange, using
Powder A as the starting material.

Table 2

Element Powder A | After lon
Exchange
Treatments

Mg 12 0.04

Al 22 0.36

Ti 2 1.1

\Y 0.13 0.005

Cr 16 2.8

Mn 35 0.004

Fe 20 2.2

Ni 21 2.3

Cu 3.5 1.8

Zn 30 16

Zr 0.15 0.03

Nb 0.95 0.05

Mo 4.5 4.7

w <0.01 0.09

Pb 0.31 2.2

Sum 147.75 33.68

Purity (%) | 99.985225 | 99.996632
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glo0uK" & () - eE+=ql0%" & ()-gl0%K" & ()-qlO0u%K" & ()-qlouK" & () -

- 9109%K" & Wh-0aAfRAC & () - hL, =ql0%K" & () - qlO0%K" & ()-'D PCT/US01/19255
glo%K" & ()-ql0%K" & ()-qlouK" & ()-' D eGr=ql0%K" & () -

glO0%K" & ()-ql0%K" &' ()-qlo%K" & ()-' D qlouK" & () -

eE+=q10%K" & () - Gallen skiows adabUktid ¢f)metaliediudty( and &F major impurities (in ppm),

-glO%K" & () -9lOovK: & (),-! '

RO S b S B R UG8 g sampe s macs
gl0%K" & () ugjdd selittor( freatdd 9iireE ) soliant extraction and 5 times by ion exchange.
ql0%<" & () -: AHI LPUeE+=q10%" & () - q10%" & () - q10%K" & ()-q10%<" & ()-
-qL0%C" & ()-qL0%" & () - UVX] bef j hL, =q10%" & () - qL0%K" & () -

glo%K" & () -gqlo%K" & () -gqlov&aBied -' D j noszeGr=q1l0%K" & () -

qL09%K" & (} 09%K" & () - eXK>q10%K" 10I 10! 10!
. >10% & () E%%‘&' g(f-"wgefgloﬁﬁg@t()-qm%( & ()-|[: XK>q10% 10% %' & ()-b
10% 96" & ()- 11109%" & ()-f| Sarkplb % (& ()- 3" 10% %" & ()-
10% %' & XK>41004— 1094694 & (Y W' D | 109% %' & ()-bl  10% %' & () - bl
10% %' & fVEbl 109299 & ()-peB&k>q10% 10% %' & ()-bl  10% %' & () - bl
10% %' & (KD DT [HGE % & (36T — 10% %' & () - bhL, >|
Ti 58 5
v 0.46 <0.001
cr 98 0.1
Mn 60 0.01
Fe 600 28
Ni 760 2
cu 13 1
Zn 20 04
Zr 0.1 0.02
Nb 0.05 0.008
Mo 16 03
W 053 0.06
Pb 19 70
Sum 1972.04 | 49.16
Purity (%) | 99.802706 | 99.995084
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Fe can be a major impurity element in cobalt. Like Ni, it can influence the pass-
through flux of cobalt sputtering targets, and accordingly is preferably minimized.
Aithough the resin used in the invention has the capability to absorb a certain amount of
Fe, additional Fe removal steps are desired when Fe content in the raw cobalt is high.
Different methods can be used for Fe removal: 1) Fe(OH); precipitation; 2) solvent
extraction; and 3) an additional selective ion exchange; etc. In a particular embodiment,
this invention has successfully integrated Fe(OH); precipitation into the cobalt refining
process to handle excessive Fe impurities.
For Fe(OH); precipitation, air or oxygen gas is blown into the impure CoSO, or
CoCl, solution during stirring for a certain time to oxidize the Fe* ions to Fe®" ions.
NaOH is then added to the CoSQO, or CoCl, solution to change its pH to about 4.
Fe(OH); crystallizes at such pH because of its low solubility. After most of the Fe(OH);
has settled, the solid Fe(OH); particles are separated from the CoSO, or CoCl; solution
by filtration.
in an exemplary embodiment, cobalt powder of purity 2N7 is dissolved in H.SO,4
(98%) diluted with 50vol.% deionized water. Heating and stirring are provided to
accelerate dissolution. Typically, 2 liters of H,SO, soiution are placed in a 5 liter
beaker, and 500g cobalt powder is slowly stirred into the acid solution. The solution is
heated to about B0°C, while stirring for about 10 hours. Aﬁemards, more deionized
water is added to reach a cobalt concentration of about 100g/l.
Two equal volumes of the prepared solution, referred here to as volume A and
volume B, are taken to make two cathode cobalt samples A and B, respectively.
Volume A is treated by ion exchange alone and used for electrolysis to make sample A.
Volume B is treated as follows:
air is blown into volume B during stirring for about 1 hour to
oxidize the Fe®* ions to Fe® ions;
NaOH Is added to the solution to change its pH to about 4
(Fe(OH); crystallizes at such pH);
after settling for about 1 hour, the solid Fe(OH); particles are
separated from the CoSO4 solution by filtration; and
subsequent ion exchange and electrolysis are conducted the
same way as discussed above relative to volume A.
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| 10% %' & ()-bX\ abf| seE+>|
10% %' & ()-b' D -1  10% %' & () - bl
10% %' & WO ho/Dsks 10% %' & () - bl
10% %" & ()-b'D | 10%9%" & ()-bl 10%9%" & ()-bl 10% %" & ()-

109 %" & ()-beE+>l 10969 & ()-1 10% 9%’ & ()-bl 10% %" & ()- o

109 9 ' & () - b' D GDMSLRAA f6t 'sBimble-Bis listddin Tabis & for E’Hﬁ’ectcikﬂ% on to St8fth& () -

L10% & () - Qélcilaﬁoll\'llcg‘}eogpem l(c):%fy&Tgl))le 5 sh%%g/p%rll’;y&(ug }) ) and ma} L;mpdrltles (unit:

ppm) for cobalt powder used as raw material for preparing a cobalt solution.

10% %' & ()-1 10% %' & ()-bl 10% %' & ()-bl
10% %' & ()-bstwz~hL, > 10% %' & ()- bl
109% 9" & ()-bl 109 9" &Cﬁ-/)usbl/gzwﬂ

Table §
Element Powder Sample B
Mg 250 1.3
Al 130 2.1
Cr 98 0.3
Mn 60 0.02
Fe 600 32
Ni 760 12
Cu 13 0.54
Mo 16 0.36
Purity (%) | 99.802706 99.994

Sample B shows a much lower Fe content, verifying that Fe(OH); precipitation
can be effective for reducing Fe impurities.
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1. A method for purifying a metal, comprising:

providing an electrolysis cell having an anode and a cathode, the anode
comprising the metal that is to be purified;

anodically dissolving the metal from the anode into an electrolyte solution as a
metal ion electrolyte;

after the dissolving, passing at least some of said electrolyte solution across an
ion exchange resin to reduce a concentration of one or more impurities in the electrolyte
solution relative to a concentration of the metal ion in the electrolyte solution, the
electrolyte being passed across the resin under conditions in which the metal ion is not
loaded on the resin but instead flows across the resin, and in which one or more
impurities are retained on the resin; and

after passing the at least some of the electrolyte solution across the resin,
transferring said electrolyte back to said electrolysis cell and cathodically depositing the
metal from the metal ion of the electrolyte at the cathode.

2. The method of claim 1 wherein the resin is in the form of a bed of
ion-exchanging material packed within at least one column.

3. The method of claim 1 wherein the resin is in the form of a bed of
DOWEX™ anion-exchanging material packed within at least one column.

4, The method of claim 1 wherein the cell comprises an anode
compartment separated from a cathode compartment by a membrane.

5. The method of claim 4 further comprising a continuous flow of the
electrolyte solution from the anode compartment, across the ion exchange resin, and
into the cathode compartment during the anodically dissolving and cathodically
depositing.

6. The method of claim 1 wherein the cathode has a surface exposed to
the electrolyte during the cathodically depositing, and further comprising forming a non-
conductive material around a periphery of the surface before the cathodically

depositing.
7. The method of claim 1 wherein the metal is cobalt.
8. The method of claim 7 wherein said electrolysis cell is separated into

an anode chamber and a cathode chamber with an anionic exchange membrane.
9. The method of claim 7 wherein the electrolyte solution comprises one
or both of CI' and SO,%.
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10. The method of claim 7 wherein the anode current density during the
anodically dissolving is from about 10A/t* to about 500A/f.
11. The method of claim 7 wherein the cathode current density during the

cathodically depositing is from greater than 0A/ft to about 50A/t%.

12. The method of claim 7 wherein the cathode current density during the
cathodically depositing is from greater than 0A/ft to about 20A/ft%.

13. The method of claim 7 wherein the ion exchange resin has a bed
volume, and wherein the electrolyte is passed through the ion exchange resin at a flow
rate of greater than 0 BV/Hr, and less than or equal to about 10 BV/Hr.

14. The method of claim 7 wherein the ion exchange resin has a bed
volume, and wherein the electrolyte is passed through the ion exchange resin at a flow
rate of greater than 0 BV/Hr, and less than or equal to about 1 BV/Hr.

15. The method of claim 7 further comprising, after the passing said
electrolyte solution across an ion exchange resin and before the cathodically depositing:

extracting cobalt electrolyte from the electrolyte solution by extraction of the
cobalt electrolyte into an organic solvent;

extracting of the cobalt electrolyte from the organic solvent and into an aqueous
solution; and

transferring the cobalt electrolyte to the electrolysis cell.

16. The method of claim 7 further comprising, prior to passing the
electrolyte through the ion exchange resin, removing Fe from the electrolyte solution.

17. The method of claim 7 further comprising, prior to passing the
electrolyte through the ion exchange resin, precipitating Fe from the electrolyte solution.

18. The method of claim 7 further comprising, after passing the
electrolyte through the ion exchange resin and before cathodically depositing cobalt,
removing Fe from the electrolyte solution.

19. The method of claim 7 further comprising, after passing the
electrolyte through the ion exchange resin and before cathodically depositing cobalt,
precipitating Fe from the electrolyte solution.

20. An apparatus for purifying a metal, comprising:

an electrolysis cell having an anode compartment and a cathode compartment,
the anode compartment and cathode compartment being in electrical connection with
one another through an electrolyte solution,

at least one anionic exchange membrane extending into the electrolyte solution
and separating the anode compartment from the cathode compartment, the cathode
compartment extending to a height above the anode compartment, the membrane
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cobalt and wherein the anode comprises an impure form of cobait.

22, The apparatus of claim 20 wherein the metal that is to be purified is
cobalt and wherein the anode comprises an impure form of cobalt in at least one
basket.

23. The apparatus of claim 22 wherein the basket has an iridium oxide
coating.

24, The apparatus of claim 20 further comprising:

a fluid passageway from the anode compartment to the ion exchange resin; and
at least one pump along the fluid passageway and configured to pump
electrolyte from the anode compartment to the ion exchange resin, and further
configured to pump electrolyte from the ion exchange reéin to the cathode

compariment.

25. A high-purity cobalt material comprising less than 50 ppm total
metallic impurities, and less than 0.05 ppm Cr.

26. The cobalt material of claim 25 in the shape of a sputtering target.

27. A cobalt film deposited from the sputtering target of claim 26.

28. The cobalt material of claim 25 comprising less than 0.01 ppm Cr.

29. The cobalt material of claim 25 comprising less than 25 ppm total
metallic impurities.

30. The cobalt material of claim 25 comprising less than 25 ppm total
metallic impurities, and less than 0.01 ppm Cr.

31. A high-purity cobalt material comprising 99.99% cobalt and a sum
total of Mg, Al, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Zr, Nb, Mo, W and Pb of less than 50 ppm.

32. The cobalt material of claim 31 comprising less than 1 ppb of Th, and
comprising less than 1 ppb of U.

33. The cobalt material of claim 31 in the shape of a sputtering target.

34. A cobalt film deposited from the sputtering target of claim 33.
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38. A cobalt material comprising greater than 99.9% cobalt and less than
0.5 ppm each of Na and K, less than 8 ppm of Fe, less than 3 ppm of Ni, less than 1
ppm of Cr, less than 1 ppm of Ti and less than 450 ppm of O.

39. The cobalt material of claim 38 comprising greater than 99.99%
cobalt.

40. The cobalt material of claim 38 in the shape of a sputtering target.

41, A cobalt film deposited from the sputtering target of claim 40.

42. A high-purity cobalt material comprising less than 50 ppm total
metallic impurities, and less than 3 ppm Ti.

43, The cobalt material of claim 42 in the shape of a sputiering target.

44, A cobalt film deposited from the sputtering target of claim 43.

45, The cobalt material of claim 42 comprising less than 0.5 ppm Ti.

46. The cobalt material of claim 42 comprising less than 0.04 ppm Ti.

47. The cobalt material of claim 42 comprising less than 0.01 ppm Cr.

48. The cobalt material of claim 42 comprising less than 0.01 ppm Cr,

and comprising less than 1 ppm P.
49, The cobalt material of claim 42 comprising less than 0.5 ppm Ti,
comprising less than 0.01 ppm Cr, and comprising less than 0.08 ppm P.



