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PREFACE

This Thesis is submitted to the Faculty of the
Graduate School of the Unlversity of ilssomri, Kissouri
School of Minses, in partia) flfililwmawt of the regquire—
ments for the degree of Chsmiosl Engineser. The work re-
ported herein was accomplished whille employed by the
United States Department of the Imterior, Bureau of Eines,
ag a part of the euthor's regulsr duties. This work has
been published by the Buresu of Mines in Report of Investi-
gations No. 5488, "Reoovery of Ficlkel, Copper, and Preolous
Metalg from Domestic Ores by & Combined Eleotrothermal
apd Bleotrolytie Method™, by J. Eoater, R. G. Eniskerbocksr,
O+ Co Garet, T« E, Evans and W. B« Codys The Bureau publi-
catlon covers In great detall the ore dressing end smelting
precedure whioh has been practioslly omitted from this

thesis.
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INTRODUCTION

During the last few yoars considerabls interest has
been shown in domestio reserves of strategic metale. Proadly
speaking, the strategic materials of any nation are those
materiale of oommerve essential 4o the country both in time
of war and peece, which are not produced within the bound-
aries of that sountry in eufficient quantities te supply
even peage~tims reqguirements. The Unlted States is far
more fertunskte than other ccuntries inasmush as there avre
only eight metals which may be classified as being strategic
matals} naoely, alunimum, swbtimofry, chremiwm, mangsnese,
nieksl, mercury, tin,and twmgsten. The work on niclkel
oovered herein was inangurated besause nickel isg insluded
on the list of theso strategioc metals. in outerop of
oopper-niekel~iren sulfides cosurs in the Bunkervills
distrist, Clark County, Nevada. The

12/ 3 8 5/ 8
distriot hes been reperted by waricus
autheritiss. Pigure 1 is & photegraph of dismeomd drill
exploration on the Great Pasterm olaiwms in this distriot
during June, 198%.
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Flgure ).~ Diamond drilling at Great Eastern claims.



ORE DRESSING

The ore dreasing ef these sulfide cres was ocompara-
tively simple 6z reutime bulk sulfide flotation methods
produced & satisfactory ooncentrats with & minimem loes
of valuas in the tails. Seleoctive flotation of tha copper
and nickel sulfldes throwing tha pyrite inte the talls was
not satlsfeotory as a considerabls portion of the prescious
netal content is associated with the iron. The reagents
uvsed were pine oil, barrett No. 4, sereoflosat, xanthate,
and sopper sulfate. |

The concenirete produced essayed as tabulatad in
Table Fo. 1. Table No. 2 is & log of the concemtration
plant*s delly run for a four-day peried. The various
steps and the gequenze of operations of the concsentration
plant is presented graphically in figure Ho. 2, flow sheet

¥o. Y.



Teble Eo. 1 =~ Analysis of Concentrates

Reported Percent
Hiekel 4.60
Copper 6400
Iron 25.88
Sulfur 16.9
5ilieca 2l.2
Lime - 1.4
Macnesia 13.0
Alumina ' 2.9
Silver (ocunces per ashort ton) 0.29
Gold do 0,001
Flatimum do 0.13b6
Palladium do 0.192

Several oherges of this concentrats wers sintered on tke

machine ehown in Pigure 3.

-



Table 2,

- Flotetion T

Flant Deily Run, March 1938

tPounds § _ Analysis, Eﬁmﬁ Ou @nd W1 ¢ Ofe ¢ ‘ReREonts , [reas per miute _
Date : Ore :—'ﬁaﬁn a Concentrates’ Feed ! rine isarrett : Aero~ . Xan- @ Copper § pH
tTreated! Gu § ¥ ¢ Cu § ¥4 1 Ou s W13 lbfhret 011 1 Fo.s 1 float ¢ thate : Sulfate
25 5,000 0.61 .29 0.14 0.1é 1.80 1.60 1,000 2,25 1.25 0,45 0,83 1.5 847
24 3,600 L60 88 .05 .08 7.81 B.80 1,000 " * * * 8,8
26 4,000 .60 51 08 07 2.67 2.75 1,000 1.08 .31 24 .87 - 5.0 8.9
28 3,500 .50 .45 .04 .08 7.28 5.70 1,000 . .66 .40 10 1.7 1.5 B+9

» Rugant raﬂ!ars of‘f.,

Snrplua from rum of ﬁarch zs»rd in clrouit.

All runs were on Gﬁ-nosh red-mill grinding in Dlﬂﬁed circuit with olegsifier,



weighlng and feeding platform

MIT1 ore from railroad or truck H

_— 10" z 7" Blake crusher to 1"

O

=

——

RS |

Conditioner

) 1 Plunger feeder
3' x 6! rod mill ﬂ:ﬁ
‘?\ ;1 -] Dry reagent feeder a

k\\\\\\\\i 4" x 14 rake classifier
E§q Wet reagent feeder

Pilot tabla

Rougher taijls

C%g i Flotation cells
\\\\ Cleaner tailing
L

() O, (o) O, dt e
Concentrate Concentrate
thickener ™T
Tailing
—~ 1 Table concentrate -
Return water
Thickener

Sump ’ Y @ Tailing to waste_

Figure 2.- Flow sheel |.



Flgure 3.- Sintering machine constructed at Boulder Clty laboratory.



SMELTTXG

The concsutrates were smelted with gold-beering quarte
flux in an elsuviric furmses, ani matte xiroduoed. A porticn
of the concemtretes were sintered on the mechine shomm in Fig-
ure Bo. § befors smelting. This practics, however; was sban-
dorned &8s the slaz loases of sopper snd nickel ware too high
when sinter wms used insteed of raw consentrates. The ore was
emplted snd the waste slag poured from the bath s illugtrated
in Figure No. 4, quartz placed on the beth and the furnase tipe
pod bask into comverting positiox and bleowm with an elre-oxygen
mixtures The axyger—enrished air was usged lugteed of norwmal
alr because the bath wesr smell and difficulty was emcountered
Ir meintaining bath temperwture sufficlently high with alr alone
ueing the equipment &t hand. The econverted matte was sast into
ennde molds either with or without eopper Ings, depending om
whether the matte was te be used an anode metal or was to de
growmd, esintered, snd leashed to prowvide slectrclyte for the
eopper refining vells. Tsble Ho. & gives typicel axmiytisal
data en the varlpus productes emoountered in the ore dreesing

and smelting operations.



PABLE No. 3 - Analyses of ¥ateriels Invelved in Electrie

Thermal Treatment of Hiekel-Uopper Ores

Low Float Katte Con~-
Analysis, Grede Conecem- Float Furnaoce Eatte verter
percent Ore trates Tails jaste ¥atte

dep
rFi 0.681 4,86 0.07 0.10 9.15 2B8.42
Cu <52 6.12 04 15 11.61 44,01
Fe 9-68» 25.86 - 18.35 47.4 2.95
8 - 17.63 - 30 32.4 2170
cao 7.20 1;-.40 - «29 - ¥il
Al,0p 5.80 2490 - T4 - Nil
¥gl 22.0 13.00 - 22.44 - Nil
SiC4 39.0 21.2 - . 46.60 - «21
0z.4/2 ,000
1b.

Ag -~ «29 - - - 3.93
Au - <001 - - - 1.12
Pt - »136 - - - 65
ra - 162 - - - 1.52

«10-



Flgure 4.~ Pourling slag from combination smelting and converting furnace.



ELECTROLYTIC PRODUCTION OF NICKWL AED COPPER

REVIEW OF KICKEL~COPPER ELECTROMETALLURGICAY. TWDUSTRY

There are txo Industriel processes by whieh elsotro-
lytic copper and nickel are recovered from oopper-nickel gul-
fide ores, memely, ths Stanlsy end the Hybinette processes.
Briefly, the 8'-‘:9:;13:;'7131'00&35 conelsts of sulfidizi:xg conplotely
the converter metal Yo RizSg amd CugS, fusing with sodium sul-
fide, emd allowing the melt %o solidify in pots. The melt is
aflowed to freeze. whercuper it eeperates into two layers, the
tep rioh i cepper and the bobttom rieh in nlckel. The tops ere
blown to bllster in e serles of copvertérs, end the eoppsr 1s
cast into anedes, which ere refined electrolytically. 4 portiem
of the preclous-metal slime is recovered hsare._.-s/ The bottoms
are ro-treated with sodium sulfide in the above-desoribed manner.
Ir the second trsatmant the tops are rot rich emough 1n copper
to be converted directly, so they are rsturnsﬂ'to the first-

treatment pote and combined with the rew sonverter metsal. The

7/ Poek, R.L., "Beflning Fickel-Copper Mabtte at Port Colborms”,
Png. end ¥ine. Journsl, 180, 482, 488 (1530).

8/ Aldrich, C.B., end Bryan, JeK., "The British Empire's lar-
gest Copper Refirery,” Eug. and ¥in. Journal, 130, 486-
492 (1930).




bottoms, howsver, are comparatively pure nickel sulfide con~-
taminated with only & small perosntage of oopper sulfide and
some sodlum sulfide. The sodium sulfide ig removed by lsach-
ing with hot water. Tha ocopper sulfide is removed by ohlori-
nating with salt at a high temperature and releaching with hot
wter, This produot is thon enlcined with soda ash end re—
leachsd to ¢btain black nickel oxide contaminated by onmly 0.1
persent eopper. The oxlde is swmelted with serbonmoeocus

fusl and coal aa:raduoing agent in an open-hearth fureace, and
the nickel oxlde is reduced to metsllic nickel. The metallis
nlokel is ocast into anocdes end refined eleotrolytioally in &
neutral borie acid-ndokel sulfate alevtrolyte. A portien of
the preclous-~metal slimes ls recovered here.

In the mrbimttosprmou the Besameriszed matte is flrst
used to remove tracas of eopper from the niskel electrolyte by
roplacemsnt and precipitation of cement sepper, after whioh 1t
is roasted to a very low sulfur ocontemt. The roasted matte

318 then leached with sulfuric acild to provide electrolyte for

9/ Gowland, W., end Benmister, C.0., "The Metallurgy of
Nonferrons Metals,” Lonmdon, Criffin, 1930, p. G5l.

‘12-



the insoluble-anode, copper-electrowinning ocells. This elec~
trolyte is eleoctrolyzed with lead anndes; elestrolytis copper,
sulfuric acid, and nicksl sulfate being the products of the
elsotrolysis. The solution 1s evaporated, the nickel sulfate
arystallized out, and the sulfuris aold returned to the sopper
loeach tanks. The leaoh residne, vhioch is much lower in sopper
thar ths original converter matte, is emslted with coks and
suitable fluxes and soluble high miokel-lew oopper anodes oast
from the regsultant metel. These anodes ere refined electro-
lytically in e compartmant eell} tho neutral niekel sulfate~
boric acid elestrolyts is kept free of copper dissolved from
the anodes by contact with raw converted matte and anode sorap
in oementation tanks. Eleotrolytis nickel snd precious-metal
slimes ere the end poduo‘ba of this aloc'brolwsio.

Re G« minhrbouhu' has reported the use nfkooka blast-
furnece, matte ancdes for copper eleotrolysis et the plant of
the Hisseuri Cobalt Compaxy in Fredericktewn, Missouri. These

snodes were far more complex than those used in the present

10/ Enickerbooker, He G., “Elestrolytic Separatisn of Copper
from & Copper—tobalt-Kiskel Matte™, Mining Scil. Press,
121, 45-50 (1920).




work, but were used in a menper slmiler to that reported
in this paper. However, the Missourl Cobalt Company dild
not recover the niolkel in the apent copper eleotrolyte by
electrolysis bsoause of the hlgh oobalt sontant, but sepa-
rated it from the cobalt ard iron by 8 somplex series of
preolpitatione end purifications. Nickel oxlde wes pre-
cipitated and either redwesd in an oll-fired reverbatory
furnesce or sold es an exide. Cobalt oxide was marketed

&g such.

~}4~



PRESERT WORK ON EIECTROLYSIS OF MATTE ANODES
FROM BUHKERVILLE ORES

£ portion of ths eopper-nickel conwverter anode
metal was ground through 28-mesh, mixed with suitable
agglomerate, end sinbtered to oxides on the laboratory
sintering machine, and reground. The sinter wes ther
leached with 10-poreent sulfuric acid to provide elec-
trolytae for tbe copper—electrowinning cells. In plant
practice, the leech residue would be oharged into the
olectric comverter. These 1nio‘hel—ooppar sulfide enodes
were used in the copper ce‘li;s. The copper electrowinning
eells were conventional mlt‘éiple—systam tanks as used by
the majority of coarmisroisl copper refinerles. Csthodes
wore ths regulsr copper sterting sheets. The experi-
mental eopper-refining cells wore mede of maple. All
Jointe et cormers were hslf-lapped and sorewed in place
as tightly as possible. After the cells were assambled
they wers lined with a thip coating of seft rubber. The
elpetrolyte was fod by glass tubling, which passed throuvgh

rubber gtoppers cemented to the esll wells. Spexst
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Figure 5.- Copper refining cell.



electrolyts was conducted from the cell by a similar set of
pipes. The maln busbars and the anode cross bars wers
triangular sections of copper. Cathode cross bars were
rectangular in cross section and were soldered to the staft—
ing sheets. Figure 5 is a drawing ofone of the cells.

During slestrolysis copper sulfate,
nickel sulfats, slemental sulfur, and sulfuric acid formed
at the anodes. Inammuch as the rate of copper dissolution
from the anode was considerable slower than the rate of
copper deposition at the cathods, the solution was constant~
ly being depleted of copper and at the =ame time was being
built up in nickel sulfate and sulfuric acld. When the solu-
tion had reached a copper concentration so low that the cathode
deposit would not adhere, a portion of the elactrolyte was re-
turned to the copper lsach tanks and again built up in copper.
By this method of alternate leaching and sleotrolysis, the
nickel and the copper concantration was reduced to helow 5
grams per liter. The low copper solutlon was then electrolyzed
with lead anodes in a separate series of ¢slls to free the

“solution of copper. The copper produced in the cells in which

-16-



the soluble anodes were used formed firm adhereurt eathodes,
but that formed in the cells with lesad smedee dropped to
the bottam as "soft copper.”

After the lead emode eleotrolysis, the solutien con-
teined lese than 0.65 gram copper psr liter. The salution
was treated hot with anode sorap from the first series of
copper refining oells or with metalllo nickel powder, whisch
cemgnted out the small amoumt of copper remaining in solu-
tion. The free gsulfuric asid was neutralised with caloium
sarbonate, and the precipitate of caleiwm sulfate weos
filtered off and washed free of niockel gulfate. The wesh-
ings were combined with the filtrate, the solution was
hoated and held et about $0°C, while being agitsted and blown
with air. At all times during this blowing proocess the
selution wae ix contact with preciplitsted nieckel serbonate,
whiokh wag added to the tanks. During the oourse of this
treatment the ferreuns iron was oxidlzed to the ferris state
and precipitated sas oxldes or bamic sulfate. A portion of
the niclmsl oarbemste chemically eguivalent te the iremn pre~
cipitated went into solutione. The iron precipltate wme

)T



filtared off, and ths niockel was precipiteted from part

of the filtrate as basic nickel cerbonates by treatment
with a saturated golution of sodiwm ocrhomtel. The nickel
esarbonate was filtered off and wasghed fres of soluble salts
with hot water. The washinrgse were eombinsd with the fil-
trate, and sodiwm sulfate was oryatalllszed therefrome The
precipitated nickel oarbonate was of the composition given
in Table 4.

TABIE 4 - Analysis of Hickel Carbonate Preeipltate

Peroent

HiCOg » » = = + » = =« » - T3
FiS0gq « o o o ¢ « o = .« 7.7
HqD o » o o = « » = o « « 188
That portion of the ilreon~free solution thet was not
treatsd with sedium carbonate was made up into pure nickel
oatholyte hy the addition of boric ecld and sedhm fluoride
and adjustmant of the niokel comeentratlon to 30 grams per
liter. Hlckel wes recovered fram thle sclution as electro—
lytle niskel by electrolysis in & compertment cell.
The cathode wag placed in a slotted daphragm frews
‘coveoted with light cenves. The axwdes of soft lead were

separated from the_ cathode by these-canvas diaphragms: The

=18~



purified nickel electrolyte was Introduced into the top of
the asathode compartment throuvgh flow tubse drilled in the
frame, passed down the feace of the cathede, ocut through e
1ike systam of flow tubss drilled in the bottem of the
frams, and into the anode compartment. The anolyte flowed
pagt the face of the amodes and out into the anolyte sump.
The acld anolyte was then treated to neutrality with the
p_recipita‘bed niokel cerbonate, filtered, and r_etumod to

the purified-nickel catbolyte tark. Figure 6 1g 8 dlagrame

matic flem sheet showlng the sequauce of the processes.
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DISCUSSION OF RESULTS ON ELECTROLYSIS CF
NICKEL COPPER ANODES

Copper Bleotrolysis

Three different anode composltions wore used in

the copper=refining sells. Thess compositions were as
shown in Teble 6.

TABIE 5 ~ Converter Anode Campositions, Persent

Anode Fo. Cu 11 Fe 8 cu/s

1 ¢ e o » “001 . 28.42 2095 210?8 1-*55
2 we oo 44.40 28.08 3 26.82 1.68
o0« 442 30.46 «30 1%.21 1.12

The precious metals content of the ancdes was:

Ounoes per ton of 2,000 1bs.

Ag 2 ® ®» e 6 & ®W @ & g O e & » » » s.%
A o ¢« o ¢ ¢ ¢ & ¢ a « o 0 o« ¢ & « 1.12
)4 J o« ® A o & 6 & o 2 & o v s @ «86
Pd ® ® @ @& 6 ® o & © B S & 4 v & » 10&

Anode somposition 2 is more than completaly saturated
with suifur snd would not be made in normal converter pree-—
tice wmless the pyritis sulfur content of the ore increaged.
To prepare tliis anode, metal of anode composition No. ) wes
orushed and fused with niter to remove the iron, the sleg

being discarded. Thils sulfide was fused with a large excess



of sulfur end cest into anodes. This anocde metel was pre=-
perod for strietly theoretical reasuns, as it was desirsd
to etudy the effect of variation in sulfur sontent upon
anode electrolytic charscteristics. Voltage acress the
copper-refining cell varied with auncde éompoaitlon as shomn
in Table 6. Gopper conoceutration of eieetmlyte was 30
grems per liter, and temperature of elestrolyte wag 55¢ to
60°C.

For the purpose of this discussion, the percemtage
of sulfur saturation wae caldulated on ths essumption thst
all of the sulfides present were ir solid solution as NiaSgy,

CugpS, and FeS.,

TAFIE 6. ~.Relation of Cell \Toltag,es to the Sulfur Content

of the Anodes
* suldur : jotal 1 T T
Anode $ Satura=- @ Voltage ¢ EDrop t E Drop ¢ B Brep
Camposition 1 tlon ¢ Through t at T at t Through
s percent : Csull t Aneode 3§ Cathode : Solutiom
Conduotivity
COpper seee 0 0.48 0.13 0.10 0.20
Bo» 8 rrey 5104 «45 015 oL w20
Koe 1 aveee 934 <50 «20 10 20
HO- 2 [ = N & ) 120 ' 1.65 1:20 -25 020
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Camplets saturktion of the ancds metal with sulfur
oauscd exmessive anode polariretlon and bhigh powsr costs
per pound of copper plated. The wvoltege asrose the cell
was 80 high when anode No. 2 wne used that the copper
plated did not form filrm edberent cathodes, sush anm were
prodused when the other ansde compogitions were used.
Reduotion of sulfur cantent gawe an ancde that approsched
the voltage drop ef oonduotivity copper amedes.

The anodes being composed of e solid solutlion of
| copper and niskel sulfides, the retic betwsen copper erd
niekel in the anocde greatly aifeots the anocds reactions.
The offest of variation of the ecopper-nickel ratio on
enode dissolution cheracteristics is summarized in Teble 7.
In those incsbances where the listed anode dlaseplution effi-
clenecy is lass thean one hmdred percemt othey reactions
eceurred, such as the oxldebion of divelent sulfur to hexm=

valent sulfur and the evolutian of oxygen.



TABLS 7 - Relatlon of Ancde Cu-iFi Ratio to
Annco Dissclution Charesferlistlcs

: t Arode Disgolutiom Cu/H1
Anode :CuATi 1 Effieleancy, por camt from
Composition ¢ t Cu i Fe Potal Anode
Conductivity
Copper 00 100 - = 100 00
Hio. 1 1.55 B2.7 13.2 S.4 69.8 4.0
To. 2 .12 42.8 48.5 1.5  92.9 .388

The effoct of ancde compositiz_m en mr-al.l-eoppazh
refining-oell charasterietiss is presentsd graphieally in
Pigures 7 and 8.

Teble B presents typicel operating data for tbe
c-oﬁper cella.

Apeording to the results tabulated under anods com-
position Ho. 3, 94.8 percent of tho copper produced will be
in the form of adherent cathcodes and 5.7 percent in the
form of soft eepper. It ie;. interesting to note that all
ol the niekel in the soft copper 1s &s nickel-sulfate, which

can be wrter-leached end returmsd to the elsstrolyts.

2=



TABIE 8 - Typloal Operating Data for Copper-

RefInIng Cells
: Anpae
t HNoe. 1l 1 " Hoa &
1 :
[
Current Density 10 amp/sq.ft. 10 amp/eq.ft.
Axpere Efficiensy 957 + o95Z +
Solution Asaay (gm/liter):
CU ¢ o « o« o a » s » » « B3 tol9 45 to 45
L v ¢ ¢ o o « o = o « o 16 to 20 0 to 30
Fﬂ L] - - » L J - L » L) Ll Ll s to 6 o h 0‘5
H=80‘06-l---o1 321:65‘8 20'!:025
Voltage across cell . . . 0.50 0.61
Cu per h-‘hrc, 1v. » . - b 247 6+1186
EW--hr. p@r lba Cl ¢ ¢ o <180 5196
Cathode assay (percenmt):
0B e a o a s a v = o s o 99.77
E-i.o-.ou.s-.. .wa
PO o 2 ¢ o 5 & o & o o 00014
c .. 00076, or 0.22 os./T

on unwaghed basis):
Water insolwble « « - « »
Water so0lublo « - » & <«

¥ater-ingoluble portioni
m-.--oonauoo

m'lnl-.c.n-..

Fo..n.Q.-....

Tfotal..b--.-....

wWater~soluble perticom:

CuSOL+BHGO o o o » v « »
H-iSO.‘oﬁHgO---....
Pog(80e)aeTHgh « « « « o
EBSO‘ e &6 & w a a & 2

L] L J L * . - L] * L] .

TO“J--..‘....-.

92 .6b
7.36

89410
~L082
«0043

99.1075

42,0
378
8.9
2.b
a'la
100.0
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At the beglmning of the electrolysis tabulated
above under Anode Composition No. 3, the temperature of
the electrolyte was varied over & wide range, and suit-
able voltiage measuremente were m.da.‘ Since these
measurements were made at the begirning of the eleotrely-
sia, when the oopper oconsentratlon of the electrolyte
wag at its highest and befors emough slime bhad collested
on the facs of the snode to affest the voltage, these
messuremsnts do not reflect the sverage operating ocon~
dition of the electrolysis but are 0.06 to 0.1 wolt
lower than the mean voltage for the entirs 10-dsy run.

These measuremsnts are given in Table 8.

TABLE 9. Relatlom of Bleotro Temperaturs
: ) ;

Texperature '&)f Eleotrolyte, “C. Voltage Aoroas Cells

2.7
«88
64
=58
49
«48
47

Rﬁgﬂﬁgg
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Sulteble sterting sheets were prodused using the
sopper-nickel sulfide enodes over a comparatively wide
range of operating eonditiong. Acid copcentration et
the beglnning of electrolysls was 35 to 46 zrams sul-
furie acid per liter. Current densities of 6 to 10
amperas per pquare foot were utilized. Copper conoen-
tration of 40 to 60 grume per liter at the begirméng
of the elestrolysis produced flrmer gtarting sheets
than thorze produced at lower copper concentration.
Starting sheets of 48 hours' deposition time could be
stripped easily from the blanks. The starting-shoet
blenks were conduetivity copper plates 1/4 1nch thick,
the surfaces being polished so thet no scratchos were
vigible.

Before use, the blenks were peinted with & cont
of graphite paint, compounded especially for this sar-
vice. The paint was cemposed of ons pound of fine flake
graphite per gallon of 3J.6-hour-bodled llinseed oll. The
eint was applled at & temperaturs of 50°C and, after

being painted, the blank was stored in & werm plese for

=28«



a few minutes so that the paint weuld flow out well and

show no brush marke. Ths surfasee of the painted blank was
then dusted with flake graphite so that no 01l woz apparent
on it. The blsnks were uged immediately after being duated
with grephlte. Elsetrclyte olrculation at the beginning of
oleotrolysis was quite slow sc as not to wash the paint from
the surface of the blank. After rupning for approximately
two hours, the paint was coversd with a Iilm ef copper, and
et that time the oirsulation of eleotrolyts wus h@reuod

to normel wvalue. Typiocal operating data for the sterting-

shsat cells are as shown in Tadble 10.

TABLE No. 10 - Elestrolysis Data for Starting Shoets

Cmm D@nsiw * e & " e Ampﬂ-/ﬂqbﬂ;‘ 9
Elsctrolyte Temperature . . Degress C. . 67
Elestrolyte to Agaay?® ‘

Ou-'......-.. grum/litar a7.0

L o o ¢ s o a 5 v o0 do 1.2

B,’se.‘¢....... do 41.8
Cell Voltage « « + » » « » » Volts 0.27
Current Effislency . « .. Poroant 100

2T~



NICEEL ELECTROLYSIS

The elect?owimﬁjng of nickel from nickel sulfete
solutions by means of insolﬁbla exodee depends melnly ob
ohamionl control of the pH of the catholyts. If the
eatholyte beocomes bagie eénough, a preﬁpitnto cf nlolel '
hydroxide or basic niocksl sulfates will form in the
eatholyte et pH 7 $0 6. On the othar hand, if the
cstholyte becomes acld enocugh, hydrogen ls evolved at
the eathode in prefersnce to nickwl. The evolution of
hydrogen becomes & major difficulty at pH ¢ or under.
Thampoeil correlated the pH of nicksl elestroplsting
bathe using spludle nickel avodes wilth the struoture
axd physieal eharecteristic of the deposited nieksl and
bag found that there are definite ranges in whish spe-
eifio common flews ococcur In niekel plate. Te summAr-
i1zaed the msﬂta of carefully standardized plating tests

in which thd bath pH wee varied, as follows:

11/ Thospeen, M.R., "The Acidity of Nickel Depositing
solutione,” Tranc. im. Elestroshsm. 30s., 41,
1e22, p. 338-362. |
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1. The oathode efflcleney may be insreased either
by raising the curremt demsity or the pH, or by raising
both.

2. In the range of pH 6, or atove, the current
density hae little or no effest on ocathode efficiency.

3, DBelow pH 3 and wp to &, gas pits arnd streaks,
whloh are usually sttributed to hydrogen evelution, are
very pronounsed. Cracking and peeling of the deposits
are genersally encountered in this range. The nickel
depoalted 18 weaally rather bright,

4+ Between pH 5.5 and 6.5, gan pits and gtreaks
are found only rerely. Above PH 6.3, blistering, orask=
ing, &nd curling are eagain liksly to ocouwr, algse “burn=
ing" of the deposit near sharp edges, espscially with
high=-current densities. Thias 1s characterized by dark
or blask bands or patohes. The niokel appenrs grayer
in aoler, verging toward bluish nsar the upper linmit
of pH. Abcve pH 8.3, it ceems difficult to got daposits
in atil]l spolutioms. In agltated eleotrotyping sclutiems
good deposites mhy be obtalned up to mearly pH 7+0.

The presence of borates in the nickel electro=
lyte improved the characterlstios of the miokel de=
posit and to some extent limited the lonisation of free

Q9=



sulfurie acid present originelly or formed in thse
eloctrolyte.

Several methode were tried in an attempt to con-
trol the pH of the catholyte during the course of
slectrolysis. Soms of these wers (1) rapid circuletien
of electrolyte, the catholyte feed %o the cell being at
2ll times sstursted with end earryingz in suspenslon
nickel carbonate; (2) the imtroduction of alimli iom in
the form of sodium sulfete, together with e somowhat
slower oirculstion} end (3) the iwbroduetion of ammonium
ion =8 anmonium sulfate. Keeping the catbeclyte feed
saturated with nickel oarbonate gave satlgtactory mickel
depogits, but this schems was not deemsd satlsfastory,
as the use of such a methed would foree the precipita-
tion of all the nickel ‘as nicikel carbonate before
eleotrolysis. The addition of godium iom to the
olectrolyte when &t all sffective caused too high &

PHE to be mminteined in the catholyts compartmsnt.
Addition of ammoniwm ion, while at first showlng lndice=-
tions of aesirable effeets, was found to be Ineffective

for extended electrolyses within the solubility range of

N3 (FH() {504 ) u+6HZ0.



The cherecteristics of niekel sulfate-fivoborate
baths with gsoluble nickel anodes have been studied by
the Bureau of Stmd.&rdizand roported to bs the only
nickel baths that were buffered affectiwely. Rlectro-
lgte compositions in line with these baths were tried;
it was found thet these sulfate-fluodborate electrolytes
gave deposits of satisfactory physlecsl characteristioes
end were gffective 1n the limitation of hydrogen evolu=
ticn over a wide pH range, and that cell conditiens would
stey in equilidrium for indefinite periods, thus malding
posaible the depoaition of the thiesk cathods deposits
desirsd in electroraeflning or elestrowlming of metals.
The nickel deposits formed from niokel asulfate-flucborats
electrolytes had less tendemey to split, peel, plt, and

tree then did those deposits formed in other eleotrolytes.

12/ Blum, Willlam, "The Uses of Fluorides in Solutions
for Nickel Deposlition," Tranas. Am. Eleotrochem.
Soc., %9, Bress World, 17, 321 (1821), p. 469-281.
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Ag 1t is necessary to control the pH of the golo=-
tion from which the niskel wes deposited, a compartment
eell wes used for =ll experimental work. The conghbruc—
tion of the ocathods frame wtilized in thess experimente
hae been desoridbed by S. M. Shelton and co-wrkers_.l_s/

The purified electrolyte was imtroduced into the
top of the eathode compartment, flowed dowmn the feoe of
the osthoda, and out of the cathode compartment into the
anclyte compartment. The cathode frame was congtructed
of 2 single piece of phenol-formaldehyde plastic beoard,
such as is used for switohboard gervise. The nickel-
wiming oell, 1like the copper-wimning oell, wes made up
of havdwood lined with a thin coating of soft rudbber.
méutle&beotmémodeawaremdeofmﬁ load.

Inasminh aa the apeed of sirculation of the eleo-
trolyte was found to be & very important varlable in
relation to the oathods current density and to the nickel
oonaentration of the ecatholyte feed, a method expressing
rete of flow, taking Into scecunt theae other variables,

y Shlten' 8. H-, Rﬂyﬂ', H-B., and Towne,; A« Poy
"Eleotrolytio Mangenesa®™, UsS. Buresu of
Mines Rept. of Inwvestizations 3408, 1838,
P 2B,




wag evolved. By definition, the "flow mmiber®™ is equal
to the ratic bvetween the nickel in solution actually
introduced into ths cell in the catholyte feed in a wnit time
and the amcunt of nickel thet could theorstically be plated
from the solution by the eurremt through ths csll ir vho eams
unit timo. Thls may be expressed mathematically by the
esquation:

Flow mumber = Grams of ¥ickel Introduced per hour

Amperege Through Coll x Blectro=
ohamical Fquivalent of Hiokol.

Using nickel sulfate-niokel fluoborate elestrolyte
of the following composeition:
Sroms/liter

Hi ® ® ®w & & & a a & & w » = - e 30

W * a 9 - » e e L] * = - e * e - 4.2

wa - . L] [ - . L[] . - » - 'l - o« 20

pﬂ Cﬁhﬂly'be FOOd » | ] L L L L - L J s—.s
et a tempereture of 30° ., a sbudy waeg mede of the effeet
of variations in current density. HRepresamtative deta are
reported in Table 1l.

TABIE 11 - Effect of Curremt Density on Cell
Voltugs and Fuergy Pequirements

Turrent ¢ Flow ¢ Volts Jeross : Swbr/Pqurd
Danglty 1 Fumber @ Cell : Tickel
20.6 é 4.40 1,83
18.5 6 4.20 1. 74
9.25 8 8.2 1.34




Cathode ampere efficleney for these tests was
100 percent, s at flow rates es hich ne flow Na. 6
the catholyte pH was maintained et sueh a point as to
prevent the evolutlon of hydrogen. The deposite
formed at higher current densities were finer-grainsd
than those formed at low cathode current densitles.
Photemiorographs at 150X showing struotures typisal
of this sarlss are given in Figurss 9, 10 and 11-

Inaamich as it was deeired tu precipitate the
zmllegt poasible proportion of the niekel ag eardo-
nate, an extended study was made of the effect of waria-
tion of the flow mumber on the variocus chefasterigtics
of the niacksl sledtrowinning cells. The cetholyte
fesd for these axperiments wes the nlckel suifats
fluchorate cloctrolyte, which had given the best re-
sulte of any electrolyte used in ths courss of the

exporinental worke The e¢lectrolyte composition was:

Grams/liter
Hi ® o © o o6 o B & o = 30
w ® » o & =& & © s > 4.2
H&m‘ o> & & & B & v o a 20

Pﬂ.--.-o-..-....;--‘ 5.85
Electmlyte T@m’mture se © ®» & & » 55'3-



Figure g,- Nicke! deposit at I50X; current density, 9.25 amperes per square foot.



Figure 10.- Nlcke! deposlit at 150X; current density, 18.5 amperes per square foot.



Flgure (1.- Nlckel deposit at 150X: current density, 20.5 amperes per square foot.



Carefully standardized, floating siphons were
used to feed the pure nicwel catholyte into the sethode
oompartment at & congtant rete. As econsiderable time
wes mwoeded for the cell to reasch equilibrivm opereting
canditions, all tests were conducted so that plating
oconditions were maintained for at least 8 hours. In
same ingtances plating oonditions were msintaived for
24 hours or lenger, so that sny dlsorepancies between
long end ghort-tlme eell operatlon would be disclosed.
The results of these studies are summarized and pre-
sented graphlcally in the curves of Figure 12. It ocau
be readlly seen that at fairly high values of flow
napber, & catholyte pH of 8.3 was mir;tained‘, in con=~
sequence, the ampere efflclency was 100 percent, with
& aorresponding minitwmm velue for the engrgy require—
mente per pound of nickel of 1.74 kw.-hr. per potnd
of nickoel plated.

Ag the flew through the cell was redueed, the pH
of the oatholyte solution was lowered. The results of
this were reduced ampere sfficienocy due to hydrogen eve—

hirtion, reduotion of woltage seross the sell owlng to
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Figure 12.- Effect of flow rate on characteristics of nickel cell,



lowered resistance of the catholyte, and higher emergy
requiremsnte per pourd of nlekel depesited. FHowever,
in spite of the seeming technleal disadvantege of opsr-
ating at a low flow mumber, there are economic advan-
tages in so doing. A% high flow numbers only a small
percentage of tho nicksl introdueced into the oell in the
oethelyte feed is deposited en the ocathods, but at low
flow pumbers virtually all of the nlclel introdused is
plated. VWhen operated at a low flow mmber of spproxi-
mately 0.75, the anolyte discharge from the nickel elec-
trowlmning ¢0ll would oontain 5 grams niclkel per liter
out of the 30 grams per liter contained in the pure
rickel eatholyte fed to the cells the 25 grams per liter
extractad electrokytically from the catholyte and de-
posited on the sathode would have been replaced with e
chenical equivalent of sulfuric mecld, meking the acid
concentration of the cell discharge 4.2 percent sulfurie
a6id, Thia dilute sulfurle escid solutlon then ooculd
be returned to the copper leach tanks after having beesm
made up to the 100 grams per liter sulfurlo asid re—

guired in the lesching opsration.

~86=~



Photomicrographs at 180X showing the varisnee in
gtrusture of the nickel deposited during these tests under
different pH corditions and different flow mumbers are
illustreted in Figures 13, 14, 15 and 16. The grain size
of the niockel produced in the more sacid solutions is finer
then that of tke nickel deposited from the more msarly
neutral solutiona.

Inasrmch as the purpose of this part of the work
was to develop ax insoluble-amnde, eleotrowimming-nickel
process, lt wes nocessary that the desposition comditions
be sush that the cell would stay in eqellibrium for ox-
tended periocds. This was neosssary as industry demands
6leotrolytic nickel osthode of certein definite minimm
thickmess. It is alse quite sexpensive to rsmove amd strip
the cathodes more often than 1ls absolutely necaessary.
Consoguently, platingz conditions were maintained for 120
hourss At the end of a 120-hour dsposition periocd, two
plates of nickel were stripped from the cathodes, one from
eaoch side. The plates were more than 1/8 inch thick, which
is acceptable to industry. Thers was no technical resson

why the time of depeeition could net heve been extendsd.

-57=



Figure 13.- Nickel deposit at 150X; pH of catholyte, 1.95,



Flgure 14.- Nicke! depos!t at 150X; pH of catholyte, 2.25.



Flgure 15.- Nicka) deposit at IS0X; pH of catholyte, 5.40.



Flgure 16.- Nicke! deposit at 150X: pH of catholyte, 6.08.



Table 12 gives typical operating data on eleotro=-

lytioc nickel cslls-

TABIE 12 - Typleal COperating Data on Hiokel Cells

Current Demelty . . « « « « » . . hmps/eq.ft. 18.6
Voltaga Across 6811 o o« o o o o » Yolta 4,2
Ampere LEfflcilency « ¢« » « . « . . Pereent 100

BiOkel Dﬁmﬁiﬁad » o o & o ®w & & I:bB. POI‘ kw-—hl'- 1074

Flﬂ" I{mr ® = a a e & & ¢ & o - @ & a & 5 » ‘573

Catholyte Fesd Amsay! 6
M o« e ¢ s o a s s o grams/liter 30
NaF o ¢ o o o v o 2 « o » do 2.2
HagBOg o o o o s « = s « » de 20
Temporature of Eleetrolyte . . . *C 27 %o 85

pE Charecteriatios!
C&thome Feﬁd L] '] » - - L] - » » L] - L4 * L] L] 5.2 'to 6.9
Cﬂtml‘yte o % & 3 & & & & ® 0 &6 o w3 8 o = 5.5 tov 8.1

mme L . L] . - L] > o h d L d - - a - - - L 4 - 1 .4 u 1.6



A_.nl.;lgais of Eleotrolytic Riekel, Percent

3
From Bunkerville ore . Fmsmﬁgd Ni80,

Hi ® & o o « 98.69 99‘68

CO e o s v - .593 99.27 .osg 29.71

N « o o o o o 27 Spectrographis trece
N s o o » o +18 - - -

Cu s o & ® o a 0038 . !002

Si - & » o » a .03 - - =

FQ ° e & 8 » .. .015 000'16

AJ. s o o s @ mtmgﬂphio tme - = -

Ti s o v o o d°- - e =

Table 15 compares industrial copper and nickel olec-
trolysis operating data with the Soulder City laboratory dsta.

The ognqmrinm dooalnot take in’ao ecoount the fas
that the eleotrolytic work at the Federal Pureau of Mine
laboratories was done on such & smn.lll soale that the mml
- tanir-house current losses dus to poor conteots, solution
leakage, oto., did not ocour. The effielency figures tabu-
lated at 254 percent would undoubtedly be lower in the couree
of normal tenk-house praoctice. In studying this comparison,
thé low thermel-energy fequimmnta‘in the preparation of
the eﬁnvertor anode must be h)mnlh':to corsideration, ag well
as the energy requirement for eleotreolysis. The thermnl~
energy regulrement for prepartion ef a 95+ pesrcent nickel
metal emeds from a nickel-copper mette 1s far greater than
ths electrolytic~energy requirement for elsotrolysis of thls
niokel anode,

30



TABIE 13, - C son of Industrlal end Experimental Operating Data

: T AZpere 1 voltegs T Xw/fif. ¢

Procaas : ] Current - (Efflolency i Asroes ! per + Flow

7 Density ! Percant 3 Cell 1Lbs Hetal i Fumber
Copper « Elntmrefmmgy. Ceeees Wb 0423 to 0446 0416
Copper = Eloﬁtmiﬂing s e e e 10018 68 =5 18 to 2.6 1.0 to 1.5
Copper-aatte Anode Elestrolysls = UsS.Bae. 10 100 b .19
Nickel - Stanley refining prom:ﬁ. ses 1l t0o 12 BY to 94 244 to Beb 1.1
Niekel ~ Eybinette refining p!'om?c‘ T 86 3 o4 1.7
Hickel = Eleotrowlnning = UsBeBiNs o s o 18.5 100 4.2 1.74 4
Fiekel = Bleotroiming « UsBeBols ¢ o o o 1845 77,6 8.8 248 0.76

SIS

Prookman, C.8:, "Elestroohemlstry®, E:¥.; Von Nostrand, 1631, p. 119.

Perry, Jil., "Chewmisel Bnginesrta Handbook” ; N.Ys, HoCraw Bill, 108543 Sec. 25,
by Cs L. Mentell, pe 2358._ ) '

Perry, J.¥., "Chemical Engineer's Bandbook”; M.Y¥e, MoCGraw Hill, 1984, Sec. 25,
by G _Li_%ll,_pl;_ 2854,

Gowland, W.i., and Barmmister, C.0., "The Hetallurgy of Ranferrous Metals",
Sp--_cito. p1‘561-,




CQHCLUSYIONS

1. A process hsa besn developed for the pro-
duotion of electrolytic niokel and copper from capper-
plokel ccuverter matte. While the enerzy regmired for
the two elestrolytes 13 scmewhat higher then the noymal
erergy requirements for the presest commarelal processes,
thiz i¢ more thap offeet by e gaving in thermal energy.

2. Copper of sxtisfactory chemlcal eomposition
and physiocal charaotsrietiogs hms been deposited eleetro-~
lytieelly from & solution ocontaining aas little as 5 grams
of copper per litor and az mach as 20 grame of nickel per
1iter.

S« Rioksl of satiefastory physical and chemiecel
o-MWina heg bDesan deposited from nigkel sulfate
elsotrolytes by mesns of inesoluble snodes. The time
of dgposition has been malntained long enough to allow
depasits of a thicknsess comparablse with the usual com—

mareial oathodes.



4. The preoious metals walues from the ore
are entirely recovered in the eopper csll.

5. Indications are ot present that the presipi-
tation of niekel carbenate before the nickel electroly-
sis mey be sliminagted.
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