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RECOVERY OF COBALT AND COPPER FROM COMPLEX SULFIDE
CONCENTRATES

By R. O. Dannenberg,1 P. C. Gardner/ S. R. Crane/ and D. C. SeideP

ABSTRACT

The Bureau of Mines conducted laboratory investigations with the
objective of developing an alternative process for recovering cobalt and
copper from complex sulfide concentrates. Processes currently used de
pend largely upon precipitation techniques to remove impurities and re
cover cobalt from sulfate liquors prepared by oxidative pressure
leaching of the sulfide concentrates. The Bureau conducted bench-scale
research on a process for treating cobaltite concentrates. comprising
(1) oxidative pressure leaching. (2) jarosite precipitation followed by
H20 2 oxidation and pH control to remove iron and arsenic. (3) copper
solvent extraction with a mixed hydroxyoxime-amine extractant. (4) cop
per electrowinning from recirculating acidic strip liquor. (5) selective
cobalt extraction from copper solvent extraction raffinate with a phos
phinic acid extractant. and (6) electrowinning of cobalt from a recircu
lating weak acid strip liquor. Overall cobalt and copper recoveries
were 91.7 and 84.1 pet. respectively. Electrowon products assayed
99.8 pct Co and 99.89 pet Cu.

'Chemical engineer (retired).
2Chemical engineer.
3Research supervisor.
Salt Lake City Research Center, Bureau of Mines, Salt Lake City, UTe
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INTRODUCTION

Cobalt is a critical and strategic met
al because of its essential defense
related uses and the high degree of U.s.
import reliance for its supply. Current
ly, the United States does not produce
any cobalt from domestic mines. Most of
the U.s. supply of cobalt is imported
frcm the African nations of Zambia and
Zaire (1).4 Recent trends make it desir
able to-reduce this country's dependence
on foreign sources of critical metals by
developing technically and economically
feasible processes for treating domestic
cobalt ores.

A major domestic cobalt deposit is lo
cated in the Blackbird district, Lemhi
County, ID. A report published in 1962
(2) showed an estimated deposit ot
15 million Ib Co in blocked-out ore, plus
225 million Ib Co in indicated and in
ferred ores. Later work by Noranda Mines
Limited indicated that the deposit con
tains enough ore to support production of
4 million lb Co per year for 20 years.
No other known deposit in the United
States has cobalt as the primary metal.
During the 1950's, this deposit was mined
commercially by the Calera Mining Co.
(2-2). Unfavorable economic conditions
and technical difficulties, mainly the
f ormation of large "sulfur balls" in the
reactor which damaged the lining, re
sulted in the termination of this opera
tion in 1959. In 1977, Noranda began re
development of the deposit, conducting
extensive drilling and metallurgical
testing. Noranda devised a process
for treating a concentrate containing
0.36 pct Cu (6). This process comprised
oxidative pre;sure leaching at 155 0 C and
conventional precipitation techniques for
cobalt recovery. No attempt was made to
recover the copper. Because of unfavor
able economic conditions, the mine was
put on caretaker status in 1982.

In 1979, the Bureau undertook labora
tory research to develop a process to re
cover cobalt and copper from a concen
trate supplied by Noranda. The supplied

4Underlined
fer to items
at the end of

numbers in
in the list
this report.

parentheses re
of references

concentrate had a 10-fold higher copper
concentration than that used in the
Noranda research and was similar to that
used in the Calera operation. Leaching
of this concentrate at 155 0 C resulted in
the formation of the troublesome sulfur
balls. Since there is some doubt as to
wheth2r ~ typical concentrate will have a
high or low copper concentration, the Bu
reau's research objective was to develop
a leaching process that would not produce
the sulfur balls and also to devise al
ternative technology using solvent ex
traction to recover cobalt and copper by
a method other than that of conventional
precipitation.

Figure 1 is a conceptual flow diagram
of the process investigated on a bench

Pressure leaching

I

Jarosite
precipitation

•
Neutralization

and
ferric arsenate

precipitation

,

Copper solvent
extraction and
electrowinning

,

Cobalt solvent
extracton and
electrowinning

FIGURE 1.-Conceptual f10wsheet for cobalt and copper
recovery.



the copper
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scale. The process comprises (1) oxida
tive pressure leaching of the flotation
concentrate in an oxygen atmosphere at
195 0 C, (2) precipitation of the major
portion of the iron and arsenic as sodium
jarosite, (3) neutralization of the fil
trate from jarosite precipitation to re
move the last traces of iron and arsenic
as ferric-arsenate precipitate, (4) re
covery of copper from the iron- and
arsenic-free filtrate by solvent extrac
tion with LIX 622 and electrowinning, and

(5) recovery of cobalt from
solvent extraction raffinate
extraction with a phosphinic
electrowinning.

Metal analyses in aqueous solutions
were deter-mined by atomic adsorption
spectrophotometry. Organic solutions
were digested in nitric acid-perchloric
acid to destroy the organics; the metal
salts were dissolved in acid and analyzed
by atomic adsorption.

DESCRIPTION OF FEED MATERIAL

The flotation concentrate used in this
inv~stigation was provided by Noranda.
Table 1 shows the chemical analysis of
the concentrate. For comparison, a con
centrate analysis from a report of the
Noranda Research Center is also included
in the table. The two concentrates wel:e
quite similar except for the higher level
of chalcopyrite in the concentrate

supplied to this laboratory; the differ
ence resulted in a 10-~01d higher copper
concentration. The major mineral compo
nents present in both concentrates were
pyrite, cobaltite, arsenopyrite, quartz,
and silicate gangue minerals, with trace
amounts of marcasite, magnetite, native
bismuth, pyrrhotite, sphalerite, and na
tive copper.

OXIDATIVE PRESSURE LEACHING

Metal values were effectively dissolved
by leaching the concentrate with water at
elevated temperatures under an oxygen at
mosphere. Sulfuric acid, formed in situ
by contacting cobaltite flotation con
centrate with water at elevated tempera
ture and pressure in an oxidizing atmo
sphere, effectively dissolved metal
values. Table 2 shows the effect of
leaching temperature on metal extrac
tion in a 1-L Ti metal pressure reactor.
Other test conditions were initial pulp

density of 10 pct solids, 50-psi oxygen
overpressure (oxygen pressure in excess
of the saturated steam pressure at the
operating temperature), and 5-h leaching
time. A problem encountered at both 135 0

and 155 0 C was the formation of sulfur
balls. In earlier industrial practice
at the Calera mill, these sulfur balls
often grew to large dimensions and caused
severe mechanical difficulties. Typical
ly, the balls contained, in weight per
cent, 0.36 As, 0.14 Co, 6.9 Cu, 35 Fe,

TABLE 1. - Analysis of Blackbird cobalt concentrate samples

Element Concentrate analysis, wt pct Element Concentrate analysis, wt pct
This .investigation Noranda This investigation Noranda

Ag•••••••• ' 0.18 '0.15 Mg•••••••• 0.142 0.058
AI •••••.•• .60 .25 Moo ••••••• .04 .031
As •••••••• 8 9.94 Ni .•••.••• .19 .13
P....u •••••.•• 1.07 1.10 s......... 36.8 36.6
Bi•.....•. .04 .41 Sh•••••••• .04 .02
Ca•••••••• .06 .043 Se •••••.•• .02 .016
Cd•••• g ••• <.01 .0005 Si02······ 7.4 6.8
Co•••••••• 5.3 5.77 Te •••••••• ND .014
Cu•••••••• 3.6 .36 Zn•••....• .03 .0061
Fe•••••••• 35 3L6

ND Not determined. lTroy ounces per ton.
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TABLE 2. - Effect of leaching temperature on
metal extraction

Leach Metal extracted, pct H2 SO4 in
temperature, As Co Cu Fe Ni leach liquor,

°c giL
135••••••••• 52.5 98.6 38.7 35.9 90.9 20.2
155 ••••••••• 11.7 98.6 70.9 32.8 91.5 34
175••••••••• 16.5 99.2 96.1 56.6 99.7 41
195••••••••• 8.1 98.7 97 18.8 99.6 53

Figures 2 and 3 show the effect of oxy
gen overpressure on the rates of cobalt
and iron extractions at 95 0 C and 10 pct

•
+- 80
u
a.

2 345
LEACH TIME, h

FIGURE 2.-Effect of oxygen overpressure on cobalt
extraction at 1950 C.

ft

Z
0
f- 60
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0:::
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~ • 50 psi
« • 25 psi
m
0 •u

20

solids. A 100-psi oxygen overpressure
produced the best combination of high
cobalt extraction rates and minimal iron
extraction. Maximum cobalt extraction
was achieved in approximately 2 h; how
ever, iron extraction continued to de
crease slightly at leaching times up to 5
h. As a consequence, subsequent test
work was conducted using a 5-h retention
time.

Initial pulp densities, ranging from 10
to 30 pct solids, did not affect cobalt
extraction; iron extraction increased
only slightly at the higher densities.
Subsequent test work was performed at the
higher pulp density because more concen
trated leach solutions are produced and
less autoclave capacity is required.

(2)

(1)

(3)

0.056 Ni, and 55.2 S. The higher propor
tion of copper and sulfur and the lower
proportion of arsenic, cobalt, and nickel
relative to the unleached concentrate in
dicates that these sulfur balls are de
rived primarily from chalcopyrite. When
the leaching temperature was raised to
near 195 0 C, an insoluble basic ferric
sulfate, Fe203'2S03, formed; this reac
tion decreased both the sulfur ball for
mation and the iron extraction. There
fore, a 195 0 C leaching temperature was
adopted for subsequent test work on the
high chalcopyrite concentrate. Lower
leaching temperature may be prefer
able for concentrates containing less
chalcopyri teo

The following equations represent the
major chemical reactions taking place
during the oxidation pressure leach:

= 4 CUS04 + 4 Fe(OH)3 + 8 S.

Chalcopyrite:
4 CuFeS2 + 4 H2S04 + 5 O2 + 2 H20

Pyrite:
4 FeS2 + 15 02 + 2 H20

Cobaltite:
4 CoAsS + 13 02 + 6 H20

Arsenopyrite:
FeS2·FeAs2 + 7 02 + 2 H20
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EQUIPMENT DESCRIPTION

FIGURE 3.-Effect of oxygen overpressure on iron extraction
at 195 0 c.

5Reference to specific products does
not imply endorsement by the Bureau of
Mines.

PREPARATION OF LEACH SLURRY
FOR METAL RECOVERY STUDIES

propeller-type titanium agitator rotated
at 600 rpm. The reactor was not equipped
with baffles or cooling coils. The slur
ry charge comprised 700 mL H20 plus the
amount of concentrate needed to provide
the desired pulp density. A tube ex
tending to 1.3 cm from the vessel bottom
was used for introducing oxygen and for
taking periodic samples. The periodic
samples were collected in a closed tube
and held at the same pressure as the
slurry in the reactor until the sample
had cooled to room temperature. The col
lector tube was then isolated from the
reactor with a valve, and the sample was
collected and filtered. Flashing was
avoided by cooling the collector tube be
fore removing it.

The 7.5-L reactor had a 14.6-cm ID and
44.5-cm depth; 1.3-cm-wide baffles
reached from the top to the bottom of the
vessel. The reactor was heated with an
external heating coil; an internal cool
ing coil prevented overheating during the
exothermic reaction. Oxygen was admitted
through a 0.6-cm tube that extended to
3.8 em from the bottom of the vessel. A
7.6-cm-diam, six-bladed, turbine-type
agitator operated at 1,000 rpm to stir
the mixture. Normally, the reactor was
charged with 3,500 mL of water plus con
centrate to form the desired pulp
density.

Since it was impractical to prepare
sufficient leach slurry for metal re
covery studies in the small autoclave, a
larger (7.5-L) reactor was used. During
initial runs in the larger reactor, co
balt, copper, and nickel extractions were
satisfactory, but iron and arsenic ex
tractions were excessive at 90 and
60 pet, respectively. Test conditions
were 195 0 C with 100-psi oxygen overpres
sure and 30 pet solids. The high iron
and arsenic extractions were attributed
to poor oxygen dispersion. Initial at
tempts to alleviate the problem, by in
creasing the oxygen overpressure to 200
psi or increasing the agitation in
tensity, were unsuccessful. However,
oxygen dispersion improved significantly

542 3
LEACH TIME, h

o

50

KEY
40 'Y 100 psi- • 50 psi

u • 25 psia.
~

Z 300
~
u
<rn::
~
x 20w
z
0
n::

10

Oxidative pressure leach tests were
conducted in either a 1-L Ti Parr5 pres
sure reactor or a 7.5-L (2-gal) Ti Fluit
ron pressure reactor. The 1-L reactor
had a 10.2-cm ID and 14.0-cm depth.
Heating was accomplished with an external
electric heating coil. The operating
procedure comprised heating the slurry to
approximately 20° C below the desired
operating temperature, turning off the
power to the heaters, and starting the
oxygen flow. The exothermic sulfating
reaction increased the temperature to the
desired operating temperature. There
after, until the reaction ceased, the
temperature was maintained at the desired
level by controlling the rate of oxygen
flow. When the reaction ceased, the pow
er was restored to maintain the desired
temperature until the specified leach
time was reached. Stirring was accom
plished with a 6.4-cm-diam, six-bladed,
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TABLE 3. - Results of large-scale leach tests

ND Not determlned.

Element or Ext ,(act ion, Leach liquor' Element or Extraction, Leach liquor
compound pct composition, lS/L compound pet composition giL

As •••••••• 26.4 8.6 H2S04' •••• ND 123
Co•••••••• 99u3 17 Ni ..•..... 99.7 .77
Cu••..•••• 99.5 13.8 Se •....... ND • all
Fe ••••••.. 41. 9 62 Z n••••.••• ND .096

,.

after the baffles were removed; this
allowed a vortex to form. These diffi
culties indicate that pilot-scale, con
tinuous-leaching studies would be needed
to optimize the reactor design.

After optimizing the 7.5-L reactor op
eration, several runs were conducted to
prepare sufficient leach slurry for fur
ther studies. Table 3 shO'lo.lS the average

results from several tests at 195° C,
laO-psi oxygen overpressure, and 30 pet
solids in the initial slurry. The final
leach slurry contained 17.7 pet solids.
Iron and arsenic extractions remained
higher than expected from the small-scale
test results; however, these results may
be comparable to those of a large-scale
operation.

LEACH LIQUOR PURIFICATION AND METAL RECOVERY

To prevent product contamination, iron
and arsenic must be removed from the
leach liquor prior to valuable metal
recovery. Preliminary testing showed
that iron could be removed by solvent
extraction with alkylphosphoric acids.
This approach proved impractical fot' the
following reasons: (1) the high iron
extraction, (2) the formation of a fer
ric-arsenate precipitate at the pH
best suited for iron extraction, and
(3) stripping difficulties. As an alter
native, jarosite precipitation was inves
tigated to remove the iron together with
the arsenic.

JAROSITE PRECIPITATION

The formula for jarosite is
MFe3(S04)2(OH)6, where M is an alkali
ion. Jarosites can be formed at low tem
peratures; however, the formation rate is
increased significantly at temperatures
near boiling. Sodium jarosite was formed
in this investigation by adding Na2S04 to
the leach slurry at 95° C, adjusting the
pH with milk of lime, and maintaining the
pulp temperature at 95° C for the length
of time shown in each test description.
Forming the jarosite directly in the
leach slurry, rather than in the filtrate
after removal of the leach solids, was
more effective and reduced the number of
filtration steps required. Attempts to

form the jarosite directly in the auto
clave by adding Na2S04 and lime (CaO)
near the end of the leach removed iron
and arsenic, but reduced the cobalt ex
traction to 92 pet and formed a slo~

filtering slurry.

Sodium Sulfate Requirements

Sodium sulfate requirements for maximum
iron and arsenic removal from the leach
slurry were investigated in tests using
(1) the stoichiometric amount needed to
react with all of the soluble iron and
(2) a 40-pct excess. In both tes ts, the
slurry was adjusted to pH 1.5 and heated
4 h at 95° C. Iron precipitation in
creased from 94.4 to 99.1 pet and arsenic
precipitation increased from 96.6 to
99.1 pct with the excess Na2S04' In sub
sequent tests, 40 pct excess Na2S04 was
used.

Effect of pH

Table 4 shows test results using vari
ous amounts of CaO to produce pH values
ranging from 1.27 to 2.07. Other test
conditions were 40 pet excess Na2S04 and
4 h heating at 95° C. Results show that
precipitation at approximately pH 1.5
produced maximum iron and arsenic re
moval without an excess loss of valuable
metals.



TABLE 4. - Effect of pH on metal
precipitated as jarosite

Final pH Metal precipitated, pet
As Co Cu Fe

1. 27 •••.•• 91. 6 0.8 5. 5 92.4
1. 41 •••••• 97.9 .8 5. 5 98.3
1. 55...... 99.1 • 9 6.9 99.1
2. 07 •••••• 99.1 1.5 13. 1 99.8

Effect of Reation Time

Table 5 shows the effect of reaction
time at 95° C on met~l precipitation us
ing 40 pet excess Na2S04 and a final pH
of 1.5. Although both iron arsenic pre
cipitation increased slightly as the re
action time increased from 1 to 4 h, eco
nomic considerations would probably favor
the shorter reaction time.

TABLE 5. - Effect of reaction time
on metal precipitated as jarosite

Reaction Metal preci itated, pet
time, h As Co Cu Fe
1••••••• 99.0 O. 9 8.3 98.0
4••••••• 99.1 • 9 6.9 99.1

Filtration of Jarosite Slurry

Filtration tests were conducted on a
typical slurry after jarosite precipita
tion. A standard O. I-ft 2 filter leaf
with a Dynel polymer filter medium was
used. All tests were conducted at 90° C
using 15-in Hg vacuum. The cake was
washed with water at ambient temperature.
Best filtration results were achieved
using a cycle consisting of 15-s filtra
tion, 20-s cake dewatering, 27-s wash,
and 13-s final dewatering. This cycle
formed a 5/8-in-thick cake containing
60 pet solids. Cake washing efficiency
was 99.0 pet. The filtration rate was
120 gal/(h'ft 2 ) (of filter area), and the
washing rate was 54 gal/(h·ft 2 ). The dry
solids production rate was 88 lb/(h·ft 2 ).
Based on the treatment of 100 st/d con
centrate, filtration would require a
6-ft-wide belt filter operating at
17.9 ft/min with a minimum filter length
of 28 ft.

7

Iron and Arsenic Removal From
Jarosite Filtrate

A small quantity of iron and arsenic
remained in the jarosite filtrate. This
residual material must be removed to
avoid precipitation in subsequent solvent
extraction for copper and cobalt re
covery. Tests were conducted on a com
posiLe batch of filtLates from several
jarosite precipitation tests containing,
i n g rams per 1it e r , 1. 2 5 As, 7• 8 5 Co,
5.9 Cu, 1.95 Fe, and 0.39 Ni. The solu
tion pH was 1.5. Iron and arsenic con
centrations were higher than would nor
mally be expected since filtrates from
several nonoptimum precipitation tests
were included; however, the treatment
procedure would be equally applicable to
liquors containing less iron and arsenic.
Reagent requirements, however, may be
somewhat lower when treating a more
representative sample.

Preliminary tests showed that adequate
iron rejection by ferric-arsenate preci
pitation required oxidation of small
amounts of residual ferrous iron. Good
results were achieved either by adding
1 mL of 3-pct hydrogen peroxide (H 20 2 )
per liter of liquor or by sparging with
oxygen for a few minutes at 75° C. After
oxidation, the ferric-arsenate was pre
cipitated by heating the solution to
60° C, adding CaC0 3 , mixing for 15 min,
and filtering. The use of limestone
(CaC0 3 ) instead of lime (CaO) reduced the
formation of gypsum agglomerates at the
higher pH values. Table 6 shows the ef'~

feet of final pH on metal precipitation.
Addition of 15 g/L CaC0 3 to increase the
final pH to 4.2 resulted in maximum iron
and arsenic precipitation. Copper losses
increased rapidly at pH values above 4.2.
Cobalt and nickel losses were less than 1
pet in all tests. Tests to determine
rate of filtration were not conducted on
this slurry; however, filtration was
rapid. Washing with one displacement
volume of water recovered over 98 pct of
the soluble metals.

Figure 4 shows a proposed flowsheet and
material balance for leaching 100 st/d
concentrate and ~emoving the iron and
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Concentrate: 100 st Id
Ib

As .•... 16,000
Co ..... 10,600
Cu ...•.. 7,200
Fe ..... 70,000
N i ..... 380

Water: 466,832 Ib •Pt'· : Oxygen: 135,867 Ib I
55,975 gal • ressure reoc Jon I

Milk of lime

Na2S04: I Jarosite Ib gal18,187 Ib I precipitation CoO .. 92,387 NAp
H20 .. 378,086 45,334

Wash water: 3 I 7 ,579 Ib
38,079 gal J Filtration :

~•Filtrate: 9 I 3 , 8 I 5 Ib Filter coke: 669,83 I Ib
101 ,002 gal Dry solids..... 349,688 Ib
Ib giL H20(hydration).. 52, 162 Ib

As .. 38 0.045 H20(entralned).. 267 I 98 I IbCo .. /O,330 12.3
Cu •. 6,403 7.6 Ib
Fe •• 256 .30 As •........ 15,962
N I •• 376 .45 Co •.......• 270

Cu ......... 797

3-pet-H20 2 solution: 8541b
Fe ......... 69,744
N I •.......• 4

102 gal

I Neutralization and- ferric arsenate :CoC03: I I ,952 Ibl
precipitation

IWash water: 37,672 Ib : CO2: 5,259 Ibl
4,517 gal

I
': Filtration :

l
Filtrate: 930, 566 Ib Filter coke: 53.760 Ib

102,392 gal Dry solids..... 26 1826 Ib
Ib giL H20(hydration) .. 5 ,430 Ib

As .. 1.75 0.002 H20(entroined).. 2 I ,504 Ib
Co .. 10,245.0 12.0
Cu •. 6,061.0 7. I Ib
Fe •. 0.85 .001 As ......... 36.3
N i .. 373.0 .44 Co ...•..... 85.0

Cu •........ 342.0
Fe .•....... 255.2
N i ......... 3.0

Filtrate to
copper recovery

FIGURE 4.-Proposed flowsheet and material balance for leaching 100 stfd concentrate and removing
the Iron and arsenic.
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TABLE 6. - Effect of pH on metal pre~ipitated

as ferric arsenate

Filtrate, CaC0 3 Metal precipitated, Filtrate composition,
pH added, pct mg/L

giL As Cu Fe As Cu Fe
1. 8 ...... 2 31. 5 0.01 9.0 480 5,200 1,900
I. 9•....• 4 66 .03 20 220 5,200 1, 700
2. o...... 6 73.3 .06 28 200 5,200 1,500
2. 4...... 8 80 .07 38. 7 140 5,200 1,150
2. 5..••.• 10 96.3 .16 87.1 20 5,200 250
3. 6...... 12 98.9 ,,88 99.4 5 5,200 12
4. 2•••••• 1L, 99.5 309 99.9 3 5,000 1
4. 8•••••• 16 99.5 14.5 99.9 3 4,450 1

arsenic. The material balance is based
on the best laboratory test results for
each step of the process"

COPPER RECOVERY

consequently, it was selected for further
studies.

pH Control

4

.,.

KEY
• L1X 622
• L1X 64
.,. L1X 63

2 3
EQUILIBRIUM pH

10-2 '-- --'-- -'- ----l... _

o

The following equation describes the
extraction of copper by hydroxyoximes:

(2 R-H)org + (Cu 2+ + S04=)aq

(R2Cu)org + (2H+ + S04=)aq. (5)

.--..
0«
W

'f:' 103

Z
W

U

~ 10 2

W
o
u
z
010 1

I-
U
<l:n:::
~ 100
w
n:::
w
0..
~ 10-1

U

FIGURE 5.-Effect of pH on copper extraction coefficient for
various extractants.

Copper in the i~on" and arsenic-free
filtrate was recovered by a combination
solvent extraction-electrowinning proce
dure. A hydroxyoxime-type extractant was
used to recover the copper, and the
stripping cell was operated in a closed
circuit with the electrolytic cell. The
loaded strip liquor was fed directly to
the copper electrowinning cell, and the
partially depleted effluent electrolyte
was recycled to the stripping operation.

Solvent Selection

Three of the more common chelating-type
copper extractants available, LIX 63,
LIX 64, and LIX 622, were tested for
effectiveness in continuous countercur
rent testingo The most effective,
LIX 622, had the highest extraction coef
ficient at the lower pH values. Copper
ext~action coefficients were obtained by
equilibrating equal volumes of 70-vol-pct
extractant dissolved in kerosene with
copper-sulfate solution containing 6 giL
Cu at various pH values. The pH was
adjusted by adding concentrated H2S04
or NH 40H as required. At pH 3, the
loading for LIX 622, LIX 63, and LIX 64
were 13.4, 15.0, and 7.3 giL Cu, respec
tively. Test results, shown in figure 5,
indicate that LIX 622 is the most effec
tive extractant at the lower pH values;
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Continuous Countercurrent
Solvent Extraction

This equation shows that each equivalent
of copper extracted forms an equivalent
of H2S04, which reduces the aqueous pH.
Since copper extraction decreases with
decreasing pH, complete removal of copper
from a concentrated solution requires
neutralization of some of the free acid
formed. For example, three-stage coun
tercurrent extraction of pH 3.3 sulfate
solution containing 12 giL Cu with 10-pct
LIX 622 reduced the aqueous pH to 0.6 and
left 0.5 giL Cu in the reaffinate. This
result made it obvious that some form of
pH control would be required to achieve
complete copper removal. Since free
amines absorb H2S0 4, screening tests were
performed to determine whether a mixture
of LIX 622 and triiscoctylamine (TIOA)
would maintain the pH high enough to al
low complete copper extraction. Figure 6
shows the distribution isotherms for cop
per extraction from 12 giL Cu feed with
(1) 10-pct LIX 622 solution, and (2) with
10-pct LIX 622, 10-pct TIOA, and 5-pct
isodecanol (IDA) in kerosene. Isodecanol
was added to prevent third-phase forma
tion during subsequent Na2C03 treatment
of the extractant to reconvert it to the
free-base form. Test results show that
the mixed extractant had a higher capac'·'
ity for copper and also reduced the
copper concentration in the aqueous
phase.

7~----r---,----.--------'-----'----'

•

KEY
• 10-pet L.IX 622

10-pet TIOA
5-pet IDA

elO-pet L1X 622

-1
"'-
~6w

(f)

<t

~5
u
Z
<34
a:::
o
2

3
0:
w
0..
0..2o
u

rlGURE 5.-Effect of T10A addition of L1X 522 on copper
extraction.

I o 2 4 6 8 10 12

COPPER IN AQUEOUS PHASE, giL

shown in table 7. Tests were performed
in separate, interconnected 2. 25-in-ID
mixer-settlers. The effective mixer and
settler volumes were 160 and 430 mL, re
spectively. Agitation (about 1,000 rpm)
was provided with a 2.5-cm-diam turbine
with four straight blades. The best ex
traction conditions included four stages,
an organic phase flow rate of 6 mL/min,
and an aqueous phase flow rate of
4 mL/min. These conditions produced an
organic-to-aqueous flow ratio of 1.5 and
a 16-min nominal retention time in each
mixer. Stripping was accomplished in a
single stage using electrolyte recycled

solvent ex
using feed

composition

Continuous countercurrent
traction tests were conducted
solution with the chemical

TABLE 7. - Composition of solvent extraction feed for copper recovery I

Concentration.
Element ~ Element

Concentration.

~

AI. . . • . • • . • • • • • • . • . • • • . . • O. 2
As. . . . . . . . . . . . . . . . . . . • . • • . 003
Ca. . . . . . . . . . . . • . • . . . . . . . . . 58
Cd....................... .001
Co. • • . . • . . . . • • . • • • . • • • • . • 12
cu....................... 7.1
Fe....................... .001
lSolution pH 4.2.

Mg•••••••••••••••••••••••
Mn•••••••••••••••••••••••
Ni •••.....••••.•••.•••.•.
Sb•••••••••••••••••••••••
SO 4 ••••••••••••••••••••••

Ag•••••••••••••••••••••••
Au •••••••••••••••••••••••

0.57
.043
.44
.007

47.1
2.17

21.54
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Copper Electrowinning

Copper was electrowon from the loaded
strip liquor in a plastic cell 12.7 cm
long by 8.9 cm wide by 14.0 cm deep. The
cell contained three lead anodes, each
7.6 em wide by 0.16 em (1/16 in) thick,
and two copper starting sheets, each
7.6 cm wide by 0.08 em (1/32 in) thick,
that were immersed to a depth of 7.6 cm
in the electrolyte. The spacing between
the anodes and cathodes was 1.3 em. The
electrolyte contained a free sulfuric
acid concentration of 150 giL. The cell
was operated at room temperature with a
current density of 7.3 A/ft 2 of cathode
area. Most tests were run for 7 h at
each specified set of conditions. Copper

from the copper electrowinning cell. The
strip liquor flow rate was 1.1 mL/min.
Amine sulfate in the stripped organic
solution was converted to free amine by
single-stage contact with a 10-pct Na2CO,
solution. The solution was fed to the
mixer by demand from a pH controller set
to maintain pH 8 in the mixer.

Figure 7 shows the extraction profile
for a typical test. Copper reduction to
4 ppm resulted in a Co-Cu ratio of over
3,000 in the raffinate. Raffinate con
taining 11.5 giL Co served as feed to the
cobalt recovery circuit. Approximately
3 pct of the cobalt and nickel were
coextracted with the copper. A loaded
organic phase containing, in grams per
liter, 0.29 Co, 0.08 Ni, and 0.003 Zn in
addition to the copper was produced. The
loaded strip liquor contained, in grams
per liter, 1.1 Co, 0.05 Ni, and 0.02 Z!1
in addition to the copper. Additional
testing would be required to determine

the maximum
and nickel
trolyte to
cathodes.

permissible buildup of cobalt
concentrations in the elec
produce acceptable copper

Copper extraction
stage

Aqueous feed

pH Cu, giL

Aqueous raffinate
to

cobalt recovery

Copper strippin<]
stage

Amine conversion
stage

Loaded
~ / electrolyte, giL:

/ 40.5 Cu, 106 H2S04

S

Stripped organic / '" Recycled
phase with '/ ~ electrolyte, giL:

amine sulfate: 13.5 Cu, 150 H2S04
0.14 giL Cu

Loaded organic phase

Cu, giL

7.1~ /4.7

I

5.4 <"'36

2//'"1.7" /1.3
~/.

/3'-. Spent ca rbonate
/ ~ solution, giL:

0.25 '" 0.33 /90 Na2S04,
""" / / 33 NaHC03,

4 C 9 Na2C03

/ ~ Stripped organic / '"
0.004 0.14 ......1------- phase with / ~ Carbonate feed:

free amine 100 giL Na CO
2 3

3.0

4.2

4.5

3.4

5.1

FIGURE 7.-Exlraction and stripping profiles for copper recovery.



TABLE 8. - Analysis of electrowon
copper, percent

1 lb Cu. Organic losses were based on
estimated entrainment of 0.5 gal solvent
in every 1,000 gal of total aqueous flow
(raffinate, strip liquor, and Na2C03
solution) through the system. Since

12

was reduced from 40.5 to 13.5 giL in the
electrolyte as it passed through the
cell. Table 8 shows the spectrographic
analysis of a typical deposit. Copper
analysis was determined by difference.

Figure 8 shows the proposed copper sol
vent extraction and electrowinning flow
sheet and material balance for the
treatment of the iron- and arsenic··free
filtrate produced from leaching 100 st/d
concentrate; the flowsheet and material
balance are projected from the best labo
ratory test results. Table 9 shows the
estimated reagent requirements to recover

Ag........ 0.002
AI. • • • • • • • • 006
Cu........ 199.89
Cr. • • . • • . • .02
1By difference.

Fe........ 0.01
Mg........ .002
Ph. • . . . . • . .06
Si. • • • • • • • .01

: Stripped organic phase with free amine :

i
-: Solvent extraction r 5triPPing~ 1--

Aqueous feed: Loaded organic phose: Stripped organic phose IAmine conversion
102,402 gal 157,966 gal 157,966 gal

Ib giL Ib giL Ib giL
Co... IO,245 12.0 Co... 381 0.29 Co ... 0 <0.00 I
Cu... 6,061 7. I Cu ... 6,242 4.7 Cu ... 184 .14
Ni ... 373 .44 NI ... I I .008 NI ... 0 <.001
504, .40,210 47. I 504, .9,476 7.2 504 .. 16,080 12.2
In ... 41 .048 In ... 4 .003 In ... 0 <.00 I

Makeup: Loaded strip liquor:
H2 SO4 26,913 gal

6,740lb Ib giL 10-pcl-N02 C03Co .... 381 1.7 solution:
Cu .... 9,087 40.5 31,618 gal
NI . . ~ . II .05 N0 2 C03 .. 26.360 IbS04 ... 38.206 170.0

Copper metal: In .... 4 .02

6,0581b
H2 S04, .23.824 106.0

+
: Electrowlnnlng I

Roffinote: Spent electrolyte: Spent N02 C03 solution:
102,402 gal 26,913 gal 31,618 gal

Ib giL Ib giL Ib giL
Co... 9,864 1 I .5 Co .... 381 1.7 No.... II ,335 43.0
Cu ... 3 .004 Cu .... 3,029 13.5 CO&... 1,318 5.0
NI ... 362 .42 NI I I 0·- HC 3 •• 6,432 24.4. 0
S04 .. 30,734 36.0 S04 ... 38,206 170.0 504 ..• 16,080 61.0
In . .. 37 .043 In .... 4 .02

1H2 S04.. 33,656 150.0

Recycle to II To cobalt recovery I I Recycle to stripping I Jarosite precipitation

FIGURE a.-proposed flowsheet and material balance for copper solvent extraction and electrowlnnlng.
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TABLE 9. - Estimated reagent
requirements for copper
recovery

conversion of the amine sulfate to free
amine with Na2C03 forms a Na2S04 solution
that probably could be recycled to the
jarosite precipitation step, a credit
could be ~llowed for this Na2S04.

PhosphinicPhosphonic

RO~ ,-/0
p/

R~ ~OH

Phosphoric

Work reported by Preston (~) indicated
that the cobalt-nickel separation under
comparable conditions increases in the

Continuous Countercurrent
Solvent Extraction

order phosphoric < phosphonic < phosphin
ic acid. This order of selectivity was
confirmed in tests using sulfate solu
tions. Consequently, a phosphinic acid
type extractant, Cyanex 272, was selected
for continuous countercurrent tests to
recover cobalt.

1. 1
4.4
.011
.011
.0055

'.063

Requirements,
lb/lb Cu
recovei-ed

Reagent

IDA••••••••••••••••••••••••
Kerosene•••••••••••••••••••
'0.01 gal.

H2S0 4••••••••••••.••••••...
Na 2C03- ••••••••••••••••••••
LIX 622••.•••••••••••••••••
TlOA•••••••••••••••••••••••

COBALT RECOVERY

Cobalt in the copper solvent extrac
tion raffinate was recovered by (1) sol
vent extraction with Cyanex 272 (an
alkyl phosphinic acid-type extractant),
(2) stripping the loaded extract with
electrolyte recycled from the cobalt
electrowinning cell, and (3) returning
the loaded strip liquor to the electro··
winning cell for cobalt recovery. No at
tempt was made to recover the low concen
tration of nickel in the copper solvent
extraction raffinate. Since the only
contaminant added to the aqueous solution
was sodium, the levels of other contami
nants were low, and the pH was near 7,
the cobalt solvent extraction raffin
ate could be disposed of in an existing
natural stream.

Solvent Selection

Organophosphorus acids were considered
to be the most promising family of
reagents for cobalt recovery from the
copper extraction raffinate. Commercial
ly available organophosphorus acids in
clude phosphoric, phosphonic, and phos
phinic acids. The following diagrams
show the structure of the three types.

Continuous countercurrent solvent ex
traction tests were conducted using cop
per solvent extraction raffinate with the
chemical composition shown in table 10.
The organic extractant was unmodified
0.5M Cyanex 272 extractant dissolved in
kerosene. Tests were performed in sepa
rate, interconnected mixer-settlers with
the same dimensions as those used for
copper solvent extraction. Figure 9 is a
photograph of the cobalt solvent extrac
tion and electrowinning circuit. Agita
tion (about 1,000 rpm) was provided with
flat, 2.5-cm-diam, four-bladed paddles.
The extraction circuit, shown in simpli
fied form in figure 10, comprised two
extraction stages, one scrubbing stage,
two low-acid cobalt stripping stages, and
one high-acid zinc stripping stage. Ad
ditionally, a two-unit mixer-settler
system was operated in closed circuit

TABLE 10. - Composition of feed solution l

for cobalt recovery, grams per liter

As ••••••••• 0.001 Fe ••••••••• 0.002
Ca ••••••••• .60 Ni ••.•••••• .42
Co••••••••• 11.5 SO 4 •••••••• 37
Cu••••••••• .004 Zn.•.•••••• .043
ISolution pH 7.
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FIGURE 9.-Photograph of cobalt solvent extraction and electrowinning circuit.

with the electrolytic cell to control the
pH of the electrolyte. The recircu
lating electrolyte stream was contacted
with the sodium form of Cyanex 272 ex
tractant in the first mixer-settler, and
the adjusted electrolyte was returned to
the electrolytic cell. The acidified
Cyanex 272 extractant was converted back
to the sodium form by contacting it with
a Na2C03 solution in the second mixer
settler unit. The aqueous and organic
flow rates in the extraction circuit were
3.1 and 7.2 mLlmin, respectively, pro
ducing an organic-to-aqueous flow ratio
of 2.3 with approximately 15-min nominal
retention time per stage. Retention time
in the stripping stages was approximately
the same.

Selenium has been reported to be a
troublesome element that contaminates the
final cobalt product. The solutions
treated in this investigation did not
have any detectable selenium; however, in
one test, the feed solution to the cobalt
solvent extraction circuit was spiked to
0.036 giL Se with sodium selenate. This
selenium did not extract, and the cobalt
metal did not contain any detectable
selenium.

Cobalt Extraction

Results of batch tests to determine the
pH effect on nickel and cobalt extraction
with Oo5M Cyanex 272 extractant indicate
that the preferred pH range for minimum
nickel extraction with maximum cobalt
extraction is 5.0 to 5.9 (fig. 11). To
maintain the desired pH, hydrogen ions
released by the cobalt-hydrogen exchange
reaction were neutralized by adding
4N NaOH solution to the mixers as needed.
Sodium hydroxide was preferred over
Na2C03 because it minimized phase separa
tion problems. Standard combination pH
electrodes immersed in the mixed phases
measured the pH accurately as long as the
aqueous phase was continuous. The NaOH
solution was pumped to the mixers when
signaled by pH controllers. Over 99 pct
of the cobalt was extracted by maintain
ing pH values of 5.9 in the raffinate
stage and 500 in the loaded organic
stage. The pH in the raffinate stage was
maintained at 5.9 to assure maximum
cobalt extraction and at 5.0 in the
loaded organic stage to minimize nickel
extraction,
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HCNX
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conversion to
NaCNX

~..... Raffinate
•.-
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phase +
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I
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- Aqueous flows
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FIGURE 10.-Conceptual flow diagram for cobalt solvent extraction and electrowinning.
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Cobalt Electrowinning

zinc. A small bleed stream of strong
acid from the zinc·~tripping stage is re
quired to prevent zinc buildup in the
circuit. In this work, th~ zinc was al
lowed to build up to 1 giL with no ad
verse effect. Further testing would be
required to determine the maximum zinc
concentration that could be tolerated.

KEY
g Cobolt
• Nickel

80

u
c.
260
o
f=
u
~ 40
t-
X
w

I00 ,-----,------,--,-----,------,---=:lII===,--~

Zinc Rejection

Nickel Rejection

Loaded strip liquor containing 36.5 giL
Co was pumped through a bed of a~tivated

carbon to remove any entrained organic
extractant and then into an electrowin
ning cell. The electrolytic cell had the
same dimensions and configuration as the
cell described in the copper electrowin
ning section. The cell had two lead
antimony (4 pct Sb) anodes 7.6 cm wide
and 0.16 cm thick. The single cathode
was 0.08-cm-thick type 316 stainless
steel with the same other dimensions as
the anode. The electrodes were immersed
to a depth of 9.0 em in the electrolyte.
The surface of the cathode was roughened
on an eme~y wheel to improve cobalt ad
herence. The anodes were wrapped with
canvas bags to prevent the transport of
impurities or oxidized cobalt particles
from the anodes to the cathode. The cell
was operated at pH 2.5 and 50 0 C, with a
current density of 15 A/ft 2 (of cathode
area). Under these conditions, current
efficiency ranged from 92 to 95 pct. The
electrolyte was recirculated th~ough a
mixer--settler and contacted with the so
dium form of Cyanex 272. This process
effectively neutralized the excess acid.
Electrolyte dilution, whi~h would have
occurred with the addition of a b~sic so
lution, was also avoided. The organic
flow was regulated by a pH controller set
to maintain pH 2.5 in the mixer. The
Cyanex 272 extractant in the hydrogen
form was converted back to the sodium
form by contact with a 10-pct-Na2C03 so
lution in another mixer settler. Sodium
carbonate flow was regulated by a pH con
troller set to maintain pH 8 in the con
version mixer. Sodium sulfate buildup in
the electrolyte was controlled by cooling
and crystallizing after saturation had
been reached at 50 0 C.

764 5
EQUILIBRIUM pH

FIGURE H.-Effect of pH on cobalt and nickel extraction with
Cyanex 272.
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Although some nickel coextracted with
cobalt in two extraction stages, the ad
dition of a scrubber stage displaced most
of the coextracted nickel. The scrubber
stage used recycled electrolyte contain-"
ing 28 giL Co, which was maintained at
approximately pH 3 by the addition of
4N H2S0 4 , The volume of electrolyte re
cycled to the scrubber was equal to the
volume of acid fed to the high-acid
stripper less the bleed-stream volume.
This insured that the total volume of
electrolyte in the system remained con
stant. Overall, less than 0.5 pct of the
nickel in the feed appeared in the
electrowon cobalt metal.

Zinc is completely extracted by
Cyanex 272 at pH 3; consequently, any
zinc in the aqueous feed to the cobalt
extraction circuit is coextracted with
cobalt. Investigations showed that by
maintaining a pH of 1.5 to 2.0 in the
second cobalt-stripping stage, neat"ly all
of the cobalt and virtually none of the
zinc was stripped. Strong acid from the
zinc-~tripping stage was used to adjust
the pH in the second cobalt strip stage;
this acid was replaced with fresh 4N
H2S0 4 (fig. 10). The high-acid strength
in this stage effectivAly stripped the



TABLE 11. - Analysis of electrowon
cobalt, percent

Figure 12 is a photograph of a typical
cobalt deposit. The metal had a shiny
appearance on the cathode side and a dull
metallic luster on the outer surface.
The deposit stripped easily from the
stainless steel cathode. Table 11 shows
a typical deposit composition using In
ductively Coupled Plasma (ICP) analysis
for impurities and determining cobalt
by difference.

Figure 13 is a proposed flowsheet, and
table 12 shows the corresponding
estimated material balance for cobalt

lBy difference.

Cd•••••••••
Co•••••••••
Cu ••••••.••

0.036
'99.8

.060

Fe. • ••••••• 0.060
Ni. . . • • . . . • . 014
Ti......... .002

17

recovery from copper solvent extrac
tion raffinate; the flowsheet and mate
rial balance are projected from labora'
tory results. Material balances are
based on the estimated daily volume of
solution produced during operation of a
plant treating 100 st/d of concentrate.
The spent sodium carbonate-sodium sulfate
solution from HCNX conversion to the so
dium form could probably be recycled to
jarosite precipitation. However, a more
extensive pilot operation would be needed
to determine whether the recycled sodium
sulfate solution would present any seri
ous problems. Before discharge to exist
ing natural streams, the bleed stream and
raffinate from cobalt extraction may re
quire further treatment such as (1) sol
vent extraction with Cyanex 272 extrac
tant at a higher pH, or (2) precipitation
to remove and possibly recover the small
amount of nickel.

o
I

5
I

Scale, em

10
I

FIGURE 12.-Typical cobalt deposit, cathode side (left) and outer surface (right).
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FIGURE 13.-Proposed flowsheet for cobalt solvent extraction and electrowinning. (See table 12 for explanation of stream
numbers.)

SUMMARY OF REAGENT REQUIREMENTS

Table 13 shows the estimated reagent
requirements based on laboratory testing
for treating 100 stld of concentrate to
produce 6,058 lb Cu and 9,721 lb Co. Re
agent requirements are expressed in
pounds per day and pounds per pound of
cobalt recovered. Sodium sulfate needed
to form jarosite is not included because

sufficient Na2S04 is produced in the sol
vent extraction operations to fulfill
this need. Organic extractant require
ments are based on estimated entrainment
of 0.5 gal extractant per 1,000 gal of
total aqueous flow through the solvent
extraction system.

FUTURE RESEARCH

This laboratory-scale investigation
demonstrated the feasibility of using a
combination precipitation-solvent extrac
tion approach to the recovery of cobalt,
copper, and possibly nickel from a co
baltite flotation concentrate. However,

there are certain areas of research that
need further exploration to determine the
relative merits of this process as com
pared with those of other proposed pro
cesses. Future investigation should in
clude the following research:
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TABLE 12. - Estimated material balance for cobalt
solvent extraction and electrowinning

agent
umption
bid
-O~·_·_--

o
o
o
o
o
o
o
o
o
9 NaOH
1 NAOH
2 H2S04
3 H2S0 4
o
o
o
o
o
o
o
4 Na2C03
o

_.-
Flow Metal concentration, Metal flow rat_e, Ib/d Solu- Re

Stream' rate, giL Co Ni Zn tion cons
gal/day Co Ni Zn pH 1
102,402

--
I ..... 11.5 0.42 0.043 9,864.0 362.0 36. 7 7.0
2••••• 146,879 1.4 .465 .002 1, 723 574 2.4 5. 9
3••••• 152,328 .061 .28 .0004 81. 4 358.4 • 5 5
4••••• 26,634 19 1.8 .002 4,247 403.4 .4 2. 9
5..... 18,108 28 • 12 .001 4,247 20. 7 .2 1.9
6••••• 136,419 36.5 .13 .001 41,716 145.5 1. 2 4.2
7••••• 118,311 28 • 12 .001 27,748 123.4 1 1.9
8••••• 136,419 33.2 • 11 • 5 37,895 126. 1 568.4 1.6
9••••• 18,108 1.7 .063 1 256. 7 9.6 150.9 <0

10••••• 4,341 1. 7 .063 1 61. 8 2. 19 36.2 <0
11 .•••• 5,449 NAp NAp NAp NAp NAp NAp NAp 7,26
12•.••• 17,843 NAp NAp NAp NAp NAp NAp NAp 23,80
13.•••• 8,526 NAp NAp NAp NAp NAp NAp NAp 13,93
14••••• 22,449 NAp NAp NAp NAp NAp NAp NAp 36,68
1S••••• 236,096 .008 .006 .015 15. 7 11. 8 29.5 NAp
16.•••• 236,096 .84 .115 .016 1,657.5 227.8 31. 4 NAp
17••••• 236,096 7. 1 • 21 .034 14,045.5 418.3 66. 1 NAp
18••..• 236,096 7. 1 .018 .034 14,045.5 36. 1 65.9 NAp
19••.•• 236,096 5. 17 .068 .32 10,224.5 16. 7 633. 1 NAp
2O••••• 236,096 • 17 .012 • 11 334.2 23.6 216.6 NAp
21 ••.•• 6,592 NAp NAp NAp NAp NAp NAp NAp
22•.... 5,186 NAp NAp NAp NAp NAp NAp NAp 4,32
23..... NAp NAp NAp NAp 9,721 1.5 0 NAp
NAp Not applicable.
lCorresponds to stream numbers shown on figure 13.

TABLE 13. - Estimated reagent requirements for treating 100 st/d concentrate

Operation Reagent
Reagent

Ib/d
requirements

Ib/lb Co
recove red
14.0
9.5
1.2
1.01

• 7
2. 7

.007

.007

.0034
'.006
3.2
5. 2
.44
.019

1.013

IDA•.•.•..••...•......•

Na2C03·················
LIX 622 .

Kerosene•.•...•.•....•.

TlOA•••••••.•.••.••..•.

H2 SO 4••••••••••••••••••

Na2C03·················

Leaching. .. . . . . . . . . . . . . . . .. .. . . . . . . . . . Oxygen .
Jarosite precipitation••••••••••.••••• Lime•••••••••••••••••••
Ferric-arsenate precipitation••••••••• Limestone•••••••••••••.

3 pet H2 0 2 •••••••••••••

Copper solvent extraction............. H2S04 ••••••.••••••.•.•.

Cobalt solvent extraction•.••.•••••••• NaOH•••..•••.••••••••••

135,867
92,387
11,952

1102.4
6,740

26,360
67
67
33.5

155.9
31,070
50,615
4,324

Cyanex 272............. 180
Kerosene............... 1125-,--- --L..__::....=....:=..:c:..::. -1---------'.-------

1Gallons.
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Pilot-scale investigations should be
conducted using a continuous feed reactor
because it was difficu to cate re
sults when seal up from a l-L to a
7.5-L batch reactor.

The cobalt solvent extraction with
its many recirculating streams should be
run longer at s tate conditions to
determine whether any buildup of impuri
ties in these streams would cause serious
problems.

More work is needed to determine
what treatment, if any, is needed to pre
pare the various effluent streams for
discharge to existing natural streams.

The disposition of the gold and sil
ver should be determined and procedures
deve to recover these precious met
als. Based on an estimated re
covery, annual gold and silver production
would be 2,500 and 5,800 tr oz per year,

i vely.
A comparison of economic evaluations

for both the precipitation-solvent ex
traction process described in this report
and the process described Harris,
Monette, and St (~), should be made
to determine the most economical.

CONCLUS IONS

The ective of devising an alterna
tive process for recovering cobalt and
copper from sulfate by liquid
extraction rather than tation was
achieved. Over 91 pct the cobalt and
84 pet of the copper were recovered from
cobaltite concentrate by a process that
involved (1) oxidative pressure leaching,
(2) jarosite p tat ion, (3) ferric-
arsenate p tation, (4) selective
solvent extraction of copper with
a mixed hydroxyomine-amine extractant,

(5) electrowinning of copper from recir
culating acidic strip liquor, (6) selec"
tive solvent extraction of cobalt from
copper solvent extraction raffinate with
an alkyl phosphinic acid extractant, and
(7) electrowinning cobalt from recircula
ting weak acidic strip r. The elec
trowon copper was 99.89 pct pure, and the
electrowon cobalt was 99.8 pct pure. An
economic evaluation remains to be
pe rf ormed.
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