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EXTRACTION AND RECOVERY OF MOLYBDENUM AND RHENIUM
FROM MOLYBDENITE CONCENTRATES BY ELECTROOXIDATION:
PROCESS DEMONSTRATION
by

B. Js Scheiner, ' Ry Ee Lindstrom,2 and D L. Pool!

ABSTRACT

The Federal Bureau of Mines has successfully demonstrated an
electrooxidation-solvent extraction=carbon adsorption process for recovering
molybdenum and rhenium from offgrade concentrates. The flow sequence consists
of dissolution of metal values by electrooxidation, liquid-solid separation
by thickening, acidification and chlorate ion removal by sulfur dioxide treat=
ment, solvent extraction to concentrate the molybdenum and rhenium, separation
of molybdenum and rhenium by carbon adsorption, and metal recovery by crystal=-
lization. Molybdenum and rhenium were recovered as ammonium paramolybdate
and ammonium perrhenate.

Electrolysis of brine~concentrate pulps to generate a hypochlorite
oxidizing agent in situ resulted in the dissolution of 98.9 and 99.1 pct of
the molybdenum and rhenium, respectively, at an energy consumption of 13.7
kwhr/1b of molybdenum extracted.

INTRODUCTION

Conventional flotation and roasting procedures for recovering molybdenum
oxide from molybdenum-source materials frequently result in low recovery of
molybdenum. This is particularly true in molybdenite flotation from porphyry
copper ores where difficulties can be encountered in refloating molybdenite
that has been recycled to rougher and cleamer flotation sequences (8).%
Because copper-molybdenum separation may be less than desired, a portion of
the molybdenum may be lost when the copper flotation concentrate is charged
to the reverberatory furnace to recover copper.

Rhenium is intimately associated with molybdenite. Consequently, not
only do rhenium losses closely parallel molybdenum losses in recovery by
flotation, but additional losses are encountered in recovery of rhenium by
scrubbing the volatilized rhenium oxide contained in offgases generated

1Research chemist.
2Supervisory chemical engineer.
3Underlined numbers in parentheses refer to items in the list of references at

the end of this report.




during the roasting of molybdenite to molybdic oxide. Finally, roasting of
the molybdenite product to obtain molybdic oxide results in formation of
sulfur oxide gases, which are pollutants if discharged into the atmosphere.

Research has been conducted by several investigators to improve molyb-
denum recovery from ores and coficentrates using a sodium hypochlorite-leaching
system for dissolving molybdenum as the molybdate ion (1-3). The stoichi-
ometry for the reaction is as follows:

MoS, + 90CI™ + 60H" — MoQ, = + 9CI° + 280, ~ + 3H,0. (1)

The process has not been used commercially owing‘to the high cost of reagents
consumed in reactionm 1.

The Federal Bureau of Mines has developed an electrooxidation technique
for treating carbonaceous gold ores (3), for recovering mercury from cinnabar
ores (6), and for recovering mercury and silver from amalgamation tails (7).
The process consists of generating hypochlorite in situ in a brine-ore pulp
by electrolysis. The chemical reactions involved are as follows:

2CT" - Cl, + 2¢ (anode); (2)
and 2H,0 + 2¢° - 20H" + H, (cathode). 3)
The chlorine and hydroxyl ion produced then combine to form hypochlorite ion
2000 + Cl; - OCI” + H,0 + CT™. (&)
The energy required to produce 1 pound of sodium hypochlorite in the ore pulp
is in the 1.5 to 2 kwhr range, indicating that the electrooxidation technique
has a potential economic advantage for molybdenum extraction from molybdenum
sulfides. A previous paper was published, giving results of laboratory

experiments (4). This paper describes the operation of the electrooxidation
extraction step and the subsequent molybdenum and rhenium recovery steps.

MATERIALS AND PROCEDURE
The concentrate used in these extraction plant experiments was an off-
grade molybdenite concentrate obtained from a commercial operation. The

average composition of the dried concentrate is shown in table 1.

TABLE 1. -~ Composition of concentrate used in process demonstration plant

Carbon (organic)ecsvecsseresessssrrssresacrssserassnsssWh=pcts, 19.20
COpPPeTY ssveeerssscnnncoasnn che e Stecaacreraanns eeeaecsWt=pct.. .97
TrOmesecneanestoenscosarestiroavrsscrcasansarnsnnsersnaessWE=pPCLas 5.52
Molybdenume e ceeecennnene e Creserean cestecsessesWE=pCt.. 35.60
0il plus insolublesssieis e srnrerscrocsrsscscssonseWE=pcts. ~9.00
Rheniume...c.vceen. tesasicnaeanan cssssaccsssparts per million.. 1,330
Sulfur...o.eoveuves.. Peeer e e ETETELAEEY caveeccs wt-pct.. 29.60
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Figure 1 shows a conceptual flow diagram developed as a result of
laboratory experiments conducted on several different molybdenite concentrates
and ores. The flow sequence consists of the following unit operations:

(1) Electrooxidation of a brine-concentrate slurry to produce soluble molyb-
date fon, (2) liquid-solid separation, (3) treatment of the clarified pregnant
solution with S0, to lower the pH and destroy chlorate ion, (4) recovery of
salt and concentration of molybdenum-rhenium by solvent extraction with a
tertiary amine, (5) separation of rhenium from molybdenum by selective adsorp-
tion of rhemium on activated carbon, (6) stripping of rhenium from the
activated carbon and recovery of the Re as NH ReQ, , (7) recovery of molybdenum
as ammonium paramolybdate [(I\'I'H4 )6M07024 *4H,0)7] by crystallization, and

(8) removal of sulfate ion by crystallization/

The operating procedure consisted of mixing a predetermined amount of
concentrate with a 10-pct sodium chloride solution from the barren recycle
tank in 55-gal agitated tanks. The resulting slurry (4 pct pulp density) was
pumped at a predetermined rate to the first of five rubber-lined, 70=-gal
stirred vessels with the pump flowing from one tank to the next by gravity.

o o

Molybdenite
concentrate :
Electrooxidation Digestion
Sulfate
removal

__f S0,

Column of
activated - s _
carbon olvent extraction
502
treatment
S—— Roasting
Liquid-solids
separation
Ammonium Molybdic Tails
perrhengte oxide

FIGURE 1, - Flowsheet for the recovery of molybdenum and rhenium from ores or concentrates,
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_ Pulp from each of the first
Bipolar four vessels was pumped
electrooxidation cell through a bipolar flow-
through electrooxidation
cell and returned to the
same tank by gravity flow.
The pulp flow sequence is
Pulp out shown in figure 2. The
electrooxidation cell, shown
in figure 3, consists of ten
8- by 3/4- by 48-inch graph-
ite electrodes held in a
H plexiglass container. The
effective area for each
electrode was 7 inches by
40 inches. Spacing between
electrodes was 5/16 inch.
The four cells were connected
electrically in series

Pulp in

Electrodes e

/JU*“M_ Stirred
tank

! oo
[ and were operated at an
Sy electrode current density of
Pulp “owggﬁ,_u 0.5 amp/in® . The overall
voltage drop across the four

cells was 125 volts at a
current of 140 amp. An

FIGURE 2. - Pulp flow sequence through agitator and operating temperature of 35°
bipolar cell.

Pump

to 40° C was maintained by
passing the pulp through
water-cooled heat exchangers
~——— CGopper busbar positioned between each
/ stirred vessel and its corre-
sponding cell. Automatic
addition of Na,CO, was used
to maintain the pH between
6 and 7 in the first three
tanks, and between 7 and 8
in the fourth. The pulp
from the fourth agitator
L - Plastic tank passed to a fifth tank
enclosure for digestion. The pH of
the digestion tank was main-
tained in the 8.0 to 8.5
range by adding sodium car-
bonate. The digestion tank
functioned as a holding tank
to allow the residual hypo-

Pulp collection
trough

Pulp out

e
e

L 7 o chlorite ion to react.
Y 7 «—— Pulp disiribution
~ L ports .
\\\\\ ANy The capacity of the
Pulp in electrolytic oxidation

section of the plant was

FIGURE 3. - Electrooxidation electrode assemblage.
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approximately 1.5 1b/hr of molybdenum, and the concentrate was fed at a rate
that varied between 3.4 and 4.7 1b/hr to determine the effects of process
variables on molybdenum extraction.

The pulp density of the plant feed and the overall operating conditions
were adjusted to produce pregnant solutions containing 10 to 12 g/l of molyb-
denum exiting from the liquid-solid separation circuit. These solutions were
fed to a solvent extraction circuit where they were concentrated up to
approximately 100 g/1 of molybdenum. The maximum solubility of ammonium
paramolybdate, expressed as molybdenum, is approximately 150 g/l at a pH of 8.
The electrooxidation and liquid-sclids separation sections of the plant were
operated continuously on a 24-hour basis, whereas the remainder of the plant
was operated semicontinuously.

Operation of downstream processing steps involved in recovering molyb-
denum and rhenium from the electrolyzed pulp is described later in this
report.

RESULTS AND DISCUSSION

Electrolytic Oxidation

The effect of electrolysis time, or energy input, on molybdenum-rhenium
extraction was investigated by maintaining energy input at 140 amp and
varying pulp flow to the system so that current density was constant and the
retention time in the electrooxidation system varied. The data in table 2
show that molybdenum extraction ranged from 88.8 to 98.9 pct with power
consumption of 10.0 to 13.7 kwhr/lb of molybdenum extracted. Corresponding
sodium carbonate consumption for extraction of molybdenum was 3.1 1b/1b of
molybdenum extracted. Energy consumption was not linear with respect to
molybdenum extraction, and table 3 shows the energy required to extract
increasing percentages of molybdenum. The data show that to obtain 88-pct
extraction required 10.0 kwhr/lb of molybdenum extracted, whereas to increase
extraction from 97.5 to 98.9 pct required 61.4 kyhr for each additional pound
of molybdenum extracted.

TABLE 2. - Effect of energy input on molybdenum extraction

Energy consumption, Molybdenum Rhenium
kwhr/1b molybdenum extraction,® | extraction,®
extracted pct pct
I T 98.9 99.1
13,00 iieiniieiniarannss . ee 97.5 97.6
L T 91.9 92.1
1000uuteieeniioiesiesesanans 88.0 89.0

1Based on 35.6 pct molybdenum and 1,330 ppm rhenium head

analysis.



TABLE 3. - Incremental energy consumption

Molybdenum extraction range, | Molybdenum
pect extracted,
kwhr/1b
0 -88.0 10.0
88.0-91.9 25.8
91.9-97.5 49.2
97.5-98.9 6l.4

Rhenium extraction paralleled molybdenum extraction. Therefore, in an
operating plant the most economic molybdenum extraction level would depend
on the rhenium content of the concentrate. If the concentrate contained
favorable amounts or rhenium, it might be economically feasible to expand the
energy required to obtain a higher molybdenum extraction even though the cost
in terms of kilowatt-hour per pound of molybdenum extracted would be relatively
high. TFor example, the data in table 4 show that an additional 1,400 kwhr/
ton of molybdenum extracted is required to increase molybdenum extraction from
97.5 to 98.9 pct. This additional treatment resulted in recovery of an
additional 28 1b of molybdenum and 0.04 1b of rhenium. Based on an energy
cost of 1 cents/kwhr, the increase in the cost of electricity is $14, whereas
the value of the molybdenum and rhenium extracted is $66.40, based on costs
of $1.80/1b for molybdenum and $400/1b for rhenium. This calculation only
refers to cost of energy; capital cost, recovery cost, etc., are not
included.

TABLE 4. - Energy consumption and increased molybdenum
and rhenium extraction

Molybdenum | Molybdenum Additional Additional
extraction | increase molybdenum rhenium
range, pct | kwhr/ton extracted, 1b | extracted, 1b
97.5-98.9 1,400 28 0.04
91.9-97.5 4,400 112 146
88.8-91.9 1,600 62 . 082

During the electrooxidation procedure, the molybdenite was converted
to soluble molybdate ion and sulfate ion with an observed 60 pct weight loss

based on the original weight of concentrate.

The copper, iron, and carbon

contents of the concentrate remain insoluble during treatment, and the con-
centration of these constituents in the tails was approximately 2.5 times
greater than in the original untreated concentrate.

Liquid-Solids Separation

Liquid-solids separation of the treated pulp was carried out in a con-

ventional countercurrent-decantation-thickener system.

Pulp exiting from the

fifth agitator was diluted to a pulp density of 1.6 pct (based on the original

pulp weight) and passed to two 3~ by 4~foot thickeners.

Superfloc 20

flocculant in the amount of 1 1b/ton of concentrate was added to the pulp by
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means of a Clarkson* feeder before it entered the first thickener. The over-
flow from the first thickener passed through a sand filter, and the resulting
clarified solution was pumped to a 400-gal pregnant solution tank for 50,
treatment to remove chlorate ion and lower the pH. The clarified pregnant
solutions contained approximately 10 to 12 g/l of molybdenum.

Sulfur Dioxide Treatment of Pregnant Solutions

.Side reactions encountered during electrolysis in brine to produce
chlorine or hypochlorite result in production of chlorate ion. Chlorate does
not function as an oxidizing agent under neutral or basic conditions, and
since the chlorate reports to the organic phase during solvent extraction to
concentrate the molybdenum, it is necessary to remove it prior to the solvent-
extraction step. Sulfur dioxide was studied for this purpose because in
addition to removing chlorate by reduction, it lowers the pH of the pregnant
solution that is necessary for subsequent solvent extraction. The reaction of
chlorate ion with sulfur dioxide is shown in the following equation:

3,0 + €10~ + 350, » CT + 3H,S50, . (5)
The resulting sulfuric acid lowers the pH of the pregnant solution.

‘The amount of chlorate ion formed during electrooxidation depended on the
pH at which the electrpoxidation procedure was conducted. If the pH was
allowed to increase from the 6 to 7 range to the 6.5 to 7.5 range in the first
three agitators, the chlorate ion concentration increased by 56 pct, from
16.0 g/1 to 25 g/1, in the exit flow from the fourth agitator.

If the pH was allowed to decrease below 5.5, excessive amounts of copper
were dissolved in the pregnant solution. During electrooxidation, 0.9 to
1.0 1b of NaClOQ; was formed for each pound of molybdenum extracted; therefore,
the amount of SO, required to reduce the chlorate was 1.62 to 1.8 1b/1b of
molybdenum extracted.

Treatment of 300 gal of pregnant solution with SO, to reduce the chlorate
ion to chleride ion usually took 6 to 8 hours. Sulfur dioxide was bubbled
into the uncovered tank as rapldly as possible without emission of S0,. The
amount of SO, required was approximately 1.8 1b/1b of contained NaCl0, , which
corresponded to the theoretical amount required by equation 5. The resulting
pH of the treated pregnant solution was usually 1.

Solvent Extraction

The solvent extraction step served two purposes in the process sequence:
(1) The concentration of molybdenum and rhenium in the pregnant solutions was
increased by a factor of 10, and (2) molybdate and perrhenate compounds were
separated from the salt solutions to produce a barren brine solution that
could be recycled back to the electrooxidation step-

*Reference to specific brand names is for identification only and does not

imply endorsement by the Bureau of Mines.



The organic extractant employed for the tests consisted of a mixture of
7 vol-pct tertiary amine (Alamine 336) and 7 vol-pct decyl alcohol dissolved
in Socal 355L solvent. Molybdenum and rhenium were stripped from the organic
phase with 1.0- to 3.0-N NH, OH solution.

The solvent extraction circuit consisted of four mixer-settler units,
6 inches wide by 36 inches long by 14 inches high. The mixing chamber was
6 by 6 by 12 inches high. The mixing chamber had a volume of 8 liters, and
the settler had a volume of 24 liters. The stripping section consisted of
three plexiglass mixer~settlers, 4 inches wide by 28 inches long by 14 inches
high. The mixing chamber was 4 by 4 by 12 inches high. The volume of the
mixing chamber and the settler were 3 liters and 10 liters, respectively.

The extraction section was operated with an aqueous phase flow rate of
3.3 1/min at pH 1. The corresponding flow rate for the organic phase was
1.65 1/min. The stripping section was operated with an organic phase flow
rate of 1.65 1/min and the aqueous strip solution was fed to the system at
330 ml/min. The resulting organic-to-aqueous phase ratios were 0.5 for
extraction and 5 for stripping. The stripped organic phase was washed with
1-N HCl prior to being recycled back to the extraction section. The pregnant
strip solution was passed to a carbon adsorption system for separation of
molybdenum from rhenium. A flow diagram for this process sequence is shown in
figure 4. The raffinate was passed to further processing for removal of
sulfate prior to being recycled back to the electrooxidation section. This is
described in a subsequent section of this report.

The solvent extraction section was operated approximately 5 hours per day,
and a total of 5,884 gal of pregnant solution was processed during the demon-
stration campaign. The average concentrations of molybdenum and rhenium in
the feed solution were 11.56 g/l and 32 ppm, respectively, with an average
extraction of 98.4 pct molybdenum and 99.7 pet rhenium. The percentage of
molybdenum extracted per stage was 48, 48, 3, and 1 for stages 1 through 4,
with a maximum organic phase concentration of 30 g of molybdenum/l. Operation
of the extraction section proceeded smoothly, and no problems were encoun-
tered in either the extraction or phase disengagement steps.

Molybdenum and rhenium were stripped from the extractant with ammonium
hydroxide. The effect of ammonium hydroxide concentration on stripping effi-
ciency was investigated over the range 1.0~ to 3.0-N NH, OH and found to be
independent of the initial ammonium hydroxide concentration. However, it was
found that to prevent precipitation of molybdenum in the aqueous phase while
in contact with the organic phase, a minimum pH of 8.5 must be maintained. An
initial ammonium hydroxide concentration of 1.7 N was required to obtain
the required equilibrium pH. The molybdenum stripped in mixer-settlers 1
through 3 was 98.9, 1.0, and 0.1 pct. Strip solutions contained 15 to 20 g/1
sulfate, 2 to 4 g/l chloride ion, 90 to 110 g/l molybdenum, and 270 to 450 ppm
rhenium. Average reagent consumption for the solvent extraction amounted to
0.270 1b NH, and 0.04 1b HC1 per pound of molybdenum extracted.

The organic phase was reused 26 times during the demonstration plant
experiments with no detectable decrease in efficiency.

A
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FIGURE 4. - Flow diagram for separation and recovery of molybdenum and rhenium,

Rhenium Adsorption on Activated Carbon

The carbon adsorption system consisted of two glass columns 4 inches in
diamater containing 17 1b of dry 8 by 30-mesh coconut carbon per column. The
two columns were arranged in series so that the solution flowed downward
through the carbon. Strip solution from the solvent extraction system was fed
to the carbon column at a rate of 330 ml/min. Under these conditions rhenium
loading on the carbon reached 1 wt-pct of the carbon before breakthrough was
observed. Average rhenium concentration in the effluent solution during load-
ing was less than 0.1 ppm rhenium.

Rhenium was stripped from the carbon by first washing the physically
entrained molybdenum from the carbon with 3 bed-volumes of 25-pct salt solu-
ution, and then stripping the adsorbed rhenium with 3 bed-volumes of a 75-25
pct methanol-water mixture. The carbon was regenerated with 4 bed-volumes of
water-

An elution curve showing rhenium concentration versus effluent volume is
given in figure 5. The data show that rhenium first appeared in the effluent
after 0.5 bed-volume had been collected, after which the rhenium concentration

._increased rapidly to a maximum of 12.4 g/1, followed by a rapid decrease to
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near zero after 2 bed-
volumes of eluting solu-
tion was required to desorb
99 pct of the rhenium.
Methanol was recovered from
effluent solutions by distil-
lation and recycled in the
system. The distillation
raffinate contained up to

40 g/1 rhenium, up to 240
ppm molybdenum, and 3 to 5
g/l chloride ion. Rhenium
was recovered from this

) solution by conventional ion
| bed-volume equals 20 liters - exchange methods, and ammo-
nium perrhenate of 99+ pct
purity was obtained as a
product.
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Molybdenum Recovery

¢r B Molybdenum was recov-
ered from the carbon column
effluent solutions as ammo-
o 1 rulin T ~y nium paramolybdate
o 0.5 10 1.5 2.0 2.5 3.0 [(NH#)6M97024'nH20] by evap-
BED- VOLUMES OF METHANOL - WATER orating the solution to 1/26
of its original volume. The
FIGURE 5. - Elution curve of rhenium from loaded crystallizationwas conducted
activated carbon. in 55-gal vessels and

continued until the vessel
was approximately 1/3 full of crystals. This crystal slurry was then filtered
and the filtrate was recycled back to the evaporation vessel. At the end of
the experiment, only 20 gal of solution remained of the original 520 gal pro-
duced. This solution contained 55 g/1 molybdenum, 85 g/l chloride ion, and
243 g/l sulfate ion. A total of 780 1b of ammonium paramolybdate was recov-
ered representing an overall recovery of 98 pet. The analysis of the ammonium
paramolybdate recovered was as follows, in percent: Mo 53.40 to 55.13, SO4=
0.11 to 1.06, C1 0.1 to 0.4, and.Nng+ 9.56 to 10.87. A single recrystalliza-
tion of this crude material resulted in an ammonium paramolybdate product
having a major impurity of 0.06 pct sulfate ion. All other impurities, such
as chloride, are found only in trace amounts. A second recrystallization
vielded a product of 99.9+ pct purity.

Sulfate Remowval

Electrolytic oxidation of molybdenite results in production of approx-
imately 2 1b of sulfate ion per pound of molybdenum extracted, and it is
necessary to remove the sulfate prior to recycling the solution to prevent
buildup of sodium in the system.

A
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Rejection of sulfate from the barren solvent extraction raffinate prior
to recycle was accomplished by raising the pH of the raffinate between 8 and
9 by adding 1.9 1b of sodium carbonate per pound of molybdenum extracted
during electrooxidation and cooling the solution to between 10° and 12° C for
5 hours to precipitate sodium sulfate. Feed solutions to the precipitation

sequence contained 70 to 80 g/l of sulfate ion, while exit solutions contained
40 to 50 g/1.

CONCLUSIONS

Molybdenum and rhenium can be recovered effectively from offgrade con-
centrates by this procedure. Molybdenum and rhenium extractions of 98.9 and
99.1 pct, respectively, were obtained by electrooxidation with an energy
consumption of 13.7 kwhr/1lb of molybdenum extracted. Reagent consumption per
pound of molybdenum extracted included 5.0 1b of sodium carbonate (includes
extraction and neutralization of raffinate), and 1.62 to 1.8 1b of sulfur
dioxide. Corresponditig reagent consumption for the solvent extraction
amounted to 0.270 1b NH; and 0.04 1b HCL/1lb molybdenum extracted. Recovery of
molybdenum and rhenium as (NH;)6M07024-nHéO and NH, ReQ, from process solu=
tions was in the 96- to 98-pct range.
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