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PREPARATION OF PLATINUM-PALLADIUM FLOTATION CONCENTRATE
FROM STILLWATER COMPLEX ORE

by

Ji Bennetts, 1 E, Morrice, } and M. M, Wong 2

ABSTRACT

As part of its mission to develop technology that will help increase the
supply of critical and strategic minerals from domestic resources, the Bureau
of Mines has investigated methods for beneficiating platinum-group metal ores
from the Stillwater complex, Montana. This report presents the result of a
bench-scale study empleying froth flotation to recover a sulfide concentrate
containing platinum-palladium values from a mineralized gabbro. Best results
were obtained with a flotation scheme utilizing a mercaptobenzothiazone col-
lector and sulfuric acid. Rougher concentrates containing approximately
11 oz Pt-Pd/ton and 90 pct of the metal values in the ore were obtained. Sub-
sequently, cleaner concentrates containing approximately 26 oz Pt-Pd/ton and
between 80 to 85 pct of the Pt-Pd values in the ore were prepared.

INTRODUCTION

One goal of the Bureau of Mines is to decrease dependence on imports of
critical and strategic minerals through development of technology for utiliza-
tion of domestic resources. Bureau research on the development of domestic
platinum-group metal resources has been conducted intermittently since

1918 (7).3

An exploration program initiated by Johns-Manville Corp. in 1967 resulted
in the discovery of significant occurrences of platinum-group elements in the
Stillwater complex of south-central Montana (5). The mineralization occurs in
a horizon of relatively sulfidearich anorthositic rocks within the Banded Zomne
of the complex. The favorable horizon is continuous over a strike length of
24 miles. The horizon exposed in the Johns-Manville West Fork exploration
adit has an estimated grade of 0.47 oz Pt-Pd/ton and a Pd-to-Pt ratio of 3.5
across a width of 6 feet and along a strike length of 2,100 feet.

lMetallurgist.

®Supervisory chemical engineer.

All authors are with the Reno Research Center, Bureau of Mines, Reno, Nev.

®Underlined numbers in parentheses refer to items in the list of references at
the end of this report.



Production of palladium and platinum from the Stillwater complex is of
great national interest because it could supply most of the U.S. requirements
for palladium and about one-fourth of the requirements for platinum. Without
this palladium-platinum supply, the United States will continue to import most
of its primary platinum-group metals in the future. The nature and distribu-
tion of platinum-group metal deposits in the world indicate that South Africa
will remain the prime supplier of platinum and the U.S$.8.R. the prime supplier
of palladium (7).

The objective of this investigation was to devise a method for preparing
Pt~-Pd concentrate from the Stillwater complex ore.
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GENERAL GEOLOGY AND MINERALOGY

The Stillwater igneous complex is an intrusion of lopolithic form (6).
Differential segregation and crystal settling of different magmatic minerals
resulted in a sequence of sedimentary-like layers or bands totaling about
25,000 feet in exposed thickness. The minerals containing the platinum-group
metal values are concentrated in several of the bands. The estimated composi-
tion of the Stillwater complex magma is very similar to that of the Bushveld
complex of South Africa. Likewise, with respect to layering, the Stillwater
complex and the Bushveld complex closely parallel each other.

4 platinumepalladium bearing sulfide horizon occurring within a lower
anorthosite member of the Banded Zone is being explored by Johmns-Manville
Corp. This report represents the results of mineral beneficiation tests on
a sample taken by Johns.Manville from its West Fork exploration adit driven
along the sulfide horizon. Analysis of the sample showed Pt, 0.08 oz/ton; Pd,
0.35 oz/ton; Au, 0.02 oz/ton; Cu, 0.06 wt-pct; and Ni, 0.11 wt-pct. For com=
parison, representative ore from the Merensky Reef in the Bushveld complex of
South Africa is reported to contain Pt, 0.13 oz/ton; Pd, 0.05 ox/ton; Au,

0.01 oz/ton; Cu, 0.11 wt-pct; and Ni, 0.19 wt-pct (9).

Mineralogical examination of a sample of the Stillwater ore showed that
the major minerals are calcic plagioclase, clinopyroxene, orthopyroxene, and
clivine. A minor amount of serpentine is also present. Accessory minerals
include pyrrhotite, pentlandite, pyrite, chalcopyrite, and magnetite. The
sulfides make up about 1 wt-~pet of the rock. Figure 1 shows the distribution
of major minerals and their textural relations. Because of the mineral com-
position and texture, the yock is classified as a gabbro., Specific gravity
of the sample was 2.8.

Using a combination of hydroclassification, heavy«liquid separation, and
magnetic separation, mineral samples were prepared to determine the mode of
occurrence of the platinum-group metals and to obtain information for the
formulation of a minerals beneficiation scheme. Electron probe microanalysis




FIGURE 1. - Photomicrograph of Stillwater platinum-palladium ore. Crossed polars. Calcic
plagioclase (plag), clinopyroxene (cpx), orthopyroxene (opx), and magnetite (mt).

of fractions from the heavy-liquid separation of a minus 100~ plus 200-mesh
(Tyler standard screen) sample showed that most of the sulfide minerals
(pentlandite, pyrrhotite, pyrite, and chalcopyrite) were contailned in mixed
grains with a silicate matrix. Examination of one sample showed that most
of the palladium was associated with the pentlandite whose composition, in
wt-pct, was as follows: Ni, 34, Fe, 32, 8, 31, Pd, 1.3, and Co, 0.7. Also,
two grains of labradorite, each containing 1 grain of a platinum telluride
mineral, were observed. Likewise, 1 grain of a Pt, Pd, Ni sulfide mineral
was found locked in a grain of Ca, Mg, Al silicate mineral. These occur-
rences were typical of platinum-group element mineralization in the Banded
Zonme (5). Cabri and LaFlamme have identified braggite [(Pd,Pt)S] and the
tellurides moncheite (PtTey), kotulskite (PdTe), and merenskyite (PdTey) in
rock specimens from the Banded and Upper Zones of the Stillwater complex (3).



The sulfide minerals were disseminated throughout the rock with a few
occurrences of coarse-grained sulfides. Microscopic examination of screened
fractions of ecrushed ore showed that most of the sulfides could be liberated
at 200-mesh. The Bond Index value (2) for the ore ground to minus 200-mesh
was 16 kwhr/ton. Most ore milling operations have work indices ranging from
10 to 12, with extremes between 8 and 22.

Because most of the platinum-group bearing sulfides occurred as fine
grains and required grinding to approximately 200.mesh foxr liberation, flo-
tation was investigated as a means for concentrating the metal values. The
low concentration of metal values in the ore wmade it difficult to obtain cone-
sistent analytical results. This problem was resolved in most cases by care-
fully mixing the products and taking duplicate samples.

FLOTATION TEST EQUIPMENT AND PROCEDURE

The sample as received was approximately minus 3/4-inch and was crushed
to 100 pct minus 10-mesh with a cone crusher and rolls, The minus 10~mesh ore
was mixed and sampled, and split in 30-1b (13.6-kg) lots as needed. Each
30-1b lot was crushed in rolls and screened on a Sweco® vibrating screen to
100 pct minus 65-mesh. The minus 65-mesh product was dry ground to the
desired sieve size in a steel ball mill operating in closed circuit with a
Sweco vibrating screen. The ground ore was mixed on a large rolling cloth,
and the charges to be used for flotation tests were split out, weighed, and
bagged. Dry grinding was chosen for the final comminution step because of
greater convenience -than wet grinding in sizing, sampling, and handling of
the product. In the course of the study, some flotation tests were made on
wetwground ore. Metallurgical results were similar to those obtained using
dry-ground ore.

Both conditioning and rougher flotation were conducted in Denver No. 12
laboratory flotation cells having stainless steel impellers, stators, and
tanks., Tests were made using 1,600~ and 5,000-gram charges or ore. The
1,600-gram tests were made in a 5.5-liter tank fitted with a 2-7/8-inch-
diameter impeller and a 3-1/8-inch-diameter stator. The 5,000-gram tests
were made in a 10-liter tank fitted with a 3-3/4~inch~-diametzr impeller and
a 4~1/4~inch-diameter stator. Impeller speed was 2,100 rpm in the 1,600-gram
tests and 1,800 rpm in the 5,000~gram tests. To prepare cleaner concentrates,
rougher concentrates from both 1,600~ and 5,000-gram tests were conditioned
and floated in a 2-liter stainless steel tank having an impeller mechanism
operating at 1,800 rpm.

Pulp pH in all flotation tests was determined with a phenaphtazine indi-
cator paper. The pH's were checked with a Corning Digital 109 generala-purpose
pH meter.

“Reference to specific brands is made for identification only and does not
imply endorsement by the Bureau of Mines.




PRELIMINARY FLOTATION TESTS

Preliminary flotation tests using batches of 1,600 grams of ore that were
dry ground in stages to minus 200-mesh (67 pct minus 325-mesh) were made to
screen collectors. The following experimental conditions were used: solids
content, 40 pect; amount of collector, 0.1 1b/ton of ore; and polypropylene
glycol methyl ether frother (Dowfroth 250), 0.015 1b/ton of ore. Both condi-
tioning and flotation time were 10 minutes and at the natural pulp pH of ~6.
The xanthate collectors tested were sodium isobutyl (AERO 317), sodium iso-
propyl (AERO 343), potassium ethyl (Z-3), potassium amyl (AERO 350), and
sodium secondary butyl (Z-12). The nonxanthate collectors tested were mer-
captobenzothiazole (MBT) (AERQ 404), sodium amy! dithiophosphate (AERO 242),
and diethyl xanthogen formate (Minerec A). Results of the preliminary tests
are shown in table 1. Distribution of palladium values in the concentrates
ranged from 26 to 63 pct and that of platinum from 72 to 90 pct. Best plat-
inum and palladium recoveries were obtained from diethyl xanthogen formate as
the collector. Increasing the amount of each collector to 0.2 1lb/ton of ore
did not yield significantly lower grade Pt-Pd tailings.

Tests were made with potassium amyl xanthate and sodium isobutyl xanthate
collectors at a pH of 9. Lime (2.5 1lb/ton of ore) was added to increase the
pH. Other test conditions were the same as those used in the natural pH tests.

Because lime has been reported to act as a depressant in the flotation
of iron sulfide minerals (1) and a high sulfide recovery in the concentrate is
desired for the recovery of platinum~palladium values, tests employing sodium
carbonate were made at a pH of 9. Results are given in table 2. Palladium
recoveries were low with both collectors and ranged from 16 to 51 pct. With
potassium amyl xanthate, no significant difference in concentrate grade and
platinum.palladium recovery was obtained by using either sodium carbonate or
lime. With sodium isobutyl xanthate, a higher grade platinum-palladium con-
centrate was obtained with lime than with sodium carbonate. In some explora-
tory tests, addition of copper sulfate activator to either natural or basic
pulps did not improve flotation.



TABLE 1. - Effect of collectors on rougher flotation in a natural pulp
Prod- Analysis Distribution, pct
Collector Product? uct, 0z/ton Wt-pct Pt | Pd|Aujf Cu|NL
wi=-pct Pt Pd Au Cu Ni
Nome...o.oooivinni .. Composite 0.0910.27 |0.02]0.09 {0.15
‘head,
Xanthate:
Sodium isobutyl (AERO317) { T 94 0L J13 ) .01 .02 | .12 |11 |48|45] 2772
C 6 1.3 [2.2 .19 .83 .74 18952557328
s T 97 .03 .20 .01 .033] .14 (30| 75| 56| 48] 92
Sodtun tsopropyl (A7R0343) | { c 3 |2.3 2.2 | .25|1.20 | .38| 70| 25|24 52| 8
: f T 96 .02 .16 1 .01 04 ) L1424 173|153 51| 91
Potassium ethyl (2-3).... | | ¢ & 1.5 |14 | 21| Je1 | 32|76|27|a7|a9| 9
R T 98 .03 .20 .01 .04 | .14 | 30| 68|67 50784
Potassium amyl (AERO 350) { c 2 3.4 4.7 | 24|1.96 |1.10|70|32|33]|50] 16
Sodium secondary butyl { T 94 .01 14 .01 .02 11011053 [ 48| 24|73
(Z.12). c 6 1.3 11.95 .17 .97 .64 | 89147152 76| 27
Nonxanthate:
Mercaptobenzothiazole { T 97 .02 .14 .01 .04 08119 52152454177
(AERC 404). c 3 2.8 4.1 .30 1.10 | .76} 81148} 48] 46 (23
Sodium amyl dithiophos- { T 95 .02 .12 .01 .03 L1071 2113913913763
phate (AERO 242). C 5 1.4 |3.5 .30 .99 (1.1 1791616163137
Diethyl xanthogen for- { T 91 .01 .14 .01 .02 .07 | 10|37 (50|22} 39
mate {(Minerec A). C 9 .89 12.4 .10 77 t1.1 |90 |63 | 50| 78| 61
“T and C represent tailing and concentrate, respectively.
TABLE 2. -~ Effect of potassium amyl and sodium isobutyl xanthate collectors
on rougher flotation in a basic pulp
(pH = 9)
Prod-|Prod- Analysis Digtribution, pct
Collector Modifier uctl uct, 0z/ton Wt-pet Pt | PédlAau | Cu | NL
wt-pct| Pt Pd | Au | Cu | Ni
Potassium amyl xanthate | ...~~~ T 95 |0.015(0.22]0.01[{0.05(0.095|16 | 56§50 | 54| 75
(AERO 350). { C 5 |1.5 |3.3 .19 .80 .61 |84 | 44150 | 46| 25
Do Sodium { T 94 .015| .22 .01| .02| .08 |14 | 48l44 | 29| 62
"""""""""" carbonate. C 6 (1.5 [3.7 .20 .77 .78 186 | 52|56 | 71| 38
Sodium isobutyl xanthate Lime { T 98 .03 167 .01 .03 .11 {30 ] 73148 39| 93
(AERO 317. [ TTrrrtrey C 2 3.2 |4.0 .5212.3 A0 {70 ) 27|52 | 61| 7
Do Sodium { T 97 .02 .25 02| .04 .18 126 | 74|70 | 50| 96
"""""""""" carbonate. C 3 |1.9 (2.8 | .28|1.3 | .25 {74 |26|30{50]| 4

1T and C represent tailing and concentrate, respectively.



As described previously, most of the platinum and palladium values in the
Stillwater ore are associated with the pentlandite and pyrrhotite minerals.
Studies by Chang have shown that acid addition greatly increases the floata-
bility of pyrrhotite and that flotation of pyrrhotite with potassium amyl
xanthate as a collector has a critical pH value of 4.5 (4). Tests using
potassium amyl xanthate, sodium amyl dithiophosphate, diethyl xanthogen for-
mate, and MBT collectors with polypropylene glycol methyl ether frother were
made at a pulp pH of 4. Grind, solids content, amount of collector and
frother added, and flotation time were the same as those used in previous
tests. The pH of the pulp was adjusted to 4 by the addition of 22 1b HzS0.
per ton. Acid and collector were added simultaneously, and conditioning time
was 10 minutes. Results are given in table 3. Significantly higher recover-
ies of platinum and palladium values were obtained in the concentrate. The
increase in palladium content of the concentrate and the markedly higher pal-
ladium recovery were of particular significance. MBT and diethyl xanthogen
formate collectors yielded significantly higher platinum and palladium recov-
eries than those obtained with the other collectors. Flotation with MBT colw
lector resulted in a higher grade concentrate than that obtained with diethyl
xanthogen formate.

TABLE 3. - Effect of selected collectors on rougher flotation
in an acid pulp

(pH = &)
Prod.| Prod- Analysis Distribution,
Collector uect? | uct, 0z/ton Wt-pect ct

wt-pct| Pt | Pd | Au | Cu | Ni |Pt|Pd|Au|Cu|Ni

Potassium amyl xanthate T 97 0.02(0,.0810.0110.02]|0.05(22{24)76129(35
(AERO 350). c 3 (2.3 18.0 .10i1.6 |3.0 |78|76|24]71]|65

Sodium amyl dithiophos- { T 97 L0271 081 .01y .03; .06{23|23|42|34|36
phate (AERQ 242). c 3 (2.2 18.7 L4501.9 |3.4 [77177|58|66|64

Diethyl xanthogen formate { T 94 .01} .06! .01| .02 .04|10}17|50{25|27
(Minerec A). C 6 |l.4 4.6 1 .16| .9411.66]90({83150{75|73
Mercaptobenzothiazole { T 926 .01} .04 .01| .02| .05(10{12150{22|28
(AERO 404). LC 4 2.1 |7.2 L2411.7 3.1 |90{88]50(78[72

1T and C represent tailing and concentrate, respectively.

In other tests, a modified procedure was used in which the pulp was cona
ditioned with 22 1b Hy504 per ton of ore, the solids settled, and the super-
natant decanted. The solids were repulped with fresh water and then subjected
to flotation. The procedure minimizes contact of acid with equipment in the
flotation circuit. Either MBT or diethyl xanthogen formate and polypropylene
glycol methyl ether frother were used in these tests. Tailings obtained with
the modified procedure were higher in platinum and palladium content (0.02 oz/
ton Pt and 0.11 oz/ton Pd) than those obtained from flotation in high acid
pulps.



Substituting sulfurous acid for sulfuric acid to decrease the pH to 4 and
floating with a suite employing MBT was not successful. Recoveries of plati-
num and palladium were 77 and 46 pct, respectively.

OPTIMIZATION OF ROUGHER FLOTATION WITH MERCAPTOBENZOTHIAZOLE
COLLECTOR AND SULFURIC ACID MODIFIER

Preliminary tests showed that the combination of MBT collector, sulfuric
acid, and polypropylene glycol methyl ether frother was most effective in con-
centrating Pt-Pd minerals. The use of xanthogen formate as collector gave
recoveries comparable to those obtained with MBT, but the grade of concentrate
was lower. Tests, therefore, were made to determine the best addition level
of MBT and sulfuric acid as well as the best grind and pulp solids in the
rougher flotation circuit.

Six series of tests were made to investigate the following parameters:
(1) conditioning time with MBT and sulfuric acid added simultaneously to the
pulp, (2) flotation time, (3) amount of MBT required, (4) amount of sulfuric
acid required, (5) pulp sclids content, and (6) fineness of grind. For all
tests, except for fineness of grind, 1,600~gram charges were stage dry ground
to minus 200-mesh., In the fineness of grind tests, the charges were stage dry
ground to minus 100, 150, 200, 270, and 325 mesh. A solids content of 40 pct
was used in series 1 through 4 and in series 6. 1In series 1, investigation of
conditioning time, the following conditions were used: MBT, 0.125 1lb/ton of
ore; sulfuric acid, 22 1b/ton of ore; polypropylene gylcol methyl ether
frother, 0.015 1b/ton of ore; and flotation time, 10 minutes. 1In each sub-
sequent series (2-6), the best conditions as determined in the preceding
series were used. Results are shown in figures 2.7. Best conditions deter-
mined from all tests are summarized as follows: conditioning time, 10 minutes;
flotation time, 10 minutes; amount of MBT, 0.125 1lb/ton of ore; amount of sul-
furic acid, 22 1b/ton of ore; solids concentration, 40 pet; and grind, minus
200-mesh (67 pct minus 325-mesh). The amount of polypropylene glycol methyl
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considerably lower.

Likewise, an increase in concentrate grade was obtained

Pt-Pd RECOVERY, pect

by floating at 20 pct rather than 40 pct solids, but Pt-Pd recovery decreased.
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Effect of Recycling Water in Rougher Circuit on Flotation

Using the best conditions determined earlier, a series of six flotation
tests was made to determine the effect on concentrate grade and Pt-Pd recovery
of recycling water in the rougher circuit. 1In each test, a pulp pH of 4 was
maintained by adding 22 1b of sulfuric acid per ton of ore to the recycled
water. The required amount of MBT collector was also added. Polypropylene
glycol methyl ether added in the first two tests provided adequate frother for
all subsequent tests. Results are shown in table 4. Although concentrate
grades were slightly higher in cycles 1 and 2 than in the succeeding cycles,
no deleterious effect on flotation was noted by recycling water in the flota=-
tion circuit. A sample of water from each test in the series was evaporated
to dryness and analyzed for impurities by an optical emission spectrographic
procedure. Results are shown in table 5. Except for magnesium and aluminum,
no significant buildup of impurities was noted during the six test cycles.

TABLE 4. ~ Effect of recycling water in rougher circuit?

Product, Analysis Distribution, pct

Cycle | Product® | wt-pct 0z/ton Wt-pct Pt | Pd| Au | Cu|Ni
Pt Pd Au Cu Ni
C 4 2.2 8.4 0.21 1.2 2.4 91| 88) 32.5 80 75
T %6 .01 .05 .02 .01 .04 9| 12] 67.5]| 20 25

c 4 2.2 7.8 191 1.2 |1 2.3 [ 91| 88} 18 85178
T 96 .01 .05 .04 .01 .03 91121 82 151 22

¢ 6 1.7 6.3 L1610 1.0 | 1.8 |91 89| 31 83176
.02 .01 .03 ] 911 69 17 | 24

c 6 1.6 |5.9 .17 1.0 | 1.7 (9192 36 84| 74
T 94 .01 .03 .02 .01 040 91 81 64 161 26

c 6 1.6 6.2 .16 1.0 1.8 91|90 37 8l 73
T 94 .01 . 045 .02 .01 041 9110 63 19 27

[9S]
= A A A
=
“o
’r_\
<
'—l
(=}
wn

6 {c 6 1.7 |6.3 17| 1.0 [1.8 {94|88|39 [80|73
e T 94 .01 .05 .02 .01 04 6112 61 20 | 27
11,600-~gram charge was used.

2C and T represent concentrate and tailing, respectively.
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TABLE 5. -~ Impurities in recycled water in rougher flotation
circuit, ppm

Element Cycle
1 2 3 4 5 6

Aluminum.......... 179 570 351 967 489 320
BOrOm. ...vcovvennn. .1 .2 .2 .3 .3 LA
Calcium,.......... 240 380 234 322 163 220
Cobalt............ .06 .10 .12 .16 .16 .22
Chromium.......... .6 2.0 1.2 3.2 3.3 4.4
Copper...covevunnn. .3 .5 1 3 2 2
IO oo e eeennnnn. . M M M M M M
Magnesium......... 179 570 585 805 490 1,100
Manganese..... R 4 13 7 10 10 13
Nickel............ .04 .06 .04 .06 .06 .06
Lead.......... ..., .1 .03 .02 .01 .01 .01
Silicon........... 1 3 5 3 5 5
Zinc. .. .....0..., .. 4 1 1 1 b 1

iM = ~10,000 ppm.
LARGER SCALE ROUGHER FLOTATION TESTS

In larger scale tests using the best conditions previously determined for
the MBT~sulfuric acid flotation scheme, ore charges to the rougher flotation
circuit were increased to 5,000 grams. The average results of 10 tests are
given in table 6. Platinum-palladium recovery values were similar, but concen-
trate grades were higher than those obtained using 1,600-gram charges (table4).

TABLE 6. - Flotation in rougher circuit with 5,000-gram chr:v.rg(—_“'L

Prod- Analysis _ Distribution, pct
Product uct, 0z/ton Wt-pet Pt {Pd |Au |} Cu |Ni
wt-pct | Pt Pd Au Cu Ni
Tailing........ 96 0.0L]10.05{0.01;0.02|0.04 9| 12| 56 24| 27
Concentrate. ... 4 2.6 |8.8 .19 11.4 [2.9 91 | 88| &4 76| 73
Composite... 100 .11 .38 .02 .07 .15 1100 [ 100 | 100 | 100 | 100

laverage values of 10 tests.

The tenor of a Stillwater rougher concentrate is compared in table 7 with
values reported for a flotation cleaner concentrate produced at a Merensky
Reef concentrator, Republic of South Africa (9). The considerably higher
palladimmmto~platinum ratio of the Stillwater concentrate compared to the
Merensky concentrate was the result of the difference in tenor of the two ores.
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TABLE 7. - Comparison of Stillwater and Merensky Reef
flotation concentrates

Stitlwater Merensky Reef (9)
rougher cleaner concentrate
concentrate
0z/ton:
Platinum......... 2.3 1.3
Patladium........ 9.0 .5
Rhodium.......... .08 .08
Rubidium......... ND .11
Iridium,......... .03 .02
Osmiuvm........... .02 NR
Gold............. .26 .11
Wt-pct:

Copper........... 1.3 1.6
Nickel........... 2.4 2.7

15 e) s D 8 17
Sulfur........... 6 7

$105. .. ... . 36 42

MO e e s iver i 14 18

Al O3..vvviinnnn, 9 3
Cal0........ Cereen 6 2

ND Not detected. NR Not reported.

X-ray diffraction analysis of the Stillwater rougher concentrate showed
that approximately 50 vol-pct was comprised of the MgO-containing minerals,
chlorite and talc, even though these minerals constitute only a small per-
centage of the ore. In an attempt to prepare a concentrate high in platinum
and palladium values and low in gangue minerals, tests were made to investi-
gate the use of a water-soluble polymer (Hercules Minflo I) gangue depressant
in the rougher circuit. By using 0.06 1b Minflo I per ton of ore, concen-
trates containing 2.4 oz/ton Pt and 12.3 oz/ton Pd were prepared. Recoveries
of platinum and palladium, however, were significantly lower, decreasing to
80 and 84 pct, respectively.

The analysis of a rougher tailing is shown in table 8. The material may
be considered for use as a raw material for the manufacture of portland cement
or a a source material for producing alumina.

TABLE 8. - Analysis of rougher tailing

Analysis Analysis
Oz/ton: Wt-pct--Continued
Platinum....... 0.01 FegOz.vvonnnnn. 4.95
Palladium...... 05 Al,05. .00 ene.. 23.2
Gold....oon.... 01 Siln.evevenennn 44.1
Wt-pct; NagO........... 1.1
Copper...... e .02 Ks0...... e <.02
Nickel......... .05 PoOse v eonennnn. .0008
Cal............ 13.4 Total sulfur... .09
5 £ 0 D 7.8
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CLEANING OF ROUGHER CONCENTRATES

Because of the desirability of producing a concentrate high in platinum
and palladium values for feed to a matte smelter (8) or to a hydrometallurgi-
cal operation for extraction of the metal values, flotation tests employing a
cleaner step were made. Rougher concentrates prepared under best conditions
using the MBT-acid suilte as previously described were fed to the cleaner cell.
In preliminary tests, flotation was carried out at 6 pct solids and a pulp pH
of 4, Wet concentrate from the rougher flotation circuit was repulped with
water. No additional sulfuric acid or frother was added. The following
reagents were investigated as depressants for the gangue minerals: hydro-
fluosilicic acid, sodium silicate, hydroxyethyl cellulose, and water-soluble
polymers Minflo 1, TDL, XD-6, XD-7, and XD-20 (all Hercules products). The
amount of depressant added was 0.3 1b/ton of rougher concentrate, except for
hydrofluosilicic acid, where 4.5 1b/ton were used. Conditioning and flotation
times were 10 and 5 minutes, respectively. Results are shown in table 9.
Comparable Pt-Pd recoveries and concentrate grades were obtained for tests
using Minflo I, XD-6, and XD~/ depressants. The cleaner tailing was markedly
lower in palladium content when Minflo I was the depressant.

TABLE 9. - Effect of depressants in cleaner flotation stage
Depressant Product? | Product, | Analysis, oz/ton | Distribution, pct
wt=pct Pt Pd Pt Pd
{ C 42 2.3 8.6 93 92
e 2 = T 58 .12 .54 7 8
Hydrofluosilicic { C 52 2.85 10.75 90 91
acid. T 48 .36 1.20 10 9
Sodium silicate...... { G 38 2.6 5.9 91.5 | 86
T 62 .15 .58 8.5 | 14
Hydroxyethyl { C 51 2.5 10.3 94 95
cellulose, T 49 .17 .53 6 5
. C 42 3.3 12.1 91 95
Minflo T............. { T 58 24 Wl 9 5
C 62 2.3 10.5 94 82
TDL. s e e e it i e { T 18 o5 90 6 18
C 57 3.1 11.6 91 91.5
O SR 1. o oo | e . -
C 53 3.3 11.8 92 92
XD-7...... e {3 > 2 | 50 . .
C 39 3.9 15.1 85 83
XD20C. .o ursennns. {3 . 2o | 2 eo e

1C and T are concentrate and tailing, respectively.
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rougher concentrate,

Pt-Pd RECOVERY, pct

Since the
preliminary test
results were
encouraging, addi-
tional tests using
Minflo T in the
cleaner circuit
were made. The
effects of solids
content of slurry
and the amount of
Minflo I added were
evaluated. Other
conditions were
the same as those
used in the pre-
liminary tests.
Results are shown
in figures 8 and 9.
A lb-pct-sclids
slurry and an addi-
tion of 0.3 1b
Minflo I per ton
of rougher concen-
trate yielded the
best results. Flo-
tation at solids
content of more
than 15 pet

resulted in a marked decrease in concentrate grade. Increasing the amount

of Minflo I in the cleaner circuit from 0.3 to 1.0 1lb/ton of rougher concen-
trate resulted in an increase in the grade of cleaner cconcentrate from 4.9 oz/
ton Pt and 11.5 oz/ton Pd to 8.0 oz/ton Pt and 24.0 oz/ton Pd. Recovery of
platinum and palladium values decreased from more than 96 pct to approximately

70 pct.
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The best flotation conditions for both rougher and cleaner flotation
stages were applied to 5,000-gram charges of ore. The results of a typical
flotation test are given in table 10. A detailed analysis of a cleaner cona
centrate is given in table 11. The platinum-group metal content was more than
twice that of a rougher concentrate, and the Al,05 and Cal contents were sig-
nificantly lower (see table 7). Because flotation concentrates would be sub-
sequently treated by smeltingwleaching or direct leaching techniques to
recover platinum-group metals, impurity contents are an important considera-
tion. 1In table 12, the impurity contents of a cleaner concentrate are com-
pared with those obtained in a rougher concentrate. The data show that the
impurity levels in both concentrates are low.
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TABLE 10. - Flotation products for the rougher and cleaner circuit!

Prod- Apalysis Distribution, pct
Product uct, 0z/ton Wt-pct Pt [Pd [Au [Cu |Ni
wt-pct | Pt { Pd Au Cu Ni
Rougher tailing 96 0.01f 0.06 10.02 1 0.02:0.05| 12| 14| 671 231 28
Cleaner tailing 2 14 .69 | .03 A3y .27 3 4 3 5 5
Cleaner
concentrate... 2 5.9 [20.7 .49 1 3.2 6.75 85 82 30 72 67
Composite. 100 .11 .39 .03 .07 .16 | 100 | 100 | 100 | 100 | 100

15,000-gram charge was used.

TABLE 11. - Analysis of a cleaner concentrate

Analysis Analysis
0z/ton: Wt-pct:
Platinum....... 6.2 Copper......... 3.4
Palladium...... 21.1 Nickel......... 6.2
Rhodium........ .26 Iron..... e 18
Rubidium....... .01 Sulfur......... 16
Tridium........ .08 Si0p.vveennnnn. 28
Osmium,........ .05 MgO....... . 13
Gold........... 51 AloOs i, 3
CaQ........ 1
TABLE 12. - Impurity content of flotation concentrates, ppm
Element Concentrate? Element Concentrate*
Rougher | Cleaner Rougher | Cleaner
Arsenic, boron, bis- Lead................ 390 1,200
muth, molybdenum, Rhenium............. <50 <50
antimony........... <200 <200 Selenium............ <300 <300
Beryllium, vanadium, Tin................. <20 <20
tungsten........... <100 <100 Strontium,.......... <100 <100
Hafnium and mercury. | <300 <300 Tantalum............ <90 <90
Gallium and thorium. | <300 <300 Tellurium........... <500 <500
Cadmium............. <6 <6 Thorium............. <300 <300
Cobalt.............. 560 1,100 Titanium............ 300 300
Chromium............ 550 420 Uranium............. <.2 <.2
Manganese........... 430 250 Zine.. ...l 160 730
Columbium........... <70 <70 Zirconium........... <40 <40
Phosphorus.......... 500 930

1 < jndicates values below detection limit.

Locked-cycle flotation tests using 1,600-gram charges were made to deter-
mine the cumulative effects of recycling cleaner tailing to the rougher cirw
cuit on concentrate grade and platinum and palladium recovery. Results of an
eight-cyecle locked test (table 13) showed a decrease in platinum and palladium
recovery and a decrease in concentrate grade as the circulating load of
cleaner tailing increased.

4
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TABLE 13. - Locked-cycle test--cleaner tailing
recycled to rougher circuit!

‘ Cleaner concentrate
Cycle Analysis, oz/ton | Recovery, pct
Pt Pd Pt Pd
| 2.5 8.5 90 84
2 1.5 5.6 91 85
3. 1.4 5.6 91 | 85
b, 1.5 5.5 88 74
T 1.75 | 5.8 89 | 80
6. i 1.1 4.3 89 78
7o, 1.3 4.9 88 | 68
8............ 1.0 3.9 87 82
11,600-gram charge used in flotation.

SUMMARY AND CONCLUSIONS

A flotation method using mercaptobenzothiazole collector in an acid cir-
cuit was devised for preparing a platinum-palladium concentrate from Still-
water complex gabbro (Montama). Bench-scale experiments showed that rougher
flotation recovered 91 pct of the platinum and 88 pct of the palladium in a
concentrate assaying 2.6 oz/ton Pt and 8.8 oz/ton Pd. When the rougher con-
centrate was cleaned, a cleaner concentrate was obtained that had more than
twice the Pt-Pd content of the rougher concentrate and about 55 times the
Pt-Pd content of the original ore. About 7 pct of the platinum and palladium
values remained in the cleaner tailing. If the higher grade concentrate is
desired, the platinum and palladium values in the cleaner tailing must either
be discarded or recovered by treating the tailing outside the milling cvcle.
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