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Abstract: An oxygen pressure leaching—flotation joint process was proposed to treat Jinbaoshan platinum group minerals to produce
a desired concentrate. The result demonstrates that leaching parameters which include particle size, stirring speed, liquid—solid ratio,
and the dosage of calcium lignosulfonate, simultaneously affect the leaching rates of base metals and the recovery of platinum group
metals (PGMs). The complete dissolution of base metals sulfides leads to a reduction in the amount of flotation carrier for enriching
PGMs, decreasing the recovery of PGMs. The optimum leaching conditions are determined as follows: liquid—solid ratio of 10 mL/g,
73% occupancy of ore particle size below 0.043 mm, stirring speed of 400 r/min, and 0.6 g dosage of calcium lignosulfonate. Under
optimal conditions, the leaching rates of Cu, Ni and Fe are 87.6%, 87.6% and 90.3%, respectively. The grade of PGMs enriched in

the flotation concentrate is 420 g/t through the flotation technology.
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1 Introduction

Platinum group metals (PGMs) are widely used in
manufacturing catalysts, electronic devices, space
materials, biomedical devices, and jewelry, due to their
excellent performance and properties [1—-3]. The main
sources for the production of PGMs are platinum group
minerals [4—7] or secondary resources [8—11]. The
methods for extracting PGMs from these resources
mainly depend on their grade and phases [12]. In general,
high-grade platinum group concentrates, ranging from
200 to over 2000 g/t PGMs, can be used as metallurgy
materials directly. For low-grade platinum group
concentrates, PGMs are usually recovered as byproducts
of other metals such as Cu or Ni.

Currently, extraction of PGMs from high-grade
concentrates is conducted through a pyrometallurgy and
hydrometallurgy combined process [13]. During the
pyrometallurgical step, the concentrates are processed by

smelting and converting to produce a white matte [14,15].
The white matte is then further treated in a reverse
leaching operation whereby most of the accompanying
minerals (copper, nickel, cobalt, and iron sulfides) are
dissolved to leave behind an upgraded PGMs concentrate
for PGMs refinery. Although the process has been
applied successfully on a commercial scale, the flotation
concentrates generally need to conform to many
specifications to render ideal for smelting. Rock mineral
content of the flotation concentrates should produce a
fluid slag at the desired temperature and high contents of
chromium and magnesium oxides are detrimental to the
smelting process. At the same time, the material must
contain enough sulfides to form a reasonable quantity of
matte [16].

The Jinbaoshan platinum—palladium deposit is
currently the largest independent PGMs deposit
discovered in China [17,18]. There are eleven kinds of
useful chemical components in the ore, including eight
types of precious metal: platinum, palladium osmium,
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iridium, ruthenium, rhodium, gold, and silver; and three
useful chemical elements: copper, nickel and cobalt. The
reserves of platinum and palladium are 45.24t,
whereas the average grade of platinum and palladium is
1.45 g/t [19,20]. Additionally, the content of main
gangue components (MgO and SiO,) exceeds 30%. The
precious metal minerals in this deposit are very small in
grain size, and more than 50% of the minerals are
intimately associated with base metals oxides and
gangues, meaning that, it is difficult to produce a desired
PGMs concentrate through simple physical flotation [21].
The grade of concentrate obtained is also reasonably low,
and requires further upgrade. Thus, the Jinbaoshan
platinum—palladium deposit has not been utilized until
now.

In this study, an efficient beneficiation—metallurgy
combined process is proposed to treat the Jinbaoshan
platinum—palladium deposit, including oxygen pressure
leaching and physical flotation. The main aim of oxygen
pressure leaching is to disconnect PGMs from base
metals minerals and preliminarily enrich the PGMs.
Flotation technology is then used to remove the main
gangues to further improve the grade of PGMs. The
beneficiation—metallurgy combined process will provide
a new method for highly efficient utilization of the
Jinbaoshan platinum—palladium deposit.

2 Experimental

2.1 Materials

The material investigated was taken from the
Jinbaoshan platinum—palladium deposit and obtained
through preliminary flotation. The contents of Pt, Pd, and
other main elements are presented in Table 1. As seen,
the material contains 17.5 g/t Pt and 27.3 g/t Pd. In
addition, the contents of Mg and Si are relatively high,
indicating that direct extraction of PGMs from the raw
concentrate using a conventional smelting process is very
difficult.

The main phases of the Jinbaoshan platinum group
minerals were detected by X-ray diffraction (XRD). The
results, illustrated in Fig. 1, demonstrate that there are
several diffraction peaks of pyrite, chalcopyrite, talc and
violarite, whereas no diffraction peaks of other
components are observed due to their low contents.

A backscattered electron image of the Jinbaoshan
platinum group minerals and chemical composition of
the selected particle are presented in Fig. 2 and Table 2,
respectively. It can be seen from Fig. 2 that the main
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Fig. 1 XRD pattern of Jinbaoshan platinum group minerals

Fig. 2 Backscattered electron image of Jinbaoshan platinum

group minerals

phase in spots 1 and 2 is pyrite (FeS,), owing to high Fe
and S contents. Spot 3 has a large proportion of S, Cu
and Fe, which can be identified as chalcopyrite. Similarly,
the main phase in spot 4 is violarite. Spot 5 is composed
of Si, Mg, and O, confirming the presence of talc.

To further confirm the phase compositions of the
main metals, Jinbaoshan platinum group minerals were
examined by mineral liberation analyzer (MLA). The
result, shown in Table 3, indicates that the contents of
chalcopyrite and violarite in the mineral are 25.70% and
3.71%, respectively. The occurrence states of iron are
more complex, including pyrite, pyrrhotite and
magnetite. It can be seen from Table 4 that PGMs present
mainly as telluride, arsenide and antimonide, or as native
elements.

2.2 Methods
2.2.1 Oxygen pressure leaching

Pressure oxidation leaching experiments were
performed in a 2 L vertical titanium-lined autoclave from

Table 1 Chemical composition of Jinbaoshan platinum group minerals

Content/(gt™") Content/wt.%
Pt Pd Au Ag Cu Ni Fe Mg Ca Al S Si
17.5 27.3 2.3 134 2.42 2.27 22.06 8.67 2.02 0.58 13.77 11.09
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Table 2 Chemical compositions of selected particle shown as Fig. 2 (mass fraction, %)
Spot o S Fe Cu Ni Si Al Mg
1 - 51.30 48.70 - - - - -
2 - 50.62 49.38 - - - - -
3 - 33.74 28.51 37.76 - - - -
4 - 41.16 18.96 - 39.89 - - -
5 49.24 - 7.38 - - 22.97 2.12 22.97
Table 3 Main metals phases and their contents in platinum group minerals (mass fraction, %)
Mineral Millerite Violarite Chalcopyrite Pyrite Pyrrhotite Magnetite
Content 0.79 3.71 25.70 38.10 2.30 5.40
Table 4 Main PGMs phases and their contents in platinum group minerals (mass fraction, %)
Mineral Niggliite Native platinum Cooperite Sperrylite Stannopalladinite Stibiopalladinite
Content 0.25 0.033 0.036 0.027 0.01 0.059
a Zhaoyuan autoclave factory in China, equipped with a of the selected particles were characterized by

typical mixing propeller. Leaching solutions were
prepared using reagent grade sulfuric acid, calcium
lignosulfonate, and deionized water. For each test, a
certain amount of the ore and leaching solution were
poured into the reactor, and the slurry was then heated to
the desired temperature. At the set temperature, the
oxygen was introduced to the autoclave and its partial
pressure was adjusted to the desired value. After
completing the experiment, oxygen flow was turned off
and the autoclaves were rapidly cooled with water. Next,
the slurry was filtered, washed, dried and weighed for
XRD, scanning electron microscopy-energy dispersive
spectroscopy (SEM—EDS), and inductively coupled
plasma-atomic  emission  spectroscopy (ICP-AES)
analyses.
2.2.2 Flotation

The leaching residue obtained from the oxygen
pressure leaching process was transferred into the
air-inset hanged trough cell (XFGC II, Prospecting
Machinery Plant, Jilin, China) to enrich the PGMs.
Flotation took place at natural pH=6.5 with 130 g/t
potassium ethyl xanthate as the collector, then 250 g/t
copper sulfate was added as the activator. The flotation
circuit for the leaching residue consisted of a rougher
stage and two cleaner stages, in which closed-circuit
cleaners were used. After completing the flotation
experiment, the foam product and residue in the cell
were filtered, dried, and weighed for further analyses.
2.2.3 Characterization and analyses

Leaching residue and flotation concentrate samples
were measured by a Rigaku-TTRIII XRD with Cu K,
radiation, and the potential phases presented in the
sample were identified by MDI Jade 6.5 software. The
morphology of the sample and the chemical composition

SEM-EDS analysis (SEM, JEOL Ltd., JSM—6360LV).
The contents of PGMs contained in the mineral, leaching
residue, flotation concentrate and tailing were detected
by the fire-assay method. The contents of base metals
including Cu, Ni and Fe were detected by ICP-AES
analysis (IRIS Intrepid II, XRS).

3 Results and discussion

The chemical composition of the Jinbaoshan
platinum group minerals demonstrates that direct
extraction of PGMs from the raw concentrate is difficult
owing to low PGMs grade and high contents of Mg and
Si. It is necessary to further improve PGMs grade
for producing a desired PGMs concentrate before
the
Considering that a proportion of PGMs minerals are

conducting conventional  smelting  process.
intimately associated with base metals minerals and
gangues, oxygen pressure leaching is proposed to destroy
the association and create a superior flotation carrier for
enriching PGMs minerals. Oxidation pressure leaching
not only focuses on the leaching rates of base metals
such as Cu, Ni, and Fe, but also attaches importance to
the flotation efficiency of PGMs minerals during
subsequent flotation. In previous research [22], basic
leaching conditions were optimized as follows: oxygen
partial pressure of 0.7 MPa, leaching temperature of
150 °C, sulfuric acid concentration of 2 mol/L, and
leaching time of 3 h. In this study, the effects of particle
size, amount of calcium lignosulfonate, stirring speed,
and liquid—solid ratio, on the leaching rates of base
metals and the recovery of PGMs were investigated in

detail.
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3.1 Effect of particle size

The effects of particle size on the leaching rates of
base metals and the recovery of PGMs are illustrated in
Fig. 3. As observed from Fig. 3(a), a decrease in particle
size enhances the leaching rates of Cu, Ni, and Fe
significantly. When the particle size of the ore is below
0.043 mm, the leaching rates of Cu, Ni and Fe increase
to 94.62%, 74.78% and 96.10%, respectively. The ore
with finer particle size increases the contact area between
the ore and the leaching agent, intensifying the leaching
process. It can be seen from Fig. 3(b) that a decrease in
particle size improves PGMs grade but results in a
reduction in PGMs recovery. The ore with finer particle
size is beneficial to decreasing the leaching residue yield.
Overall, the grade of PGMs in the flotation concentrate is
improved. However, the complete dissolution of base
metals sulfides is adverse for subsequent flotation
technology. The main reason for this result is that base
metals sulfides can be used as the flotation carrier for
enriching PGMs minerals.
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Fig. 3 Effects of particle size on leaching rates of base metals,
grade and recovery of PGMs: (a) Cu, Fe and Ni; (b) Pt and Pd
(Operation conditions: liquid—solid ratio 5 mL/g, stirring speed
400 r/min, dosage of calcium lignosulfonate 0.6 g)

3.2 Effect of stirring speed

Figure 4 illustrates the effects of stirring speed on
the leaching rates of base metals and the recovery of
PGMs. It can be seen from Fig. 4(a) that increasing
stirring speed to 500 r/min improves the leaching rates of
Cu, Ni, and Fe dramatically. At 500 r/min, approximately

100% of the Cu and Ni contained in the initial
concentrate are dissolved, and the leaching rate of Fe is
over 80%. A further increase of stirring speed has no
obvious effect on the leaching process. Increasing
stirring speed accelerates mass transfer and eliminates
the effect of external diffusion. Additionally, the strong
swirl generated by rapid agitation also has a large impact
on the surface property of the leaching residue, affecting
flotation efficiency. As visible in Fig. 4(b), the complete
dissolution of chalcopyrite and violarite leads to a
reduction in the amount of flotation carrier for enriching
PMGs minerals, which hinders PGMs recovery.
Therefore, 400 r/min is considered a suitable stirring
speed.
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Fig. 4 Effects of stirring speed on leaching rates of base metals,
grade and recovery of PGMs: (a) Cu, Fe and Ni; (b) Pt and Pd
liquid—solid ratio 8 mL/g, 93%

occupancy of particle size below 0.043 mm, dosage of calcium

(Operation conditions:
lignosulfonate 0.6 g)

3.3 Effect of amount of calcium lignosulfonate
Comprehensive research has found that S* is
transformed into S precipitate during the acid pressure
oxidation leaching process [23,24]. To avoid the
secondary capsulation of elemental sulfur, calcium
lignosulfonate is added to the leaching solution. As a
dispersant, calcium lignosulfonate is used to break up the
elemental sulfur and reduce the coating effect by altering
the adsorption of sulfur on the surface of mineral
particles. As a result, it can improve leaching reactions.
The effect of the amount of calcium lignosulfonate on
the leaching rates of Cu, Ni, and Fe is shown in Fig. 5(a).
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The addition of calcium lignin sulfonate, ranging from 0
to 0.6 g, exerts a positive effect on the leaching process.
However, a further increase of calcium lignosulfonate
dosage is adverse for the leaching process. A larger
calcium lignosulfonate dosage will promote the
formation of CaSO, precipitate and hinder the contact
between the mineral surface and leaching agent, leading
to decreased leaching rates of base metals. It can be
observed in Fig. 5(b) that the highest PGMs recovery is
obtained with 0.6 g calcium lignosulfonate added to the
leaching solution. The result suggests that elemental
sulfur can also be viewed as the flotation carrier for
enriching PGMs minerals. A good dispersibility of
elemental sulfur precipitate can simultaneously improve
the leaching process and flotation efficiency.
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Fig. 5 Effects of dosage of calcium lignosulfonate on leaching
rates of base metals, grade and recovery of PGMs: (a) Cu, Fe
and Ni; (b) Pt and Pd (Operation conditions: stirring speed
400 r/min, 93% occupancy of particle size below 0.043 mm,
liquid—solid ratio 8 mL/g)

3.4 Effect of liquid—solid ratio

The effect of liquid—solid ratio on the leaching rates
of base metals and the recovery of PMGs was examined
from 4 to 10 mL/g. As illustrated in Fig. 6(a), the
leaching rates of Cu, Ni, and Fe exhibit a decreasing
tendency when liquid—solid ratio increases from 4 to
10 mL/g. The possible reason for this is that the forming
elemental sulfur precipitate is easily wrapped on the
mineral surface under conditions of high liquid—solid
ratio. Moreover, it is easier to form soluble sulfate ions

with more raw material added into the leaching solution
due to the large consumption of leaching agent. It can be
seen from Fig. 6(b) that increasing the liquid—solid ratio
simultaneously improves the grade and recovery of
PGMs. Therefore, liquid—solid ratio of 10 mL/g is
considered an optimal condition.
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Fig. 6 Effects of liquid—solid ratio on leaching rates of base
metals, grade and recovery of PGMs: (a) Cu, Fe and Ni; (b) Pt
and Pd (Operation conditions: stirring speed 400 r/min, 93%
occupancy of particle size below 0.043 mm, dosage of calcium
lignosulfonate 0.6 g)

3.5 Characterization of leaching residue

Based on above analyses, the formation of
elemental sulfur and the presence of base metals sulfides
are found to be favorable for the subsequent flotation
technology. Optimal leaching conditions are determined
as follows: liquid—solid ratio of 10 mL/g, 73%
occupancy of ore particle size below 0.043 mm, stirring
speed of 400 r/min and 0.6 g dosage of calcium
lignosulfonate. Under these conditions, leaching
experiments were conducted three times and the results
are presented in Table 5. The leaching rates of Cu, Ni,
and Fe are 87.6%, 87.6%, and 90.3%, respectively with
Pt and Pd grade enriched to 43.9 g/t and 67.7 g/,
respectively. The content of Si in the leaching residue
also increases to 26.10%. The main phases of the
leaching residue were detected by XRD. The result,
shown in Fig. 7, indicates that the main mineralogical
compositions of the leaching residue are talc, elemental
sulfur, and pyrite.
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Table 5 Chemical compositions of leaching residue and leaching rates of main elements under optimal leaching conditions
N Slag Content/wt.% Content/(gt ") Leaching rate/%
0.
rate/’¥s cy  Ni Fe S Pt Pd Cu  Ni  Fe Si Pt Pd

1 39.73 0.72 0.65 526 26.01 44.1 68.1 88.02 88.12 90.78 5.19 0 0

2 40.20 0.75 0.70 539  26.09 43.9 67.7 87.52 87.61 90.20 5.04 0 0

3 40.47 0.77 0.72 549  26.20 43.7 67.2 87.12  87.19 90.05 5.38 0 0
Average 40.13 0.75 0.69 538 26.10 43.9 67.7 87.58 87.64 90.38 5.20 0 0

Table 6 Chemical compositions of flotation concentrate and flotation tailing obtained under optimal flotation conditions
Content/(g'tfl) Content/wt.%
Mineral
Pt Pd Au Ag Cu Ni Fe Mg S Si
Concentrate 172.5 249.5 26.2 101.1 3.94 2.90 20.30 5.04 25. 60 14.86
Tailing 8.9 20.7 0.90 9.19 0.10 0.12 9.81 2.89 5.11 30.01
. ¢ —Talc (Mg;Si,0,,(OH), i il —Talc; (Mg;Si,0,4(0H),
*—Pyrite (FeS,) * —Pyrite (FeS,)
v—Sulfur (S) V—Sulfur (S)
4 —Quartz (SiO,)
v
Iy ") )
20 40 60 80 100 120 QSN ELRmN L2
20/(°) 20/(°)

Fig. 7 XRD pattern of leaching residue obtained under optimal
leaching conditions

3.6 Characterization of flotation concentrate and

flotation tailing

After completing oxygen pressure leaching, the
leaching residue was further treated by physical flotation.
The best results were reached at pH=6.5 in the presence
of 130 g/t potassium ethyl xanthate as the collector, and
250 g/t copper sulfate as the activator. The chemical
compositions of the flotation concentrate and the
flotation tailing are listed in Table 6. As shown, the grade
of PMGs enriched in the flotation concentrate is above
420 g/t, which can be used as the metallurgy material for
direct extraction of PGMs through the conventional
smelting process. The XRD patterns of the flotation
concentrate and flotation tailing, shown in Fig. 8§,
demonstrate that the main phases of the flotation
concentrate are pyrite and sulfur, whereas the main
mineral components are talc and silica in the flotation
tailing.

A backscattered electron image of the flotation
concentrate and chemical composition of the selected
particle are shown in Fig. 9 and Table 7, respectively.

Fig. 8 XRD patterns of flotation concentrate (a) and

flotation flotation

tailing (b) obtained under

optimal
conditions

Fig. 9 Backscattered electron image of flotation concentrate

The main phase in spot 1 is elemental sulfur. Spots 2 and
4 can be identified as chalcopyrite, owing to high S, Cu,
and Fe contents. Similarly, the main phases of spots 3
and 5 are pyrite and violarite, respectively. These results
further confirm that elemental sulfur and base metals
sulfides are effective flotation carriers for enriching
PGMs minerals.
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Backscattered electron images of the flotation
tailing in different regions are presented in Fig. 10.
Flotation tailing is mainly composed of quartz and talc. A
small proportion of violarite remains in the flotation
tailing owing to the fine particles encapsulated in quartz.
Additionally, some PGMs minerals with tiny particle size
(less than 2 um) are also observed in the flotation tailing.
The flotation method struggles to recover these PGMs
minerals due to their fine granularity, exerting a negative
effect on PGMs recovery.

3.7 Evaluation of different technological routes for
Jinbaoshan platinum group minerals
An evaluation of different technological routes for
the Jinbaoshan platinum group minerals is presented in
Table 8 [25]. It can be seen that the recovery of PGMs
obtained through single flotation is very low owing to

Shuai RAO, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1090—1098

complex mineral structure and fine grained
dissemination. Moreover, a high MgO content is
adverse for the subsequent smelting process. Direct
leaching of PGMs through microwave pretreatment
two-stage acid leaching or pressure cyanidation leaching
leads to a high acid consumption due to the dissolution
of gangues. In addition, pressure cyanidation leaching
requires special apparatus and rigorous conditions,
making commercial application more difficult. Therefore,
it is reasonable to select oxygen pressure leaching—
flotation joint process for treating the Jinbaoshan
platinum group minerals. This process enables the
production of flotation concentrate with high PGMs
grade and low MgO content, which is suitable for the
conventional smelting process. The leaching solution
including Cu and Ni can then be further treated to
recover Cu and Ni effectively.

Table 7 Chemical composition of selected particle (mass fraction, %)

Spot in Fig. 9 S Fe Cu Ni
1 100 - - -
2 38.45 29.38 32.16 -
3 55.51 44.49 - -
4 31.99 26.25 41.76 -
5 52.29 16.51 - 31.20
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Fig. 10 Backscattered electron images of flotation tailing in different regions with different magnifications
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Table 8 Various technological routes for treating Jinbaoshan platinum group minerals
Method Grade of concentrate Reagent Recvoery, leaching rate Evaluation
. . 36.73 g/t Pt, 77.35% Pt recovery, High MgO content,
Physcial flotation -
51.42 g/t Pd 76.93% Pd recovery 19.3% MgO
Microwave pretreatment- B SO 89.93% Pt leaching rate, Large acid
two stages acid leaching S 89.26% Pd leaching rate consumption
Pressure oxidation leaching, . .
. H,SO, 95% Pt leaching rate, Special apparatus and
pressure cyanidation - . . ..
. NaCN 99% Pd leaching rate rigorous conditions
leaching
Enriching PGMs in
Oxygen pressure
. L 92.29% Pt recovery, concentrate;
leaching—flotation joint ~ 172.5 g/t Pt, 249.5 g/t pd H,SO, i .
90.06% Pd recovery recovering Cu and Ni in
process . .
leaching solution
pyrometallurgical process for recovering precious and valuable
4 Conclusions metals from waste electrical and electronic equipment (WEEE) scrap
[J]. Tempo, 2009, 57: 74-75.
[9] NOGUERIA C A, PAIVA A P, OLIVERIA P C, COSTA M C,

(1) Leaching parameters simultaneously affect the

leaching rates of base metals during oxidation pressure

leaching,

and the recovery of PGMs during the

subsequent flotation technology.

(2) The complete dissolution of base metals sulfides

leads to a reduction in the amount of flotation carrier for

enriching PGMs minerals,

thus decreasing PGMs

recovery.

(3) Under optimal conditions, PMGs grade enriched

in the flotation concentrate is over eight times higher
than that of the raw concentrate.
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EFEUART MEEREFIERKETE
Beogb )zl &g R, B, 2R, s, 2 4, mk

I " REWMAEBIIA, I 5106505
2. T REREN MALSBES B ST HERESLEE, M 510650;
3. ITHREM TR N A E AR E, M 510650

W OE: NTAEPEARBEREERET, B AR RIS T A ST LR Y. 45780

JER S AR (0 IR Pl B 3 Bl DA BA o 2 I 5 ) ) o 32 i i e e 4 JR (A %E%D@%)Hhiu/&/%
16 T2 WA e SR CER AR R [T R 7= A B RS . 12 I FR P e S SR SR AL P 1) S 2V R SV IR & R TR AR BR
I TIFIE AN SR, BGFET R HES B EICE . 206 % 8R4 ER B RS 8 B, #ran F
T E&M: B RE-0.043 mm 5HFN 73%, HA-EEN 400 v/min, HE )y 10 mL/g, AR HEN
0.6 go WAET 2T, . BAERIIR BRI HN 87.6% 87.6% 90.3%. KL T 2 AR H R E Tk
KSR 40 & B S AT 420 ght.
KHEIR: HUREJR; FURRH; WiEs BIkE
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