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Geochemical assessment
of platinum group metals
for phytomining

Abstract

Phytomining is suggested as a technology to obtain platinum group metals
(PGMs) nanoparticles from plants grown on the mineralized soils or tailings. Sam-
ples from North American Palladium (Canada) and gossans from Broken Hill (BH)
(Australia) were studied to assess the possibility of using these PGM-rich samples as
substrates for phytomining. The bioavailability of PGMs was indirectly assessed using
geochemical procedures. The selective extractions showed that the highest available
concentration of Pd is 5.38 ppm in BH gossan 1. The extraction of PGMs by ammo-
nium acetate, fulvic acid or citrate-dithionite indicates natural availability to plants.
The BH gossan 1 was the best of the five studied samples for phytomining of Pd due to
available Pd concentration (> 2 mg/kg), low Electric Conductivity (< 2dS/m), high CEC
(Cation Exchange Capacity) (38.8 meq/100g), and proper pH (6.5). Cu-tolerant plant
species should be chosen to grow on BH gossan 1. A criterium for choosing substrates
for phytomining of Pd was developed comprising various classical soil parameters plus
selective extraction procedures.

Keywords: phytomining, platinum group metals, bioavailability, plant growth parameters.
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1. Introduction

The concept of phytomining is an
adaptation of the use of an old concept of
using plants for prospecting metals (Chaney
et al., 2018). The phytomining requires
selection of hyperaccumulating plants, as
well understanding which metals species
are bioavailable in the substrate and how
toxic for the plants they are (Kramer, 2019).
Plant species and methods for phytomining
for platinum group metals (PGMs) involves
growing plants on PGM-rich substrates
that are capable of selectively incorporating
these metals into their cellular structures
(Sheoran et al., 2009). Theoretically, the
plants can then be harvested and subjected
to controlled pyrolysis in order to yield a
material with stabilized PGM nanoparticles
that can later be used in catalytic reactions
(Siddiq, & Husen, 2016, Dodson et al.,

2. Materials and methods

Samples from two sites were col-
lected: North American Palladium

2.1 North American Palladium (NAP)

North American Palladium is a plati-
num group metals producer that has oper-
ated Lac des Iles (LDI) Mine in northern
Ontario, Canada since 1993. The mine lies
in the southern end of the Lac des Iles, 106
km northwest of Thunder Bay, Ontario,
Canada, in an elliptical mafic-ultramafic
intrusive complex (NAP, 2018). A majority

2.2 Broken Hill (BH)

The Broken Hill deposit in western
New South Wales, Australia has one
of the richest reserves of lead, zinc and
silver in the world. The Broken Hill
ore body consists of a series of closely-
spaced sulfides-rich deposits separated

2.3 Analytical procedures

Inductively coupled plasma mass
spectrometry (ICP-MS) and inductively
coupled plasma atomic emission spectros-
copy (ICP-AES) analyses for whole-rock
chemistry, and Instrumental Neutron
Activation Analysis (INAA) for PGMs
(Ir, Os, Pd, Pt, Rh, Ru) and Au were con-
ducted by Acme Analytical Labs Ltd. in
Vancouver. The mineralogy was examined
through quantitative X-ray powder dif-
fractometry (XRD) at the department of
Earth, Ocean & Atmospheric Sciences at
the University of British Columbia.

Due to the high grade of PGMs
in the BH gossan samples only these

2015). Parker et al. (2014) reported the first
use of living plants to recover palladium
and the production of catalytically active
palladium nanoparticles with excellent
catalytic activity across a range of coupling
reactions that produced higher yields than
commercial Pd catalyst. This process can
reduce the number of production steps
compared to traditional catalyst production
methods. In automotive industries, for ex-
ample, platinum (Pt), along with palladium
(Pd), and rhodium (Rh) are coated onto
a substrate housed in the exhaust system
and act as catalysts to convert toxic vehicle
emissions, such as carbon monoxide (CO),
hydrocarbons (HC) and oxides of nitrogen
(NOx), to less harmful substances (Saguru
et al., 2018). In the soil, a small portion of
metals is available to plants as a large por-

(NAP), Canada and from Broken Hill
(BH), Australia.

of platinum-group minerals occur either
interstitially to sulfides in association
with gangue minerals such as plagioclase,
amphibole, chlorite, orthopyroxene, and
talc, or at sulfide-silicate boundaries.
The relative abundance of PGM-bearing
minerals in the mill feed and concentrates
from recently mined zones on the property

by quartz- and garnet-rich host rocks.
In the upper parts of the mine, many
of the sulfide minerals were converted
by weathering into a large suite of ox-
ide minerals, some of which were first
recognized as new minerals from their

samples were analyzed by a Philips XL-
30 scanning electron microscope (SEM)
equipped with a Bruker Quantax 200
energy-dispersion X-ray (EDX) micro-
analysis system.

The mineral association and bio-
availability of PGMs and Au in all
samples were investigated by selective
extraction methods of samples ground
below 0.074 mm. Cu and Ni were also
analyzed due to their phytotoxicity that
may limit plant growth. Ammonium ac-
etate (NH,C,H,O,) was used to extract
readily exchangeable metal species (Fer-
reira and Veiga, 1995). It is believed that
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tion is bound to different minerals that are
more difficult to be incorporated by plants
but this can change gradually by chemical
weathering and biological process (Dairy
Soils and Fertiliser Manual, 2013). The
primary determinant of metal uptake by a
plant is the bioavailability of the metal in
the soil-plant system, i.e. how easily plants
can access the metal in a form they re-
quire. The type and nature of the substrate
constituents, pH, organic matter, cation
exchange capacity and competing ions have
all been shown to influence PGM bioavail-
ability (Ko et al., 2008; Wilson-Corral et
al., 2012). As such, the primary interest of
this study was to use geochemical methods,
such as sequential-selective extractions, to
assess the bioavailability of PGMs from
high grade PGM samples.

are: palladium tellurides > palladium anti-
monides > palladium sulfides > sperrylite
(platinum arsenide) > gold-silver alloys.
PGM grades show varying degrees of cor-
relation with nickel and copper concentra-
tions (Yu et al., 2010). Feed, concentrate
and tailings samples were collected from
the mineral processing plant.

formation in the Broken Hill District.
Two types of gossans were selected to
be studied (gossan 1 and 2) with no
visible lithological differences except
for the fact that gossan 2 seems denser
than gossan 1.

exchangeable metals in soil are the most
available to plants (Castilho and Rix,
1993). Citrate-dithionite was used by
Gray et al. (1996) to selectively dissolve
amorphous and crystalline Hydrous
Ferric Oxides (HFO) such as limonite
and goethite as well as crystalline iron
oxide like hematite. This work may be
the first trial to use fulvic acid in selective
extraction of PGMs and Au. It was ex-
pected that this humic substance could
provide additional information about
the fraction of the metals that would be
bioavailable and possibly incorporated
by plants. Reverse aqua regia was used



to dissolve sulfides. This is a mixture
of nitric acid and hydrochloric acid in
a molar ratio of 3:1. Higher concentra-

2.4 First selective extraction scheme

Two sequences of selective extrac-
tions were employed. The first extraction
consisted of the following steps:

1. PGM associated with exchange-
able cations: 3 g of sample were agitated
for 1 h with 50 mL 1 M NH,C,H,O,.

2. PGM associated with extract-
able cations extracted by humic sub-
stances: the residue from the previous
extraction was washed and leached

tion of nitric acid increases dissolution
of sulfides (Tessier et al., 1979). When
sulfides are dissolved, hydrochloric

twice in a shaker with 50 mL of lab-
grade fulvic acid for 5 h, at 50°C.

3. Dissolution of amorphous and
crystalline HFO and hematite: The resi-
due from the previous step was washed
and leached twice with 50 mL of
0.3 M ammonium citrate and 1 g so-
dium dithionite for 16 hours, heated
at 50°C.

4. Dissolution of sulfides: the resi-

2.5 Second selective extraction scheme

The objective of the second extrac-
tion sequence was to remove more ferric
oxides and associated metals from the
gossan samples since the NAP samples
had low ferric oxides. The extraction

3. Results and discussion

used a citrate-dithionite leaching process
as described by Veiga et al., (1991). The
method leached 3 g of sample ground
below 0.074 in a shaker at 50 oC with a
solution of citrate-dithionite as described

3.1 Total concentration of PGMs and Au

The total concentration of PGMs
and Au determined by INAA are shown

in Table 1. Pt and Au concentrations in
NAP concentrate (con) are the highest of
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acid provides complexing ligands for Pt
and Pd that are associated with sulfides
(Colombo et al., 2008).

due was washed and leached twice for
16 h, heated at 50°C with 30 ml 65%
HNO,, 10 mL 30% HCI (inverse aqua-
regia) and 10 mL H,O,.

5. Residual PGM associated with
other minerals: the final solid residues
were melted with borate and dissolved
with aqua regia.

All solutions from each extraction
step were analyzed by ICP-MS.

above (step 3). After 4 hours, the pulp
was filtered and the solution analyzed for
Pt,Pd and Au. The procedure was repeated
3 more times to guarantee that all ferric
oxides were dissolved.

all samples. All six PGM grades in BH
gossan 1 and gossan 2 are very high.

Table 1 - Total concentrations (in ppb) of PGMs and Au in the studied samples.

Element Sample
NAP Feed NAP Con NAP Tailings | BH Gossan 1 | BH Gossan 2

Pd 20700 267000 700 48000 28000

Pt 1700 22000 100 15000 13000
Rh <5 180 <5 4000 2100

Ir <1 11 <1 7100 2300
Os <56 <110 110 3800 1500

Ru <150 <420 <50 3000 1200
Au 12500 22000 120 2500 940

3.2 XRD analysis

X-ray diffraction analysis (XRD,
CuKa) using Rietveld refinement pro-
cess for mineral quantification showed
that NAP feed and tailings contained
mainly silicate minerals: actinolite
(Ca,(Mg,Fe) Si,O,,(OH),), andesine
((Na,Ca)(51,Al1),0,) and clinochlore
((Mg,Fe2)SAI(Si,Al)O, (OH),). These

3.3 SEM analysis

In the SEM study of BH gossan 1
and gossan 2, many barite grains were
found in both gossan samples, and they
were surrounded by iron oxides. Some
grains of iodargyrite (Agl) were either
liberated as independent grains or associ-
ated with a Fe-Cr-Ni mineral. Traces of

three minerals accounted for 75.8%
and 76.4% by mass of the feed and
tailings, respectively. Other minerals
comprise quartz, talc, biotite, dolomite
and traces of sulfides. The XRD of NAP
concentrate enhanced the presence
of the sulfide minerals: pyrite (FeS,),
chalcopyrite (CuFeS,) and pentland-

galena (PbS) and chalcopyrite (CuFeS,)
were also identified in both samples.
Certain amounts of Cu and Ni were
found associated with PGM. According
to Elvy (1998), the observed PGM in
the BH gossan include froodite (PdBi,),
palladium-copper alloys, palladium-tel-
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ite ((Fe,Ni),S,). These three minerals
accounted for 71.3% of the mass of
the sample. The BH gossan samples
consisted mainly of Fe-oxide minerals:
goethite (a-FeOOH) and hematite
(Fe,0,), entirely accounting for 90.6%
and 90.5% of gossan 1 and gossan 2
by mass, respectively.

lurium-mercury alloy, paolovite (Pd,Sn),
platinum alloys, sperrylite (PtAs,) and
unnamed palladium tellurides. Among
them, palladium-copper alloys platinum-
palladium alloy, sperrylite (PtAs,) and
unnamed palladium tellurides were iden-
tified in BH samples (Fig. 1).
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Figure 1 - Micrography of Back-scattered Electrons showing: Pt , Pt-Au alloy, sperrylite and
Pd-Pt alloy inclusions within Fe oxides (a,b,c); Pd telluride grain (d); Pd-Ag alloy is attached to Pt-Au alloy (e,f).

3.4 Sequential-selective extractions
The results of the sequential-selective

3.4.1 Exchangeable cations

The extraction of the PGMs weakly
adsorbed onto the minerals, which can be
exchanged by ammonium acetate, shows

extractions are shown in Tables 2, 3 and 4

that from 0.1% to 2% of Pd in NAP
samples and BH samples were dissolved
by ammonium acetate. Gold had a better

3.4.2 Extractable PGMs with Fulvic Acid

Fulvic acid was used to extract metallic
PGMs that could be complexed with humic
substances (Wood, 1996). Small proportions

of Pd in NAP samples and BH samples were
dissolved by fulvic acid (<1.1%). Again
Au had better recoveries with fulvic acid

3.4.3 Extractable PGMs from Ferric Oxides

Citrate-dithionite can dissolve
amorphous and crystalline HFO and
Fe oxides. Up to 12.3% of Pd and to
24% of Pt in BH samples were dis-
solved by citrate-dithionite in two
leaching batches of 16 h each (Table
3), indicating certain association of

these metals with the Fe oxides. The
results of the 2" test with citrate-dithi-
onite (Table 4) confirmed extractions
up to 12.6% Pd and close to 32% of
Pt from the gossans. The proportions
of Pt dissolved by citrate-dithionite in
both BH samples were similar, due to
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with some comments provided as follows.

response to this extraction with recoveries
from 0.2 to 12%. Almost no Pt in all sam-
ples was dissolved by ammonium acetate.

showing up to 8.2% recovery in the NAP
tailings. Almost no Pt in NAP samples and
BH samples was dissolved by fulvic acid.

Pt being associated with Fe oxides in
both BH samples. The different recov-
eries of Pt and Pd in the BH samples
may suggest that the proportions of
Pt and Pd associated with Fe oxides in
the two samples are different.



3.4.4 Extractable PGMs with Reverse Aqua Regia

Reverse aqua regia is supposed to
extract sulfides from NAP samples. As
for BH samples, the major minerals are
goethite and hematite, which can also be
dissolved by reverse aqua regia. Ambigui-
ties remained with respect to the propor-
tions dissolved by reverse aqua regia in

BH samples. Large amounts of Pd and
Au in NAP samples were dissolved by
reverse aqua regia. This suggests Pd and
Au associations with sulfides. In contrast,
the Pt solubility in reverse aqua regia was
found to be considerably lower in the
NAP samples. This can either indicate

Peipei Shi et al.

that most of the Pt is not in sulfides or
the chloride concentration was not high
enough to keep Pt in the solution. The
proportions of Au and Cu dissolved in
NAP feed, concentrate, and tailings are
similar, probably due to Au being associ-
ated with Cu sulfides.

Table 2 - % Metals extracted by sequential extraction of NAP feed, concentrate and tailing.

NAP Feed-Conc.-Tailing Pd % Pt % Au % Cu% Fe % Ni %
Ammonium acetate 2.0-0.1-1.8 n.d. 0.4-0.2-7.9 2.0-0.3-17.9 n.d. 1.5-8.5-n.d.
Fulvic acid 0.1-n.d.-1.1 n.d. 0.2-0.3-8.2 0.2-0.2-0.8 n.d.-n.d.-0.2 1.6-9.9-n.d.
Citrate-dithionite 0.2-n.d.-1.9 n.d. 0.4-1.6-17.5 0.5-0.4-0.9 5.2-5.0-3.5 3.7-1.3-24.9
Reverse aqua regia 86.7-77.1-90.7 | n.d.-17.9-n.d. | 98.6-96.3-60.1 | 97.0-99.1-68.7 | 18.0-90.4-80.7 | 67.6-79.9-75.1
Not extracted 11.1-22.7-4.5 n.d.-82.2-n.d. 0.4-1.7-6.4 0.4-0.1-1.7 76.8-4.6-80.7 25.6-0.4-75.1
Total 100.0 100.0 100.0 100.0 100.0 100.0
n.d. = not detected. Detection limits: Pd = 10pg/L. Pt = 10pg/L, , Au = Tug/L, Cu = Tug/L, Fe = 0.1pg/L, Ni =1 pg/L.
Table 3 - % Metals extracted by sequential extraction of of BH gossan 1 and 2.
BH Gossan 1-2 Pd % Pt % Au % Cu% Fe % Ni %
Ammonium acetate 1.3-1.2 n.d. 4.4-12.0 4.3-14.8 n.d. 0.6
Fulvic acid 0.2-0.1 n.d. 3.4-59 n.d. 0.1 0.6
Citrate-dithionite 12.3-8.7 22.9-24.0 13.7-9.2 28.3-26.9 34.8 25.6
Reverse aqua regia 79.7-81.5 53.5-56.6 74.8-68.5 54.2-51.7 57.6 61.7
Not extracted 6.5-8.5 23.5-19.4 3.6-4.5 13.2-6.6 7.5 11.5
Total 100.0 100.0 100.0 100.0 100.0 100.0

Table 4 - % Metals extracted from BH gossan 1 and 2 with citrate-dithionite at 50.

Gossan 1-2 Pd % Pt % Cu % Fe% Ni%
4h 3.9-44 21.4-20.0 14.4-14.4 39.3-35.1 27.4-24.9
8h 2.7-3.8 6.1-6.0 9.6-9.2 34.4-35.1 36.1-34.8
16 h 2.8-2.4 2.1-2.0 15.5-14.2 23.7-25.9 29.4-32.1
32h 0.7-2.0 2.3-2.7 13.9-25.3 0.3-0.4 0.8-0.7

Not extracted 89.9-87.4 68.1-69.3 46.6-36.9 2.3-3.5 6.3-7.5
Total 100 100 100 100 100

Note: Gold concentrations in solutions were lower than the detection limit of the ICP-AES, 1 pg/L.

3.5 Soil Associated Factors
3.5.1 Nutrients, pH, EC and CEC
According to the nutrient analysis,
the levels of N, K, P and Mg in the studied
samples are very low: Nitrogen ranges from
9 to 24 ppm in NAP samples and around
34 ppm in the gossans; phosphorous in all
samples was less than 3 ppm and potassium
ranged from 4 to 44 in NAP samples and
155 to 660 in the gossan samples. There-
fore, an adequate fertilization program
must be implemented before cultivation of
the substrate. The pH of NAP concentrate
was 3.6 and as such, according to Dairy

Soils and Fertiliser Manual (2013), the
availability of macronutrients (nitrogen,
phosphorus, potassium, sulfur, calcium
and magnesium) as well as molybdenum
in the soil is curtailed at pH of 3.6. Thus,
the soil was too acidic for the survival of
most plants. This acidity may be due to
the presence of acid-generating sulfides
in this substrate. Both the NAP feed and
NAP tailings were slightly alkaline with
pHs around 8. BH gossan 1, with pH 6.5
is acceptable for most plants, whereas BH
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gossan 2, with pH 8.5 is too alkaline for
most plants. The electrical conductivity
(EC) of all samples except NAP con were
lower than 2 dS/m suggesting they may not
have problems of salinity. The EC of NAP
concentrate reached as high as 9 dS/m.
According to Manitoba Agriculture, Food
and Rural Initiatives Soil Management
Guide (2008), this is moderately saline,
meaning that plant growth can be limited
by holding water more tightly than the
plants can extract it.
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The cation exchange capacity (CEC)
of the BH gossan samples was the highest,
38.8 meq/100g, while those of NAP feed,
concerntrate and tailings were below 10
meq/100. According to Spectrum Analytic
Inc. (2015), soils with a CEC of 11-50
meq/100g have a greater capacity to hold

3.5.2 Heavy metals

The total concentrations of heavy
metals (As, Ba, Cd, Cr, Co, Cu, Hg, Pb,
Mo, Ni and Zn) in all samples were in-
vestigated and compared with the Dutch
standards (Ministry of Housing - Nether-
lands, 1994) for assessing soil contamina-
tion on the basis of the total concentration
of heavy metals in the soil. None of the
heavy metals concentrations of NAP tail-

4. Conclusion

This study was conducted to predict
bioavailability of Platinum Group Metals
(PGM to plants), using selective chemical
extractions and other soil and mineralogi-
cal techniques. Minerals of interest such
as native Pt, Pt-Au alloy and Pd telluride
were identified in SEM in both BH gossan
samples. Sperrylite and Pd-Cu oxide were
also found in sample BH gossan 2.

Regarding the selective extraction
methods, the dissolution of ferric oxides
by citrate-dithionite extracted as much
as 12% of Pd and 24% of Pt from the
BH gossan samples. This might suggest
some association of these metals with the
ferric oxides. Large amounts of Cu were
found associated with exchangeable and
extractable fractions in NAP samples and
BH samples, which can be a problem to
the Cu-sensitive plants development. The
PGM that can be extracted by ammonium
acetate are those weakly adsorbed on the
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