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Abstract:

Platinum group elements (PGE: Ru, Rh, Pd, Os Ir, Pt) are rare metals with low abundance
in the continental crust. The elements of the palladium subgroup of PGE (PPGE: Pt, Pd,
Rh) have been exploited more and more over the last thirty years for their physicochemical
properties such as high melting point, high resistance to corrosion, mechanical strength
and ductility. This led to emerging environmental contamination in different media such as
air, road dust, soil, sediment, vegetation, and snow. The aim of this review is to summarize
the available data on soil contamination by PPGE and its potential environmental impact.
In this paper, the environmental issue of PPGE is discussed with regard to their
anthropogenic emission and fate, which includes speciation, possible transformations into
bioavailable forms and toxicity. Soil contamination by PPGE is described taking into
account urban and non-urban areas. The analytical determination process is also

discussed.
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1. Introduction

The Platinum Group consists of 6 elements, Ru, Rh, Pd, Os, Ir and Pt (Platinum Group
Elements, PGE). They are all siderophiles, and therefore concentrated in the core and
mantle of the Earth while they are scarce in the continental crust. The natural abundance
in the upper continental crust varies according to the considered PGE (namely, in pug (PGE)
kg (rock): 0.030 (Ru), 0.018 (Rh) 0.526 (Pd), 0.031 (Os), 0.022 (Ir) and 0.599 (Pt) (Park
et al.,, 2012; Peucker-Ehrenbrink and Jahn, 2001). The natural sources of PGE on the
Earth’s surface are volcanism, rock weathering and the deposition of extra-terrestrial
matter (Mitra and Sen, 2017). Given that both continental crust concentrations are low and
natural sources provide a limited amount of PGE to the Earth’s surface, the fate of these
elements in the environment should be of limited concern. However, anthropogenic PGE
emissions started at the beginning of the industrial period, around the 1750s. This was
evidenced because an accumulation of PGE in some soils was observed from that date.
For instance, the increased accumulation of osmium found in a peat bog in northwestern

Spain has been dated to this period (Rauch et al., 2010).

PGE are exploited due to their physical and chemical properties such as high melting
points, high corrosion resistance, mechanical strength and ductility. PGE have a high
economic value and are involved in many applications such as catalytic converters,
electronics, drugs, and catalysts in the chemical industry. Due to their different
physicochemical behaviour, PGE are divided into two subgroups: iridium PGE, also called
IPGE and composed of Ir, Os, Ru, and palladium PGE, also called PPGE and composed
of Pd, Pt, Rh (Mondal, 2011; Rollinson, 1993). The elements of the IPGE subgroup are
more siderophile, refractory, associated with chromites as alloys and sulphides in dunites.
The elements of the PPGE subgroup are more chalcophile than IPGE, associated with

sulphides of Fe, Cu, Ni and gabbros, norites and dunites (Mondal, 2011; Rollinson, 1993).

[2]



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

The increasing use of PPGE (shown in Figure 1) and the release of these elements over

the last thirty years have led to the emergence of environmental contamination.

This has also led to an emerging issue regarding the potential impacts of these elements.
From the resulting studies and monitoring, it appears that the PPGE concentrations are
increasing in different environmental media (air, road dust, roadside soil, sediment,
vegetation, snow...), these elements being significantly accumulated (Ely et al., 2001;
Moldovan et al., 2007; Rauch et al., 2004; Schafer et al., 1998; Sen et al., 2013). For
example in Greenland, the concentrations measured in snow samples were
approximatively 40- (Pt), 80- (Pd), and 120 times (Rh) respectively higher than the values

in old ice (Barbante et al., 2001).

Therefore, in this review, an overview of the environmental issue of the PPGE emissions is
first presented with respect to their sources, geochemical behaviour and potential toxicity
in soil environments. Then, the focus is on PPGE soil concentrations in various types of
areas (peri-urban and rural, urban, mining and roadside). This focus is motivated because
soils are among the main primary receptors of PPGE emissions; soils are also dynamic
environments where the physico-chemical states of these metals could change. Finally,
analytical methods are described, since the PPGE determination is still critical in
environmental samples. The goal of this review is to highlight the needs of research on this

topic, including large-area assessments.

2. Environmental issue

2.1. Anthropogenic emission of PPGE

Anthropogenic emissions of PPGE come mainly from their production from ores (mining),
the manufacture and use of products containing them and the resulting waste, as well as
from fossil combustion and the use of carbon-based fossil materials containing traces of

PPGE (Chyi, 1982; Finkelman and Aruscavage, 1981).
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Mining activities have been identified as a significant source of PPGE in the environment
(Rauch and Fatoki, 2015). The leading PPGE metal producing countries are South Africa
(Bushveld Complex) and Russia (Kola Peninsula, Norilsk). In 2016, these two countries
supplied 72% and 12% of the Pt production respectively (Johnson Mattey, 2017a). In
particular, ore smelters in South Africa greatly contribute to local soil contamination; in
Russia they are an important factor of local contamination of snow and soil. (Gregurek et
al., 1999; Niskavaara et al.,, 2004; Rauch and Fatoki, 2013). These activities are also
responsible for the transport of PPGE by airborne particles (Sen et al., 2013; Zereini et al.,
2012). This leads to a dispersion of PPGE across the world with proven general
contamination of surface seawater (Chen et al., 2009), snow from Greenland, the Alps and
the Pyrenees (Barbante et al., 2001; Moldovan et al., 2007; Van de Velde et al., 2000), as

well as probably soil contamination (no data available).

Regarding the manufacture and use of products containing PPGE, Figure 2 provides an
overview of the relative distribution by industry of these elements. Nowadays, PPGE are
mainly used for vehicle catalytic converters. The catalytic converter was first introduced in
the US in the 1970s and later in Europe in the 1980s. This device is now compulsory in
many countries in order to preserve air quality (e. g. EU Council Directive 91/441/EEC).
The catalytic converter reduces emissions of carbon monoxide (CO), remaining
hydrocarbons (HC) and nitrogen oxides (NOXx) respectively by oxidizing CO and HC to

carbon dioxide (CO;) and reducing NOx to nitrogen (N2).

The typical catalytic converter consists of: (i) a substrate, a ceramic monolith with a
honeycomb structure; (i) a washcoat of metal oxide (aluminium and cerium); (iii) the
catalyst material, a mixture of Pt, Pd and Rh in nanocrystalline form attached to the metal
oxide (Gandhi et al., 2003). Experiments showed that the Pt emissions from catalytic
converter differ depending on its age, engine type and driving conditions (Moldovan et al.,

2002; Palacios et al., 2000). For example, Artelt et al. (1999) measured the concentration

[4]



102  of Pt in the exhaust gases of new and used converters and found 22 and 14 ng m™
103 respectively. Pt emissions decrease because the platinum particles on the washcoat tend
104 to agglomerate with age, so the particles are less abraded (Artelt et al., 1999). In order to
105 comply with the latest air quality regulations and reduce particle emissions, newer diesel
106 cars are also equipped with a Diesel Particle Filter (DPF) usually made of a honeycomb
107 ceramic monolith. DPF may contain a PPGE catalytic coating (catalysed DPF) (Hartwig,
108 1985). In tests performed on heavy-duty diesel vehicles operating at constant speed, the
109 measured Pt emissions were found to be higher for vehicles equipped with catalysed DPF
110 than for vehicles without DPF (Hu et al., 2009). DPF can also be placed after a catalytic
111 converter. In this case, Cairns et al. (2011) found that DPF set on passenger cars fitted
112  with catalytic converters reduced the emissions of PPGE by up to 97% for Pt. Annual
113 global emissions of PPGE from cars are estimated at 14.5 tons Pt, 35 tons Pd, and 3 tons
114  Rh. This corresponds to a contribution to the total surface deposition of 4.6%, 8.2% and 2%
115 for Pt, Pd, Rh respectively (Mitra and Sen, 2017). The other possible emissions into the
116 environment from other sectors of activity such as the chemical, electrical and electronic
117 industry and jewellery are not documented to our knowledge. However, nowadays
118 electrical and electronic equipment (EEE) contains traces of PPGE (e.g. 125 mg kg™ of Pd
119 in smartphones (Cesaro et al., 2018)) and their waste accounts for up to 20 to 50 million
120 tons worldwide each year (Cucchiella et al., 2015). Since waste management of EEE
121 includes landfill and smelting (Gramatyka et al., 2007), it is likely this sector contributes to

122 the release of PPGE to the environment.

123 In urban areas more specifically, and generally in areas containing hospital, water
124  treatment plant or waste dump, sewage and solid waste are also sources of PPGE. The
125 medical field uses Pt-based drugs (i.e. cisplatin, carboplatin) against cancer (Cowley and
126 Woodward, 2011). Drugs excreted by patients can therefore be released into the

127  environment. In hospital effluents, Pt was found with concentrations ranging from less than
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10 ng L™ to 3500 ng L™ (Kimmerer et al., 1999). In several cities of the United Kingdom,
the maximum concentrations found of Pt and Pd are respectively 192 and 191 ug kg™ in
sewage sludge, and 602 and 710 pg kg™ in incinerator ash (Jackson et al., 2010). The
increase in the Pd concentration in sewage sludge correlates with the Pd demand by the

dental industry (Leopold et al., 2008).

In addition to these sources, there are emissions of PPGE, which are not directly related to
the production, or use of these elements. Indeed, the combustion of coal for various uses
also contributes to Pt emissions for quantities estimated at 0.001 to 0.2 tons per year
(Rauch and Peucker-Ehrenbrink, 2015). The most recent estimates of annual emissions

from coal combustion are 1 and 4 tons for Pt and Pd respectively (Mitra and Sen, 2017).

In summary, Figures 1 and 2 as well as the data presented above show that while vehicle
exhausts are the main source of anthropogenic emission of PPGE, other sources such as
industrial activities, fossil combustion and those related to urban life significantly contribute
to the global quantities released into the environment. Atmospheric dispersion must also
be taken into account because it contributes to the contamination of environments far from

sources.

2.2. PPGE in soil

Background. In order to assess the contamination and identify the sources, the
determination of the background concentration is therefore important. Since almost all
studies on PPGE contamination focus on roadside environments, background values are
usually taken as PPGE concentrations in areas with low population density and low traffic,
without further details or selection criteria (Table 1). For example, Ely et al. (2001) used as
background a sample collected 1 km from the road in South Bend (USA). They obtained a
background concentration of Pt of 3.63 pg kg™*; however, this value was 7 times more than
the mean abundance in the upper continental crust. Jarvis et al. (2001) collected as

background a sample in a park outside an urban zone and measured Pt concentrations
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lower than 0.21 pg kg™, which was of the same order as that of the upper continental
crust. In both cases, no information was available about the bedrock. For studies on
roadside environments, this does not necessarily have any consequences because the
PPGE accumulation is relatively high. However, in general, the influence and the nature of
the bedrock should be taken in account. This is particularly the case in areas where there
is no PPGE mining activity. To illustrate the variability of the background values, examples
are given in Table 1. For instance, in Italy, soils formed on volcanic rocks have a slightly
higher background values than soils formed on sedimentary rocks (Cicchella et al., 2008).
It is the opposite in Germany were soil on quaternary sand have higher values than soll
derived from volcanic formations (see Table 1) (Schafer and Puchelt, 1998). Thus, from all
these examples, it is obvious that knowledge of the geochemical background is crucial for
any study, especially on non-urban areas. However, this value may be difficult to determine
because field sampling is not always easily accessible and the analytical determination of

very low concentration can be difficult.

Peri-urban and rural areas. Non-urban areas concern many environments with different
characteristics, and more or less anthropized. Great variability of PPGE concentrations is
therefore expected. Table 1 (median values) and Figure 3 (concentration ranges)
summarize and illustrate this variability depending on the environment considered. Data on
the concentration of PPGE in soils in non-urban areas are very scarce as very few studies
were conducted in these environments. Existing data include those from forest and
agricultural soil samples from Berlin surroundings, mainly in a peri-urban area (Table 1).
The median Pt values in this area were 2.98 and 5.83 pg kg™ for agricultural and forest
soils respectively (Birke et al., 2018). However, these authors showed that the source was
not catalytic converters. For agricultural soils, contamination from agricultural activities
may be possible because trace amounts of Pt in fertilizers were found up to 2.3 pg kg™ (Alt

et al., 1997). In farms, wastewater is also used for irrigation and fertilization of agricultural
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lands, and sewage sludge for soil amendment. As above-mentioned, these wastes can
contain high concentrations of PPGE. Therefore, soil treated with wastewater or sewage
sludge may be contaminated (Table 1). For example, in soils from farms around Berlin
using field treatment with sewage, the maximum concentration of Pt was 82.6 ug kg™

(Birke et al., 2018).

In rural environment, atmospheric contamination is lower than in urban areas (Zereini et al.,
2012). Nevertheless, there is evidence for regional and global transport of PPGE from
multiple anthropogenic sources (Rauch et al., 2005; Sen et al., 2013; Zereini et al., 2012).
To our knowledge, only two studies were conducted to assess the spatial variability of
PPGE in soil over a large area. Thus, the Kola Ecogeochemistry project investigated
PPGE and Au concentrations in podzolic horizons and moss over an area of 188,000 km?
in the European Arctic (Niskavaara et al., 2004). Median values are presented in Table 1. A
Pd and Pt significant enrichment was observed close to the Russian mining areas.
Geogenic sources of PPGE and Au were also identified with high metal concentrations in
the deep horizon. In Southern Italy, topsoil samples were collected from the Campania
region, including urban, suburban and agricultural areas. A relationship was established
between high concentrations of Pt and Pd in soils, PM, airborne and high traffic areas
(Zuzolo et al., 2018). Unfortunately, in this study, the influence of the bedrock could not be
determined as the method detection limits were too high (2 and 10 pg kg™ for Pt and Pd

respectively).

Urban areas. Few studies were conducted focusing on the spatial distribution of PGE over
an entire urban area and not only at the roadside (Birke et al., 2018; Cicchella et al., 2008;
Orecchio and Amorello, 2011). This type of study is based on Geographical Information
System (GIS). It enables PPGE sources to be characterised by multivariate statistical
analysis. Thus, over a given area and depending on scale, the median local concentration

and the geochemical baseline can be determined, and/ or a possible non-point source
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identified. For example, in the low population density area of Benevento (ltalia), PPGE
concentrations close to the background were found with the exception of the industrial
zone; on the contrary, in the high population density area of Salerno, the range of
concentration was similar to that of the road environment; and concentrations of PPGE
and other traffic-related heavy metals were found to significantly correlate, which
established the car traffic as the source of contamination (Cicchella et al., 2008). From the
Berlin inner city surveys, Birke et al. (2018) were also able to quantify the accumulation of
PPGE over a 20-year interval, with increasing factors of 1.5 for Pt, 3.0 for Pd and 4.3 for

Rh.

In order to identify the sources of PPGE, Pt/Pd, Pt/Rh and Pd/Rh elemental ratios can be
calculated. Ely et al. (2001) compiled PPGE ratios in catalytic converters and defined the
ranges: Pt/Pd from 1 to 2.5, Pd/Rh from 4 to 9 and Pt/Rh from 5 to 16. Although these
ranges of values do not include any possible recent discrepancies in PPGE ratios in
catalytic converter (e.g. the use of catalysts with Pd-Rh only), these ratios were used as
indicators of the automotive source in many studies. For instance, Birke et al. (2018) found
median ratios from roadside samples within the previously defined catalytic converter
range: Pt/Pd 2.42, Pd/Rh 4.19 Pt/Rh 11.0. However, Rauch and Peucker-Ehrenbrink (2015)
suggested that many studies were conducted with a presumption of potential sources and
that the relative importance of different sources of PPGE depends on the specific

characteristics of an urban area.

Mining areas. PPGE ores are naturally occurring in ultramafic to mafic-layered intrusions
such as peridotite, pyroxenite and dunite. In the soils of PPGE ore zone, concentrations
can reach very high values with a maximum up to 1000 pg kg™ (Figure 3). In this type of
region contamination, the soil surface is contaminated from the rich geochemical
background and surface pollution from mining activities, in particular smelters (Rauch and

Fatoki, 2015).
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Roadside soil. Early studies of PPGE contamination focused on roadside soils in cities or
near highways, as these soils represent the closest environment to the main source of
contamination from catalytic converters. Median values measured in different worldwide
cities are summarised in Table 1. In addition, Figure 3 presents an overview of the PPGE
concentration ranges found in soils. All of the median (or average) values compiled in the
guoted studies exceed the element abundance in the earth crust. Most studies focused on
the PPGE concentrations distribution with distance from the road. The following pattern
was found: high values up to hundreds pg kg™ for Pt, up to ten pg kg™ for Pd and Rh, near
the road, then decreasing concentrations with the depth and distance from the road (Ely et
al., 2001; Jarvis et al., 2001; Schéafer and Puchelt, 1998; Zereini et al., 2007). Temporal
studies clearly highlighted the increase and accumulation of PPGE in roadside soils over
several years (Schafer et al., 1999; Zereini et al., 2007). Some recent studies of urban
soils and dust have pointed out that the increase in Pd concentration is particularly
important (Spada et al., 2012; Wiseman et al., 2016). For example, near A5 highway in
Germany, the median concentrations between 1994 and 2004 increased by15 times for
Pd, compared to only 2 and 1.6 times for Pt and Rh, respectively (Zereini et al., 2007).
This reflects a greater current use of Pd in catalytic converters due to both the price
difference between Pd and Pt and the better performances achieved with Pd (Cooper and

Beecham, 2013).

In summary, there is clear contamination by PPGE in soils from urban area and mining
zone, and near roads. Only little information is available about contamination in rural areas
and their possible sources. Further large area assessments of soil contamination, based
on a GIS approach, could help determine regional or national median concentration,
spatial distribution and geochemical baseline, as well as identify a possible non-point

source. It could also help to calculate the PPGE stock in soils since it was made for other
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metals like Pb (e.g. Larcarce et al. (2012)). These assessments should be supported by

well-established soil monitoring networks (Morvan et al., 2008).

2.3. Geochemical behavior of PPGE in soils

PPGE from catalytic converters are emitted as nanoparticles (NPs) in their oxidation state
(0), or in water-soluble oxidized form. From bench tests, Artelt et al. (1999) found that
more than 99% of platinum is emitted in the nanoparticle form. The presence of a
predominantly particulate fraction in PPGE emissions is expected due to the fact that
PPGE are actually in the form of nanoparticles (more reactive than the bulk metal) in
catalytic converters (Lustig et al., 1998; Nachtigall et al., 1996). However, the experiments
performed by Moldovan et al. (2002) revealed a soluble fraction was emitted, and this
fraction was higher when catalyst aged due to physical and chemical alteration. Thus, in
Madrid (Spain), the soluble fraction was estimated to be 10% of total city traffic emission
for Pt, and 40% for Pd and Rh. Therefore, behavioural studies in soils of both soluble and

nanoparticle forms of anthropogenic PPGE are of interest.

2.3.1. PPGE soluble forms

The solubility and soluble species of PPGE are of interest to understand the environmental
dispersion of PPGE. Studies were carried out to determine the solubility of PPGE under
various physicochemical conditions similar to those found in the environment. Different
thermodynamic studies have investigated the dissolution of PPGE metallic forms
(Azaroual et al., 2001; Cobelo-Garcia, 2013; Colombo et al., 2008; Sucha et al., 2016).
The dissolution occurs by oxidation of PPGE leading to Pt(+Il), Pd(+ll) and Rh(+lII)
species. At the same time, these species can complex with various ligands. The hydroxide
ion is a ligand playing a crucial role, the pH being one of the factors controlling the

solubilisation of PPGE (Azaroual et al., 2001; Kalbitz et al., 2008; Sucha et al., 2016;
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Zereini et al., 1997). The main processes leading to uncharged and charged species are

as follows according to the considered PPGE:

Me(s) + 1/2 O, + 2 H9O < Me(OH)Z™ + (2-n) OH-, with n=1 or 2
or
Me(s) + 1/2 O, + (n-2) OH™ + 2 HoO < Me(OH)4™, with n=2 or 4

where Me represents Pt and Pd; and:

2 Rh(s) + 3/2 O, + 3 HoO <> 2 Rh(OH)3 ™"+ (6-2n) OH-, with n=1to0 3

or

2 Rh(s) + 3/2 O, + (2n-6) OH"~ + 3 HoO < 2 Rh(OH)3™, with n=3 to 6

Different thermodynamic modelling was carried out on the PPGE speciation with pH.
Regarding Pt, two different speciation diagrams were proposed by Azaroual et al. (2001)
and Colombo et al. (2008). Azaroual et al. (2001) indicated that PPGE form hydroxyl
complexes over the entire range of pH except under very acidic and oxidizing conditions,
while Colombo et al. (2008) stated that PPGE form hydroxyl complexes whatever the pH.
In addition, according to Azaroual et al. (2001), Pt is predominant as Pt(OH)" at pH < 9
and Pt(OH), at pH > 9; according to Colombo et al. (2008), Pt is predominant as Pt(OH)" at
pH < 1, Pt(OH), at 1 < pH < 11.5, and Pt(OH),* at pH > 11.5. Regarding Pd, Sucha et al.
(2016) reported that Pd(OH), is preponderant, Pd(OH)" also existing at 2 < pH < 3.
Colombo et al. (2008) found that the predominant dissolved species are Pd(OH), at 2 < pH
< 12, Pd** under oxidizing and acidic conditions, and Pd(OH)s and Pd(OH),* at pH > 12
and 13 respectively. Regarding Rh, Colombo et al. (2008) indicated that no
thermodynamic data were available for Rh—hydroxide aqueous complexes. More recently,
Cobelo-Garcia (2013) reported that the following species coexist: Rh®" (pH < 4), Rh(OH)*?
(pH < 5), Rh(OH)," (2 < pH < 6), Rh(OH); (2.5 < pH < 9.5), Rh(OH)4” (5 < pH < 11.5),

Rh(OH)s? (7 < pH < 13), and Rh(OH)s (pH > 9).
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Leaching tests performed on different catalytic converters (gasoline and diesel, old and
new) confirmed the quantities of soluble species released depended on both the pH and
the wear state of the converter (Sucha et al., 2016). Leaching of Pt from contaminated
soils, as well as arable and forest soils showed the same pH-dependence (Kalbitz et al.,

2008; Zereini et al., 1997).

Other ligands capable to stabilise Pt(+1l), Pd(+Il) and Rh(+lll) dissolved species were
reported such as SO,*, NOs, CI, POs*. The quantitativity of PPGE solubilisation in
presence of anions varies in this order: NOs > CI' > SO,* > PO3%, Pd being the most
soluble element and Pt the least soluble (Zereini et al., 2017, 1997). Pyrophosphate and
triphosphate anions also increase Pt solubility (Lustig et al.,, 1998); in this case, the
kinetics of solubilisation of Pd from gasoline and diesel catalytic converters is faster in the
presence of pyrophosphate. Another study of the interaction of PPGE with various ligands
such as OH’, NH3 and CI predicted that the predominant PPGE complexes depend on the

ligand concentration (Colombo et al., 2008).

Naturally occurring organic complexing agents are also involved in the transformation of
PPGE into soluble forms. Thus, the PPGE solubility was found to increase in the presence
of fulvic acids, with likely formation of dissolved PPGE-humate complexes (Cobelo-Garcia,
2013; Koshcheeva et al., 2016; Wood, 1996, 1990; Wood et al., 1994). Nevertheless, long
term leaching experiment (60 days) with PPGE from catalytic converters and fulvic acids
showed that Pt and Pd were released from the catalytic converters and then immobilised,
possibly due to flocculation of fulvic acids bound to metals (Sebek et al., 2011). In addition,
Pt in solution and humic acids formed insoluble Pt-humic acid complexes (Lustig et al.,
1998, 1996). Interestingly, experiments showed that PtCls> and PtCl,> are re-complexed
into insoluble species when mixed with humic soil while insoluble PtO, was not affected by

the presence of soil (Lustig et al., 1996).
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Non-humic natural organic substances contain relatively low molecular weight molecules
such as amino acids; simple organic fat acids and waxes can also complex PPGE. In soils,
plant roots can freely and passively release these substances. Among them, the amino
acids L-methionine and L-histidine were shown to form soluble complexes with Pt and Pd
(Lustig et al., 1998; Zereini et al., 2016). Root exudates contain simple organic acids such
as citric acid, which was also shown to complex Pt and Pd (Sebek et al., 2011; Zereini et
al., 2016). In addition, the kinetics of complexation of Pt and Pd by citric acid was found to
be rapid compared with other complexing agents such as pyrophosphate and fulvic acids

(Sebek et al., 2011).

Soil components can be positively or negatively charged depending on the pH. Thus, the
sorption behaviour of dissolved PPGE is important to access. Different studies were
performed on soil minerals such as kaolinite, Mn/Fe-oxides, quartz, feldspar, calcite
(Dikikh et al., 2007; Jean-Soro et al.,, 2013; Suchd et al., 2016). Kaolinite and Fe/Mn
oxides have the highest sorption capacity compared to these other minerals (Dikikh et al.,
2007). Thus, dissolved Pt, Pd and Rh are quantitatively sorbed by kaolinite, which can
develop positive charges at a pH around 6 (100% removal from dissolved phase). At this
pH, positive charges can develop on AI-OH sites, promoting the sorption capacity of
kaolinite (Jean-Soro et al., 2013). Sorption capacity values up to 6,000 pg kg™ (kaolinite)
and 1,200 ug kg™ (Fe oxide) were determined for Pt (Jean-Soro et al., 2013). Such
capacities were due to the large surface area of the two materials, the oxide porosity, the
pH and surface electric charges. All of these results indicate that dissolved PPGE are likely
associated with clays in soils. Thus, the soil physical texture and mineral composition are

important parameters driving the PPGE mobility.

2.3.2. PPGE nanopatrticle forms

As mentioned above, PPGE are mainly released as NPs in the environment. Therefore,

the behaviour of anthropogenic PPGE NPs is of interest. The mobility of Pt and Pd from Pt

[14]
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and Pd nanoparticles coated with citrate (cPt/cPd NPs) and uncoated (Pt/Pd NPs) was
evaluated relative to the metal salts, Pt(ll) and Pd(ll) (Leopold et al.,, 2018). Mobility
increased in this order Pt(Il) > cPd NPs > Pd(ll) > Pd NPs > Pt NPs > cPt NPs. The higher
mobilisation of Pd compared to Pt by dissolution of NPs can be explained by a possible
oxidative decomposition of non-stabilised Pd NPs while Pt NPs were found to be more
stable. For the coated nanoparticles, the difference in mobility came from the higher
negative surface charge of the cPd NPs (¢ = -70 mV), which stabilised the nanoparticles to
remain in suspension while the cPt NPs, which had a lower surface charge (¢ = -14 mV),
could form hetero and homo-agglomerates. In addition, uncoated Pt NPs had a higher
surface charge (¢ = -28 mV) than cPt NPs, which explains their higher mobil