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Foreword

Platinum group elements (PGE) naturally occur at trace concentrations in most
surficial environments. Anthropogenic uses and emissions of PGE are now
changing the environmental concentrations and biogeochemical cycle of these
elements. Automobile catalysts, which were introduced in the 1970s, represent the
largest PGE use, and are generally considered as the main source of PGE into the
environment. Early PGE research in the 1970s and 1980s showed that PGE
emissions from the catalysts caused elevated concentrations of these normally rare
metals in the roadside environment. These first findings paved the way for further
research, and by the mid-1990s an active research community, mainly in Europe,
was investigating the emission and environmental occurrence of Pt, Pd, and Rh.
The most important finding at the time was certainly that PGE are bioavailable,
raising concern over the potential risks of this new contamination. It is also
important to note that PGE research was supported by analytical developments and
a clear focus on measurement accuracy. In recent years, PGE research was marked
by a new shift. As automobile catalysts are being introduced in developing coun-
tries, the PGE research community is broadening and publications from Argentina,
Brazil, China, Ghana, Mexico, or South Africa have appeared in the scientific
literature. Congested cities and poor vehicle conditions are a new challenge and
raise concern over potential PGE levels in the developing world.

Despite decades of active PGE research, many questions remain. Emissions rates
from automobile catalysts are still uncertain. Other potential PGE sources have not
been characterized in sufficient details. The finding of elevated PGE concentrations
at remote sites shows that the geographical extent of PGE contamination is unclear.
The physico-chemical forms and transformations of PGE are largely unknown.
Further work is needed to assess the mobility and bioavailability of PGE under
environmental conditions. Chronic effects on man and the environment are unclear.
Answering these questions is key to assessing the potential risks of PGE emissions.

“Platinum Metals in the Environment” is the fourth book on the environmental
PGE research published by Springer. I believe the publication of this new book is
an important addition to the series. It brings together a wider research community
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and provides an overview of the latest developments in PGE research. I warmly

recommend this book to anyone interested in the PGE and their environmental
relevance.

Gothenburg, June 2014 Sebastien Rauch



Preface

Platinum group elements (PGE) are six rare metals, platinum (Pt), palladium (Pd),
iridium (Ir), rhodium (Rh), ruthenium (Ru), and osmium (Os), with excellent cat-
alytic properties. Most notably, Pt, Pd, and Rh have been increasingly used in a
number of applications over the last three decades. They are employed as catalysts
in various chemical processes such as in hydrating and dehydrating reactions in the
pharmaceutical industry and in the production of synthetic polymers, pesticides,
and dyes. Following the initial introduction of automotive catalytic converters in
North America in the 1970s, Pt, Pd, and Rh have been widely used as the catalysts
of choice to reduce nitrous oxide, carbon monoxide, and hydrocarbon emissions in
fuel exhaust. In fact, the largest application of PGE is the catalytic converter
industry, which used 45, 78, and 80 % of the global production (supply + recycling)
of Pt, Pd, and Rh in 2013, respectively (Johnson Matthey Platinum 2013, Interim
Review).

While the use of automotive catalytic converters have greatly contributed to the
improvement of air quality, it has also led to an accumulation of PGE in the
environment, as these catalysts are emitted in small amounts due to mechanical,
thermal, and chemical stressors. The potential environmental and human health
effects of PGE emissions in automotive exhaust have been controversial, and the
focus of much debate. In addition to automotive exhaust emissions, chemical
facilities and the mining industry are primary emitters of PGE. Despite the solid
body of research over the years, which has provided strong evidence regarding the
increased presence of PGE in the atmosphere, large gaps in our knowledge
regarding the possible environmental health implications of emissions still remain.

While original research on PGE emissions in the environment stems from the
1980s, considerable advancements have been made on this topic in the last 10
years, especially in terms of the development of analytical methodologies. Along
with this, has been a rash and welcome increase in the number of studies examining
various aspects of PGE emissions to the environment. New data has been generated
regarding the chemical behavior of PGE, including their environmental mobility,
solubility, bioaccessibility, and toxic potential. This edited volume, “Platinum
Metals in the Environment”, builds upon three previously edited books by Zereini

vii
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and Alt, published by Springer-Verlag: “Emissionen von Platinmetallen: Analytik,
Umwelt- und Gesundheitsrelevanz” (1999), “Anthropogenic Platinum-Group Ele-
ment Emissions—Their Impact on Man and Environment” (2000), and “Palladium
Emissions in the Environment: Analytical Methods, Environmental Assessment and
Health Effects” (2006). The book compiles the most up-to-date results of inter-
disciplinary research on the topic of PGE emissions and introduces brand new
insights into their chemical speciation, behavior, and potential to impact human
health.

The book is grouped into five main parts, each consisting of contributions
addressing similar aspects of each of the main topical areas: (1) Sources of PGE
Emissions, (2) Analytical Methods for the Determination of PGE in Biological and
Environmental Matrices, (3) Occurrence, Chemical Behavior, and Fate of PGE in
the Environment, (4) Environmental Bioavailability and Biomonitoring of PGE,
and (5) Human Health Exposures to PGE and Possible Risks.

A total of 61 scientists from 14 different countries contributed to this highly
interdisciplinary volume, addressing topics covering the fields of chemistry, biol-
ogy, geochemistry, and medicine. The range of topics covered and the research
results presented and discussed will make this book of interest to experts both inside
and outside of academia, as well as to post-secondary undergraduate and graduate
students.

The editors would like to thank the authors and the reviewers for their timely
efforts and valuable contributions to this highly successful, cooperative endeavor.
Many thanks go to our colleagues of the Noble Metal Forum in Germany for their
support: Prof. Dr. Kerstin Leopold (Institute of Analytical and Bioanalytical
Chemistry, University of Ulm, Germany), Prof. Dr. Michael Schuster (Analytical
Chemistry, Technische Universitdit Miinchen, Germany), Dr. Rudolf Schierl
(Institute and Outpatient Clinic for Occupational, Social and Environmental Med-
icine, University Hospital of Munich, Germany), Prof. Dr. Stephan Hann
(Department of Chemistry, University of Natural Resources and Life Sciences—
BOKU Vienna, Austria) and Prof. Dr. Bernd Sures, Dr. Sonja Zimmermann und
Dr. Nadine Ruchter (Aquatic Ecology and Centre for Water and Environmental
Research, University of Duisburg-Essen, Germany).

In addition, special thanks go to Prof. Dr. Sebastien Rauch (Department of Civil
and Environmental Engineering, Chalmers University of Technology, Sweden),
Prof. Dr. Rumyana Djingova (Faculty of Chemistry and Parmacy University of
Sofia, Bulgaria), Prof Dr. Vojtech Adam (Department of Chemistry and Bio-
chemistry Faculty of Agronomy, Mendel University in Brno, Czech Republic),
Prof. Dr. Ana Maria G. Figueiredo (Instituto de Pesquisas Energéticas e Nucleares,
Sdo Paulo, Brazil), Prof. Dr. Ivo Iavicoli (Institute of Public Health—Section of
Occupational Medicine Universita Cattolica del Sacro Cuore, Italy), Prof. Dr. Beata
Godlewska-Zylkiewicz (University of Bialystok, Institute of Chemistry, Poland),
Prof. Dr. Krystyna Pyrzynska (Warsaw University, Chemistry Dept. Laboratory of
Flow Analysis and Chromatography, Warsaw, Poland), Prof. Dr. Shankararaman
Chellam (Department of Civil and Environmental Engineering, University of
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Houston, USA) and Prof. Dr. Ross A. Sutherland (University of Hawaii, Geo-
morphology Laboratory, Department of Geography, USA).

We would like to express our gratitude to Springer-Verlag for making this book
publication possible. In particular, we are grateful to Agata Oelschlidger for her
editorial expertise and assistance. Finally, we would like to extend our thanks to our
families for their patience, understanding, and support.

Frankfurt am Main, Germany, June 2014 Fathi Zereini
Toronto, Canada Clare L.S. Wiseman
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Sources of PGE Emissions



Sources of Platinum Group Elements
in the Environment

Sebastien Rauch and Bernhard Peucker-Ehrenbrink

Abstract Platinum group elements (PGE, i.e. Pt, Pd, Rh, Ir, Ru, Os) are among the
least abundant elements in the Earth’s continental crust. PGE concentrations in urban
and roadside environments are, however, increasing as a result of anthropogenic
emissions. Automobile catalysts are generally considered the main PGE source into
the urban and roadside environments. We argue that most studies to date have been
carried out with a presumption of potential sources, and this bias may have masked
additional, yet unidentified PGE sources. Comparison of environmental records at
urban locations suggests that PGE emissions reflect contributions from several
sources, including automobile catalysts, industry and medical treatment centers.
Coal combustion may also contribute to urban PGE fluxes. Environmental records
at remote locations support contributions from such diverse sources. Estimates of
PGE emissions, however uncertain, indicate that these diverse sources contribute
significantly to the global PGE budget at the Earth’s surface.

1 Introduction

The highly siderophile properties of the platinum group elements (PGE, i.e. Pt, Pd,
Rh, Ir, Os, Ru) has caused segregation of the vast majority of these elements’
terrestrial inventories into the Earth’s core (Goldschmidt 1922). Consequently, PGE
are among the most depleted elements in the Earth’s crust relative to bulk earth
abundances (Noddack and Noddack 1931; Wedepohl 1995; Peucker-Ehrenbrink
and Jahn 2001). The natural biogeochemical cycles of these elements at the Earth’s
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surface are dominated by erosion of the continental crust, volcanic eruptions and
accretion of extraterrestrial matter. The low natural backgrounds facilitate the
detection of even small anthropogenic additions to the natural PGE cycles in the
Critical Zone. Increasing use of PGE in a range of applications is now resulting in
the release of PGE into the environment to an extent that anthropogenic PGE fluxes
are exceeding natural fluxes at the Earth’s surface (Klee and Graedel 2004; Sen and
Peucker-Ehrenbrink 2012).

Anthropogenic emissions have largely been attributed to automobile exhaust
catalysts, which use Pt, Pd and Rh as main active component for the removal of
harmful gases (i.e. CO, NOx and hydrocarbons) from automobile exhaust fumes.
The introduction of automobile catalysts in the USA in the mid-1970s and in
Europe in the 1980 s led to investigations on PGE emissions (e.g. Konig et al. 1992;
Palacios et al. 2000; Moldovan et al. 2002) and their accumulation in urban and
roadside environments (e.g. Ely et al. 2001; Gomez 2002; Rauch et al. 2004, 2006;
Zereini et al. 2004). Other documented anthropogenic PGE sources are metal
production (Niskavaara et al. 2004; Rodushkin et al. 2007; Rauch and Fatoki 2013)
and medical applications (Esser and Turekian 1993; Kummerer et al. 1999). PGE
also enter waste streams through their uses and emissions, making wastes and
sewage additional PGE sources into the environment (Ravizza and Bothner 1996;
Lashka and Nachtwey 2000). Recent studies performed in remote environments
suggest that additional anthropogenic sources contribute to the PGE cycles in
surface environments (Rauch et al. 2010; Sen et al. 2013).

This chapter critically reviews current knowledge of PGE sources and raises
questions over the completeness of this knowledge. We argue that most studies to
date have been carried out with a presumption of relevant, well-documented
sources. This bias may have masked additional, yet unidentified PGE sources.

2 Automobile Catalysts as a Source of PGE

Automobile catalysts are devices placed in the exhaust system of vehicles to
convert gaseous pollutants (i.e. carbon monoxide, nitrogen oxides and hydrocar-
bons) emitted from the engine into less hazardous forms. The catalysts use Pt, Pd
and Rh as main active components and are the most potent PGE source owing to
the amount of PGE used (37, 72 and 79 % of Pt, Pd and Rh demand, respectively)
(Fig. 1) and the usage pattern (exhaust gas flowing through a PGE containing
matrix).

PGE emissions from catalysts during vehicle operation have been documented in
both bench tests and environmental studies. Emissions are thought to result from
mechanical abrasion and chemical reactions at the catalyst surface (Moldovan et al.
2003). Emission rates measured in bench tests are in the ng km™' range (Konig
et al. 1992; Palacios et al. 2000; Moldovan et al. 2002). Emission rates are sig-
nificantly higher for diesel catalysts than for three-way catalysts used with gasoline
engines (Moldovan et al. 2002), and at higher speeds (Konig et al. 1992). Emission
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Fig. 1 Estimates of Pt, Pd, Rh, Ir and Ru demands in metric tons in different applications in 2013.
Chemical applications include petrochemical and electrochemical uses. Data source Matthey
(2013)

rates reported by Moldovan et al. (2002) and measured using a driving cycle
representing both urban and non-urban driving conditions with speeds up to
120 km h™' are summarized in Table 1. The emission rate inferred from Pt
deposition at an urban site is similar to measured emission rates for gasoline cat-
alysts (Lashka et al. 1996). The average relatively low speed (50 km h™") at this site
may, however, have affected the results, and a higher emission rate can be expected
for non-urban driving conditions (Helmers and Kummerer 1999). In addition,
Helmers (1997) suggests that emissions might also be enhanced by engine mal-
function (e.g. ignition problems), and estimates emission rates of the order of
0.5-0.8 pug Pt km™'. Such high emission rates are supported by estimates of Pt
losses during a vehicle’s lifetime, putting an upper limit on emission rates at
10 pg km™! (40 % Pt loss for a mileage of 100,000 km) (Helmers 1997). Using an
emission rate of 0.1-0.8 pg Pt km™', Rauch et al. (2005b) estimated that 0.8—6.0
metric tons of Pt are emitted annually by automobile catalysts. Based on the
emission range shown in Table 1, we extend the emission range to 0.01-6.0 tons Pt
year '. As most vehicles equipped with a catalyst are operated in the Northern
Hemisphere, this flux is expected to be representative of the global Pt emission. It is
important to note that estimates of PGE emission from automobile catalysts remain
quite uncertain despite nearly 30 years of research.
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Table 1 Estimates of PGE emission rates from automobile catalysts

Estimation Catalyst Emission rates (ng kmfl) References
Pt Pd Rh

Direct measurements, Pt-Pd-Rh 6.3 12.0 3.7 Moldovan
exhaust samples collected (gasoline) et al. (2002)
on bench test with driving Pd-Rh 8.2 159 |12.2 | Moldovan
cycle representing both. . (gasoline) et al. (2002)
urban and non-urban driving - 'p " jiecery [ 152 46 |26 | Moldovan
conditions, catalyst mileage et al. (2002)
30,000 km :

Pt (diesel) 110 82 39 Moldovan

et al. (2002)

Inferred from deposition at - 5 - - Lashka et al.
an urban site, speed 50 km h! (1996)
Inferred from emission - 500-800 |- - Helmers (1997)

estimates for different
vehicle and driving
conditions, and comparison
with environmental samples

Although Pt, Pd and Rh are the main active ingredients of automobile catalytic
converters, Os has been reported to be present as an impurity in such catalysts (Poirier
and Gariepy 2005). Environmental studies suggest that Ir and Ru are also present as
impurities (Fritsche and Meisel 2004; Rauch et al. 2004). Automobile catalysts are
therefore also considered to be sources of Os, Ir and Ru to the environment.

3 Are Automobile the Main Source of PGE
in Urban Areas?

The introduction of automobile catalysts and initial reports of PGE emissions from
such catalysts raised concern over the potential risks of this new contamination.
Several studies aimed at assessing PGE levels in urban and roadside environments
and have shown that PGE concentrations are elevated relative to expected natural
concentrations or concentrations in remote environments. These studies have also
attempted to confirm an automobile catalyst source through various strategies,
including sampling at sites with varying traffic intensities (Gomez 2002; Rauch et al.
2006), sampling at increasing distances from automobile traffic (Helmers 1996;
Zereini et al. 2000; Jarvis et al. 2001; Ely et al. 2001), estimation of temporal
changes in PGE concentrations or accumulation rates (Rauch et al. 2004, 2006), the
use of PGE ratios (Ely et al. 2001; Gomez 2002; Rauch et al. 2005a, 2006) as well as
correlations with other elements presents in catalysts (Helmers 1996; Rauch et al.
2000). More recently, the isotopic composition of Os (**’0s/'*0s) has shown that
elevated PGE concentrations in urban air are associated with unradiogenic (i.e. low
18705/'880s values) PGE sources in urban environments (Rauch et al. 2005a, 2006)
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that are similar to the Os isotopic composition of catalysts (Poirier and Gariepy
2005).

While many studies support an automobile catalyst source, these studies also
present discrepancies. For instance, relatively small differences have been reported
between cities with different population sizes, vehicle numbers and catalyst intro-
duction dates, as well as traffic patterns and intensities at specific sampling loca-
tions. Pt concentrations in airborne particles range from 3.9 to 15.6 pg m° in six
cities in Western Europe (Gomez 2002). For comparison, Pt concentrations of
6.9 + 1.9 and 9.6 + 1.8 pg m > were reported for airborne particles in Boston, USA
(Rauch et al. 2005a) and Mexico City, Mexico (Rauch et al. 2006), respectively.
PGE concentrations do not necessarily correlated with traffic intensities. For
instance, relatively high PGE concentrations at a site with low traffic intensity in
Mexico City were attributed to an industrial source (Rauch et al. 2006). In addition,
no significant difference was found between airborne PGE concentrations in sam-
ples collected on weekdays and weekends in Boston, USA, although traffic
intensity is expected to be lower on weekends (Rauch et al. 2005a). PGE abundance
ratios in environmental samples, which were used to confirm an automobile catalyst
source in some studies, do not necessarily match expected catalyst compositions
(Fig. 2). In addition, abundance ratios in catalysts are not always measured, and
their use is therefore not necessarily valid. For instance, different PGE ratios
between Hong Kong and Mainland China have been attributed to differences in
automobile catalyst composition, although automobile catalyst compositions have
not been documented (Qi et al. 2011).

Discrepancies between expected and observed PGE concentrations or abundance
ratios suggest that a number of sources contribute to PGE fluxes in urban areas.
Contributions from other sources are supported by studies of PGE at water treat-
ment plants, which collect water from urban areas and therefore integrate emissions
from different sources. A Pt flux of 5.3 kg yr ! has been estimated for a wastewater

100
. ® Urban airborne particles
10 4 ! ._,}‘_}_1 4 Road dust and roadside soil
vt
A
E " * PGE demand for catalysts
a -
11 Wa | ——Catalyst composition
A = 4
L J
0.1
1 10 100
PURh

Fig. 2 Comparison of published PGE ratios (Pt/Pd vs. Pt/Rh) in road dust and roadside soils
obtained in urban and roadside environments (data published in Rauch et al. 2005b) with
automobile catalyst composition (Ely et al. 2001) and PGE demand for catalysts (Johnson
Matthey)
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treatment plant in Munich, Germany, that includes 0.9 kg yr71 from automobile
catalyst emissions (Lashka and Nachtwey 2000). In contrast, another study indi-
cates that automobile catalysts are the main source of PGE in sewage sludge in the
UK, although elevated Pd concentrations at three sites could not be attributed to an
automobile catalyst source (Jackson et al. 2010). This difference supports the
contention that there is no dominant PGE source that explains findings in all urban
areas. The relative importance of different PGE sources therefore depends on
specific characteristics of an urban area.

4 PGE Emissions from Non-automobile Sources

Studies of the occurrence of PGE in urban settings suggest that multiple sources
contribute to anthropogenic PGE fluxes. In this section, we assess the relevance of
documented non-automobile PGE sources that may contribute to both local and
global PGE cycles, including PGE production activities, industry and medical
applications.

4.1 PGE Uses as Indicator for PGE Sources

PGE are used in a range of applications besides automobile catalysts (Fig. 1).
Jewelry is an important use for Pt (33 % of Pt demand), but very high recycling rates
make this use an unlikely source of significant Pt emissions into the environment.
Although other uses are more limited, they may contribute significantly to PGE
releases into the environment. The use of Pt-based drugs in cancer treatment that
accounts for about 5 % of total Pt demand may cause the emission of this metal into
the environment through the excretion of administered drugs. Electrical applications,
uses by the chemical industry, jewelry and dental applications are unlikely to be
significant sources of PGE into the environment. Therefore, significant Ir and Ru
emissions are unlikely. Osmium has a limited number of uses, the largest single use
being as fixative and stain in the preparation of tissue thin sections for optical and
electron microscopy (Esser and Turekian 1993). It should, however, be noted that
PGE uses may contribute to elevated PGE loadings in waste and sewage streams
despite active recycling of automobile catalysts and electronic components.

4.2 PGE Emissions from Mining and Production Activities

PGE mining and production activities in South Africa and Russia have been
reported to cause emission of PGE into the environment. Elevated Pt concentrations
were found near Pt mining and ore processing sites in the Bushveld Igneous
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Complex, South Africa. The highest concentration in soils (i.e. 653 ng g ') was
measured near a PGE smelter (Rauch and Fatoki 2013). Nickel, Cu and PGE
production in Northern Europe has also been implicated in PGE emissions. Nickel
smelters on the Kola Peninsula in NW Russia have been identified as important
regional sources of Pt and Pd based on the spatial distribution of these metals in
environmental samples (Niskavaara et al. 2004). In addition, chromium smelters in
the Kemi district in Finland have been identified as a source of Os to the atmo-
sphere (Rodushkin et al. 2007).

Reimann and Niskavaara (2006) estimated that 2.2 metric tons Pd (1.1 % of
global annual production) and 0.8 metric tons Pt (0.5 % of global annual produc-
tion) were emitted annually by the Monchegorsk smelter in the mid 1990s. Based
on these estimates, global smelter emissions could exceed 5 % of the annual Pt and
Pd productions, equivalent to 9 metric tons Pt and 10 metric tons Pd. In contrast, Pt
and Pd emissions estimated using Cu emissions rates from Cu-Ni production
(Pacyna 1984) amount to only 0.3-0.7 metric tons per year.

4.3 Industrial PGE Emissions

An increase in Os accumulation rates in a peat record in NW Spain has been
observed at the onset of the industrial revolution, indicating that industrial activities
are associated with PGE emissions (Rauch et al. 2010). Helmers and Kummerer
(1999) note that although industrial emissions are likely, they are difficult to
quantify because few data are available for industrial PGE emissions. Elevated PGE
concentrations at a site with relatively low traffic in an industrial area in Mexico
City were attributed to industrial PGE emissions (Rauch et al. 2006). Sewage from
a microelectronics factory in Germany contained 11-33 ng Pt L™ (Laschka and
Nachtwey 2000). High PGE concentrations were found in soil near a PGE pro-
cessing plant in Germany (Zereini et al. 1998). Comparison of PGE distribution
patterns near the plant and aside roads shows that industrial and automobile PGE
emissions are characterized by different relative PGE abundances. PGE abundance
ratios could therefore be used to differentiate between these sources. However, the
abundance ratios for industrial sources depend on the type of industrial activity and
would need to be determined.

4.4 PGE Emissions from Medical Treatment Centers

Platinum-based drugs, including cisplatin (cis-diammine-dichloro-platinum[II]) and
carboplatin (diamine[1,1-cyclobutanedicarboxylato] platinum[II]), are used in the
treatment of several forms of cancer. Platinum is excreted by the patients after
treatment with Pt-based drugs and is found in hospital effluents at concentrations
ranging from <10 ng L™" to 3.5 pg L™". Pt is subsequently diluted in the municipal
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wastewater system to concentrations 10 ng L™ in sewage effluents (Kummerer
et al. 1999; Lashka and Nachtwey 2000). Emissions are expected to be in form of
soluble compounds, including administered drugs and their derivatives (Kummerer
et al. 1999). In addition, patients that have undergone treatment with Pt drugs are
expected to excrete Pt for a period of over 8 years, indicating that Pt is also released
outside of medical facilities (Schierl et al. 1995). Evidence based on the unique
isotope signature of industrial Os led Esser and Turekia (1993) to argue that this
element is released from biomedical facilities where it is used as a stain fixative in
electron microscopy applications.

4.5 PGE in Urban Sewage and Waste

Elevated PGE concentrations have been reported in sewage and waste (Esser and
Turekian 1993; Lashka and Nachtwey 2000; Jackson et al. 2010). Sewage and
waste potentially become secondary PGE sources, leading to PGE emissions during
treatment, reuse or disposal. Depending on characteristics of the sewage network,
sewage discharges can result in the release of PGE into the aquatic environment.
Wastewater treatment plants in Munich, Germany released 1.3 kg Pt yr™ ' into local
rivers (Lashka and Nachtwey 2000). The use of sewage sludge in agriculture has
been identified as a source of PGE in soils (Helmers and Kummerer 1999). PGE
enrichments have also been found in incinerator ash, reflecting the occurrence of
PGE in municipal waste (Jackson et al. 2010). Elevated Os concentrations in coastal
marine sediments have been attributed to sewage discharges into Massachusetts and
Cape Cod bays, USA, based on the good correlation of Os concentrations with Ag
concentrations and co-variations in Os isotopic composition that point to an
anthropogenic source of the Os (Ravizza and Bothner 1996). However, a later study
performed in Boston Harbor, USA, reported a large discrepancy between Pt and Pd
fluxes estimated from sediment concentrations and fluxes associated with sludge
and effluent release, suggesting that sewage discharges are not the main source of
these elements to Massachusetts Bay (Tuit et al. 2000).

5 Occurrence of PGE in Remote Environments
and Implication for PGE Sources

Elevated PGE concentrations in remote environments have provided evidence for a
widespread environmental contamination by anthropogenic activities, as well as
information on the contribution of PGE sources to the global biogeochemical cycle
of PGE (Barbante et al. 2001, 2004; Moldovan et al. 2007; Rauch et al. 2010; Sen
et al. 2013).
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5.1 Atmospheric PGE Dispersion

The extent of PGE dispersion from various sources is uncertain. Automobile
emissions are expected to have a relatively limited dispersion because PGE are
bound to fine particulates. A sharp decrease in PGE concentrations has been
observed within a few meters from automobile traffic (Jarvis et al. 2001; Ely et al.
2001; Helmers 1996). However, PGE concentrations remain elevated 100 m away
from roads (Jarvis et al. 2001; Ely et al. 2001; Helmers 1996). Industrial emissions
from a PGE processing plant in Germany could be tracked for longer distances than
automobile catalyst emissions, possibly due to smaller particle sizes and emissions
through smoke stacks at greater height (Zereini et al. 1998). Regional dispersion of
PGE from mining and ore processing plants has been demonstrated in both South
Africa (Rauch and Fatoki 2010) and Russia (Reimann and Niskavaara 20006).
Background concentrations were reached within 200 km of Russian smelters
(Reimann and Niskavaara 2006). However, the emission of fine PGE-containing
particles support the notion of more widespread dispersion (Rauch et al. 2005b),
and it has been suggested that both metal production activities and automobile
catalysts contribute to the global PGE cycle through long-range atmospheric
transport (Barbante et al. 2001; Moldovan et al. 2007; Rauch et al. 2005b).

5.2 Sources of PGE in Rural Aerosols

PGE concentrations and Os isotopic composition (*¥’0s/"*0s) in airborne particles
in Woods Hole, USA, reveal complex anthropogenic sources (Sen et al. 2013).
Woods Hole is located more than 100 km away from the nearest urban center and
more than 30 km from any industrial complex. PGE concentrations in Woods Hole
aerosols are an order of magnitude below urban concentrations and vary by an order
of magnitude. The '®’0s/'®*Os range from 0.132 to 1.074, indicating contributions
from different sources. Erosion of the earth’s continental crust for instance is
characterized by a radiogenic Os signature with an average '®’0s/'*®0s of 1.4
(Peucker-Ehrenbrink and Jahn 2001). In contrast, commercial Os has an unradio-
genic isotopic composition because it is mined from ore deposits that are geneti-
cally linked to sources in the Earth’s mantle, a reservoir with 2-3 orders of
magnitude higher PGE concentrations than the continental curst. The Earth’s
mantle is characterized by a low 870s/'%80s of ~0.1-0.2 (Meisel et al. 1996) that
reflects the small time-integrated ratio of the partent isotope (‘*’Re), a moderately
incompatible element during mantle melting, to Os. For this reason automobile
catalysts are characterised by unradiogenic Os isotopic compositions (Poirier and
Gariepy 2005). Pt/Rh and '*’0s/'*®Os indicate that ore smelting is the primary PGE
source in airborne particles in Woods Hole, with possible minor contributions from
automobile catalyst emissions and fossil fuel combustion (Sen et al. 2013).
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5.3 Sources of Os in a Peat Record of Atmospheric
Deposition

Evidence for unidentified Os sources has been obtained from a ca. 7000-year long
peat record of atmospheric Os accumulation and isotopic composition from an
ombrotrophic peat bog in NW Spain (Fig. 3a) (Rauch et al. 2010).

The Os record shows that human influence on Os accumulation in the environment
started with early metal mining (ca. 4,700-2,500 years before present [BP]), possibly
linked to mining and smelting of copper ores. Osmium accumulation remained ele-
vated thereafter with a maximum during the Roman occupation of the Iberian Pen-
insula. A further increase is observed starting with the industrial revolution in ca.
1750 AD. While the Os isotopic composition is consistent with a two-component
mixing between a radiogenic Os source (erosion) and an unradiogenic Os source
(metal mining) until the industrial revolution, a shift in isotopic composition in the
more recent samples indicates that at least three components contribute to Os accu-
mulation (Fig. 3b). A source with high Os concentration and unradiogenic Os isotopic
composition points to metal production and catalysts, a source with low Os
concentration and radiogenic Os isotopic composition is consistent with input from
erosion, and a source with high Os concentration and radiogenic Os isotopic com-
position has been linked to fossil fuel combustion (Rauch et al. 2010).

The Os record at PVO indicates that fossil combustion is a source of PGE to the
environment. Platinum concentrations in gasoline are on the order of 1-6 ng L ™",
corresponding to an emission of 0.1-0.6 ng km™" for a gasoline consumption of 10
L per 100 km (Hoppstock and Michulitz 1997). Pt emissions from gasoline use are
estimated at 1-8 kg yr '. Platinum concentrations in coal have been estimated at
0.1-1 ng g~ ' (Oman et al. 1997), implying an emission of 0.001-0.2 metric tons
yr_ ! if emission rates are 0.1-2 %. These estimates are suggestive of fossil fuel
combustion contributing to the global as well as urban PGE fluxes and cycles.

5.4 Source of PGE in Snow and Ice

Elevated PGE concentrations have been reported in European mountain regions and
in Central Greenland. PGE sources at these sites have been identified using PGE
ratios, atmospheric trajectory modelling and comparison of PGE concentration
trends with metal use or anthropogenic activities. For instance, Pt, Pd, and Rh have
been measured in fresh snow samples in the French Pyrenees Mountains. Atmo-
spheric trajectory models indicate that elevated PGE concentrations are associated
with both automobile catalyst emissions and Russian PGE production (Moldovan
et al. 2007). The main advantages of these records are excellent chronologic
information and the very low natural PGE background in ice and snow. However,
these records must be interpreted with care, as the low natural background makes
these matrices susceptible to contamination during and after sampling.
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Fig. 3 a Changes in Os accumulation in Northwest Spain; b Plot of '#70s/"#%0s versus 1/'%%0s
showing a shift in isotopic composition at the Penido de Vello bog. The pre-industral period (>250
BP) is characterized by a two-component mixing between an Os-poor radiogenic (high
1870s/'%0s) source and an Os-rich unradiogenic (low '®70s/'®0s) source. The '¥70s/'®80s
deviate from the two-component mixing line after the onset of the industrial revolution. Error bars
represent 2 standard deviations (Rauch et al. 2010)

Elevated PGE concentrations have been reported in ice at Summit in Central
Greenland, with a sharp concentration increase after 1990 (Barbante et al. 2001).
PGE abundance ratios in Greenland ice and atmospheric trajectory models make
contributions from multiple sources such as automobile traffic and Russian smelters,
likely (Rauch et al. 2005b). The late increase in PGE concentrations in Greenland
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Fig. 4 Estimates of annual
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compared to the introduction of catalysts in the USA in 1975 may point to the
predominance of Europe as a source area, as catalysts were introduces in Europe
about a decade later. Curiously, there is no direct relationship between the con-
centration trend in Greenland and either Russian production or the PGE demand for
catalysts. It is therefore likely that elevated PGE concentrations in central Greenland
are the result of long-range transport from both urban areas where automobile
exhaust catalysts are in use and Russian smelters. It would be worthwhile to scru-
tinize these ice records for the temporal evolution of other tracers of anthropogenic
contamination. Such records may point to yet undiscovered sources of PGE to the
environment.

6 Conclusion

Available information on the emission and environmental occurrence of PGE
indicates that automobile catalysts may not be the single most important PGE
source, but that anthropogenic PGE emissions stem from a range of anthropogenic
activities. In urban areas, potential sources include automobile catalysts, industrial
processing, fossil fuel combustion and medical centers. The dispersion of PGE from
urban sources and emissions from PGE production facilities contribute to the global
biogeochemical cycles of PGE. A comparison of atmospheric PGE emissions from
a variety of potential sources indicates that PGE production activities, automobile
catalysts and coal combustion are potentially equally important sources of PGE
(Fig. 4). There are, however, significant uncertainties in emission estimates owing
to significant variations in reported emission estimates. For instance, while avail-
able data are consistent with the release of PGE from industrial activities, it is not
yet possible to quantify industrial PGE emissions. A further complication lies in our
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limited understanding of PGE dispersion that makes it very challenging to deter-
mine the geographical extent of PGE contamination from these sources.

Further research should focus on two parallel approaches; firstly, emission rates
from identified PGE sources should be better quantified and dispersion mechanisms
assessed in an attempt to determine the extent of PGE contamination from each
source. Secondly, detailed environmental records should be obtained and source
identification methods refined in order to assess the contribution from different PGE
sources, and to detect any yet unidentified sources of PGE to the environment.
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Impact of Platinum Group Element
Emissions from Mining and Production
Activities

Sebastien Rauch and Olalekan S. Fatoki

Abstract South Africa and Russia are the world’s leading platinum group elements
(PGE) producers with over 80 % of the global PGE output. Studies performed in the
Bushveld Igneous Complex in South Africa and on the Kola Peninsula in Russia
show that PGE mining and production activities are important regional PGE
sources. Elevated PGE concentrations have been found in snow, soil, road dust,
grass, moss and humus collected near PGE mining and production sites. The
occurrence of elevated PGE concentrations near mining sites raises concern over
environmental effects and exposure of the local population. Studies on the occur-
rence of PGE in remote environments also suggest that emissions from PGE
production activities contribute to the global biogeochemical cycle of the PGE. The
loss of PGE during metal production could be as much as 5 % of the global supply
and represents a substantial economic loss. Studies on the impact of PGE mining
and production activities are few. Further research is needed to better assess the
environmental impact of PGE emissions from mining and production activities.

1 Introduction

Studies on the environmental relevance of the platinum group elements (PGE) have
until now largely focused on urban and roadside environments where elevated PGE
concentrations have been reported as a result of automobile catalyst emissions
(Ravindra et al. 2004; Rauch and Morrison 2008). Although metal production
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activities are recognised to be an important source of metals into the environment
(Nriagu and Pacyna 1988; Dudka and Adriano 1997), PGE emission from mining
and production activities have only received little attention. Recent studies per-
formed in remote environments indicate however that additional PGE sources
contribute to the global biogeochemical cycles of these element and metal pro-
duction activities have been suggested as a potential source of PGE into the
environment (Barbante et al. 2001; Rauch et al. 2005; Moldovan et al. 2007; Rauch
et al. 2010; Sen et al. 2013).

PGE are present at trace concentrations in the Earth’s upper continental crust
(Peucker-Ehrenbrink and Jahn 2001) and economic recovery is only possible at a
few sites where PGE concentrations are sufficiently high. PGE are mined from
primary deposits where they are typically in igneous minerals and associate to other
elements (e.g. Cu and Ni) in igneous rocks, and secondary deposits formed by
erosion and relocation of PGE in pure metallic form. Primary deposits, such as the
Bushveld Igneous Complex (BIC) in South Africa and the Norilsk/Talnakh complex
in Russia, account for most of the PGE production. It is estimated that 179 tons Pt,
197 tons Pd and 22 tons Rh were produced in 2013, and South Africa and Russia
accounted for 82 % of the global PGE production (Fig. 1). The remaining 18 % were
mainly produced by Canada, the USA and Zimbabwe (Johnson-Matthey 2013).

This chapter summarizes current knowledge on PGE emissions from PGE
mining and production activities in South Africa and Russia, as well as their
contribution to the global biogeochemical cycles of the PGE.

2 Impact of PGE Mining in South Africa

2.1 Mining Areas

South Africa is the world’s largest PGE producer with 72 % of Pt production, 37 %
of Pd production and 80 % of Rh production in 2013 (Johnson-Matthey 2013). South
Africa’s PGE resources are located in the Bushveld Igneous Complex (BIC) in the
Northern part of the country (Fig. 2). The BIC is the world’s largest mafic-ultramafic
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Fig. 2 Map of the Bushveld Igneous Complex with the location of mines (M1-M6) in the Rauch
and Fatoki (2013) study

intrusion with an area of 65,000 km? and 75 % of the world’s Pt resources (Cawthorn
1999). Mining has until recently concentrated on the shallower Merinsky Reef in the
western limb of the BIC because of higher grade, lower chromite content and easier
access to mining sites. Increasing demand and decreasing reserves are now resulting
in the exploitation of the deeper Upper Group 2 (UG2) chromitite layer and of the
eastern limb of the BIC. In 2006 mining of UG2 was expected to represent as much
as 60 % of the total ore processed in the BIC and 18 % of the production was
expected to take place in the eastern limb (Johnson-Matthey 2003). Processing
plants and smelters are operated in both the Western and Eastern Limbs of the BIC.

2.2 Platinum Concentrations in the Vicinity of PGE Mines
in the BIC

Elevated Pt and Pd concentrations in the BIC were first reported in the context of
geochemical mapping. Concentrations exceeding 180 ng Pt g~ and 99 ng Pd g~*
were found in soil in the BIC and mining operations were suggested as a possible Pt
and Pd source (Wilhelm et al. 1997). Potential PGE emissions by mining activities
in the BIC were however not investigated further.

Elevated Pt concentrations have been reported near selected mines (M1-M6 in
Fig. 2) in the BIC (Rauch and Fatoki 2013). Platinum concentrations in topsoil
ranged from 9.9 £ 0.7 ng g~' near an underground shaft to 653 = 40 ng g~' near a
PGE smelter (Fig. 2). In comparison, Pt concentrations in the BIC were 4-250
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Fig. 3 Pt concentrations in top soil collected at a background site, near PGE mines (M1-M6) and
in villages located near mine M4 (Data Rauch and Fatoki 2013)

times larger than Pt concentrations at a background site. The observed variation in
Pt concentrations is attributed to the type of activity in the direct vicinity of the
sampling point and indicate that smelters are more important Pt sources than mining
from underground shafts or ore processing (Fig. 3).

Pt was found to be enriched in fine particles (<125 pm) near the smelter, whereas
a more even particle size distribution was found at the processing plant (Rauch and
Fatoki 2013). Ore processing essentially consists of milling and separation by
flotation, and may therefore only result in the emission coarse particles. In contrast,
smelting involves high temperature processes that may result in the formation of
finer particles.

Elevated Pt concentrations were also found in grass collected at mine M4 and in
nearby towns with the highest concentration (256 + 122 ng g~ ') measured near the
smelter at mine M4. Exposure experiments in the lab showed that uptake from
contaminated soil is relatively limited and the occurrence of PGE in grass is
therefore attributed to deposition of Pt-containing aerosols.

2.3 Platinum Concentrations in South African Road Dust

Road dust was collected in four South African cities to assess the relative impor-
tance of automobile catalysts and PGE production activities (Rauch and Fatoki
2010). Average Pt concentrations in road dust ranged from 4 ng g~' in Cape Town
to 223 ng g ' in Rustenburg (Fig. 4) with a minimum concentration of 2 ng g71
along highway N2 in Cape Town and a maximum concentration of 391 ng g~ at
Mandela Street in Rustenburg. The results show that automobile catalysts are a
minor source of Pt into the South African environment with relatively low
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Fig. 4 Average Pt concentration in road dust collected in South African cities (Data Rauch and
Fatoki 2010)

concentrations at high traffic sites in Cape Town and Port Elizabeth. Rustenburg is
located in the Western Bushveld and elevated Pt concentrations are associated with
PGE mining and production activities. Elevated Pt concentrations in Pretoria rel-
ative to Cape Town and Port Elizabeth indicate that Pt emitted in the BIC is
dispersed at regional scale. Pretoria is located 150 km East of Rustenburg.

3 Impact of PGE Mining in Russia

3.1 Mining Areas

PGE production in Russia dates back to the early nineteenth century when alluvial
deposits were discovered in the Ural Region. Today, Russia is the world’s second
largest PGE producer and the largest Pd producer with 14 % of Pt production, 41 %
of Pd production and 12 % of Rh production (Johnson-Matthey 2013). PGE pro-
duction activities are located at 5 sites across the country (Fig. 5).

The Norilsk/Talnakh site on the Taimyr Peninsula in Northern Siberia accounts for
most of Russia’s PGE production. PGE at Norilsk/Talnakh occur in large sheets of
PGE-containing copper-nickel ores associated with a sequence of igneous intrusions.
PGE occur in massive sulphide ores, copper-rich ores and disseminated ores and are
produced along with copper and nickel. While the Norilsk/Talnakh deposit is larger
than the Bushveld Igneous Complex, PGE grades vary widely. Lower grade nickel-
copper ores with PGE by-products are produced on the Kola Peninsula. Concentrating
and smelting operations are performed at both the Norilsk/Talnakh and the Kola
Peninsula sites (Johnson-Matthey 2004; Reimann and Niskavaara 2006).



24 S. Rauch and O.S. Fatoki

Kola Peninsula

Norilsk/Talnakh Kondyor

Central Urals

600 km

B PGE mining districts
Fig. 5 Map of Russia with PGE mining districts (adapted from Johnson-Matthey 2004)

Platinum is also produced from Koryak and Kondyor, two alluvial deposits in
the far Eastern regions of Russia. Alluvial platinum deposits in the Urals are still
being mined, but account for a small fraction of Russian PGE production (Johnson-
Matthey 2004).

3.2 Platinum Concentrations in the Vicinity of PGE Mines
on the Kola Peninsula

The Norilsk/Talnakh area and the Kola Peninsula are heavily polluted by metal
production industries (Blacksmith Institute 2013; Zhulidov et al. 2011; Reimann
et al. 1998). Studies on PGE contamination in Russia have only focused on the
Kola Peninsula; there is no published information on the contamination levels at the
Norilsk/Talnakh site, despite higher production levels.

Elevated PGE concentrations have been reported in O-horizon soil near the Ni
refinery in Monchegorsk, the Ni smelter in Nikel and the Cu—Ni ore roasting plant
in Zapolyarnij (Niskavaara et al. 2004; Reimann and Niskavaara 2006). The highest
concentrations (218 ng Pt g~', 656 ng Pd g~") were found near the Monchegorsk
refinery, which processes PGE-rich ores from the Norilsk/Talnakh deposits,
whereas local Pechenga ores with lower PGE contents are process in Nickel and
Zapolyarnij (Reimann and Niskavaara 2006). Average concentrations of 49.6 ng Pt
g !, 187.6 ng Pd ¢! and 1.4 ng Rh g~! have been reported in topsoil near the
Monchegorsk plant (Boyd et al. 1997). In comparison, median concentrations of
0.62 ng Pt g' and 0.45 ng Pd g~' have been reported in O-horizon soil in
the European Artic (Finland, Norway, Russia) (Reimann and Niskavaara 2006).
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Fig. 6 Satellite images of the Rustenburg (South Africa, a) and Norilsk (Russia, b) areas showing
the proximity of mining operations to human settlements (marked in blue). Images reproduced
from Google Earth
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PGE concentrations in snow were found to be in the range <1-650 ng Pt 17!,
<1-2770 ng Pd 17!, <0.5-19 ng Rh 1! near the Monchegorsk, Nikel and
Zapolyarnij plants). The highest concentrations were found at the Monchegorsk
plant (Gregurek et al. 1999).

The PGE concentration pattern in soil and snow is similar to that of processed
ores, suggesting that PGE are emitted in the form of ore dust. The PGE concen-
tration pattern in soil reflects that of Talnakh ores processed at the Monchegorsk
plant, whereas concentration pattern in snow suggest that both Norilsk and
Pechenga (Kola Peninsula) ores contribute to elevated PGE concentrations on the
Kola Peninsula. PGE concentration patterns in soil and snow samples also indicate
that there is no preferential leaching or redistribution of emitted PGE (Boyd et al.
1997; Gregurek et al. 1999).

4 Implication of PGE Emissions by Mining and Production
Activities

4.1 Environmental Impact and Human Exposure

The occurrence of elevated PGE concentrations has no proven environmental
impact, possibly due to limited data on chronic effect. Although the occurrence of
PGE in grass (Rauch and Fatoki 2013) and moss (Reimann and Niskavaara 2006)
near PGE production sites is likely due to atmospheric deposition, it is known that
PGE emitted by automobile catalysts can be bioaccumulated (Moldovan et al.
2001; Ek et al. 2004; Haus et al. 2007). Data on the occurrence of PGE in biota near
PGE production sites is lacking. In addition, PGE mining and production activities
are important point sources of SO, and heavy metals (Blacksmith Institute 2013;
Zhulidov et al. 2011; Reimann et al. 1998; Boyd et al. 2009). Severe environmental
degradation has been observed around the Russian PGE production sites (Zhulidov
et al. 2011) and Norilsk is considered to be one of the most contaminated places on
Earth (Blacksmith Institute 2013).

Some of the main PGE mining and production sites are located in the direct
vicinity of human settlements. Rustemburg (ca. 550,000 inhabitants in the Local
Municipality), Norilsk (ca. 175,000 inhabitants) and Monchegorsk (ca. 45,000
inhabitant) are located within a few km of mines, smelter and refineries (Fig. 6). PGE
emissions and occurrence of elevated PGE concentrations in the environment raise
concern over exposure of the local population. Elevated Pt concentrations were
found in soil and grass in two towns located within a few kilometres from mine M4
in the BIC (Rauch and Fatoki 2013). Platinum concentrations in soil in Town A
(1 km North of the smelter) and Town B (3 km SW of the smelter) were 73 = 61 and
109 + 48 ng g~ in 2008, respectively. The mining companies are also the main
employers in these cities, resulting in a combination of both environmental and
occupational exposures for many inhabitants. Potential toxic effects at high con-
centrations include sensitization, mutagenic effects and increased tumor incidence.
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4.2 Global Impact of PGE Emissions from Mining

Increasing PGE concentrations in remote environments have been attributed to
anthropogenic PGE emissions (Barbante et al. 2001; Rauch et al. 2005; Moldovan
et al. 2007; Rauch et al. 2010; Sen et al. 2013). Atmospheric back trajectories
indicate that PGE in Central Greenland and in the French Pyrenees partly originate
from mining districts in Russia (Rauch et al. 2005; Moldovan et al. 2007). PGE
ratios further suggest that anthropogenic PGE deposition in Greenland is the result of
emissions from both automobile catalysts and PGE production activities (Rauch
et al. 2005). However, studies at the PGE mining and production sites on the Kola
Peninsula show that PGE concentrations decrease with increasing distance from the
production sites and the prevailing wind direction (Gregurek et al. 1998, 1999).
Background Pt and Pd concentrations are reached within 200 km from smelters
(Reimann and Niskavaara 2006). Differences may be explained by a stronger
influence of the geogenic background in the samples collected in the Kola Peninsula.

4.3 Economic Loss and Recovery

PGE emission by mining and production activities corresponds to a loss of
resources. It is estimated that 2.2 tons Pd (1.1 % of global production) and 0.8 tons
Pt (0.5 % of global production) were emitted yearly by the Monchegorsk smelter in
the mid 1990s (Reimann and Niskavaara 2006). Emission rates at the Monchegorsk
smelter indicate that global emissions could represent over 5 % of Pt and Pd
production (>10 tons Pd ylr_1 and >9 tons Pd yr_l). In contrast, Pt and Pd emissions
estimated using Cu emissions rates from Cu-Ni production (Pacyna 1984) amount
to 0.3-0.7 metric tons per year. Although these numbers are approximate, the
emission rates indicate substantial economic losses. Measured PGE concentrations
in soil near the smelters in South Africa and Russia also indicate that it would be
possible to recover part of the emitted PGE. More detailed feasibility studies should
be made to determine the area from which PGE could be recovered.

5 Conclusion

PGE mining and production industries are important local PGE sources. Elevated
PGE concentrations have been reported near mining and production operations in
South Africa and Russia, raising concern over exposure of the local population and
environmental degradation. While the emission of PGE may represent a substantial
economic loss, environmental levels near PGE smelters indicate that it would be
possible to recover PGE from contaminated soil. There is also some indication that
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PGE emissions from PGE production operations contribute to the global biogeo-
chemical cycle of these elements. Studies on PGE emission from mining and
production activities are few; there is for instance no published data for the Norilsk/
Talnakh operations. Further studies are needed to determine emission rates and
assess environmental contamination at local, regional and scales.
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Appraisal of Biosorption for Recovery,
Separation and Determination

of Platinum, Palladium and Rhodium
in Environmental Samples

Beata Godlewska-Zylkiewicz and Julita Malejko

Abstract The potential of metal sorption by certain types of biomass provides the
basis for the development of a new approach to remove heavy metals when they are
present at low concentration. Seaweeds, fungi, yeast, bacteria and other native
biomaterials, such as industrial and agricultural wastes and compounds derived
from plant and animal tissues (e.g. lignin, tannin, chitin and chitosan), can be used
as metal sorbents. The literature review shows that in the case of biomaterials of
plant and animal origin mainly basic investigation on the biosorption mechanism,
kinetics and thermodynamics of biosorption process using standard solutions of
platinum group elements was described. For the recovery of these metals from real
effluents and waste materials different types of microorganisms were applied. Due
to good sorption performance and high selectivity, microorganisms were also used
in analytical application for the separation and preconcentration of metals from
interfering matrix before their determination by spectrometric techniques. In this
book chapter the employment of biosorption processes for removal/recovery of
platinum, palladium and rhodium from wastes and the procedures of their deter-
mination in environmental samples using biosorption process and different detec-
tion techniques are presented and discussed.

1 Introduction

Extensive use of platinum group elements (PGE) in metallurgy, various chemical
syntheses, electronic applications and medicine as well as in the production of
catalytic converters for car engines (Matthey 2013; Zereini and Alt 2006)
has resulted in increasing demand for these metals. However, the PGE refineries
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generate large volumes of wastewater which still contain considerable amounts of
precious metals (Dobson and Burgess 2007; Mack et al. 2007). Additionally, fre-
quent updating of PC computers, mobile phones and entertainment devices gen-
erates a new source of waste, named e-waste. Therefore, the development of
effective methods for the removal/recovery of precious metals from a variety of
waste materials became necessary for economic reasons as well as for the creation
of the sustainable world. The conventional methods include pyro- and hydromet-
allurgical processing, chemical precipitation, solvent extraction, membrane filtra-
tion and ion exchange (Cui and Zhang 2008; Fontas et al. 2003). A new approach to
remove low concentrations of precious metals from effluents is biosorption (Das
2010; Mack et al. 2007). This process of metal binding by the biomass is a very
promising technology due to a low operation cost, high efficiency in detoxification
of effluents and selectivity. Seaweeds, fungi, yeast, bacteria and other native bio-
materials, such as industrial and agricultural wastes and compounds derived from
plant and animal tissues (e.g. lignin, tannin, chitin and chitosan), have been used as
metal sorbents (Das 2010; Mack et al. 2007; Park et al. 2010a; Wang and Chen
2009).

On the other hand, the growing industrial and medical use of platinum group
elements causes their emission into different compartments of the environment.
Analysis of airborne particulate matter, road and tunnel dust, soil, sewage sludge,
urban river and lake waters, and sediment cores demonstrated that the anthropogenic
activity has resulted in elevated concentrations of these elements in such samples
(Jackson et al. 2010; Kalavrouziotis and Koukoulakis 2009; Rauch et al. 2000;
Zereini and Alt 2000). Determination of PGE in environmental samples requires
application of sensitive and selective analytical techniques, such as atomic absorption
and emission spectrometry (AAS, OES) and inductively coupled plasma mass
spectrometry (ICP MS). However, the application of ETAAS for the determination of
Pt, Pd and Rh is sometimes limited by insufficient detection limit and occurrence of
spectral interferences, which are usually caused by a not completely compensated
background signal of matrix origin. ICP OES and ICP MS techniques suffer from
spectral interferences arising from more abundant constituents of the sample as well
(Godlewska-Zylkiewicz 2004; Godlewska-Zylkiewicz and Le$niewska 2006). Flow
injection chemiluminescence (FI-CL) methods of Pt(IV) determination have been
developed recently (Malejko et al. 2007, 2010). These methods are based on catalytic
effect of analyte on the chemiluminescence reaction of luminol oxidation in alkaline
medium (Malejko et al. 2007) and on quenching effect of analyte on the chemilu-
minescence generated by lucigenin in alkaline solution (Malejko et al. 2010). High
sensitivity, low detection limits (0.03—0.7 ng mL™" Pt), high sample throughput,
simple and inexpensive instrumentation (no external light source is required) are the
main advantages of these methods. However, the accuracy of CL determination of Pt
in environmental samples is strongly affected by matrix components (other metals
and organic compounds). Therefore, a separation/pre-concentration step must be
introduced into the analytical procedure for PGE determination. For this purpose
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chemical precipitation (Alsenz et al. 2009), solvent extraction (Shampsiur et al.
2009), electrodeposition (Godlewska-Zylkiewicz and Zaleska 2002), and solid phase
extraction (Godlewska-Zytkiewicz 2004; Myasoedova et al. 2007) have been
applied. In solid phase extraction (SPE) the analytes are partitioned between a solid
and a liquid phases basing on their affinity for the solid phase. Choice of an appro-
priate sorbent is crucial for the development of SPE methodology. The sorbent has to
exhibit certain properties as sufficient selectivity and capacity, high distribution
coefficients for analyte but not for matrix components, fast kinetics of sorption and
elution processes as well as tolerance against high flow rate in flow procedures. The
mechanisms of retention include adsorption (Ebrahimzadeh et al. 2010; Le$niewska
et al. 2005; Rastegarzadeh et al. 2010), chelation (Rojas et al. 2006, 2009), ion-
exchange (Krishna et al. 2009; Nakajima et al. 2009) and ion-pair formation. The
most commonly used packing materials for separation of PGE are polymeric resins
based on polystyrene, polystyrene-divinylbenzene or cellulose and silica gels func-
tionalized or coated with different chelating groups (containing e.g. N, S atoms)
(Godlewska-Zylkiewicz 2004). Non-polar sorbents, based on hydrophobic poly-
meric phase or activated carbon, are capable of extracting low polarity PGE com-
plexes from aqueous solutions through reverse phase sorption. The main limitation of
using of commercially available sorbents for separation of PGE is the lack of
selectivity, therefore in some cases the addition of masking agents to the sample
solution was essential. Nowadays, the introduction of new, more selective sorbents,
based on free and immobilized biomass, into the SPE methodologies is observed.
Analytical applications of biosorbents for the separation and preconcentration of
various metals before their determination by spectrometric techniques have been
reviewed (Godlewska-Zytkiewicz 2006; Pacheco et al. 2011).

In this chapter the employment of biosorption processes for removal/recovery of
platinum, palladium and rhodium from wastes and analytical applications of bio-
sorption for separation of trace amounts of these metals from interfering matrix of
samples are described.

2 Biosorption of Metal Ions

Biosorption is a passive non-metabolically mediated process of binding of different
chemical compounds by biomass (Volesky 2007). It does not depend on temper-
ature, metabolic energy or the presence of metabolic inhibitors. It usually involves
adsorption of metal ions at the cell wall via physicochemical interactions with
various functional groups including carboxylate, hydroxide, amine, amide, imid-
azole, sulfate, and sulthydryl. Binding is attributed to ion-exchange, adsorption,
complexation, microprecipitation and crystallization processes occurring on the cell
wall (Fig. 1). Often some of these mechanisms act simultaneously. Bioaccumula-
tion is an active process in which metals are transported into the cell and
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Fig. 1 Mechanisms of biosorption and bioaccumulation of metal ions by microorganisms

subsequently transformed in processes of reduction and oxidation, methylation, or
precipitation. Biosorption of metals by biomass depends mainly on the type of
biomaterial, principally structure and composition of its cell wall, the chemistry
of the metal ion and the external parameters of the process. Among them mass of
biosorbent, contact time between biomass and metal ions, temperature, solution pH
and its ionic strength, and the type and content of other ions mostly influence the
biosorption efficiency.

Both free and immobilized biomass could be used as biosorbent in batch and
flow procedures (Park et al. 2010a). The disadvantages of batch procedures are
problems with solid/liquid separation, instability of biomass in consequent cycles,
the need for multiple extraction of metals that have low partition coefficients. To
overcome these limitations biomass is often immobilized on solid support by
covalent bonding, entrapment in a polymeric matrix or crosslinking with special
reagents, e.g. glutaraldehyde, polyacrylamide or polyethyleneimine. Immobilized
biomass shows better mechanical properties which enables to use such material as a
filling of columns in flow procedures. Using this approach biosorbents can be easily
regenerated and used multiple times.
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3 Application of Inactive Biomass Derived from Plant
or Animal Tissues for Biosorption of PGE

Several biosorbents have been investigated for the removal of Pt and Pd from model
aqueous solutions (Table 1). Chitosan is a linear polysaccharide composed of ran-
domly distributed B-(1-4)-linked D-glucosamine (deacetylated unit) and N-acetyl-D-
glucosamine (acetylated unit) obtained from shrimp and other crustacean shells.
Glutaraldehyde cross-linked chitosan and its sulfur derivatives have been studied for
biosorption of Pt(IV) and Pd(II) ions from dilute solutions (Guibal et al. 1999, 2000,
2002). The glutaraldehyde cross-linking was necessary for stabilization of the
chitosan in acidic pH (pH 2), optimal for sorption of both metals. Analogous chitosan
derivatives namely glutaraldehyde cross-linked (GA), poly(ethyleneimine) grafted
(PEID) and thiourea grafted (TDC) have been studied for sorption of platinum and
palladium from bicomponent solutions by Chassary et al. (2005). Cross-linked
chitosan resins chemically modified with glycine (Ramesh et al. 2008), 1-lysine
(Fujiwara et al. 2007) and ethylenediamine (Zhou et al. 2010) have also been used for
such investigations. Generally, it was stated that anionic chlorocomplexes of Pt(IV)
and Pd(II) on all studied sorbents were bound by electrostatic attractions to the pos-
itively charged amino groups. This process was simultaneously accompanied by
chelation of the metal ion on sulphur containing groups on thiourea modified sorbents.

The adsorption of noble metals on different tannins containing multiple adjacent
hydroxyl groups was studied by some research groups (Kim and Nakano 2005; Ma
et al. 2006; Wang et al. 2005). Kim and Nakano (2005) applied tannin gel particles
to Pd removal. They confirmed by XRD (X-ray diffraction) technique that the
reduction of Pd(Il) and crystallization of reduced Pd(0) on tannin gel network
occurred. Wang et al. (2005) have found that the collagen fiber immobilized bay-
berry tannin exhibited high adsorption capacity to Pt(Il) and Pd(II) at pH 2, even in
the presence of Fe(Ill), Cu(Il), Ni(Il), and Zn(II) ions. The adsorption of Pt(IV) and
Pd(II) on bayberry tannin immobilized on collagen fiber (BTICF) was also inves-
tigated by Ma et al. (2000).

Parsons et al. (2003) have used powdered leaves and stems of alfalfa (Medicago
sativa) to study biosorption of PtCl¢>~ and PtCl,*". The process was performed for
60 min in a batch mode. The highest efficiency of biosorption was obtained at pH 2
for Pt(IV) (65%) and at pH 3 for Pt(Il) (80 %). After chemical modification of
biomass by esterification of carboxylic groups to methyl esters, the negative charge
of cell wall decreased and the highest efficiency of biosorption of Pt(IV) (90 %) was
obtained at pH 6.

Aminated lignin derivatives obtained from wood powder, containing primary
amine and ethylenediamine functional groups were used for removal of Pd(II) and
Pt(IV) from strong hydrochloric acid solutions (Parajuli et al. 2006), while aminated
crosslinked lignophenol (prepared by immobilizing phenol with wood lignin fol-
lowed by crosslinking with paraformaldehyde and chemical modification with
dimethylamine) was studied for recovery of precious metals from an actual
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Table 1 Parameters of biosorption process of platinum and palladium on biomaterials

Biosorbent Biosorption conditions Maximum sorp- | References
tion capacity,
Amax (Mg g )
Chitosan crosslinked Sample pH: 2, 304.1 (Pt Guibal
with glutaraldehyde contact time: 72 h, et al.
mass of biomass: 0.01 g, (2000)
temperature: 20 °C
Chitosan crosslinked Sample pH: 2, contact time: 72 h, 346.2 (Pt) Guibal
with glutaraldehyde mass of biomass: 0.01 g, temper- et al.
and grafted with ature: 20 °C (2000)
thiourea
Glutaraldehyde Sample pH: 2.2, 287.4 (Pd) Guibal
crosslinked chitosan contact time: 96 h, et al.
mass of biomass: 0.08 g, (2002)
temperature: 20 °C
Thiourea derivative Sample pH: 2.2, contact time: 277.5 (Pd) Guibal
of chitosan 96 h, mass of biomass: 0.08 g, 352.0 (Pd) et al.
Rubeanic acid deriv- temperature: 20 °C (2002)
ative of chitosan
Glycine modified Sample pH: 2, 122.47 (Pt) Ramesh
crosslinked chitosan contact time: 2 h, 120.39 (Pd) et al.
resin mass of biomass: 0.1 g, (2008)
temperature: 30 °C
Ethylenediamine- Sample pH: 2, 171 (Pt) Zhou et al.
modified contact time: 1 h, 138 (Pd) (2010)
magnetic chitosan mass of biomass: 0.05 g,
temperature: 25 °C
Collagen fiber immo- Sample pH: 2, 96.56 (Pt) Wang
bilized bayberry contact time: 48 h, 85.14 (Pd) et al.
tannin mass of biomass: 0.05 g (Pt), 0.1 g (2005)
(Pd), temperature: 30 °C
Collagen fiber immo- Sample pH: 3 (Pt), 4 (Pd), 45.8 (Pt) Ma et al.
bilized bayberry contact time: 60 min (Pt), 240 min 33.4 (Pd) (20006)
tannin (Pd), mass of biomass: 0.1 g,
temperature: 30 °C;
Polyamine cross- Sample pH: 0.3, 42.92 (Pt) Parajuli
linked lignophenol contact time: 100 h, 22.67 (Pd) et al.
mass of biomass: 0.02 g, (20006)
temperature: 30 °C
Polyethylenediamine Sample pH: 0.3, contact time: 104.56 (Pt) Parajuli
crosslinked 100 h, mass of biomass: 0.02 g, 40.44 (Pd) et al.
lignophenol temperature: 30 °C (2006)

(continued)
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Biosorbent Biosorption conditions Maximum sorp- | References
tion capacity,
Gmax (Mg g 1)
Terrestial moss Sample pH: 5, 37.2 (Pd) Sari et al.
Racomitrium contact time: 30 min, (2009)
lanuginosum mass of biomass: 0.1 g,
temperature: 25 °C
Cedar wood powder Sample pH: 1, 148.99 (Pd) Parajuli
contact time: 24 h, and Hirota
mass of biomass: 0.01 g, 2009
temperature: 30 °C
Sulfate reducing bac- Sample pH: 3, 90 (Pt) de Vargas
teria (SRB) contact time: 20 min, 190 (Pd) et al.
Desulfovibrio mass of biomass: 0.0015 g, (2004)
desulfufricans temperature: 30 °C
Polyethylenimine Sample pH: extremely acidic 108.8 (Pt) Won et al.
(PEI)-modified condition, contact time: 60 min, (2010)
Escherichia coli mass of biomass: 0-1.8 g,
temperature: 25 °C
Escherichia coli Sample pH: 3, 141.1 (Pd) Park et al.
contact time: 24 h, (2010b)
mass of biomass: 0.09 g,
temperature: 25 °C
Polyallylamine Sample pH: 3, contact time: 24 h, | 265.3 (Pd) Park et al.
hydrochloride modi- mass of biomass: 0.09 g, temper- (2010b)
fied E. coli ature: 25 °C
Tobacco mosaic virus | Sample pH: 5-5.5, 368.21 (Pd) Lim et al.
contact time: 1 h, (2010)
mass of biomass: 0.038 g |
temperature: 50 °C
Tobacco mosaic Sample pH: 5-5.5, contact time: 312.87 (Pd) Lim et al.
virus-wild 1 h, mass of biomass: 0.038 g L, (2010)

temperature: 50 °C

industrial solution obtained after aqua regia leaching of metal components in
obsolete e-devices (Parajuli et al. 2009).

Recently, the biosorption potential of Racomitrium lanuginosum (terrestrial moss)
(Sari et al. 2009) and modified (aminated) cedar wood powder (Parajuli and Hirota
2009) was studied. The adsorption capacity of R. lanuginosum biomass for Pd(II) was
found to be 37.2mg g~ at pH 5, while for cedar wood this value was 148.99 mg g~ " at
pH 1. The application of cedar wood for the recovery of Pd(II) from nuclear fuel
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wastes has been reported. Water fern Azolla filiculoides (grinded particles) was
applied to recovery of Rh(IIl) from raw and pretreated (after removal of nitrogenous
compounds) metal refinery wastewater (Manipura and Burgess 2008).

The biosorption conditions of PGE on sorbents of plant and animal origin are
summarized in Table 1. The literature review shows that mainly basic investigation
on the biosorption mechanism, kinetics and thermodynamics of biosorption process
using standard solutions was described. Only few applications to removal of PGE
from actual samples have been reported on such sorbents (Parajuli and Hirota
2009).

4 Application of Microorganisms for Removal of PGE

Biomaterials most widely used for removing Pt, Pd and Rh from aqueous solutions
are microorganisms. Their cell wall consists of polysaccharides, proteins and lipids,
which provide variety of effective sites for metal binding. Moreover, microorgan-
isms can be used as dead or live biomass and can uptake metal ions through
metabolism-independent biosorption on the cell surface and/or metabolism-
dependent active bioaccumulation. Different species of bacteria, as well as yeast,
fungi and virus were used for PGE removal. Among them some promising bio-
sorbents for the recovery of precious metals from industrial effluents and leachates
of spent automotive catalyst can be found. The literature on this topic is reviewed
below and presented in Table 1.

Sulfate-reducing bacteria (SRB) are anaerobic microorganisms that can obtain
energy by oxidizing organic compounds or molecular hydrogen (H,) while
reducing sulfate (SO,*7) to hydrogen sulfide (H,S). Three different species of
Desulfovibrio: Desulfovibrio desulfuricans, Desulfovibrio fructosivorans and
Desulfovibrio vulgaris were studied as biosorbents for Pd(II) and Pt(IV) (de Vargas
et al. 2004). The most promising results were obtained using D. desulfuricans: 90 %
of total sorption was achieved in 5-15 min and the biosorption capacity at pH 3 was
190 mg g~ " dry biomass and 90 mg g~ ' dry biomass for Pd and Pt, respectively. It
was found that chloride ions present in the solution compete with analyte ions for
active groups of microorganisms, as the biosorption of both metals decreased in the
presence of NaCl concentrations above 0.1 mol L™".

The affinity of bacteria D. desulfuricans to Pd(I) ions (as PdCl,>” and PA(NH;)3")
was studied in the presence and the absence of the donor of electrons (formate or
hydrogen) (Yong et al. 2002a, b). Biosorption of PdCl427 was most effective (70 %) at
pH 4, while biosorption of Pd(NH3)421+ was lower (20-30 %) and independent on pH.
In the presence of formate up to 100 % of Pd(I) bioreduction to Pd(0) was achieved
within 5 min at pH 7 and 30 min at pH 3. In the presence of hydrogen the maximum
rate of Pd(IT) reduction was seen at pH 3—7. The potential of D. desulfuricans for the
recovery of Pd from spent automotive catalyst leachates and industrial processing
wastewater was investigated. Other studies have shown that Pt(IV) and Rh(III) ions
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can be also transformed to elemental form by SRB in the presence of H; as a donor of
electrons (Ngwenya and Whiteley 2006; Rashamuse and Whiteley 2007). Biore-
duction of Pt(IV) was most efficient at pH 7, while of Rh(IIl) at pH range 4-7.
Sorption capacity of bacteria was 4 mg g~ for Pt(IV) and 66 mg g~ for Rh(III).

The reduction of Pt(IV) to Pt(0) by bacteria Shewanella algae was described by
Konishi et al. (2007). After 60 min contact time at pH 7 in the presence of sodium
lactate as the donor of electrons 10-fold decrease in concentration of Pt(IV), due to
the formation of Pt(0) nanoparticles, was observed. Nanoparticles of Pt(0) and Pd
(0) were also formed during interaction of filamentous cyanobacteria Plectonema
boryanum with PtCl, and PdCl, (Lengke et al. 2006, 2007). These studies offer an
alternative method to standard abiotic chemical methods for the synthesis of plat-
inum and palladium nanoparticles. Biomass-supported Pt(0) or Pd(0) nanoparticles
can be used as catalysts in the remediation of contaminated environment.

The recovery of Pt by a poly(ethyleneimine) (PEI) modified biomass, prepared
by attaching PEI onto the surface of inactive Escherichia coli biomass (obtained
from fermentation industry) was reported by Won et al. (2010). The maximum Pt
(IV) uptake of PEI-modified biomass was enhanced up to 108.8 mg g~' compared
to 21.4 mg g~ ' of the raw biomass. Metallic form of platinum was recovered from
biomass by incineration with recovery efficiency from ash of over 98.7 %. This
sorbent was tested for the removal of analyte from wastewater collected from an
industrial laboratory. Biosorbent obtained by cross-linking of waste biomass E. coli
with polyallylamine hydrochloride (PAH) was investigated for the recovery of Pd
(II) and Pt(IV) from aqueous solution (Mao et al. 2010; Park et al. 2010b). The
sorption performance of the PAH-modified biomass was greater than that of the raw
E. coli. The maximum uptakes of Pd(I) and Pt(IV) were 265.3 mg g_l (at pH 3)
and 348.8 mg g~ ' (at pH 2), respectively. The researchers concluded that PAH-
modified E. coli is a useful and cost-effective biosorbent for the recovery of PGE
from metal refining processes.

Pd(II) biosorption on the genetically-modified Tobacco mosaic virus (TMV) has
been investigated by Lim et al. (2010). The insertion of the additional sulthydryl
groups on the TMV surface improved the loading capacity of Pd(I) ions compared
to that obtained on the wild-type TMV.

Saccharomyces sp. is perhaps the most important yeast owing to its use for the
biofuel, bakery and beverage industries or for the production of biotechnological
products (e.g. enzymes, pharmaceutical products). Yeast cells, which may be
obtained in large quantities, are an inexpensive source of biomass. Mack et al.
(2008) have studied a kinetic of the sorption of Pt(IV) by immobilized Saccharo-
myces cerevisiae biomass. They found that the efficiency of Pt retention depends on
the initial metal concentration, mass of biosorbent and temperature of solution.
They observed rapid Pt(IV) removal (app. 70 %) at pH 1.5 during first 5 min, after
which it slowed significantly as it reached equilibrium. The initial rapid stage was
attributed to an initial non-specific sorption of Pt(IV) ions due to electrostatic
attractions between protonated sorbent and platinum anions. The second stage was
identified as a chemical sorption such as covalent bonding or microprecipitation.
Other studies have shown that S. cerevisiae immobilised using polyethyleneimine
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and glutaraldehyde is a suitable biosorbent, capable of high uptake of Pt(IV)
(150-170 mg g~ ') at low pH (below 2) (Mack et al. 2011). The potential of
immobilised yeast for the recovery of Pt from PGE refinery wastewater was
investigated. The applicability of the biosorption process was limited by high
content of inorganic ions and complex speciation of platinum in wastewater.

The study on biosorption of platinum on fungi was carried out by Moore et al.
(2008). Uptake efficiency at pH 2-3 within 48 h remained at 85 % for initial
platinum ion concentrations. This work demonstrated the potential for fungal
treatment of process wastewater.

5 Analytical Application of Microorganisms
for Separation/Preconcentration of PGE
from Environmental Samples

Only several applications of microorganisms for separation of PGE from interfering
matrix have been published so far. Algae Chlorella vulgaris, yeast Saccharomyces
cerevisiae and fungi Aspergillus sp. were applied to selective separation and deter-
mination of Pt(IV) and Pd(Il) by atomic absorption spectrometry (Dziwulska et al.
2004, Godlewska—Zyikiewicz 2003; Godlewska—Zy}kiewicz and Koztowska 2005;
Godlewska-Zytkiewicz 2008; Godlewska-Zytkiewicz et al. 2008; Woifiska and
Godlewska-Zylkiewicz 2011) and flow injection chemiluminescence (Godlewska-
Zylkiewicz et al. 2007, 2008; Malejko et al. 2010, 2012) in environmental samples
(Table 2).

Godlewska-Zylkiewicz (2003) reported the binding of Pt(IV) and Pd(II) by free
cells of baker’s yeast S. cerevisiae and algae C. vulgaris. The highest retention of Pt
(IV) and Pd(II) on yeast biomass was obtained at pH range from 1.4 to 4.1 and from
1.4 to 2.2, respectively. Biosorption of Pt(IV) and Pd(II) on algae was effective in
very narrow range of pH from 0.6 to 1.9. The palladium retention on algae cells was
almost quantitative (95 %) within first 25 min, however the systematic increase of
platinum retention was observed with extension of the contact time up to 150 min
(71 % sorption). Usually, pH-dependent binding signifies interactions via an ion-
exchange mechanism, but in acidic solutions Pt and Pd occur mostly in anionic
form while functional groups of the cell wall are protonated. This suggests that
binding is also consistent with electrostatic forces, where at low pH, surface charge
is positive and aids in negatively charged ion binding. The differing pH profiles
obtained from the C. vulgaris and S. cerevisiae were attributed to dissimilar binding
mechanisms for algae and yeast with respect to functional group content and
involvement.

Considering these results, metabolically inactive free cells of yeast S. cerevisiae
were used for separation of palladium from environmental samples (Godlewska-
Zyfkiewicz 2008). Biosorption process was performed in batch mode for 45 min at
pH 2.0-2.5. After centrifugation the solution containing thiourea (0.3 mol L"),
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HCI (1 mol L™Y) and Triton X-100 (0.5 %) was added to biomass and stirred for
10 min in order to desorb the analyte. Palladium content was determined by slurry
sampling ETAAS. The method was successfully applied to the separation of Pd(II)
from tap water. For the analysis of more complicated samples, such as road dust,
the initial separation of interfering ions on cation-exchange resin Dowex 50 WX-8
was performed.

A dynamic SPE procedures using yeast S. cerevisiae immobilized in calcium
alginate beads were proposed for the determination of Pd by ETAAS (Godlewska-
Zylkiewicz and Kozlowska 2005) and Pt by ETAAS and FI-CL methods
(Godlewska-Zylkiewicz et al. 2008) in environmental samples. It was found that
efficiency of Pd(II) biosorption was maximal (81 %) at pH range from 1.0 to 2.5,
while efficiency of Pt(IV) biosorption was constant (87-93 %) in the wide range of
pH 1.5-6.5 and decreased to 60 % at less and more acidic solutions. Because most
of metal ions bind to cell surface of microorganisms at pH range from 5 to 8, the
biosorption of Pt(IV) and Pd(I) from real samples was performed at pH 1.8 and pH
1.0-1.5, respectively. Biosorption of Pt(IV) on yeast immobilized in calcium
alginate was more effective than on free cells, but the effect of immobilization was
opposite for palladium (Godlewska-Zytkiewicz 2003). Quantitative recoveries of
metals were obtained with acidic solutions of thiourea during Pd and Pt determi-
nation by ETAAS (Godlewska-Zytkiewicz and Koztowska 2005; Godlewska-
Zytkiewicz et al. 2008) and with 3 mol L™' NaCl solution during Pt determination
by FI-CL method (Godlewska-Zytkiewicz et al. 2008). Sorption capacity of sorbent
was 24 pg g ' for Pt and 10 pg g~' for Pd. Prepared beads were used for 40
subsequent sorption-desorption cycles. The detection limits of the ETAAS methods
were 6 ng mL™" for Pt and 1.41 ng mL™" (7 ng g~' for real sample) for Pd. The
interference studies showed that the efficiency of Pd(Il) (50 ng mL™") retention
decreased by 15 % in the presence of Cr(III) at concentration above 5 ug mL™", and
by 20 % in the presence of Ni(II) and Fe(IlI) at concentrations above 50 pg mL~!
and 100 pg mL ™", respectively. Acceptable concentrations of the interfering ions in
ETAAS determination of 75 ng mL™" Pt(IV) were: 5 pug mL ™" Cu(II), 50 pg mL™"
Fe(IIT) and Cr(IIT), 100 ug mL™" Pd(II), 500 pg mL~" Zn(II) and 1,000 pg mL~"' Pb
(II). The accuracy of SPE-ETAAS procedures was confirmed by the analysis of
certified reference material (platinum ore SARM-7). Developed procedures were
applied to the determination of Pt and Pd in river water, grass and road dust. The FI-
CL method of determination of Pt is characterized by lower detection limit
(0.15 ng mL™") than ETAAS method, but due to its poorer selectivity can be used
only for the analysis of simple matrices, such as river waters.

Algae C. vulgaris immobilized on silica gel and cellulose anion-exchange resin
(Cellex-T) were also studied as a Pt and Pd biosorbents for separation/preconcen-
tration of metal ions prior to their ETAAS (Dziwulska et al. 2004; Godlewska-
Zylkiewicz 2003) and FI-CL (Godlewska-Zytkiewicz et al. 2007; Malejko et al.
2010) determination in environmental samples. The biosorption at optimum pH
1.5-1.8 was 93.3-99.3 % for both metals. It is worth to notice that efficiency of Pt(IV)
biosorption increased by 20 % on immobilized algae in comparison to free cells. The
mechanism of biosorption is considered to be electrostatic, where at low pH the
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overall surface charge on the biomass is positive, assisting in the approach of neg-
atively charged Pt and Pd ions (PtC1627, PdC1427) through electrostatic forces. It was
also suggested that functional groups containing nitrogen and/or sulfur atoms from
protonated amine or imidazole as well as thiol groups, might be responsible for
biosorption. Quantitative elution of platinum and palladium from both sorbents
before their ETAAS detection was obtained with 0.3 mol L™" thiourea in 1 mol L™"
HCI (Dziwulska et al. 2004; Godlewska-Zytkiewicz 2003). Quantitative recovery of
Pt(IV) from algae C. vulgaris immobilized on Cellex-T can be also obtained by using
sodium chloride solution. This eluent was applied for desorbing of platinum before its
luminol-based (Godlewska-Zytkiewicz et al. 2007) and lucigenin-based (Malejko
et al. 2010) FI-CL determination. The biosorption efficiency of studied metals on the
sorbents was constant during 20 successive cycles. The sorption capacity for Pt(IV)
was 25 ug g ' while for Pd(Il) was 13.3 pg g~' (Dziwulska et al. 2004).

In many cases introduction of the separation step into analytical procedure allows
for preconcentration of determined metals. Higher sensitivity of the method as well
as lower limits of detection of Pt (0.4 ng mL™") and Pd (0.8 ng mL™") were obtained
after the biosorption step on algae C. vulgaris immobilized on silica gel compared
to these obtained by the direct determination of analytes by ETAAS method
(Godlewska-Zytkiewicz 2003). Limits of detection of Pt and Pd obtained by the SPE
procedure using algae immobilized on Cellex-T resin followed by ETAAS detection
were even lower and equal to 0.2 ng mL™"' for Pt and 0.096 ng mL™"' for Pd
(Dziwulska et al. 2004). The detection limits of Pt(IV) achieved by FI-CL methods
after analyte preconcentration on algae C. vulgaris immobilized on Cellex-T were
0.057 ng mL™" for luminol-based method (Godlewska-Zytkiewicz et al. 2007) and
0.1 ng mL™" for lucigenin-based method (Malejko et al. 2010), and were 2.5-fold
and 7-fold lower compared to the direct measurements.

The effect of the presence of other metal ions (Na(I), Zn(II), Ni(Il), Co(Il), Cu
(II), Mn(II) and Fe(II)) on the retention of Pd(IT) on algae immobilized on silica gel
(Godlewska—Zylkiewicz 2003) and on the retention of Pt(IV) on algae immobilized
on Cellex-T (Dziwulska et al. 2004) was investigated by ETAAS method. It was
confirmed that the evaluated SPE procedures are very selective toward studied
metals. The more significant effect on retention of palladium and platinum was
observed only in the presence of Co(Il) and Fe(III) ions (at their concentration of
100 pg mLfl) and Fe(Ill) and Zn(II) ions (at their concentration of 10 pg mLfl),
respectively. The most significant interfering effect on luminol-based FI-CL
determination of Pt(IV) after its separation on algae C. vulgaris immobilized on
Cellex-T was observed in the presence of Co(Il), Pd(Il), Cr(Ill) and Cr(VI) ions
(Godlewska-Zytkiewicz et al. 2007). Considerably less susceptible to interference
caused by the presence of other metal ions has proved to be a FI-CL method of Pt
(IV) determination based on the quenching effect of the analyte on lucigenin
chemiluminescence (Malejko et al. 2010). The Pt(Il) and Rh(III) ions disturb the
determination of Pt(IV), if their concentrations are more than 2,500 times that of
analyte, whereas Pd(I) ions interfere when Pd(II)/Pt(IV) concentration ratio is
above 5,000. The ETAAS and FI-CL methods were applied to the determination of
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Pt and Pd in tap and river water, wastewater, grass cultivated on PGE containing
nutrient, and road dust.

A SPE procedure based on biosorption of Pt(IV) and Pd(II) on fungi Aspergillus
sp. immobilized on Cellex-T resin was also proposed for the preconcentration/
separation of metals prior to their determination by ETAAS (Woinska and
Godlewska-Zylkiewicz 2011) and luminol-based FI-CL method (Malejko et al.
2012). The Pt(IV) and Pd(II) ions were quantitatively and selectively retained on
the biosorbent from acidic solution of pH 1 and subsequently eluted with
0.25 mol L™! thiourea solution in 0.3 mol L™' HCI during Pd and Pt determination
by ETAAS and with 5 mol L™ NaCl solution during Pt determination by FI-CL
method. The capacity of biosorbent was 470 ug g~* for Pt and 1,240 ug g~* for Pd,
which is much higher as compared to immobilized yeast (Godlewska-Zytkiewicz
and Koztowska 2005; Godlewska-Zytkiewicz et al. 2008) and algae (Dziwulska
et al. 2004). The biosorbent is characterized by good stability—it could be used for
48 subsequent retention/elution cycles without significant change in its sorption
performance. The limit of detection of Pd achieved by the ETAAS method was
0.012 ng mL™". The LOD of Pt was the same for ETAAS and FI-CL methods and
was equal to 0.020 ng mL™'. The achieved detection limits are lower than that
obtained after biosorption of Pt(IV) and Pd(II) on immobilized yeast and algae.
Among the tested biosorbents (immobilized C. vulgaris, S. cerevisiae and Asper-
gillus sp.), the immobilized fungi showed the greatest capability to the selective
retention of Pt(IV) and Pd(II) ions in the presence of other metal ions. The vali-
dation of the ETAAS method was performed by the analysis of certified reference
materials: SARM-76 (platinum ore) and BCR-723 (tunnel dust). The SPE-ETAAS
procedure was applied to the determination of Pt and Pd in road dust samples
(Woinska and Godlewska-Zytkiewicz 2011). Selectivity of the SPE procedure
ensured effective separation of Pt(IV) from interfering matrix and accurate FI-CL
determination of platinum in river water, road run-off water and municipal waste-
water (Malejko et al. 2012).

6 Conclusions

Biosorption and bioaccumulation of platinum, palladium and rhodium has received
increasing attention over the past decade. Two trends in application of these pro-
cesses can be distinguished. First, the researchers have focused on searching of new
biomaterials which can be exploited for the recovery of PGE from waste materials,
as well as in the biosynthesis of Pt and Pd nanoparticles in order to obtain highly
active “bionanocatalysts”. The literature in this field is rather scarce. This could be
due to high economic value of such data.

Second trend is the application of microorganisms in analytical chemistry for the
separation and preconcentration of platinum and palladium prior to their determi-
nation by spectrometric techniques (ETAAS and CL). Biosorbents, including free
and immobilized biomass (algae Chlorella vulgaris, yeast Saccharomyces
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cerevisiae and fungi Aspergillus sp.), have proved to be an attractive alternative to
the traditional, commercially available sorbents. Due to their good sorption per-
formance and high selectivity, it was possible to determine traces amounts of
platinum and palladium in complex environmental samples. The obtained con-
centrations of these metals in such samples are given in the chap. “On the
Underestimated Factors Influencing the Accuracy of Determination of Pt and Pd by
Electrothermal Atomic Absorption Spectrometry in Road Dust Samples”.
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On the Underestimated Factors
Influencing the Accuracy of Determination
of Pt and Pd by Electrothermal Atomic
Absorption Spectrometry in Road

Dust Samples

Barbara Les$niewska, Sylwia Sawicka
and Beata Godlewska-Zylkiewicz

Abstract The accurate determination of Pt and Pd in environmental samples
requires application of sensitive analytical technique as well as the separation/
preconcentration of analytes from complex matrix of such samples. The careful
optimization of sample pre-treatment procedure is also essential, but often certain
steps of optimization process are neglected. The solid phase extraction procedure
based on separation/preconcentration of Pt and Pd on immobilized biomass of fungi
Aspergillus sp. and determination of analytes by ETAAS was chosen as an example
for discussion. The most critical aspects of sample pre-treatment procedure, that
affect the accuracy of determination of Pt and Pd in road dust, such as sample
storage, sample digestion, transformation of analyte into adequate form, and sep-
aration of analytes from interfering matrix are discussed in this chapter. The opti-
mized procedure was applied to the determination of Pt and Pd in road dust
collected in Bialystok (Poland). The content of Pt in road dust increased from
93 ng kg~ ' in 2000 to 263 ug kg~ in 2011, while the content of Pd increased from
43 pg kg~ " in 2000 to 328 pg kg~ in 2011.

1 Introduction

The elevated content of Pt and Pd in the urban and roadside environment, which
significantly exceeds the geochemical background (1 ng g™ '), is mainly connected
with emission of these metals from industrial and transport sources. The biological
processes occurring in various compartments of environment can lead to the
transformation of platinum group elements (PGE) into forms available to plants and
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other living organisms. In the last decade the studies related to emission, occur-
rence, toxicity, transformation and determination of Pt and Pd in the environment
were undertaken (Kalavrouziotis and Koukoulakis 2009; Spada et al. 2012; Zereini
et al. 2012). In the near future regular monitoring of these metals in the environment
will be probably compulsory.

The determination of Pt and Pd in environmental samples is still a challenging
task as a content of these analytes is at a level of ng g~ '. The application of sensitive
analytical technique, such as inductively coupled plasma mass spectrometry (ICP-
MS) (Gomez et al. 2003; Shinotsuka and Suzuki 2007), inductively coupled plasma
optical emission spectrometry (ICP-OES) (Herincs et al. 2013), electrothermal
atomic absorption spectrometry (ETAAS) (Schuster and Schwarzer 1996; Boch
et al. 2002), chemiluminescence (CL) (Malejko et al. 2012) or adsorptive stripping
voltammetry (AdVS) (Zimmermann et al. 2003), and careful optimization of
sample analytical procedure are necessary to obtain reliable results of analysis.
Generally, for elimination of interference arising from complex matrix of samples
the application of separation/preconcentration procedure is essential. For this pur-
pose classical methods of separation, such as precipitation and liquid-liquid
extraction have been developed. Co-precipitation of Pt with tellurium (Gomez et al.
2003) and Pd with mercury (Zimmermann et al. 2003) was successfully applied for
separation of analytes from environmental samples. A variety of dispersive liquid-
liquid microextraction (Liang and Zhao 2011) and cloud point microextraction
methods (Meeravali et al. 2008) have been used as well. Among other methods, the
solid phase extraction (SPE) is most widely recommended (Godlewska-Zytkiewicz
2004; Myasoedova et al. 2007). The retention mechanism of analytes on solid
sorbents include adsorption (Schuster and Schwarzer 1996; Ebrahimzadeh et al.
2010; Rastegarzadeh et al. 2010; Lesniewska et al. 2005; Bagheri et al. 2012),
chelation (Rojas et al. 2006, 2009), ion-exchange (Shinotsuka and Suzuki 2007;
Nakajima et al. 2009; Krishna et al. 2009; Herincs et al. 2013) and ion-pair for-
mation. Biosorbents, including free and immobilized biomass such as algae
Chlorella vulgaris (Dziwulska et al. 2004), yeast Saccharomyces cerevisiae
(Godlewska-Zylkiewicz and Koztowska 2005) and fungi Aspergillus sp. (Woinska
and Godlewska-Zylkiewicz 2011; Malejko et al. 2012), have proved to be an
attractive alternative to traditional, commercially available sorbents. The biosorp-
tion process has been successfully applied for separation of PGE from environ-
mental samples and their determination by ETAAS.

Even if it is widely recognized that the sample pre-treatment procedure is a main
source of errors in the analytical process, certain factors are still underestimated by
some analysts. The most critical aspects of the sample pre-treatment procedure, that
affect the accuracy of the results, such as sample digestion and separation of ana-
lytes from interfering matrix before determination of Pt and Pd in road dust samples
by ETAAS technique, will be discussed in detail in this chapter. As an example,
the procedure based on separation of Pt and Pd on immobilized biomass of
fungi Aspergillus sp. (Woiniska and Godlewska-Zytkiewicz 2011), has been chosen.
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The analysed samples of road dust were collected from the main intersection
located in the centre of Bialystok (Poland) in the period from 2000 to 2011. The
fraction of size <0.075 mm was taken for analysis.

2 Digestion Procedure for Road Dust Samples

Inhomogeneous distribution of PGE in road dust and their resistance to various
chemicals, complex matrix of such samples often induce problems with complete
transfer of the analytes into solution (Balcerzak 2002; Godlewska-Zytkiewicz 2004).
The selected digestion procedure must provide quantitative dissolution of analytes
and their transformation into chemical forms suitable for a further pre-treatment step.

Pt and Pd of anthropogenic origin are mainly emitted to the environment in
elemental (nano-metallic) and oxide forms (Merget and Rosner 2001). Wet
chemical digestions utilizing various mineral acids (HCI, HNO;, HCIO,, HF) in
open (Chwastowska et al. 2004) or closed systems heated in convection or
microwave ovens are commonly proposed for decomposition of road/tunnel dust or
soil (Table 1) (Boch et al. 2002; Limbeck et al. 2003; Matusiewicz and Lesinski
2001; Tsogas et al. 2008). The necessity of using HF for digestion of samples
containing silicate matrix was discussed in the literature (Balcerzak 2002; Boch
et al. 2002; Les$niewska et al. 2005). According to some authors (Boch et al. 2002;
Tsogas et al. 2008) Pd is strongly bound to silicate matrix of dust and ceramic
particles emitted to environment from automotive catalysts, therefore its quantita-
tive releasing into solution arises after total digestion of the sample matrix. How-
ever, the addition of concentrated HF to the sample induces some analytical
problems. The larger amount of dissolved metal ions from silicates or alumino-
silicates, e.g. Al(IIT), Fe(IIl), Pb(Il), Ni(Il), Co(Il), Cu(Il) in the final solution may
cause spectral interference in the detection step (Brzezicka and Szmyd 1999;
Brzezicka and Baranowska 2001; Godlewska-Zylkiewicz and Lesniewska 2006,
2010) or problems with efficient separation of matrix.

The removal of these heavy metals from the digested solutions is difficult,
because in the presence of HF negatively charged fluoride complexes are formed,
which cannot be separated from anionic chlorocomplexes of Pt and Pd, and often are
simultaneously enriched on anion-exchange columns (Brzezicka and Baranowska
2001; Godlewska—Zylkiewicz and Lesniewska 2006). The excess of HF in the
analysed solutions might also cause serious damage to the column packing used for
the separation of the matrix, e.g. silica gel (Boch et al. 2002). To avoid these adverse
effects the evaporation of excess of HF (Limbeck et al. 2003) or masking of fluoride
ions with H3BO5 (Boch et al. 2002; Tsogas et al. 2008) have been proposed. Some
examples of successful application of alone aqua regia for digestion of road dust
(Rauch et al. 2000; Miiller and Heumann 2000) and BCR 723 (Le$niewska et al.
2005; Godlewska—Zylkiewicz and Lesniewska 2006; Woinska and Godlewska-
Zylkiewicz 2011) for determination of PGE show that addition of HF to such
samples is not essential.
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Table 1 Digestion procedures for the determination of Pt and Pd by ETAAS in environmental

samples
Sample Digestion Evaporation of excess Separation of References
procedure of acids analytes
Road I step: dry Evaporation of acids Polymethacrylic Chwastowska
dust, ashing at with 2 mL of HCl ester modified et al. (2004)
soil 400 °C for 1 h; (2x); residue was with dithizone
11 step: diges- dissolved in 3 mol L™
tion with aqua HCI
regia in open
vessels
Urban 1 step: MW Evaporation of acids Silica gel (C18) Limbeck et al.
aerosol digestion with near to dryness; modified with (2003)
HNO; dilution in 1.2 mol L™ | DEBT
1I step: diges- HCI
tion with HF:
HCIO,4 (2:1) in
open vessels
Tunnel 1 step: MW Dilution in water Silica gel (C18) Boch et al.
dust digestion with modified with (2002)
HNO31H202 DEBT
(5:2);
II step: HF
addition;
IIT step:
H;BO;
addition
Road MW digestion Electrochemical Matusiewicz
dust with HNO;: preconcentration and Lesinski
CW-7 HF:HCIO5/ on graphite tube (2001)
HCIO,4 (1:1:1)
Road I step: MW Evaporation to Tsogas et al.
dust digestion with dryness; dissolution of (2008)
BCR- HNO;:HF residue in 1 mol L™}
723 (2:3) HNO;
II step: H3BO;3
addition
Road MW digestion Evaporation near to Yeast Saccharo- Godlewska-
dust with aqua dryness with 1 mL myces cerevisiae Zytkiewicz
regia HCI (2x); dilution in immobilized in and Kozlows-
water calcium alginate ka (2005)
Road MW digestion Evaporation with 2 mL. | Fungi immobi- Woinska and
dust with aqua HCI (3x); dilution with lized on Cellex-T Godlewska-
regia water Zytkiewicz
(2011)

MW-—microwave assisted digestion, DEBT—N,N-diethyl-N'-benzoylthiourea
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It must be also considered that during storage and pre-treatment of samples, the
specific problems connected with chemical reactions and physical processes taking
place in solutions or at the phase boundary, e.g. adsorption of analytes on the
vessel’s surface or changes in the oxidation state may occur. The type of vessels
used for preparation and storage of standard and sample solutions (Godlewska-
Zytkiewicz 2002; Cobelo-Garcia et al. 2007), and the roughness of their surface
have also an effect on the accuracy of analysis. The memory effect cannot be
neglected as well (Kowalska et al. 2005). The storage of Pt solutions in quartz
vessels and Pt solutions in glass vessels is recommended, because in this way the
adsorption effect is diminished. Efficient cleaning of laboratory ware is possible
with solutions containing chemical agents complexing Pt and Pd, such as acidic
solutions of thiourea (Godlewska—Zylkiewicz 2002; Cobelo-Garcia et al. 2007). The
crucibles of unknown history should be cleaned before use in concentrated acids,
e.g. in a mixture of HCI, HNOj; and HC1Oy4, HCI or aqua regia.

Due to the variety of chemical forms of Pt and Pd in solutions obtained after
digestion of samples and various stability of the species, the special treatment of
samples should be performed in order to transform the analytes into the form suitable
for separation step. A high amounts of chloride and nitrate(V) ions are often added
during sample preparation procedure, e.g. during leaching of PGE from road dust
with aqua regia. It was found that the presence of hydrochloric acid (0.5-4.0 mol
L") and nitric(V) acid (0.5-2.0 mol L™") cause increase of the analytical signal of Pt
by 20-50 % and the signal of Pd by 30-60 % measured by ETAAS (Godlewska-
Zylkiewicz and Le$niewska 2010). The possibility of formation of stable nitrosyl and/
or hydroxynitrate compounds of some PGE (Pt, Ru, Pd) must be carefully considered
during sample preparation procedure. The excess of acids should be removed from a
digested sample while different species of analytes should be transferred into stable
chlorocomplexes. The repeated evaporations of the solution in the presence of con-
centrated HCI is recommended to that end. It must be stressed that this stage may
seriously influence the accuracy of results. On the one hand, the complete evaporation
of the solution can lead to the irreversible adsorption of the analyte on the surface of
the vessel. On the other hand, often the non-quantitative conversion of analytes takes
place as the efficiency of the conversion reaction depends on the number of evapo-
ration steps and the volume of HCI used. Therefore, this step should be optimized
experimentally, depending on the type and amount of the digested sample matrix.

In this work the effect of sample pre-treatment step on the accuracy of deter-
mination of Pt by ETAAS in road dust was studied in detail. The recovery of Pt
from BCR-723 and road dust samples spiked with 20-30 ng of analyte was con-
trolled after variable number of evaporation steps performed with addition of dif-
ferent volumes of concentrated HCI. Such pretreated samples were next loaded on
the columns filled with immobilized fungi Aspergillus sp. The proper evaporation
procedure was chosen on the basis of recovery data and the shape of absorbance
signals of the analyte registered from column eluate (Fig. 1). Initially, the digested
sample was evaporated two times, almost to dryness, in cleaned quartz crucibles
with addition of 1 mL of HCI. However, the repeatability of Pt determination
was low (>15 %). Furthermore, a high signal of background was also registered.
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When road dust sample was evaporated four times with addition of 1 mL of HCI,
the recovery of Pt decreased to 80 %. When samples were evaporated three times
with 2 mL of HCI the recovery of Pt from road dust reached 105 %, and from BCR-
723 was equal to 107 %. It was confirmed that this procedure provides acceptable
recovery of the analyte as well as the efficient elimination of the background signal.
For comparison, the atomization signal of Pt obtained from directly injected
digested sample is also shown in Fig. la.

3 Separation and Determination of PGE

For separation of trace amounts of Pt and Pd from road dust the SPE technique based
on biosorption process on various microorganisms was developed (see chap.
“Appraisal of Biosorption for Recovery, Separation and Determination of Platinum,
Palladium and Rhodium in Environmental Samples”). It was found that fungi
Aspergillus sp. immobilized on Cellex-T resin were very efficient in terms of
selectivity and reproducibility (Woinska and Godlewska-Zytkiewicz 2011). The
analytes were efficiently retained from standard solutions on this biosorbent at pH
range from 1 to 4 and quantitatively eluted from the column with thiourea solutions
(0.25 mol L") prepared in HCI (0.3 mol L™"). However, in order to apply the
developed procedure to analysis of road dust samples some further optimization of
the procedure had to be done.
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Generally, the large content of transition metal ions in the solution obtained after
evaporation of digested road dust sample may influence the recovery of the analyte
from biosorbent. The retention of the analyte may be diminished due to the compe-
tition of the analyte and interfering ions for active sites of sorbent or overloading
sorption capacity of the used sorbent. The signals of the analytes registered from
eluates are decreased due to interferences from foreign ions co-eluted together with
the analytes, and this effect influences their recoveries. Therefore, in many cases the
analytical procedure should be completed with additional step of column rinsing
before elution of the analyte. The addition of acids, bases and buffering agents used for
adjusting of sample pH to the value required to efficient separation as well as reagents
used for elution can influence the analytical signal of analytes measured by ETAAS.

The retention of palladium and platinum on the fungi Aspergillus sp. immobi-
lized on Cellex-T was not diminished in the presence of high excess of transition
metal ions (10 mg L™'-10 g L™" of AI(IIT), Cr(IIT), Co(II), Fe(I1I), Ni(IT), and Pb(II))
(Woinska and Godlewska-Zyltkiewicz 2011). However, their presence considerably
influenced the recovery of analytes. The strongest decrease of platinum and pal-
ladium recoveries (to 46.5 and 56.2 %, respectively) was observed in the presence
of Co(Il) ions (10 mg Lfl). The significant background signals registered from
eluate solutions indicate that transition metal ions nonspecifically retained on the
low mass of sorbent were co-eluted together with the analytes. Removing of matrix
ions retained on the sorbent was performed by rinsing the column before the elution
step with water or nitric acid of different concentrations. The example below shows
the process of optimization of rinsing procedure, which had been used for the
elimination of negative effect of Co(Il) ions (10 mg L_l) on the recovery of Pt
(50 pg L") from the column (Fig. 2). As mentioned above the recovery of Pt from
such solution was only 46.5 %. Rinsing the column with 3, 5 or 20 mL of water
resulted in significant reduction of the background signal and increase of Pt
recovery to 55, 64 and 78 %, respectively (Fig. 2a). Because the recovery of Pt was
not quantitative, solutions of nitric acid of various concentrations (0.001-0.1 mol
L") were tested for removal of Co(I) ions from the column. As can be seen in
Fig. 2b, the use of 3 and 5 mL of 0.001 mol L! HNOj resulted in 51 and 83 %
recovery of Pt. The recovery equals 79 % was obtained using for this purpose of
3 mL of 0.05 mol L' HNO;. Accurate results of the analysis (recovery:
93.2 £2.0 %, n = 3) and the total elimination of the background signal was obtained
when column was rinsed with 5 mL of 0.05 mol L ™" HNOs5. The small losses of Pt
(recovery: 86 %) with rinsing solution were observed when higher concentration of
nitric acid (>0.1 mol L™") was used. The effectiveness of the developed procedure
was proved by analysis of standard Pt solutions (50 pg L™') containing a high
concentrations of foreign ions, namely a mixture of AI(III), Cr(II) and Co(Il) ions
of total concentration from 30 mg L™" to 2,608 mg L™'. The recovery of Pt from
such solutions was in the range from 101.7 £ 2.3 % to 106.8 = 5.2 % (n = 4). The
recovery of platinum decreased to 60.3 £+ 0.4 % (n = 3), when the solution contained
as much as 10 g L™" of AI(III), 400 mg L™" of Cr(IIl) and 30 mg L™" of Co(I).
In the same way the procedure of column rinsing was optimized for Pd determi-
nation. The recovery of Pd (50 pg L") from the column in the presence of other
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Fig. 2 Atomization signals of Pt from solutions containing 50 pg L' Pt + 10 mg L' Co after

separation on fungi Aspergillus sp immobilized on Cellex-T: a —— Pt signal in sample solution;
------ sample background; Pt signal in eluent, column rinsed with: — 3 mL of H,O, — 20 mL of
H,O0; eluent background, column rinsed with: ———3 mL of H,O, ===20 mL of H,O; b Pt signal
in eluent, column rinsed with: —— 3 mL 0.001 mol L™ HNO3;, — 5 mL 0.001 mol L} HNO;3,
—5mL0.05mol L} HNOg; eluent background, column rinsed with: ——=3 mL 0.001 mol L!
HNO;, ---- 5 mL 0.001 mol L™ HNOj, «eeee 5 mL 0.05 mol L™! HNO;

jons (2.5 g L™! of Fe(III), 500 mg L™" of Ni(II), 9 mg L' of Co(II) and 6 mg L™ of
Pb(II)) amounted to 100.3 £ 0.4 % (n = 4). Finally, it was found that using of 5 mL
of 0.05 mol L™' HNOj; for column rinsing in case of Pt determination, or 5 mL of
0.1 mol L™" HNOj in the case of Pd determination, allows for quantitative recovery
of analytes and significant elimination of interferences even in the presence of
50,000-60,000-fold excess of other ions.

4 Analysis of Road Dust Samples

The content of Pt and Pd in road dust samples collected in the center of Bialystok
(300,000 inhabitants, main intersection of urban roads, sampling at the distance of 2
meters from a footpath with traffic lights) was determined using a developed pro-
cedure consisting of digestion of samples in aqua regia, evaporation of samples with
concentrated HCI, separation of analytes on fungi Aspergillus sp. immobilized on
Cellex-T and their determination by ETAAS. The obtained results are presented in
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Fig. 3. The content of Pt in road dust increased from 93 ug kg™ in 2000 to
263 ug kg~ in 2011, while the content of Pd increased from 43 pg kg™ in 2000 to
328 pg kg~ ' in 2011. These values are significantly higher than background values,
which suggest the input of PGE to the environment from automobile catalyst sys-
tems. The rapid increase of content of PGE in road dust is probably an effect of
140 % increasing of the number of cars registered in Biatystok within this period
(according to the Department of Inhabitants Service, City Office, Biatystok from
58,000 in 2001 to 138,407 in 2011). The increase of Pd content in road dust was
more rapid than the increase of Pt, which can be related to the changes in compo-
sition of catalytic converters introduced at the beginning of 2000, when Pt was
replaced by Pd due to its high price. Since 2003 almost constant ratio of content of Pt
to Pd in collected road dust has been observed (Pt.onieni/Pdcontent- = 0.746 £ 0.055).

The obtained values of Pt and Pd content in road dust in Biatystok are similar to
the results obtained in the UK (Prichard et al. 2009), Spain (Simitchiev et al. 2008),
the USA (Spada et al. 2012) or Greece (Tsogas et al. 2008) (Fig. 4) in road dust
collected from the places with high traffic. The traffic intensity, the speed of cars
and driving conditions influence the emission rate of PGE. The emission is also
higher during continued stop/start cycles as well as during engine’s ignition (Tsogas
et al. 2008), what often happens at traffic lights. The content of PGE in samples
collected in Bialystok is quite high, which can be explained by the sampling place
situated close to traffic lights. The content of Pt and Pd in samples collected in 2009
from ring road of the city was much lower, namely 48 and 97 pug kg™ '. The content
of PGE in tunnel dust (the USA) is among highest values.

The PGE content in road dust obtained in Hong Kong and Macao (China) is also
comparable to our results, as in those cities catalytic converters were applied to
vehicles as early as in European countries (Pan et al. 2013). In Beijing and
Shanghai (China) the PGE content in road dust samples is relatively lower, what
was explained by considerable dilution of dust due to engineering (road) con-
struction in the sampling time of 2007. The lower content of PGE in road dust in
Kolkata (India), Qingdao and Wuhan (China), and Seoul (Korea) (Lee et al. 2012)
can be connected with shorter time period when vehicles have been equipped with
catalytic converters.
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Fig. 4 Ranges of Pt (a) and Pd (b) content in road dust in different countries (Pan et al. 2013;
Spada et al. 2012; Lee et al. 2012; Tsogas et al. 2008; Smitchiev et al. 2008; Prichard et al. 2009,
this work)

5 Conclusions

It is of key importance that the reliable determination of Pt and Pd in road dust by
spectrometric techniques (e.g. ETAAS) requires careful optimization of sample pre-
treatment procedure. The steps, which seems to be less important, as evaporation of
acids from digested samples or rinsing of column after separation of analytes, have
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the significant effect on the final result, what was described in this chapter.
Therefore, all steps of procedure should be optimized experimentally using samples
of similar matrices or certified reference materials.
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Application of Solid Sorbents
for Enrichment and Separation
of Platinum Metal Ions

Krystyna Pyrzynska

Abstract Determination of platinum metal ions in environmental samples requires
very often pre concentration and separation due to the low content of these metals
and the high concentration of interfering matrix components. Solid phase extraction
technique with different kind of solid sorbents offers for this purpose high
enrichment factor, rapid phase separation and the ability of combination with dif-
ferent detection techniques in the form of on-line and off-line mode. The recent
developments in this area published over the last 5 years will be presented and
discussed.

1 Introduction

Platinum group elements (PGEs) can be naturally found only at very low con-
centration in the earth crust. However, their increasing use in vehicle exhaust
catalysts, in addition to some other applications such industry, jewellery, anticancer
drugs, cause their anthropogenic emission and spread in the environment.

The determination of PGEs in environmental samples is difficult due to high
concentration of interfering matrix components and the low content of the analytes
in most samples. In order to solve these problems conventional separation tech-
niques have been often exploited. Among different separation and pre concentration
techniques, batch and column approaches in which PGEs are sorbed on different
water-insoluble solid materials and further eluted with acids or complexing reagents
have been widely used. Solid phase extraction (SPE) offers a number of important
advantages in comparison with classical liquid-liquid extraction, such as reduced
organic solvents usage and exposure, high enrichment factor, rapid phase separation
and the ability of combination with different detection techniques (Das et al. 2012;
Augusto et al. 2013). Moreover, it can be easily implemented and controlled in flow
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systems to perform appropriate sample pretreatment. Column sorption is mainly
applied to enhance the sensitivity of flame atomic absorption spectrometry (FAAS)
and inductively coupled plasma atomic emission spectrometry (ICP OES) deter-
minations as well as to separate the analytes from potentially interfering matrix
components, particularly for electrothermal AAS and ICP mass spectrometry
detection.

The mechanism of sorption depends on the nature of a given sorbent and may
include simple adsorption, complexation or ion-exchange. Adsorption occurs
through van der Waals forces or hydrophobic interactions, which occurs when the
solid sorbent is highly nonpolar. The most common materials of this type include
octadecyl silica and styrene-divinylbenzene copolymers that provide additional n—nt
interactions when PGEs are complexed with ligands containing m-electrons. The
presence of appropriate functional groups in solid matrices is needed for ion-
exchange or chelation. Binding of the analytes to these groups is dependent on their
nature as well as the buffering conditions. The choice of solid material for
enrichment and removal of PGEs should be based on the content of the analyte,
sample matrix and technique for final detection, whereas higher enrichment factors
can be obtained under adequate experimental conditions (time of loading sample,
sorbent mass, volume of eluent).

The purpose of this paper is to present and discuss some of the recent tendencies
on the research related to novel sorbent materials for the separation and pre con-
centration of platinum metal ions from environmental and geological samples.
There is a growing interest in sorbents based on nano structured materials such as
magnetic nanoparticles and carbon nanotubes. Ion imprinted polymers properties
are remarkable because of their high selectivity towards the target ion due to a
memory effect resulting from their preparation process. Several biological materials
containing a variety of functional sites have received increasing attention and their
analytical performance for enrichment of PGEs is presented in the separate chapter.
In the following sections the applications of these new sorbents proposed over the
last 5 years are discussed in more details. Earlier developments have been presented
in the reviews (Godlewska—Zylkiewicz 2004; Myasoedova et al. 2007; Hubicki
et al. 2008; Balcerzak 2011; Mladenova et al. 2012).

2 Nanoparticles

The field of nanometer-sized materials has gained the attention in recent years due
to their special properties (Lucena et al. 2011; Pyrzynska 2013). Nanoparticles are
cluster of atoms or molecules of metal oxide, ranging in size from 1 nm to almost
100 nm. One of their interesting properties is that a high percentage of the atoms of
the nanoparticles is on the surface and they can bind other atoms that possess strong
chemical activity. Inorganic nanoparticles such as Al,O3, Fe304, TiO,, SiO,, ZrO,
and CeO, exhibit large specific surface area, high sorption capacity and high
chemical activity, so they are promising solid phase extractants. Their sorption
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properties depend on morphology, crystal structure, specific surface area, hydroxyl
coverage and surface impurities. The modification of the sorbent surface with
organic compounds, especially chelating ones, increases their selectivity. The
modification is generally made by chemical bonding of the chelating ligand on
nanometer oxide or by the impregnating the solid matrix with appropriate specific
organic molecule. Physical binding is the most simple to use in practice, but
chemical bonding allows elevated lifetime for modification due to covalent bonds
between ligand and the support. This property avoids the possible loss of the
reagent from the sorbent surface during sample loading process or elution steps.

The sorption of Pd(Il), Rh(IIT) and Pt(IV) from diluted acid solution onto Fe;0,
nanoparticles was investigated by Uheida et al. (2006). The maximum loading
capacities for these metal ions were 3.72, 15.3 and 13.27 mg g ', respectively. It
was found that 0.5 mol L™' HNO; could eluted all of the metal ions simultaneously,
while 1 mol L™! NaHSO; was an effective eluting solution for Rh(IIl) and 0.5 mol
L™" NaClO, for P(IV). In competitive sorption, the nanoparticles showed stronger
affinity for Rh(Ill) than for palladium and platinum ions. Halloysite nanotubes
(layered aluminosilicate clay mineral) functionalized by murexide have been pro-
posed as a highly selective sorbent for pre concentration and separation of Pd(Il) (Li
et al. 2012). The maximum sorption capacity at pH 1 was found to be 42.86 mg g~ .
An enrichment factor of 120 was accomplished. Rh(IIT) complexed with 2,3,5,6,
-tetra(2-pirydyl) pyrazine at pH 4.1 was preconcentrated on the organo-nano clay
and then eluted with 3 mol L™! HCI solution (Afzali et al. 2010).

The alternative use of nanomaterials in sample preparation protocols is to
immobilize them onto a solid support, particularly with magnetic properties, such as
magnetite (Fe;04) and/or maghemite (y-Fe,O3) (Lopez-Lorento et al. 2011; Chen
et al. 2011). These hybrid nano materials can be easily separated from the dis-
persion with the aid of an external magnetic field. Schematic description of solid
phase extraction procedure using magnetic nanoparticles are presented in Fig. 1.
Additionally, the protecting coating of nano materials stabilizes the magnetic shell
and can also be used for further functionalization to obtain multifunctional magnetic
nano materials. The potential of non-modified magnetic Fe;04 nanoparticles for
determination of trace amounts of Pd(Il) and Rh(IIl) ions in Pd-Ir alloy and road
dust by FAAS after simultaneous enrichment and separation at pH 10-12 has been
evaluated (Mohammadi et al. 2011). No filtration or centrifugation was necessary.
With respect to eluent volume (2 mL of 1 mol L™" HCI), a 150 pre concentration
factor was obtained.

Several modifications were used to immobilize different compounds on the
surface of magnetic nanoparticles to increase their selectivity. For palladium pre
concentration pyridine (Bagheri et al. 2012) and for simultaneous enrichment of
palladium and platinum (Zhou et al. 2010) ethylenediamine were used. For trace
noble metals (Ru, Rh, Pd, Pt, Ir and Au) mercapto groups have been proposed (Li
et al. 2011a). The last sorbent was immobilized on the inner walls of a knotted
reactor in the flow injection on-line displacement solid phase extraction method.
The procedure began with the presorption of Cu(I) via complexing with the thiol
group in the sorbent and followed by subsequent on-line displacement of copper
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Fig. 1 Schematic description of solid phase extraction procedure using magnetic nanoparticles

ions by noble metals owing to their stronger affinity to the functionalized sorbent
relative to Cu(Il). Such displacement reaction could not occur with heavy metal
ions (such as Co(II), Mn(II), Ni(II), Cr(III), Pb(II), Cd(II), Fe(Ill) and Zn(II)) with
weaker affinity to the thiol groups. Thus, the possible interferences from these metal
ions were eliminated or minimized and the proposed procedure could tolerate their
presence at the concentration four orders of magnitude of those of noble metals.

A new mode of dispersive solid phase extraction based on ferrofluid (silica-
coated magnetic nanoparticles) have been developed and applied for separation of
palladium in natural waters and road dust (Farahani et al. 2013). Briefly, 15 mg of
magnetic nanoparticles were injected rapidly into 50 mL of sample solution (con-
taining Pd(I), sodium diethyldithiocarbamate for complexation of analyte and
phosphate buffer at pH 6) through a syringe. Nanoparticles were separated from the
dispersion with the aid of magnet and supernatant was discarded simply by
decanting it. Then 0.75 mL of acetylacetone was introduced to desorb Pd(II)
complex by sonication. Finally, the mixture was exposed again to the magnet and
the clear solution containing the eluted metal ions was transferred to the glass tube
and determined by FAAS with detection limit of 0.35 pg L™". Sorption capacity of
the proposed ferrofluid for Pd(IT) was 24.6 mg g~ .

3 Carbon-Based Sorbents

Among carbon-based sorbents, activated carbon was certainly one of the first
materials applied in SPE and it has been widely used in water and wastewater
treatment. It has received great interest due to its large surface area, high sorption
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capacity, porous structure and low cost. The surface structure of activated carbon is
highly complex and depends on the raw material used for producing it and on the
method of production as well as on the pretreatment process. Pretreatment by
oxidant acids causes reorganization of its porous structure and could also affect the
capacity towards the metal ions (Yin et al. 2007). The sorption of ionic species is
mainly controlled by electrostatic forces, which are related to the various surface
functional groups. The nature and concentration of these groups may be modified
by suitable thermal or chemical treatment. The most common oxygen functional
groups on the surface of carbon materials are carboxyl, carbonyl, hydroxyl, phenol,
quinine and lactone. Nitrogen containing groups could be introduced after ammonia
treatment at high temperature (Jia et al. 2002).

Several authors have clearly proved that the sorption of platinum and palladium
ions as well as gold in acidic solution can be accompanied by the deposition of
metal clusters onto a surface of carbon material (Choi et al. 2002; Simanova et al.
2008; Dobrowolski et al. 2008; Bystrzejewski and Pyrzynska 2013). This is a
different mechanism in comparison to sorption of organic molecules (which
requires high porosity) and heavy metals ions (which is enabled via the electrostatic
attractions between the negatively charged surface of carbon material and metal
cations). PGEs have sufficiently high redox potentials and oxidize the surface of a
carbon sorbent. Due to the redox reactions occurring during retention of PGEs on
activated carbon, their desorption is a critical step in the analytical procedures
(Dobrowolski et al. 2008; Kononova et al. 2010).

Recent research has focused on modification of activated carbon surface for
creation of specific functional groups to enhance removal of PGE ions. The new
sorbents prepared by immobilization of thiouracil (Vassileva et al. 2008), 2,
6-diaminopyridine (Li et al. 2011b) and ethyl-3-(2-aminoethylamino)-2-chlorobut-
2-enoate (To et al. 2011) on activated carbon have been proposed. The adsorption
capacity for Pd(I) and Pt(IV) was the highest in the case of modification with that
last ligand (92 and 126 mg g™, respectively). Acidic solution of thiourea was used
for elution of adsorbed metal ions. Activated carbon modified with 2,6-diamino-
pyridine could be used for selective separation of platinum, palladium and gold ions
from other PGEs in acidic solution (Li et al. 2011b). At pH 1, Pt(IV), Pd(IT) and Au
(IIT) were quantitatively sorbed simultaneously, while the recovery of Ir(III), Rh(IIT)
and Ru(IV) were only 13, 1.6 and 8 %, respectively, under these conditions (Fig. 2).

Carbon nanotubes (CNTs), the newer generation of carbon sorbents, have also
great analytical potential as a solid phase extraction sorbent (Ravelo-Perez et al.
2010; Pyrzynska 2010; Perez-Lopez and Marcogi 2012; Zhang et al. 2013). The
characteristic structures and electronic properties of CNTs allow them to interact via
non-covalent forces, such as hydrophobic interactions, hydrogen bonding, n—m
stacking, electrostatic and van der Waals forces. Multi-walled CNTs are preferred
over single-walled ones as the presence of concentric grapheme sheets resulted in
an enhanced interaction with the analytes (El-Sheikh et al. 2012).

Glaseminezhad et al. (2009) have proposed the application of the oxidized CNTs
for pre concentration and separation of Rh(III), which was previously complexed
with 1-(2-pyridulazo)-2-naphtol. The adsorbed complex was then eluted using
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Fig. 2 Effect of pH on sorption; of (l) Au (III), (@) Pd (II) and (A) Pt (IV) on activated carbon
modified with 2,6,-diaminopyridine. Metal concentration 10 mg/L; amount of sorbent 30 mg,
contact time 30 min (Li et al. 2011b). Reproduced with permission from Springer

N—-N-dimethylformamide and pre concentration factor was 120. The sorption
capacity for rhodium ions was 6.6 mg g '. Oxidized CNTs modified with 5-(4'
-dimethylaminobenzyliden)-rhodamine have been proposed for pre concentration of
trace level of palladium (Afzali et al. 2012). The proposed method permitted a large
pre concentration factor (about 200), low detection limit (0.3 ug L™") with FAAS
detection and sorption capacity of 2.34 mg g~'. Higher sorption capacity for pal-
ladium (15.7 mg g~') have been reported for oxidized CNTs without chelating
agent at pH 6 (Yuan et al. 2011). Elution was done with 3 mol L™" HNO; achieving
the limit of detection of 0.3 ug L™' (FAAS detection). The possibility of Pd(II)
reduction on the surface of CNTs was not reported. The methods were applied to
the determination of palladium in water, fly ash and road dust samples. Recently,
very high sorption capacity (101.5 mg g~ ') for Pd(II) on CNTs modified with poly
(N-phenylethanoloamine) has been achieved (Behbahani et al. 2013). The vast
majority of transition metal ions that exist in natural samples have no interferences
with the determination of palladium. However, the effect of other platinum metal
jons was not checked. The proposed procedure with detection limit of 0.09 pg L™!
(FAAS detection) was applied for determination of Pd(II) in spiked natural water
and soil samples.

4 Ion Imprinted Polymers

Ion imprinted polymers (IIPs), possessing tailor-made recognition sites, can spe-
cifically rebind to a target ion in preference to analogous compounds or ions. The
general procedure for IIPs elaboration consists in the preparation of ligand-metal
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complex and its copolymerization with a cross-linker in order to create three
dimensional recognition cavities inside the polymer network. The resultant imprints
possess a steric and chemical memory for the template. Its selectivity is based on
the specificity of the ligand, the coordination geometry and coordination number of
the ions as well as their charge and sizes. This selectivity is particularly important
when analyzing complex matrices.

As organic imprinted polymers are mainly prepared by free radical polymeri-
zation, vinyl groups are the classic type of polymerizable functions suiting for this
purpose. The used ligands act as bi-functional reagents: one functionality comes
from their chelating ability and the other one from their vinyl function. Another
method for preparation of IIPs is trapping of non-functionalized ligand inside the
polymer network. These different ways for incorporating the ligands have been
presented in details in the recent reviews (Hu et al. 2013; Branger et al. 2013).
Whatever ligand is chosen to be introduced, the interactions between the polymer
framework and the complexed ion are based on coordinative bonds from some
electron donating heteroatoms (such as oxygen, nitrogen or sulfur) to the unfilled
orbitals of the outer sphere of the metal ions.

Daniel et al. (2005) evaluated different quinoline derivatives, e.g. 8-amino-
quinoline (AQ), 8-hydroxyquinoline (HQ) and 8-mercaptoquinoline (MQ) as one of
the ligands during the synthesis of IIPs employing ternary mixed ligand complex
with Pd(Il) in the presence of 4-vinyl pyridine. The affinity distribution curves
indicated that rebinding took place via covalent mode in the case of AQ- and HQ-
based palladium IIP particles, while in MQ-based polymer it was via non-covalent
mode. The AQ-based particles showed the best retention capacity (28.82 ug g~ ' of
polymer) and the highest selectivity coefficient over platinum (5,500) and gold
(674.2) ions. The complexes of [PdL,]*~ and [PA(SCN),]*~ with pyridinium ions
were imprinted into polymeric network using 2-hydroxyethyl metacrylate as
functional monomer (Daniel et al. 2006). The thiocyanate polymer with very high
sorption capacity (41.6 mg g ') was used in a flow mode for the enrichment and
separation of palladium in street dust samples.

The IIPs have been also prepared via imprinting ion-association complexes of Pd
(II) with ammonium pyrrolidinedithiocarbamate (APDC), dimethylglyoxime
(DMG), N,N'-diethylthiourea (DET) and 4-vinylpyridine into a polymeric network
and studied for its selective preconcentration before determination by FAAS
(Godlewska—Zylkiewicz et al. 2010) and ETAAS (Godlewska—Zylkiewioz et al.
2013) methods. The effect of the presence of potentially interfering ions (Cu(Il), Ni
D), CdI), Zn(I), Pt(IV)) was neglible on the Pd-DMG polymers obtained with
chloroform as a porogen, although this IIPs exhibited lower sorption capacity
(9.3 mg g~ ") than Pd-DET (12.2 mg g~ ') and Pd-APDC (13.3 mg g~ ') (Godlewska-
Zylkiewicz et al. 2010). The authors decided to use Pd-DET imprinted polymer for
separation of palladium from different environmental samples at pH 0.5-1, even
though lower sorption capacity (2.4 pg g~ ') under these conditions was achieved.
However, such media allowed selective enrichment of Pd(I) from certain matrix
such as geological materials.
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The complexes of platinum and ruthenium with thiosemibarbazides and their
thiosemicarbazone derivatives were chosen as the template molecules in poly-
merization reaction for selective IIPs (Le$niewska et al. 2011; Zambrzycka et al.
2011, 2013). Better selectivity for Ru(IIl) in the presence of Pt(IV), Pd(II), Rh(IIT)
and Co(II) ions as well as the higher sorption capacity (237.4 pg g~ ') was obtained
for benzaldehyde thiosemicarbazone in comparison to other ruthenium imprinted
polymers (Zambrzycka et al. 2013). The developed separation procedure was
successfully applied to ETAAS determination of trace amounts of ruthenium in tap
and river water, municipal sewage, road runoff and grass. Scheme for the prepa-
ration of IIP using Rh(III)-allyl acetoacetate complex as a template is presented in
Fig. 3 (Godlewska-Zytkiewicz et al. 2012). The use of this polymer has several
advantages over IIPs based on imprinted Ru-TSd complex, including higher effi-
ciency of analyte elution, procedure precision and shorter time of analysis. Despite
its lower sorption capacity, this sorbent exhibited better selectivity, which is a result
of the ligand chosen for rhodium complexation to form the template of the polymer.
Table 1 summarizes the application of IIPs for enrichment and separation of PGEs
from natural samples.
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Ru(lll)-AAA complex Methacrylic acid Ethylene glycol dimethacrylate
(template) (functional monomer) (cross-linking agent)

Bulk polymerization
Methanol as a solvent
55°C, 24 h

Leaching of Ru(lll):
thiourea in 0.5 M HCI

Fig. 3 Scheme of the preparation of Ru(Ill)-allyl acetoacetate imprinted polymer (Godlewska-
Zytkiewicz et al. 2012). Reproduced with permission from Elsevier
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Table 1 Ion-imprinted polymers for platinum metal enrichment and separation

Sorbent Sample | Eluent Sorption LOD, Samples Ref.
pH capacity pg L7
(detection
method)
Pd(II)
[Pd 4 Methanol in  [41.6 mg g' |15 Street dust Daniel et al.
(SCN) 1>~ 0.1 mol L™ (FAAS) 2006
(VP)* HCl1
Pd-DGM- | ¢ 03molL™" |93 mgg! 5 Spiked tap water Godlewska-
VP TU in 1 mol (FAAS) Zylkiewicz
L™ HCI et al. 2010
Pd-DET- | 0.5-1 05mol L™ |24 pgg! 0.012 Tap and river water, | Godlewska-
VP TU in (ETAAS) | grass, certified Pt ore | Zytkiewicz
0.5 mol L™ (SARM 7 and et al. 2013
HCl1 SARM 76)
Pt(II), Py(IV)
Pt-AcTSn | 0.5-1 03mol L' [456pgg’! 0.16 Tap water, tunnel Les$niewska
TU in (ETAAS) | dust, et al. 2011
0.3 mol L™ anode slime
HCl1
Ru(III)
Ru-TSd 75 02mol L' [150 pg g’ 0.16 Spiked water, sludge, | Zambrzycka
Ru-AcTSn TU in 81 ug g{l 0.25 grass, human hair et al. 2011
0.2 mol L™! (ETAAS)
HCl1
Ru-AAA 6.5 03mol L' [225pugg™" [032 Tap, river water, Godlewska-
TU in (ETAAS) | municipal Zylkiewicz
0.1 mol L™! and road sewage, et al. 2012
HC1 grass
Ru-BnTSn |g 0.3 M mol 2374 pugg ' 1026 Tap, river water, Zambrzycka
L' TU in (ETAAS) municipal et al. 2013
0.3 mol L™! sewage, road runoft,
HC grass

VP vinylpyridine; DMG dimethylglyoxime; TU thiourea; DET N,N’-diethylthiourea; AcTSn acetalaldehyde
thiosemibarbazone; 7'Sd thiosemicarbazide; AAA allyl acetoacetate; BnTSn benzylaldehyde thiosemicarbazone

5 Conclusions

The determination of platinum metal ions in environmental and geological samples
is difficult due to the high concentration of interfering matrix components and the
low content of these metals. Application of pre concentration/separation procedures
utilizing solid phase extraction is able to minimize these problems in an elegant
way. The recent developments in this area were presented and discussed.

The use of nano materials in the sample preparation procedures is a topic of
growing interest in analytical chemistry. Their properties have been extensively
exploited in different separation/enrichment techniques such as solid phase
extraction, micro extraction and filtration. Whereas mono functional nano materials
provide a single function, the preparation of core/shell nanoparticles has been a
subject of much research as it allows different properties to be combined in one
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material. In the preparation of these multifunctional nano materials variable strat-
egies are used to attain a combination of targeting specificity, magnetic properties
and quantitative analysis capability. The surface modification of nano materials by
functional molecules, particles or polymers can improve the separation and pre
concentration efficiency as well as analytical selectivity. Ton imprinted polymers
exhibit high selectivity towards the target ion due to a memory effect resulting from
their preparation process.
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Voltammetric Analysis of Platinum
in Environmental Matrices

Santino Orecchio and Diana Amorello

Abstract This article will summarize measurement data for Pt in different envi-
ronmental samples obtained by the authors using a recently developed approach by
voltammetric analysis. A fast accumulation of platinum and rhodium in the envi-
ronmental and biological matrices has been observed in the last few years and
concern has arisen about potential environmental and health risks. Voltammetry
was used for the determination of Pt and Rh in airborne particulate collected in
Palermo, Italy. Possible interferences by other environmental metals have also been
evaluated. All samples show concentrations of Pt and Rh above average upper crust
values. The Pt and Rh concentrations in particulate samples collected at four air
quality monitoring sites within the urban area of Palermo (Italy), where the air
pollution often reaches high levels, leading to traffic restrictions. The highest mean
values of Pt and Rh concentrations (Pt = 13 pg/m’, Rh = 9.8 pg/m® with peak values
of 33 pg/m’ and 19 pg/m’, respectively) were recorded at the Unita d’Italia urban
station, and the lowest at CEP (a neighborhood of the city of Palermo) station
(Pt = 3.6 pg/m’, Rh = 0.26 pg/m?), considered as a background station.

1 Introduction

This article will summarize measurement data for Pt in different environmental
samples obtained by the authors using a recently developed approach by voltam-
metric analysis.

Over the last 20-30 years there has been exceptional anthropogenic contami-
nation of environmental matrices and in particular urban atmosphere, prevalently
attributed to the combustion of fossil fuels. The combustion of fuel inside the
vehicle engine causes the emission of unburned hydrocarbons, carbon monoxide,
nitrogen oxides, sulphur oxides, particulate, metals (Orecchio and Amorello 2011)
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and organic compounds (Orecchio 2007; Gianguzza et al. 2008) in the environ-
ment. The metals most implicated in this worldwide-level atmospheric pollution
event are Platinum Group Elements (PGEs) released from catalytic converters
(Orecchio and Amorello 2010, 2011) and V which is the most abundant metal
present in crude oil, commonly in concentrations that exceed 1000 ppm. The PGEs,
sometimes referred as the Platinum Group Metals (PGMs), comprise the rare ele-
ments such as platinum, palladium, rhodium, ruthenium, iridium and osmium.

In Europe, today, gasoline or petrol (lead free), diesel and, in few cases, liquefied
petrol gas are the most common fuels used in cars. With the elimination of lead
compounds from automotive fuels, the possibility of using this element as a marker
of automotive traffic has been eliminated. Therefore, interest in new markers has
moved to other elements.

Platinum is naturally occurring element, present in relative very low concentra-
tions (Pt 0.01 = ppm) in the earth crust (Greenwood and Earnshaw 1985) and
therefore in environmental matrices (water, soil, sediment, organism, etc.) (Orecchio
and Amorello 2011) and derived atmospheric particulate matter (Zereini et al. 2001;
Wiseman and Zereini 2009).

In the past, PGMs were considered to be relatively inert, but some recent
researches have demonstrated the biological availability of these elements as sol-
uble species (Ek et al. 2004; Hoppstock and Sures 2004): in fact, studies with
mussels and plants exposed to road dust showed an unexpectedly high bioaccu-
mulation of PGMs (Sures et al. 2001). The high concentrations of platinum found in
environmental matrices reveal the fundamental contribution from human activities
(Konig et al. 1992; Orecchio et al. 2012; Rubino et al. 2009), especially automotive
traffic, since PGEs are widely used in catalytic converters.

Generally, authorities use the values of concentrations of particulate matter in
urban air to make decisions about the traffic restrictions in city centers. This
approach, in our opinion, is not correct, because the sources of particulate matter, in
European cities, can be manifold, while platinum is originated, at the present time,
only by the catalytic converters. Consequently, our researches are aimed at a
contribution to a monitoring of platinum utilized as marker for pollution caused by
motor vehicle traffic. This requires the development of good analytical methods to
measure very low Pt concentrations in complex environmental matrices, as well to
estimate background concentrations.

At the present time, literature data concerning direct measurements of the emitted
PGE are limited to some papers, in particular, Pt, Pd and Rh have been detected in
particles directly from the exhaust gas by complicated and expensive techniques as
X-ray photoelectron spectroscopy analysis (XPS) and by high-resolution ICP-MS
(Moldovan et al. 1999; Petrucci et al. 2000; Vlasankova et al. 1999).

The main purpose of our researches is to develop reliable methods for the
determination of PGMs at trace level in the solutions obtained from the minerali-
zation of environmental matrices, because they cannot be readily measured using
conventional techniques used in most laboratories, in particular, the ICP-OES and
ICP-MS techniques: in these cases, determinations are problematic, due to diffi-
culties connected to the isolation of these metals from the matrix and to strong
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interferences which cannot be eliminated (Zimmermann et al. 2001); as a conse-
quence, alternative methods should be preferred.

Previous studies (Orecchio and Amorello 2010) were aimed at a contribution to
a monitoring of platinum in particular in organisms considered bioaccumulators
because very little is known about the influence of these elements on organisms
exposed to this type of contamination. Biomonitoring methods using organisms, or
part of them, offer a feasible low cost alternative, especially in terms of high spatial
resolution and time-averaged data series. The advantages of biomonitoring to
evaluate environmental quality are reported in some articles (Culotta et al. 2002,
2005; Orecchio 2007; Lombardo et al. 2001; Dongarra et al. 2003).

In this work are presented results about monitoring of PGE, in particular Pt and
Rh in several environmental matrices, as soil and leaves because very little is
known about the levels of these metals in urban areas. Moreover, new and original
results about the concentration of PGE in atmospheric particulate collected in
Palermo are here presented and discussed.

We used Differential Pulsed Voltammetry (DPV) and Adsorbitive Stripping
Voltammetry (AdSV) to measure the concentrations of Pt and Rh respectively in
solutions obtained from several environmental matrices. Theory and applications of
voltammetry are given in references (Skoog and Leary 2000; Harris 2005). His-
torically, the voltammetry developed from the discovery of polarography in 1922
by Jaroslav Heyrovsky for which he received the 1959 Nobel Prize. The voltam-
metric technique involves the application of a potential (E) to a working electrode
and the monitoring of the resulting current (i) flowing in the electro-chemical cell.
In many cases the applied potential is varied or the current is measured over a
period of time (7). The analytical advantages of the voltammetric techniques consist
of exceptional sensitivity, specificity, with large useful linear concentration range
for several inorganic and organic compounds (107'2-107> M), high precision
(<1 %), wide dynamic range, a large number of useful solvents and electrolytes,
possible simultaneous analysis of different compounds, the ability to determine
kinetic and mechanisms of reaction and fast analysis times. In fact, once the sample
has been prepared (mineralized, in the cases of solids, organisms, etc.), the vol-
tammogram can be acquired quickly.

In the differential pulse voltammetry, utilized by us for the analysis of platinum,
the potential is scanned with a series of pulses (from 10 to 100 mV) which are
superimposed on a linearly increasing potential. The current is measured immedi-
ately before the application of the pulse and at the end of the pulse. The difference
between current at these points for each pulse is measured and plotted against the
base potential (Kounaves 1997). In this way, the analytical signal is free from non
faradic (charging) current. Analysis of Rh was performed with Adsorptive stripping
voltammetry. A metal complex adsorbed at the working electrode, gives a signal by
scanning the electrode potential, usually in a reductive direction. Since this is a
surface technique, it is appropriate for determining ultra-trace levels of metals.

There are many applications of voltammetry for the determination of different
metals in different matrices (Piech et al. 2008; Stoica et al. 2004), but to the best of
our knowledge, there are few reports on the application of the electrochemical
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method for the determination of ultra traces of Pt in complex such as environmental
matrices (Orecchio and Amorello 2010, 2011; Orecchio et al. 2012; Locatelli 2006).

2 Previous Our Researches

In the case of soil (Orecchio and Amorello 2011), speciation of Pt was performed in
samples collected from 24 stations: a sequential treatment at first in HNOj and
successively aqua regia allowed us to separate respectively two fractions of Pt:
oxides and/or others compounds and metallic platinum. Concentrations of total Pt in
surface soils were in the ranges from 0.6 to 2240 pg/kg d.w. while, in the lower soil
from 0.3 to 16 pg/kg d.w. (Orecchio and Amorello 2011) The lowest values of total
Pt were found in the less contaminated stations, taken as references, while the
highest concentrations were measured in two road near train and bus stations in the
centre of Palermo characterized by slow and heavy traffic flow (Orecchio and
Amorello 2011). The results of this paper show that Pt concentrations in soils are
always enhanced in the uppermost horizon and decline to background values by a
depth of 10 cm. In analyzed samples platinum exists principally in the metallic form.

In another study (Orecchio and Amorello 2010), leaves of Nerium oleander have
been chosen as bioaccumulators for platinum and rhodium because the plant
(evergreen) is widespread both in metropolitan and in the peripheral areas of the
cities. Concentrations of platinum ranged from 0.33 to 25 pg/kg d.w. Also in this
case, the higher concentrations of both metals were detected in samples from the
urban area of Palermo compared to the control sites and are diagnostic of conspic-
uous air contamination. In this research (Orecchio and Amorello 2010), with the aim
to assess the reliability of oleander leaves as bioaccumulator of air pollutants, we
also carried out a linear regression analysis between total PAHs concentrations in
oleander leaves measured in a previous study (Culotta et al. 2005) and the con-
centrations of platinum in the same type of leaves. The high correlation demonstrates
that oleander leaves can be used as indicators of PGE contamination. Likewise, a
good correlation was found between total PAHs concentrations in leaves of Quercus
(Orecchio 2007) and the concentrations of platinum in the leaves of oleander
measured. We presuppose that the high correlation with contaminant of the same
origin (traffic) demonstrates that oleander leaves can be used in order to estimate
easily and fast, air quality of a chosen region. The high correlation of the content of
Pt in the soils of Palermo stations (Orecchio and Amorello 2011) and the concen-
tration of the same element in leaves of Nerium oleander confirms the geographical
distribution of the considered contaminant in the area of Palermo. We can conclude
that despite the commonly accepted fact that platinum vehicular emission takes place
in metallic and oxide forms (Palacios et al. 2000; Zereini and Alt 2000), we can
speculate that at least part of the particles is soluble, and over a period of time can
transform in contact with various kinds of compounds in the environment, and in
particular on leaves surface, thus providing platinum compounds ready to enter in
the vegetal organism or in part of them and in the food chain.
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3 New Monitoring: Assessment of Airborne Platinum
and Rhodium Associated with the Atmospheric
Particulate in the Palermo (Italy) Area; Analytical
Method Using Voltammetry

3.1 Experimental

3.1.1 Quality Assurance

In our researches we assure the quality of results following several precautions. All
the vessels and flasks are cleaned before use by rinsing three times with HNO3
(2 %) and three times with redistilled Milli-Q water. Procedural blanks are routinely
analysed every four-five samples, using the same procedure as for the samples, and
the calculated mean concentrations for the element are then subtracted from results
of each sample. Since certificate particulate samples are often not available, the
analytical procedure is checked for accuracy by analysing the enriched samples
prepared by us. Samples of matrices containing Pt below the detection limits are
spiked with a known quantity of Pt and analysed. Generally, the average recoveries
of added pollutants ranged from 70 to 105 %, with relative standard deviations less
than 10 %. The quantification limit (LQ) is estimated as 10 s (ten times the
background noise) (IUPAC criterion).

3.1.2 Chemicals

Standard stock solution of Pt and Rh (1000 mg/mL) were purchased from Fluka
(Milano, Italy), the diluted solutions were prepared daily. The reagents used
throughout were analytical grade (Carlo Erba, Milano, Italy) and all solutions were
prepared in Milli-Q water. HNOj (65 %), H,SO,4 (96 %) and HC1 (37 %) were
analytical grade (Suprapur Carlo Erba, Milano, Italy). Hydrazine 1.8 mM/L and
formaldehyde (0.6 mM/L for Pt and 0.02 mM/L for Rh) solutions were prepared
daily from analytical grade reagents (Carlo Erba, Milano, Italy).

3.1.3 Sampling and Site

We have taken into account Palermo, as representative of the majority of European
cities. Palermo, a city in southern Italy, has warm weather and high relative
humidity throughout the year.

In terms of vehicular traffic and activities, Palermo, is similar to most European
cities. Our previous studies (Orecchio and Amorello 2011; Orecchio 2007, 2010;
Gianguzza et al. 2008; Lombardo et al. 2001) indicate that the air in Palermo is
gravely polluted, mainly from traffic. Total suspended particles (TSP), present at
high levels, contain large amount of contaminants with differences in terms of
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concentration and profiles of organic contaminants (PAHs) with localization, in the
air adjacent to a busy street.

In the city of Palermo, Amia (municipal air quality monitoring network) has
installed nine monitoring stations that measure the levels of environmental pollu-
tion. The results of monitored parameters (PM;o, NO,, SO,, CO, O3) are available
on a web site (http://www.palermoweb.com) from 2003 to today. No metal is
directly monitored by the monitoring units.

Forty-three particulate samples were collected also collected in December 2010,
at five sampling stations (Fig. 1) belonging to the municipal air quality monitoring
network (AMIA), characterized by varying traffic density. In order to determine
very low concentrations of both metals, each sample was obtained by mineralizing
at least three filters at each station. Four monitoring stations are close to roads with
a high density of vehicles; the fifth is located in a suburban site. The selected
stations were:

Giulio Cesare: a large square in front of the railway station exposed to heavy
traffic, composed by cars, urban and extra-urban buses. It is about one kilometre
from marine coast. Number of samples collected: 5;

Castelnuovo: large square, located in city centre and exposed to heavy traffic,
composed by cars and urban buses, especially during week end and festivity.
Number of samples collected: 5;

Unita d’Italia: a large square, exposed to heavy traffic density. Number of
samples collected: 15;

Fig. 1 Location of sampling sites


http://www.palermoweb.com

Voltammetric Analysis of Platinum in Environmental Matrices 85

De Blasi: the station is located close to a large and ventilated crossroads with
traffic lights at pedestrian crossings, and is characterised by high traffic flows,
consisting of cars, heavy-duty vehicles and buses.

CEP: a sub-urban background station without any direct influence of urban
activities (car traffic). This site was selected as a control, to monitor the back-
ground level of the two elements. Number of samples collected: 9.

Sampling was performed according to European Standard EN12341: samples
were collected using a sampler (Explorer or mod. ZB1, Zambelli, Italy), a sampling
inlet head (Zambelli), operating at a constant sampling rate of 38.3 1/m (2.3 m’/h).
The sampling time was 24 h, from midnight to midnight. Particles were collected on
a quartz or glass fibre filter (47 mm in diameter). Initial and final weighing of filters
were carried out in a temperature and humidity controlled room (T = 20 + 1°C,
RH =50 % £ 5 %), after conditioning the filters for 48 h before and after sampling.
Gravimetric determination of the particulate was carried out by three successive
weight measurements using an analytical microbalance Sartorius MES-OCE.

3.1.4 Treatment of Samples

The mineralization was carried out by digesting each sample in 3—10 ml of hot
HNO; + HCI (1:3) (Suprapur quality) in a Milestone model MLS-1200 Mega
(Milestone Laboratory Systems, Italy) microwave oven (1000 W maximum power)
equipped with six high-pressure (up to 100 bar) Teflon containers. The operating
parameters for the microwave digestion are: 1 min at 200 W, 1 min at 0 W, 5 min at
250 W, 5 min at 400 W, 3 min at 600 W and 5 min at 300 W. After digestion was
completed, the clear, colourless solution was transferred into a volumetric flask and
brought to volume with water purified by Milli-Q system.

3.1.5 Voltammetric Analysis

The solutions obtained from the acid treatment were analyzed by differential pulse
voltammetry (DPV/a) and AdSV for Rh using a Polarograph Amel Model 433-A
with a hanging mercury drop electrode (HMDE) as working electrode, and a
auxiliary glassy carbon electrode, and a Ag/AgCI/KCl (sat.) as reference electrode.
The instrumental parameters for analysis are shown in Tables 1 and 2.

At the start of each measure, the solutions obtained from mineralization are
degassed with analytical grade nitrogen (99.998 %) for 300 s and a flow of nitrogen
is maintained over the solution during the measure to prevent oxygen interference.
The experiments generally are performed at constant temperature (25 °C). Platinum
determinations are carried out in aqueous H,SO4 1 M as supporting electrolyte, in
the presence of 1.2 mM hydrazine sulphate and 0.6 mM formaldehyde. Formal-
dehyde and hydrazine condense in solution to form the corresponding hydrazone,
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Table 1 Operating parameters for the voltammetric analysis of the solutions obtained from
particulate samples

Analytes Tecniques Electrolytes Reagent

Pt DPV/a H,SO, 1 M [N,H,] = 1.8 mmol L™,
[H,CO] = 0.6 mmol L™

Rh DPSAV HCl 0.42 M [H,CO] = 0.02 mol L™*

Table 2 Instrumental param- Parameters Pt Rh

eters for the voltammetric — -

analysis of the solutions Initial potential (mV) =300 -900

obtained from particulate Final potential (mV) —1000 —1200

samples Current range Automatic Automatic
Potential scan rate (mV/s) 50 10
Potential of deposition (mV) - =700
Cycle n° 1 1
Deposition time (s) - 30
Stirring rate (rpm) 300 300
Size of the drop (a.u.) 60 60
Delay time before potential sweep 10 10
(s)

which forms a complex with platinum. Subsequently, a potential changing from
—0.3 to —1.0 V in the differential pulse mode is applied to the working electrode,
and the catalytic current of the hydrogen formation is measured at —0.85 V (vs. Ag/
AgCl) (Fig. 2). The current intensity results proportional to Pt concentration. The
catalytic effect of Pt makes the analysis very sensitive.

Adsorptive stripping voltammetry was used for analysis of Rh. This technique is
well-known to provide an excellent sensitivity for a variety of trace metals at a
mercury electrode (film or drop); it involves complexation of metals with specific
ligands and adsorption of the related complex on the mercury surface. The adsorbed
complex is electrochemically removed by scanning the electrode potential, usually
in a reductive direction. Since this is a surface technique, it is appropriate for
determining ultra-trace levels of metals in solutions. In hydrochloric acid solution
(0.42 M), in the presence of formaldehyde (0.02 M), a complex rhodium—formal-
dehyde is adsorbed on a hanging mercury electrode at —0.7 V. The potential of
working electrode was then changed from —0.9 to —1.2 V, giving a peak at —1.1 V
due to hydrogen reduction, catalyzed by Rh formaldehyde complex. The catalytic
effect of Rh explains the great sensitivity of this method. The operating parameters
for both metals are reported in Tables 1 and 2.

Voltammetric curves of standard solutions are reported respectively in Figs. 2
and 3. For both analita, quantitative analyses were performed using the standard
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Fig. 2 Voltammetric curves
of platinum

Fig. 3 Voltammetric curves
of rhodium
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addition method. Calibration graphs were built using data from measurements and
evaluated by the least squares linear regression method. Under the optimum con-
ditions a very good linear correlation was obtained between the monitored vol-
tammetric peak current and metals concentrations. As an example, the calibration
curves for platinum and rhodium are shown in Figs. 4 and 5.

4 Results and Discussion

The developed voltammetric method showed high sensitivity and very elevated
reproducibility. The detection limits for Pt and Rh are, respectively, 1.1 and
0.08 pg/m’; the precision, expressed as relative standard deviation (RSD %) was
4 % for Pt and 3 % for Rh.
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Fig. 4 Calibration graphs for Pt constructed using standard addition procedure and evaluated by
the least-squares linear regression method
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Fig. 5 Calibration graphs for Rh constructed using standard addition procedure and evaluated by
the least-squares linear regression method

The mean concentration for platinum and rhodium in particulate samples, col-
lected in Palermo area, not considering the reference station, were respectively 10.6
and 7.5 pg/m’>. Pt concentrations ranged from 1.1 to 33 pg/m’, while Rh concen-
trations were in the range 0.08—19 pg/m> (Table 3, Fig. 5). For thodium, in many
cases the analyses of the particulate samples fall below the detection limits. In
almost all samples, platinum is more abundant than rhodium.

The highest mean value of Pt and Rh concentrations (13 and 9.7 ng/m’) were
registered at Unita d’Italia station, located in an area of Palermo characterized by
slow and heavy traffic flow, in particular during the opening time of offices and shops
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Table 3 Platinum and rhodium concentrations in pg/m®

Palermo area

89

measured on particulate collected in

Samples Pt (pg/m>) Rh (pg/m>) Volume (m?) Particulate (mg)
G. Cesare 1 10 2.1 104.9 2.64
G. Cesare 2 3.6 1.7 154.7 5.10
G. Cesare 3 5.6 1.5 155.6 5.90
G. Cesare 4 4.9 33 155.8 4.16
G. Cesare 5 44 32 104.2 491
Castelnuovo 1 8.5 8.1 156.8 2.56
Castelnuovo 2 2.0 1.0 102.6 1.90
Castelnuovo 3 25 18 140.9 2.04
Castelnuovo 4 3.6 1.0 158.1 2.48
Castelnuovo 5 3.6 1.0 104.8 1.62
Un. Italia 1 25 12 130.3 3.92
Un. Italia 2 10 9.2 163.3 6.26
Un. Italia 3 5.6 52 162.8 3.63
Un. Italia 4 8.0 7.8 162.7 4.56
Un. Italia 5 74 7.1 162.4 7.09
Un. Italia 6 13 12 162.2 6.90
Un. Italia 7 12 11 162.1 5.81
Un. Italia 8 16 15 162.1 5.03
Un. Italia 9 54 35 156.4 4.82
Un. Italia 10 8.3 5.0 156.6 4.70
Un. Italia 11 33 19 210.8 9.23
Un. Italia 12 24 19 157.2 6.65
Un. Italia 13 54 7.8 155.1 3.26
Un. Italia 14 4.6 4.1 104.2 3.23
Un. Italia 15 17 9.0 104.0 2.63
De Blasi 1 11 7.0 103.0 221
CEP 1 <1.1 <0.08 155.9 4.36
CEP 2 <1.1 <0.08 156.3 4.80
CEP 3 <1.1 <0.08 156.7 4.72
CEP 4 <l1.1 <0.08 157.3 3.80
CEP 5 <1.1 <0.08 157.5 4.46
CEP 6 <1.1 <0.08 104.4 3.11
CEP 7 <1.1 <0.08 152.5 3.15
CEP 8 <1.1 <0.08 156.9 7.60
CEP 9 <1.1 <0.08 155.2 2.79

(8.00-20.00), while, the lowest values was found at CEP (<1.1 and 0.08 ng/m3),
considered as a sub-urban background station because far from emissions from
vehicular traffic. With regard to this station, it is useful to note that the mean
particulate concentration (28.7 pg/m?), recorded during the present study, is not
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significantly different from those observed in other stations (29.5 pg/m’) where
concentrations of analita are higher. These apparent anomalies probably are related
to wind transport of dust toward the Mediterranean area (Fig. 6).

The wide range of Pt and Rh concentrations (relative standard deviations if all
the stations are taken into account were 86 % for Pt and 103 % for Rh) indicates
heterogeneous levels of contamination in the investigated area. These results sug-
gest that the fluctuation in the concentration of Pt and Rh is directly linked to the
traffic conditions at least nearby the roads. Furthermore, we note that variations at
same site are very large. This variability may be explained by the different intensity
of auto vehicular traffic emissions in different days and also by the changing
meteorological conditions of the area.

The highly non-homogeneous distribution of Pt and Rh in the different stations
was found to be very different from that of the particulate (RSD = 32 %) measured
by AMIA (http://amianet.com) in the investigated area. The concentrations of Pt
and Rh are highly correlated (r = 0.93), suggesting their common origin (Fig. 7), but
they are not correlated with the concentrations of particulate. This evidence is in
good agreement to results obtained in previous papers (Orecchio and Amorello
2010, 2011) and can be explained by assuming that a fraction of particulate, in a
city like Palermo, has different origin than that of Pt and Rh, which can be attributed
exclusively to vehicle traffic. In fact, a recent paper (Dongarra et al. 2003) dem-
onstrates that at Palermo traffic emissions have an important effect on both PM,o
and PM, 5 mass levels. About 50 % of particulate matter is from road traffic. It is
also documented (Dongarra et al. 2003) that in roads with high densities of traffic,
atmospheric particulates loads may be up to about 140 % higher than in suburban
sites.
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Fig. 6 Platinum and rhodium concentrations measured on particulate samples collected in
Palermo area
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Fig. 7 Correlation between Pt and Rh determined in the particulate sampled in Palermo area

A comparison between the Pt and Rh in airborne particulate presented here with
the ones from the literature is only possible for those from limited areas, because of
the lack of Pt and Rh determinations. For example, in Munich, was measured only
the concentration of platinum (21.5 pg/m”) that was significantly greater than those
of other sites listed below. Platinum and rhodium concentrations measured in
Palermo area fall into the range of literature data, which we report in Fig. 8. For
example, some researchers (Ek et al. 2004; Rauch et al. 2001, 2005, 2006) mea-
sured PGE concentrations in particulate in two different sites in Goteborg, Sweden.
For the high traffic site, it was found to contain a mean of 14 pg/m3 of platinum and
2.9 pg/m® of rhodium. In Madrid, Pt content varied according to position of stations
and associated traffic intensities from 7.3 to 18 pg/m’ (Gomez et al. 2001), while Rh
was in the range from 2.8 to 4.6 pg/m>. In samples collected from a site with a
heavy traffic load in Frankfurt, Pt, and Rh concentrations ranged from 5.2 to
15.7 pg/m® and 0.8 to 3.9 pg/m’, respectively (Wiseman and Zereini 2009). In
Rome, Pt content varied from 8.1 to 8.6 pg/m’, while Rh was in the range from 2.2
to 3 pg/m’. In Mexico City the concentrations of the two metals were 9.3 and
3.2 pg/m3 respectively.

We found a Pt/Rh ratio about 1.5. In literature the values of ratios are highly
variable (Wiseman and Zereini 2009). Our ratio is in agreement to the data obtained
from Moldovan (Moldovan et al. 1999) who affirm that for the fresh Pt—-Pd—Rh
gasoline catalysts the particulate release was: 112 ng/km of Pt and 77 ng/km of Rh;
for Pd—Rh gasoline catalyst the release was of 43 and 12 ng/km of Pt and Rh
respectively; After ageing (30,000-80,000 km), the particulate release for the first
type of gasoline catalyst was: 8.3 ng/km of Pt and 2.5 ng/km of Rh and 5.4, and
2.2 ng/km of Pt and Rh, respectively for the Pd—Rh converter.
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Fig. 8 Pt and Rh concentrations in airborne particulate of different country

The concentrations of Pt and Rh in the samples from all sites exceed by far
natural concentrations. In order to assess the contribution of anthropogenic emis-
sions within the urban area, enrichment factors (EF) were computed with respect to
the upper continental earth crust (Greenwood and Earnshaw 1985). The EF values
calculated for each sample are shown in Fig. 9 according to the following
algorithm:

EF, = (Xa)Slalion/(Xa)background
where Xa is the concentration of the analita in particulate (mg/kg).

The highest values of EF (1249 and 172), for platinum and rhodium, were
observed in Castelnuovo station, in the period between 24 and 26 December. This
finding is in agreement with the fact that before and during festivity, the vehicle
traffic, especially in the commercial area of Palermo, is very intense, while the
lowest one (7.4 and 5.4) were detected in the CEP station.

In good agreement to Dongarra (Dongarra et al. 2003), trace elements (Pt and Rh
in our case) supposed to be introduced into the environment principally by
anthropogenic activities (in our case only by vehicular traffic because there are no
other sources of platinum and rhodium in the investigated area) were highly enri-
ched with respect to local soil. Pt and Rh, which have high EF values, thus reveal
them potential use as a fingerprint, to identify the contribution of motor vehicles to
traffic-derived particulate matter.

To compare the total metals content at the different sampling sites, the metal
pollution index (MPI) was used, obtained with the equation:

MPI = (Cp * Cgn)"?

where Cp, and Cg;, = concentration of the single metal in the sample. The values of
MPI (Fig. 10) ranged from 1 determined in background station to 21-25 determined in
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