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RESUMO

Titulo: Biogeoquimica dos elementos do grupo da Platina em ecossistemas aquaticos
Nome: Carlos Eduardo Salgueiro e Silva Monteiro

Doutoramento em Engenharia do Ambiente

Orientador: Doutor Miguel José Martins Caetano

Co-orientadores: Doutora Margarida Maria Portela Correia dos Santos Roméo

Doutor Antonio Cobelo-Garcia

Resumo

Os elementos do grupo da Platina (PGE), onde a platina (Pt) e o rodio (Rh) se incluem,
sdo elementos tecnologicamente criticos de preocupacdo ambiental emergente com uma grande
variedade de aplicacOes e crescente necessidade global. Consequentemente, as concentracdes
de Pt e Rh aumentaram em varios compartimentos ambientais, incluindo os ecossistemas
aquaticos. Esta tese apresenta dados recentemente adquiridos no estuario do Rio Tejo. Este
sistema € adequado ao estudo da Pt e Rh devido a pressdes antropogeénicas ativas e historicas,
assim como a sua conexdo com o mar. Assim, esta tese relata novas visdes sobre a ocorréncia
e transporte de Pt e Rh das areas urbanas para o estuario, bem como as suas implicagdes
geoquimicas num estuario muito hidrodinamico. A voltametria de redissolucdo catodica com
adsorcdo (AdCSV) foi otimizada para a determinacdo simultanea de Pt e Rh num unico
varrimento, aproveitando a transformacéo do sinal usando a segunda derivada. Este passo
melhora os picos mal definidos, habitualmente encontrados em concentrag6es ultra-traco, como

as de Pt e Rh em matrizes ambientais.

A distribuicdo espacial de Pt e Rh foi avaliada nos sedimentos superficiais (n = 72). As
concentragdes variaram entre 0.18-5.1 ng Pt g* e 0.019-1.5 ng Rh g*. Os niveis de referéncia
(base) estimados para o estuario foram 0.55 ng Pt g* e 0.27 ng Rh g*. Os niveis de Pt e Rh
proximos dos emissarios das estacfes de tratamento de aguas residuais (ETAR) e locais de
descarga pluvial foram semelhantes aos niveis de referéncia. As concentracdes mais elevadas
no estuario foram encontradas junto as areas industriais e ponte Vasco da Gama, apontando
como fontes de Pt e Rh os catalisadores quer industriais quer dos automoveis, respetivamente.
Tendo como foco a transferéncia de Pt e Rh da area urbana para o estuario e as suas alteracdes
quimicas, foi investigada a especiacdo de ambos o0s elementos usando uma abordagem com
multiplos métodos. O pd de estrada (<63 pum) recolhido numa faixa com trafego intenso foi

exaustivamente caracterizado e incubado durante 7 dias em agua sintética da chuva e do mar.
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As espécies verdadeiramente dissolvidas medidas por voltametria (AdCSV) corresponderam a
0.01% e 0.1% do total de Pt e Rh no p06 de estrada e as concentragdes foram relativamente
constantes ao longo do tempo. Nos lixiviados (<0.45 um), as concentragdes verdadeiramente
dissolvidas de Pt e Rh foram aproximadamente 10 e 40%, respetivamente, do total de espécies
medidas por espectrometria de massa atomica (ICP-MS). Estes resultados sugerem a presenca
de particulas coloidais ou (nano)particulas insollveis. Foram ainda observadas variac@es

temporais para o total de espécies de Pt <0.45 pum, por oposi¢do ao Rh.

As concentrages e a particdo de Pt e Rh foram também investigadas na coluna de dgua
do estuario do Tejo. A determinacdo simultanea de Rh particulado e dissolvido na coluna de
agua de um estuério é reportada pela primeira vez. Amostras de agua foram colhidas a entrada
(VFX — Vila Franca de Xira) e na embocadura (ALC — Alcantara) do estuario durante ciclos
semidiurnos de maré, em maré morta (MM) e em maré viva (MV). Adicionalmente, no ciclo
MM em VFX, o ICP-MS foi usado também para determinar Pt na fragdo dissolvida (<0.45 pm).
Ambos 0s elementos seguiram o regime hidrodinamico, apresentando geralmente as
concentracdes mais elevadas durante a baixa-mar. As concentracdes de Ptp (1.0-25.6 ng g*) e
Ptp (0.1-11.7 ng L) foram maiores que as de Rhe (0.1-5.1 ng g*) e Rhp (0.03-0.12 ng L),
respetivamente, e ambas as fracdes de Pt foram maiores em ALC do que em VFX, espelhando
diferentes entradas antropogénicas para o estuario do Tejo. A principal fonte de Pt e Rh teve
como origem os catalisadores dos automdveis. No entanto, na estacdo de ALC foi encontrada
uma fonte adicional de Pt presumivelmente derivada de compostos a base de Pt usados em
quimioterapia. O comportamento da Pt pareceu ser ndo-conservativo devido as quantidades
emitidas serem maiores do que as de Rh. Os coeficientes de distribuicdo (Kp) calculados para
a Pt e Rh foram aproximadamente de 10* e mostraram ser independentes do gradiente de
salinidade. Na campanha de VFX em MM, a anélise de especiacdo mostrou que as formas
verdadeiramente dissolvidas representaram 3929 % da Pt total na coluna de agua, enquanto o
total de espécies de Pt que passaram o filtro foram maiores, 65t14 %. Como tambem
encontrado para Pto em ALC, estes resultados sugerem que as formas dissolvidas controlam a
especiacdo de Pt na coluna de agua. Contrariamente, as formas particuladas de Rh
representaram a principal porcao deste elemento na coluna de agua uma vez que o Rh dissolvido

foi frequentemente inferior ao limite de detecéo.

Adicionalmente, a recirculacdo destes metais dentro do estudrio e a potencial troca com
a zona costeira adjacente foram avaliadas na estacdo a jusante usando um modelo

hidrodinamico do estuario do Rio Tejo (MOHID). Tanto a Pt quanto o Rh apresentaram de uma
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forma geral as concentra¢fes mais elevadas na vazante em oposicdo a enchente. Além disso, 0
modelo Lagrangiano da dispersdo de particulas também apontou para a ocorréncia de
recirculacéo dentro do estuério e que a exportacéo para o0 Oceano Atlantico pode ocorrer 2 dias
apos a emissdo. Por fim, os resultados obtidos mostram que os estuarios sdo uma via importante
para a introducdo de PGE de origem urbana na regido costeira, transferindo-os para o oceano

com implicacdes na circulacéo regional e/ou global.

Palavras-chave

Platina e Rddio, Voltametria, Distribuigdo espacial, Anélise de especiacdo, Estuério do Tejo.
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ABSTRACT

Title: Biogeochemistry of platinum group elements in aquatic ecosystems

Abstract

Platinum-group elements (PGE), in which platinum (Pt) and rhodium (Rh) are included,
are technology-critical elements of environmental emerging concern with a large variety of
applications and increasing global demand. Consequentially, Pt and Rh concentrations have
increased in several environmental compartments, including aquatic ecosystems. This thesis
presents data acquired recently in the Tagus River-estuary system. This system is adequate to
study Pt and Rh due to active and historical anthropogenic pressures and its connection to the
sea. Thus, the thesis provides new insights on the occurrence and transport from urban areas to
the estuary, and geochemical implications as well in a highly hydrodynamic estuary. A
voltammetric procedure was optimized for the simultaneous determination of Pt and Rh in a
single scan, taking advantage of signal transformation using the second derivative. This
procedure improves ill-defined peaks usually found at ultra-trace concentrations, such as those

of Pt and Rh found in environmental matrices.

The spatial distribution of Pt and Rh was assessed in surface sediments (n=72).
Concentrations ranged between 0.18-5.1 ng Pt g™* and 0.019-1.5 ng Rh g*. Estimated reference
(background) levels in the estuary were 0.55 ng Pt g™ and 0.27 ng Rh g*. Levels of Pt and Rh
close to wastewater treatment plants (WWTP) outfalls and pluvial discharge sites were similar
to the reference levels. The higher concentrations were found in the vicinity of industrial areas
and the Vasco da Gama bridge, pointing out the source of Pt and Rh in industrial catalysts and
automotive catalytic converters (ACC), respectively. Focusing on Pt and Rh transfer from the
urban area into the estuary and their chemical alterations, a speciation analysis study of both
elements was evaluated using a multi-method approach. Road dust collected (<63 um) in a high
traffic lane was thoroughly characterized and incubated during 7 days in synthetic rainwater
and seawater. Truly dissolved species measured by adsorptive cathodic stripping voltammetry
(AdCSV) corresponded to 0.01% and 0.1% of total Pt and Rh, respectively, in the road dust
and concentrations were relatively constant over time. In the leachates (0.45 pm), truly
dissolved concentrations of Pt and Rh were approximately 10 and 40 %, respectively, of total
filter-passing species measured by inductively coupled plasma mass spectrometry (ICP-MS).
This suggests the presence of colloidal- or insoluble (nhano)particles. Furthermore, temporal

variations were observed for total filter-passing Pt species, as opposed to Rh.
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The concentrations and partition of Pt and Rh were assessed in the water column of Tagus
estuary. The simultaneous determination of particulate and dissolved Rh in the estuarine water
column is reported for the first time. Samples were collected at the entrance (VFX — Vila Franca
de Xira) and mouth (ALC — Alcéntara) of the estuary during semi-diurnal tidal cycles over neap
(NT) and spring tide (ST). Additionally, in VFX NT cycle, ICP-MS was used to determine Pt
in the dissolved fraction (<0.45 pum). Both Pt and Rh followed the hydrodynamic regime, in
general presenting higher concentrations during low tide. Concentrations of Ptp (1.0-25.6 ng
gh) and Ptp (0.1-11.7 ng L) were higher than Rhe (0.1-5.1 ng g*) and Rhp (0.03-0.12 ng L),
respectively, and both fractions of Pt were higher at ALC than in VFX, mirroring different
anthropogenic inputs to the Tagus estuary. The main source of Pt and Rh was the ACC but, at
ALC station, Pt also had origin in Pt-based compounds. The behavior of Pt appeared to be non-
conservative due to the higher inputs than Rh. Distribution coefficients (Kp) around 10* were
calculated for Pt and Rh and were independent of the salinity gradient. In VFX NT survey,
speciation analysis showed that truly dissolved forms represented 39+9 % of total Pt in the
water column, while total filter-passing species were higher, 65+14 %. As also found for Ptp in
ALC, these results suggest that dissolved forms control Pt speciation in the water column.
Contrarily, particulate forms represented the main proportion of bulk Rh in the water column

since dissolved Rh was often below the LOD.

Additionally, metals recirculation within the estuary and the potential exchange to the
Atlantic Ocean were also assessed at the downstream station using a hydrodynamic model of
Tagus River estuary (MOHID). Both Pt and Rh presented in general higher concentrations
associated with the ebb opposing to the flood. Moreover, the Lagrangian modelling of the
particles’ spread also pointed out that recirculation within the estuary takes place and the export
towards the Atlantic Ocean can occur within 2 days after release. Ultimately, the obtained
results show that estuaries are an important pathway to introduce PGE in the coastal region,

transferring them towards the ocean with implications in regional and/or global circulation.

Keywords

Platinum and Rhodium, Voltammetry, Spatial distribution, Speciation analysis, Tagus estuary.
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SCOPE OF THE WORK

Scope of the Work

The increase of technology-critical elements (TCE) in the environment, which
include the platinum-group elements (PGE), is considered a hot topic for researchers
because of their environmental emerging concern related with potential ecological
impacts. The platinum-group elements, i.e. platinum (Pt), palladium (Pd), rhodium (Rh),
iridium (Ir), osmium (Os), and ruthenium (Ru), have low abundance in the earth’s
continental crust (Peucker-Ehrenbrink and Jahn 2001) but their extraction and usage have
increased over the last decades (Rauch and Peucker-Ehrenbrink 2015; Ravindra et al.
2004). Applications of PGE are varied, but half of the anthropogenic emissions are
attributed to the deterioration of automobile catalysts (Dubiella-Jackowska et al. 2007;
Pawlak et al. 2014; Ravindra et al. 2004; Rauch and Peucker-Ehrenbrink 2015; Whiteley
and Murray 2005; Wiseman and Zereini 2009; Zereini et al. 1997), releasing PGE mainly
as fine particulate materials. However, other sources may contribute significantly to the
bulk emissions of PGE to the environment (Rauch and Peucker-Ehrenbrink 2015). The
release of PGE from industrial activities remain poorly documented, whose catalysts used
in their manufacturing processes include those metals. Furthermore, the inventory of Pt
emissions derived from Pt-based chemotherapeutic drugs needs more investigation. Thus,
point sources are often localized in urban and industrial regions. Spreading occurs
through the atmosphere on airborne particles (Wiseman and Zereini 2009) or the
hydrological cycle, being found in all environmental compartments (rainwater,
groundwater, surface waters, seawater, sediments, biota, etc.) (e.g. Zereini and Wiseman
2015). Main PGE-enriched materials are road dust, soils, terrestrial vegetation and
organisms (Pawlak et al. 2014; Ravindra et al. 2004).

In aquatic systems, PGE undergo various oxidation states and molecular forms. The
most common oxidation states are Rh as +3, whereas Pt and Pd can occur in either +2 or
+4 valence states in aqueous solutions (Colombo et al. 2008; Hartley 1991). It has been
suggested that Pt(1V) is the most abundant species in seawater, whereas Pt(ll) is in
freshwater (Cobelo-Garcia et al. 2013). The divalent state largely predominates over the
tetravalent state at 25°C, except under extremely oxidizing conditions (Hartley 1991),
where oxidation takes place and solubility increases in the presence of organic

compounds (OM).
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Platinum remains the most studied element amongst its group, but more recently
researchers have been paying attention to the other PGE, in particular Rh. It has been
reported that Pd may pose greater environmental risk than the other PGE due to its larger
solubility (Fortin et al. 2011; Wiseman and Zereini 2009). Recently, Almécija et al.
(2015) provided new insights on the geochemical reactivity and range of dispersion of Pt
and Os. Overall, there is a lack of scientific information related to the distribution,
transport and fate of PGE, as well as their biogeochemical processes in sediments and
waters. Speciation analysis studies under environmentally relevant conditions also remain
very limited. In addition, information concerning the driving processes that influence
PGE mobility and partition are vital to understanding the extension of environmental
contamination. The effects of rainwater and seawater, either the major ions composition
or organic compounds, in the various PGE forms are still unclear. Integrative modelling
tools could support the estimation of mass balance between compartments but those are
still missing. Platinum group elements in environmental matrices are usually found at the
ultra-trace level. Therefore, to have suitable methods for their determination is of major
importance. In general, most of the commonly used techniques quantify the total
concentration of elements. However, sensitive and selective methods are still needed, in
particular those for speciation studies under relevant environmental conditions that

demand sufficient selectivity and low limits of detection.

The European Commission predicted a significant increase in the demand and
supply of these technology-materials until the end of 2020 (European Commission 2014).
Certainly, the search for these elements will continue to rise in the upcoming decades,
with subsequent increase of PGE levels in the environment. Still, it lacks an accurate
environmental risk assessment concerning the Water Framework Directive (WFD;
2000/60/EC) and Marine Strategy Framework Directive. Concurrently, the Environment
Canada report (Fortin et al. 2011) has identified major knowledge gaps related with
analytical techniques (Dubiella-Jackowska et al. 2007; Fortin et al. 2011) and the lack of
thermodynamic, bioaccumulation and toxicity data (Fortin et al. 2011). Thus,
investigation on these elements is needed to evaluate the environmental transformations

and impacts in coastal and transitional areas, such as estuaries.
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Outline of the Thesis

This thesis discusses the platinum-group elements Pt and Rh in aquatic ecosystems,
with particular emphasis on the Tagus estuary and its surrounding urban and coastal areas.
Different environmental compartments were assessed, such as sediments, road dust, SPM
and waters. Related topics such as analytical methodologies, occurrence and behaviour,
cycling and modelling in the estuarine environment were addressed separately,
overviewing the work in the context of the actual state of the art. The thesis is outlined in
distinct chapters, as follows:

Chapter 1 — Literature review

This chapter addresses a general review of the state of the art literature about PGE.
It is introduced by a historical overview, followed by a general characterization of PGE
properties. Their natural and anthropogenic sources are discriminated and various
technology-based applications are described. In addition, the analytical techniques used
in the determination of PGE and the present challenges are also overviewed. Finally, the
presence, distribution, behaviour and cycling of PGE in the different environmental

compartments is concisely reviewed, focusing in the aquatic ecosystems.

Chapter 2 — Objectives
This section summarizes the general hypothesis raised and the list of main goals

defined to be answered in the present work.

Chapter 3 — Study area

The study area of this work, the Tagus estuary and its involving region, is described
in this chapter. It overviews the morphological features, pollution vulnerability and main
physicochemical characteristics, necessary to interpret PGE behaviour in a hydrodynamic
system. A historical up to date context of the region is given for urban and industrial
sprawl over the past years. The lessons learned over the past decades from various fields

of research are integrated to introduce the PGE study in the estuary.

Chapter 4 — Improved voltammetric method for simultaneous determination of
Pt and Rh using second derivative signal transformation - application to
environmental samples

This chapter reports the optimization of the voltammetric method used for

simultaneous determination of Pt and Rh in environmental samples. It introduces the
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chemicals, apparatus and laboratory analysis of both metals. Data processing takes
account of a signal transformation of the voltammograms using the second derivative.
The optimized conditions include the electrolyte composition, equilibration time,
deposition potential and time, limits of detection, and assessment of major interferences
as well. Finally, the method was applied to certified reference material and environmental
samples.

Chapter 5 — Platinum and rhodium in Tagus estuary, SW Europe: sources and
spatial distribution

This chapter evaluates the spatial distribution of Pt and Rh in superficial sediments
of the Tagus estuary and discriminates their main anthropogenic sources. In addition, it
establishes baseline concentrations of both metals in the estuary. The reference levels are
discussed against ancillary parameters. The pathway from the urban area towards the
estuary is assessed through waste- and pluvial discharge sites. The anthropogenic
signature of automotive catalytic converters is also discussed. Point sources of Pt and Rh

with origin in industrial catalysts were confirmed.

Chapter 6 — Speciation analysis of Pt and Rh in road dust leachates

This chapter explores the behaviour of Pt and Rh in road dust leachates under
relevant environmental conditions. Firstly, road dust was thoroughly characterized by
several analytical techniques. Secondly, aliquots were incubated in artificial rain- and
seawater up to 7 days and leachates retrieved. The speciation analysis of Pt and Rh was
then evaluated through the combination of different analytical techniques, such as
adsorptive cathodic stripping voltammetry, inductively coupled plasma—mass
spectrometry and nanoparticle tracking analysis, as well as discussed based on

physicochemical properties of the samples.

Chapter 7 — Drivers of Pt and Rh variability in the water column of a
hydrodynamic estuary: effects of contrasting environments

This chapter discusses the occurrence and behaviour of both metals in two
contrasting water columns of the Tagus estuary, during semi-diurnal tidal cycles. The
effects of neap and spring tides are evaluated in the upper estuary, at the mouth of Tagus
River, and in the lower estuary, at the discharge site of a treated wastewater effluent near
the Atlantic Ocean. The behaviour of particulate and dissolved fractions of Pt and Rh are

discussed based on physicochemical characteristics of the water and hydrodynamic
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forcing. The potential metals transport towards the adjacent coastal area is also

investigated, which also includes a numerical simulation approach.

Chapter 8 — General discussion

The overall discussion of the major findings in this thesis based on the
abovementioned chapters is addressed. In the perspective of evaluating PGE cycling
across the Tagus estuary, Pt and Rh data were integrated in a conceptual model of
circulation and biogeochemistry at a regional scale.

Chapter 9 — Conclusions and future perspectives

This chapter summarizes the conclusions draw from the main results in the thesis.
In addition, it presents future perspectives to further increase the current knowledge of
PGE in aquatic systems and fulfil current existing gaps.

References are presented at the end of each chapter and supporting information of
the chapters are presented in the end of the document.

Several chapters of this thesis were outlined based on a research article format and
intended to be presented as standalone publications. Chapter 1 was adapted from a
published book chapter and chapters 4 to 6 were published as original research articles.
Chapter 7 is ready for submission in a peer-reviewed journal. Thus, parts of the present

manuscript may show some repetition throughout the thesis.
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1.1. Historical Perspective

Civilization has partially evolved based on metals and their mining activities.
According to the International Union of Pure and Applied Chemistry (IUPAC 2005),
platinum-group elements (PGE) are a group of rare and noble transitional elements that
include ruthenium, rhodium and palladium (Ru, Rh and Pd; atomic numbers 44-46,
respectively), as well as osmium, iridium and platinum (Os, Ir and Pt; atomic numbers

76-78, respectively).

The first known use of PGE goes back thousands of years to the Egyptian’s period,
in jewellery. Despite being a metal of antiquity, Pt was discovered in the 16" century,
followed by Pd, Rh, Os and Ir in the 18" century approximately when Pt was brought to
Europe (Hartley, 1991). Ruthenium was the last element to be found and isolated, in the
19" century (Griffith 2008; Hartley 1991). Since then, PGE were introduced in the
modern days with increasingly and varied applications after the Industrial Revolution,
especially over the past decades. The advance of modern technologies led to the search
and exploitation of new mineral resources, with materials expected to be more resistant,
durable and light, and to develop new forms of 'green’' energy as well. However, this
development has not always been accompanied by adequate studies of environmental
impacts, which in general are confined to mining and ore processing activities. The
exploitation and use of platinum group elements (PGE) have increased significantly in
the last decades, whereas information on their biogeochemical cycles and impacts

remains scarce.

1.2. Characterization and General Properties

The PGE are located in groups 8 to 10 in the periodic table, with the ‘triad’ Ru-Rh-
Pd in the V period and Os-Ir-Pt in the VI period (Griffith, 2008; IUPAC, 2005). The PGE
are highly siderophile, with a strong affinity to Fe, and chalcophile as well, having high
affinity to S, opposing to the low affinity to O. The similar characteristics amongst PGE
make these elements unique. Owing to their particular physical and chemical properties,
the most remarkable features of PGE are the excellent catalytic properties and the high
resistance to temperature and corrosion. Despite also having a strong tendency to form a

variety of complexes, their kinetics is usually very slow except Pd. The chemical
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similarities of the abovementioned ‘triads’ were initially observed in 1829 by Johann
Dobereiner. In 1853, John Hall Gladstone identified the relation between both triads, in
which the atomic weights of Pt-Ir-Os were roughly twice those of Rh-Ru-Pd (Griffith
2008). The PGE are also included in the densest elements of the periodic table: Pt, Os and
Ir have =22 g cm™, being denser than Au (19 g cm), while Pd, Rh and Ru are lighter
than those, ~12.5 g cm™, but in the same order of Hg and Pb. Yet, Pt and Pd are soft and
ductile, which in turn are easier to work with and often used in metal alloys or with the
addition of other metals. Opposing to that, Rh and Ir are more difficult to work with, but
valuable either alone and in alloys. The hardest and brittle metals are Ru and Os, almost
unworkable in the metallic state and with poor oxidation states. However, these are

valuable as additions to other metals (Johnson Matthey 2016).

The PGE and some other elements included, namely Rare Earth Elements (REE),
Ga, Ge, In, Nb, Ta, Te and TI, are considered technology-critical elements (TCE) due to
their current importance in energy and other technology-based industries, for which the
global demand continues to increase (Cobelo-Garcia et al. 2015). As such, and because
of their increasing concentrations in different environmental compartments, many of
those elements are considered anthropogenic contaminants of emerging environmental
concern. This is particularly important in transitional environments such as estuaries,
because of the strategic location of land-based industries with easy access to worldwide
transportation. Significant changes in their concentrations and their natural cycle in the
Earth’s surface are due to extensive mining and usage. Consequentially, these are likely
to cause disturbances on their biogeochemical cycles and potentially may pose

hazardousness to hiota and humans in the future.

1.3. Natural Sources

Platinum group elements occur at very low concentrations in the earth’s upper
continental crust (UCC). Global average concentrations of PGE are 0.4 ng g™* for Pt and
Pd; 0.1 ng g* for Ru; 0.06 ng g* for Rh; and 0.05 ng g* for Ir and Os (Peucker-Ehrenbrink
and Jahn 2001; Ravindra et al. 2004). The highest PGE concentrations are estimated to
be found in the earth’s core, up to 5000 ng g (Lorand et al. 2008), as a result of primordial
material accretion, or even trapped in the upper layers during the lithosphere formation
(Pilchin and Eppelbaum 2017).



[. LITERATURE REVIEW

The main natural sources of PGE (Figure I-1) include terrestrial emissions of
volcanic origin and weathering of local parent rock caused by rain and watercourses,
whereas hydrothermal crusts and vents, and Fe-Mn nodules as well may represent the
major natural contribution of these metals to the deep-sea environment. As elemental
metals or in the form of alloys, PGE may be present also in alluvial deposits, usually with
iridium (e.g. platiniridium), and as well in nickel or copper deposits, arsenides (e.g.
sperrylite, PtAs,), sulphides (e.g. cooperate, (Pt, Pd, Ni)S), tellurides (e.g. PtBiTe) and
antimonides (e.g. PdSb) (Fortin et al. 2011; Pilchin and Eppelbaum 2017). Pyrite minerals
are known to contain PGE and they naturally occur in a variety of natural environments.
In addition, cosmic dust may also contribute to both terrestrial and aquatic environments

with small amounts of PGE (Almécija et al. 2017).

The exploitation of critical elements in the world, such as PGE, is limited to a low
number of sites. In fact, the European Union is highly dependent on the imports of those
materials, particularly from China and South Africa, since it does not have any
economically viable mining areas for the exploitation of TCE (Cobelo-Garcia et al. 2015).
The different PGE ores are distributed along the world in singular geological settings that

allowed the formation of those unique deposits, such as the Bushveld Igneous Complex
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Figure 1-1 — Natural sources of PGE (from Brito et al. 2020).
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(South Africa), Noril'sk (Russia), Stillwater Complex (Montana, US) or Great Dyke
(Zimbabwe) (Holwell and Mcdonald, 2010). The largest ore, the Bushveld Igneous
Complex, contains about 75, 54, and 82 % of Pt, Pd, and Rh world resources, respectively;
it is estimated that its mineral reserve is large enough to supply the anthropogenic demand
for decades (Cawthorn 2010; Glaister and Mudd 2010).

1.4. Anthropogenic Sources and Uses

Regardless of the natural occurrence of mantle plumes entailed in the Earth’s UCC
that contain PGE, the supply of these elements has almost doubled over the last decade
to more than 500 tons per year. Likewise, it is expected to increase in the upcoming years.
Accordingly, mining activities for the extraction of PGE, which are often associated with
other metals of economic interest, are transforming those regions in risky anthropogenic
sources to the environment (Figure 1-2). Consequently, PGE can result in by-products
from the smelt and extraction of other metals that are intimately linked to localized higher
levels of contamination than those from natural abundance. Thus, one of the main
anthropogenic sources of PGE derives from the mining, extraction and purification

activities of these and other metals.
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Figure 1-2 — Main anthropogenic sources of PGE and other TCE (from Brito et al. 2020).
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The increasing variety of PGE applications are as well transverse to several sector-
based industries of economic interest. Platinum, Rh and Pd are usually the most used
among the PGE and therefore are amongst the most expensive materials. Despite some
particular applications, the other PGE are usually present in metal alloys or as by-pass
products. The use of PGE in investment markets is a growing sector. Coins and metal
bars produced from Pt and Pd are used in exchange-trading markets as investment funds
in stock exchanges and bank accounts. The jewellery sector has also grown in the use of
PGE over the past decades, in particular reaching around 30% of Pt global demand. In
the modern days, decorative and ornamental objects such as earrings, necklaces and rings
are among the most usual objects. In addition, watches also include Pt in their machinery.

The industrial/technological sectors have, however, the widest range of PGE
applications. In electronics, PGE are used in the production of microchips, circuits, hard
disks and sensors, liquid crystal displayers (LCD) and fibreglass production. Platinum is
used as a coating in motor engine blades of airplanes and rockets, whereas Rh is used on
lighthouse reflectors and lamps. In the medical field, sensors and health devices such as
pacemakers and defibrillators also include Pt in their machinery. Dental applications are
also known for Pt and Pd, such as crowns and bridgeworks. Moreover, the catalytic
properties of PGE also have a long history in the industrial production of nitric and
sulphuric acids, cortisone, ammonia and fertilizers. Summarizing, the large diversity of
PGE applications potentially leads to an increase in their emissions into the environment.
This occurs either through direct point sources, resulting from industrial effluents
discharge, or indirect emissions because of their increased use and production of waste

residues by the society.

In addition, the ability of Pt to inhibit the division of living cell turned this metal
attractive in the production of Pt-based anticancer drugs, such as cisplatin, carboplatin
and oxaliplatin. Worldwide use of Pt-based compounds attempts to treat various human
malignancies, such as head, cervical, neck, ovarian and testicular cancers, and non-small
cell lung cancer, including many other solid tumours (Qi et al. 2019). Platinum is the only
metal still used to efficiently treat this disease. Currently, four new Pt-derivative formulas
have regulatory approval in oriental nations, such as Japan, Korea and China (Oun et al.
2018), and new Pt-based complexes are being explored by the pharmaceutical industry
(e.g. Ndagi et al. 2017). Cancer is a global health problem of modern times and often

considered the ‘pathology of the century’ (Falzone et al. 2018). Its pervasive incidence
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reinforces the need to find a cure since it represents the second leading cause of death
around the world. In the past couple of decades, the number of incidences has increased
more than 30 %, despite the advances in the diagnostic, medical and interventional fields
(Falzone et al. 2018). This is directly linked to the growing population and an increase in
the average age of life. Some projections point out that the number of incidences will
continue to rise in the next decades and thus it is most likely that the use of Pt-based drugs
will accompany this trend. Regardless, the efficacy of anti-cancer drug therapies includes
large quantities of metal administration (200 — 500 mg Pt L!). Consequently, hospital and
domestic sewage drained from urban areas raise environmental concerns related to
wastewaters contaminated specifically by Pt. Thus, medical uses of Pt represent an
important source of this metal (Laschka and Nachtwey 1997), which may cause impacts

to aquatic organisms due to its rising dissolved concentrations.

The automobile industry is the most demanding sector for PGE, accounting for 50
% of Pt, 75 % of Pd and 80 % of Rh (Johnson Matthey 2016). Despite their use in other
components of the automobiles, such as fuel cells and spark plugs in combustion engines,
the manufacturing of automotive catalytic converters (ACC) accounts per se for
approximately 50 % of PGE global demand. Catalytic converters were introduced in order
to reduce the emissions of other pollutants such as nitrous and carbon oxides, unburned
hydrocarbons and other pollutants, including particulate matter (Ravindra et al. 2004).
Particles released from ACC, due to mechanical degradation and abrasion result in
widespread distribution of PGE. This is particularly important near high traffic roads
(Schéfer and Puchelt 1998), which in turn are mobilized and transported reaching the
aquatic systems (Zereini and Wiseman 2015) or even distant unspoiled regions (e.g.
Barbante et al. 2001).

1.5. Analytical Methodologies

Platinum group elements in environmental matrices are usually found at ultra-trace
levels. Therefore, to have suitable methods for their determination is of major importance.
In general, most of the commonly used techniques quantify the total concentration of
elements. However, sensitive and selective methods are still needed, in particular those
for speciation studies under relevant environmental conditions that demand sufficient

selectivity and low limits of detection. Moreover, considering monitoring purposes, those
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techniques should be inexpensive and easy to work with. Various analytical tools have
been developed, in particular concerning multi-elemental capacity, although with some
disadvantages and analytical limitations. In particular, spectrophotometric methods and
atomic absorption spectrometry (AAS) were tentatively applied, yet also with some
analytical drawbacks. Adsorptive cathodic stripping voltammetry (AdCSV) has been one
of the techniques used in PGE determination, with great improvements in recent years.
Moreover, the use of inductively coupled plasma mass spectrometry (ICP-MS) has been
extensively used for PGE quantification in environmental matrices (e.g. Labarraque et al.
2015).

Among the PGE studies, the utmost attention has been given to Pt. More recently,
Pd and Rh in environmental samples have been reckoned with. Yet, emphasis has been
given in urban and roadside solid samples, where they are usually concentrated. Thus,
data on its total dissolved concentrations are still very limited. The improvement of
analytical techniques over the past few decades, such as electrothermal atomic absorption
spectrometry (ET-AAS) and ICP-MS, allowed the individual and simultaneous
determination of those elements in different environmental matrices (Zereini and
Wiseman 2015). Despite the high sensitivity of ICP-MS for PGE analysis, the need of
matrix separation due to spectral interferences from other elements has some
disadvantages (Labarraque et al. 2015). Overall, this is a quite expensive technique and
time-consuming as well, often needing a preconcentration step of the sample.
Voltammetric techniques provide a simple and sensitive way to determine Pt and Rh at
ultra-trace levels. Unfortunately, the same is not feasible for Pd because the limits of
detection are high to its determination in environmental samples. Moreover, voltammetric
techniques are in general less expensive and, after optimization, they appear to be suitable
for routine analysis (e.g. Locatelli 2007; Monteiro et al. 2017). Electroanalytical
procedures reported for PGE analysis are mainly based on the adsorptive process on a
mercury electrode. Alternatives envisaging a similar analytical performance to the Hg
electrode have been investigated (e.g. Pérez-Rafols et al. 2017; Silwana et al. 2014).
However, the reported detection and quantification limits remain insufficiently low to
allow the quantification of PGE in pristine environments (Peucker-Ehrenbrink and Jahn
2001). More recently, the voltammetric signal transformation using the second derivative

has proven to increase the accuracy of Pt and particularly Rh determinations at the ultra-
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trace levels (Almécija et al. 2016; Cobelo-Garcia et al. 2014; Monteiro et al. 2017),
paving the way for the other PGE.

The solubility and bioavailability of PGE, as of any other substance, is generally
determined by its speciation. Several variables, such as pH, ionic strength (salinity),
organic matter or the presence of other anions and cations, are determinant on their
chemical forms. These variables may be responsible for the differences in PGE speciation
occurring in salt water, mainly as chloride complexes, while in freshwater those metals
are essentially complexed with hydroxide anions and humic substances. The most
relevant oxidation states for the three main PGE are Pt(I1) and Pt(1V), Pd(11) and Rh(ll1),
which depend on salinity and redox conditions. According to Cobelo-Garcia (2013) and
Cobelo-Garcia et al. (2014), inorganic speciation is dominated by aquo-hydroxo, aquo-
chloro and mixed aquo-hydroxo-chloro complexes. Furthermore, there is evidence of Pt
and Rh interaction with organic matter, which may be key in speciation and thus in the
mobility and distribution of PGE in aquatic ecosystems (Bowles et al. 1994; Cobelo-
Garcia 2013). Nevertheless, there is a general lack of knowledge about PGE speciation,
particularly in aquatic environments. This goal, parallel to the evolution of analytical
techniques, led to outcomes more rapidly in the case of some elements rather than others.
Studies were devoted to Pt, whereas other PGE were more difficult to be evaluated. This
is associated either due to low concentrations in different environmental compartments,
such as Rh, or due to faster reaction kinetics and higher mobility in the environment,
namely with Pd. More recently, some works have suggested that Pt emitted from ACC
contained in road dust is present in the metallic state. Folens et al. (2018) used
single-particle ICP-MS (spICP-MS) to determine metallic Pt nanoparticles in road dust.
However, the soluble fraction of Pt could not be observed. In a recent study, the
combination of ICP-MS and AdCSV allowed performing a speciation analysis of Pt and
Rh in road dust leachates, discriminating a truly dissolved fraction of both metals under

relevant environmental conditions (Monteiro et al. 2020).

Despite the limitations of some analytical techniques at first, the scientific
community was able to quantify PGE in several matrices. However, efforts are still
needed to improve the current knowledge of their behaviour in the environment.
Regarding their speciation, this is particularly important since the total concentration of
an element does not reflect its potential toxicity for an organism. Moreover, which PGE

forms may cause adverse effects needs further investigation. Higher concentrations of
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PGE in environmental matrices are expected and thus those potential toxic species need
to be accurately differentiated.

1.6. Platinum-Group Elements Cycling in the Environment

The mobility and transport of PGE across different environmental compartments
have been a matter of debate over the past decades, owing to the increase of their
concentrations particularly in urban areas. The PGE emitted as solutes (e.g. Pt-based
drugs used in chemotherapy) or as fine-grained size particles, nanoparticles (e.g. PGE
emitted from ACC), may undergo chemical changes during their transport from the
source to the aquatic systems. However, studies with the scope of understanding their
behaviour in those compartments are still needed. Despite the limited information
available in the literature, it is expected that PGE may undergo the same chemical
transformations as most of transient metals. As with other metals, PGE are prone to be
affected by changes in master environmental variables. It is hypothesised that PGE may
form different species depending, firstly, on the ionic strength of the involving media
such as the changes caused by the transition from fresh- to seawater, or on pH variations,
namely from slightly acidic rainwater to alkaline seawater. Secondly, the nature of the
particles, whichever on the atmospheric, terrestrial or aquatic compartments, may play a
major role on processes as adsorption, scavenging and retention of metals. With this
regard, particles composition may vary according to the elemental and organic matter

composition, which may further affect PGE partitioning.

Besides the essential chemical characterization of environmental samples, there is
the necessity of understanding the physical mechanisms that can act as driving forces on
regional and worldwide transport of PGE. Physical drivers, such as wind and rain events,
may force the transfer of PGE between compartments, affecting their distribution and
ultimately transferring them from urban areas to the nearby aquatic systems. Along their
path, chemical changes occur and PGE may become bioavailable. As a result, PGE
concentration in sediments and aquatic vegetation often largely exceeds the natural
background levels contrasting with lower levels in waters (Zereini and Wiseman 2015).
In this section is presented a brief overview on the occurrence and cycling of PGE in the

different environmental compartments.
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1.6.1. Atmosphere

Anthropogenic activities have largely affected the natural biogeochemical cycle of
PGE and the atmosphere may well be considered the compartment in which
contamination is globally disseminated. Despite activities such as mining and biomass
burning contribute to the increase of PGE levels in the atmosphere, their main
anthropogenic source has been essentially attributed to automotive catalytic converters
(ACC). Emissions of PGE from ACC vary according to the type of engine (diesel or
petrol), the age of the catalyst and the velocity during vehicle operation. The particles
resulting from thermal degradation and mechanical abrasion from ACC during vehicle
operation can be directly emitted into the atmosphere, through the exhaust fumes
containing PGE as fine particulate material usually in the form of micro- or nanoparticles.
On the other hand, it is consensual amongst scientists that PGE in those particles tend to
accumulate and concentrate in the pavement, as road dust and in the near roadside soils.
The concentrations of PGE deriving from ACC in urbanized areas worldwide are
comprehensively described in the literature (e.g. Wiseman et al. 2016; Zereini and
Wiseman 2015). Nevertheless, road dust emission and its resuspension continue to draw
attention for the possible environmental and human health hazardousness in highly
populated cities around the world (e.g. Bocca et al. 2006; Diong et al. 2016; Rauch et al.
2005; Rinkovec et al. 2018; Zereini et al. 2012, 2004). Amato et al. (2014) showed that
road dust emissions can increase up to 35 % PMyo (airborne particulate matter, PM, with
aerodynamic diameter below 10 um) at impacted stations by traffic and even in urban
background sites, as well as up to 22 % at industrial and rural sites. Airborne PM of
smaller dimensions is easily dispersed by the wind action, mostly depending on its
intensity, which is thought to be the main mechanism responsible for regional- to long-
range transport of PGE (Barbante et al. 2001; Zereini et al. 2012). Ultimately, those
particles carrying PGE return towards the earth’s surface by either wet or dry atmospheric
deposition on land or sea. Although limited data is available on PGE concentrations in
rainwater, some results point out that those concentrations are usually very low, often
beneath 1 ng L (Eriksson 2001; Mashio et al. 2016). Mashio et al. (2016) did not find a
clear relationship between Pt and the amount of precipitation. However, these authors

observed a trend for higher Pt concentrations with decreasing pH in rainwater.

Some studies point out the presence of PGE in remote and pristine environments.

In the Arctic, Barbante et al. (2001) presented the first millennial time series for PGE in
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ice cores from Greenland, in which three different periods were ascribed. The first period
regards the past natural occurrence of PGE in ancient ice, which revealed extremely low
levels of PGE. Most likely, those derived from cosmic dust and other natural sources. A
second period revealed that the atmosphere in the northern hemisphere was already
contaminated with PGE, just before the introduction of ACC in the United States of
America during the mid-1970s. The origin of PGE contamination by that period could be
attributed also to the large expansion of several industries, including mining and smelters
of metals, chemical and petroleum, or iron and steel manufacturing, and some natural
emissions from forest wildfires and volcanic aerosols as well. Finally, a third period
showed a markedly increase on PGE concentrations towards the recent ice layers, soon
after the introduction of catalytic converters in vehicles. Similarly, the 50-year record in
the Antarctic ice reported by Soyol-Erdene et al. (2011) also suggests that increase of
PGE concentrations in the recent years, most likely due to the large-scale atmospheric
circulation and wet deposition of the growing anthropogenic emissions since the 1980s.

1.6.2. Water Column

Although PGE are not key trace elements included in the priority pollutants list to
monitor in water quality programs from the European Union and the United States of
America, there is rising interest about their concentrations and distribution in waters.
These include groundwater, rain, riverine, estuarine, coastal and oceanic waters. Despite
potential environmental effects or fate of PGE remaining unclear, the interest arises from

their increased use and consequential emissions that extend to aquatic ecosystems.

Waste- and pluvial waters can be regarded as the main pathway of PGE mobility
and transfer from urban areas to nearby aquatic systems. One of the PGE sources to waste-
and pluvial waters derives from the particulate matter deposited on the roadside, which
includes ACC emissions accumulated over time that are washed by rainwater during
storm events. An additional Pt source to wastewaters is the excreting products from
chemotherapeutic patients. Platinum enters the municipal sewage systems either in the
hospital or in domestic effluents, for which wastewater treatment plants (WWTP) lack
suitable treatment processes of those active compounds. Monteiro et al. (2017) reported
dissolved concentrations of Pt and Rh in waters from the inflow and outflow of a WWTP.

These samples reflected the anthropogenic loading, with Pt levels intensified after the
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first rain, as previously reported in Europe (Laschka and Nachtwey 1997; Vyas et al.
2014). To the best knowledge of the authors, dissolved Rh concentrations in wastewaters
were reported for the first time, having concentrations one order of magnitude lower than
Pt.

The concentration of Pt in riverine waters ranges in general up to 15 ng L™ (Cobelo-
Garcia et al. 2014, 2013; Soyol-Erdene and Huh 2012). Data on the other PGE remain
scarce, despite all the efforts to understand PGE biogeochemical implications in aquatic
ecosystems. As examples, dissolved Pt concentrations ranged from 0.04 t0 0.12 ng L in
Lérez Estuary, Spain (Cobelo-Garcia et al. 2013), and from 0.07 to 0.16 ng L™* in Gironde
Estuary, France (Cobelo-Garcia et al. 2014). Higher concentrations were reported in
Tokyo Bay, Japan, between 0.98 and 6.83 ng L™ (Obata et al. 2006) and in Tagus Estuary,
Portugal, ranging up to 11.7 ng L* (Monteiro et al. in prep). In addition, the industries
located on the margins of rivers and estuaries are considered one major and important
anthropogenic source of PGE. Many industrial processes use PGE as catalysts that also
degrade over time and release soluble compounds directly to surface waters. In estuarine
systems, Pt concentrations were reported to be higher than in open ocean seawater.
Concentrations of Pt in seawater-end members exceed those of typical coastal and oceanic
waters (Cobelo-Garcia et al. 2014, 2013; Lopez-Sanchez et al. 2019; Mashio et al. 2017,
2016), suggesting inputs of this element within the estuaries. Monteiro et al. (in prep)
reported that major inputs of Pt and Rh to the Tagus Estuary occurred through a WWTP
outfall compared to the riverine discharge. Furthermore, Cobelo-Garcia et al. (2013)
observed a non-conservative behaviour of Pt during estuarine mixing, due to redox

transformations along a salinity gradient.

The distribution and geochemical behaviour of PGE in oceanic waters have been
studied sparingly since the early 1980s. Mainly focusing on Pt, studies in seawater have
depicted different types of vertical profiles for different regions of the ocean. The recycled
type profile in the eastern North Pacific Ocean was reported by Hodge et al. (1986), with
concentrations varying between 0.09 and 0.22 ng Pt L. The scavenged type was reported
for the Indian Ocean by van den Berg and Jacinto (1988), with concentrations between
0.033 and 0.31 ng Pt L1, Colodner et al. (1993) reported the conservative profile of Pt in
the Atlantic, with concentrations ranging from 0.04 to 0.1 ng Pt L-1. More recently, and
within the same range of dissolved Pt, Suzuki et al. (2014) and Fischer et al. (2018)

observed for the North Pacific Ocean a similar conservative behaviour. However, Lépez-
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Sanchéz et al. (2019) reported for the Atlantic Ocean a dissimilar and more complex
behaviour of Pt, whose concentrations found were similar to the latter authors. The
authors observed a surface enrichment in the western Atlantic at high latitudes as opposed
to the conservative mixing below 1000 m depth (Lépez-Sanchéz et al. 2019). Regarding
the other PGE, Rh has the second-highest concentrations in seawater and displays a
nutrient-type depth profile in the Pacific Ocean (Bertine et al. 1993). Metals with nutrient-
type or mixed profiles in the ocean are often associated with biological functions (Bruland
et al. 2014), however, such functions are unknown for the PGE.

As with the dissolved phase, data on PGE particulate concentrations in the water
column, usually associated with suspended particulate matter (SPM), continues to be
scarce. The few published studies reporting Pt concentrations in estuarine SPM are those
of Cobelo-Garcia et al. (2013) for the Lérez River Estuary, NW lberian Peninsula, and
Cobelo-Garcia et al. (2014) for the Gironde Estuary, SW France. Concentrations of
particulate Pt were relatively low and close to sediments background levels. More
recently, Abdou et al. (2020) also observed that phytoplankton reflected the Pt levels in
contrasting sites from the Atlantic and Mediterranean sea. Monteiro et al. (in prep)
reported for the Tagus Estuary concentrations of particulate Pt one order of magnitude
higher in SPM than those found in superficial sediments (Monteiro et al. 2019). The
distribution coefficients (Kp) computed for Pt were lower in the Gironde Estuary than
those in the Lérez River Estuary, as well as a dissimilar behaviour along the salinity
gradient was found for both settings. As for the Tagus Estuary, Monteiro et al. (in prep)
did not found a decreasing pattern along the salinity gradient as well. These discrepancies
may result from different hydrodynamic regimes in the two systems and turbidity as well.
Moreover, different local anthropogenic pressures may affect soluble/insoluble Pt species
also (Cobelo-Garcia et al. 2014), as well as Pt partitioning may be controlled by primary
producers (Abdou et al. 2020).

1.6.3. Sediments

Terrestrial and aquatic sediments have been the most studied environmental
compartments for PGE over the past decades. The increase of PGE concentrations in
urban environments has been well documented (Birke et al. 2017; Mihaljevi¢ et al. 2013,;
Rauch et al. 2006; Rauch and Peucker-Ehrenbrink 2015; Ruchter and Sures 2015;
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Wiseman et al. 2016, 2013; Zereini et al. 2007, 2004). Although, research has focused
mainly on Pt emissions, and particularly on its distribution comprising areas under rural,
urban and industrial pressures (e.g. Zereini and Wiseman 2015). It is noteworthy that
studies dealing with spatially-resolved distribution of PGE in worldwide aquatic
environments are quite limited (Cobelo-Garcia et al. 2013, 2011; Monteiro et al. 2019;
Terashima et al. 1993; Wei and Morrison 1994; Zhong et al. 2012). For Rh, such studies
are even scarcer (Essumang et al. 2008; Monteiro et al. 2019). Catalytic converters from
vehicles are considered perhaps the most widespread source of anthropogenic PGE in the
environment. Yet, other sources cannot be disregarded (Rauch and Peucker-Ehrenbrink
2015) and data from spatial distribution in sediments are important to effectively assess
local sources to the aquatic systems (Monteiro et al. 2019; Zhong et al. 2012). Medicinal
uses of Pt and industrial PGE emissions remain poorly documented and need further

investigation on the extent of their contamination (Rauch and Peucker-Ehrenbrink 2015).

Wei and Morrison (1994) reported size-fractioned Pt concentrations in road dust
and urban river sediments from Goteborg region, Sweden, that receive pluvial runoff and
sewage discharges. Despite Pt concentrations found in sediments reflecting those of the
road dust, and depicting their source on ACC, the authors did not find a particular spatial
pattern of Pt distribution. Recently, Zhong et al. (2012) assessed the background levels
and distribution of Pt and Pd in superficial sediments, as their possible sources as well, in
Pearl River Estuary, China. The author’s findings revealed relatively low concentrations
of both elements, on average 1.1 ng Pt g and 3.6 ng Pd g*. However, some localized
high concentrations of Pd (38 ng g*) in sediments reflected other sources, such as the
ones deriving from industrial processes that may have contributed to the increase of PGE
levels in that estuary. More recently, Monteiro et al. (2019) have reported for the Tagus
estuary, Portugal, several areas impacted by Pt and Rh having origin on different sources.
Concentrations of Pt and Rh in the industrial areas were in general below 5 ng Pt g7,
having a similar range to those found in China, a country with large industrial activities
(Zhong et al. 2012). Source emissions from ACC showed to be associated to the urban
drainage and a bridge, where a high traffic impacted highway crosses the estuary. Yet,
the concentrations found in the Tagus saltmarsh near the bridge were 40 ng Pt g’
(Almécija et al. 2016). Moreover, the Pt signal derived from hospital and domestic
effluents could not be discriminated due to dilution from the drainage system and/or
additional Rh sources, such as those from ACC (Monteiro et al. 2019).
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When shifting from coastal to the open marine environment data becomes scarcer,
which demonstrates today’s lack of knowledge on the behaviour of PGE in those
environments. Earlier reports on Pt concentrations in ocean sediments point to a range up
to 22 ng g (Hodge et al. 1986). However, Terashima et al. (1993) found Pt and Pd
concentrations in sediments off the Japan coast close to their crustal abundance (0.4
ng g*), and both elements showed to have similar patterns of distribution. The authors
concluded that Pt and Pd might be supplied to the deeper sediments through rivers and
seawater. At the continental shelf, Mashio et al. (2017) suggested that Pt in sediments
could potentially have source in the coastal waters, reporting the increase of dissolved Pt
concentrations with increasing depth. As with dissolved species, Pt and Pd can be reduced
to elemental metal species under O minimum zones, co-precipitating with other sediment
particles such as manganese oxides (Halbach et al. 1989; Terashima et al. 1993).
Nevertheless, geochemical processes at the sediment-water interface may govern the
balance of PGE between compartments, changing them to more or less bioavailable
species to the biota (Sures et al. 2002).

1.6.4. Biota

The biosphere is ultimately the environmental compartment in which scientists
deposit their major concern, due to hazardousness potential of these elements to humans
and other terrestrial and aquatic organisms. The free agqueous metal ions are usually
regarded as the most (or only) reactive species with respect to toxicity effects towards
marine organisms. One must keep in mind that different forms of a metal may be
assimilated through contaminated food (Mulholland and Turner 2011). Because PGE are
non-essential metals, i.e. there is no evidence of any biological function involving PGE,
it is assumed that they are subjected to net accumulation rather than biologic regulation.
In the past, research on the PGE effects in biota has been focused greatly in Pt
disregarding the other PGE. However, environmental and health concerns have raised
recently, considering Pd faster reactivity than Pt or Rh, because of the shift to use Pd
instead of Pt in ACC and industrial catalysts. Nevertheless, those concentrations will
likely continue to rise in the future, mostly owed to the growing use of PGE in several
industries and ACC. The interest in aquatic organisms as potential biomonitors of PGE

contamination contributed to several studies, in which other questions such as possible
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bioaccumulation and biomagnification in the food web were also addressed. While in
urban areas the monitoring of PGE may use trees (Bonanno and Pavone 2015) or mosses
(Ayrault et al. 2006), in aquatic systems the attention was drawn to plants,
macroinvertebrates and fish species from transitional areas (e.g. Moldovan et al. 2001;
Mulholland and Turner 2011; Ruchter and Sures 2015; Sures and Zimmermann 2007;
Zimmermann et al. 2004). Recently, Ruchter and Sures (2015) showed the accumulation
of Pt by the clam Corbicula sp. in the field, however, Pt concentrations remained
relatively low. In addition, Neira et al. (2015) observed a temporal variation of Pt
concentrations in mussels Mytilus galloprovincialis over two decades of anthropogenic
emissions mainly related with ACC and linked with the increasing concentrations in the
environment. Abdou et al. (2016) reported the same trend using a historical series of wild
oysters, which showed a bioconcentration factor of ~10° for a similar range of
concentrations in the sediments (1-7 ng Pt g*). Though, chronic exposure of organisms
to the PGE in their natural environment still needs to be reckoned, particularly in the case
of Pd. In addition, the different metal forms should be considered in the evaluation of
toxicity effects, considering either truly dissolved species and/or colloidal forms, the

latter also including PGE nanoparticles.

1.7. Future Perspectives

Despite the advances with respect to the knowledge of PGE levels in aquatic
ecosystems over the past decades, many questions continue to be posed. These maintain
the urgent need to elucidate the mobility, speciation and bioavailability of PGE in
estuaries and the adjoining coastal areas. With respect to these issues, the improvement
of the available analytical techniques, and their combination, is necessary to assess
accurate information. The different forms of PGE, e.g. as metallic nanoparticles, still need
to be assessed for their potential toxicity to the biota. In addition, considering the most
likely increase of those metals in the aquatic environment, the estimation of regional
and/or global PGE fluxes needs to be re-evaluated. Consequently, there is also the need
to develop new and integrative modelling tools, which will allow computing global
fluxes, as well as the prediction of “worst-case scenario” impacts on regions vulnerable
to anthropogenic activities. lIdeally, this should include the main environmental

compartments, i.e. the atmosphere, land, aquatic (water and sediments) and biota. The
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health issues raised by the increasing demand and uses of those technology-critical
elements still needs further elucidation. In particular, to respond to this need, surveying
biota species used for human consumption that may be continuously exposed to PGE
contamination is also needed. Thus, impacted estuaries and coastal areas subjected to
continuously PGE inputs should be monitored. Field studies are an urgent necessity,
considering that at the Earth’s surface the fluxes of PGE have been, and will continue to

be, altered mainly by anthropogenic emissions.
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[I. OBIJECTIVES

This thesis aims to improve the understanding of Pt and Rh cycle in transitional
ecosystems. The Tagus estuary was chosen considering its particular features that make
it a natural setting for the study of these elements and the limited knowledge on the levels
and extension of PGE contamination. Other sources to the estuary than the ACC remain
unclear, namely the anthropogenic pressure that results from heavily industrialised areas,
with legacy in historical and present-day activities, and the concomitant Pt contamination
due to medicinal applications. Furthermore, biogeochemical processes involving PGE in
sediments and waters remain poorly understood. In particular, there is a knowledge gap
regarding Pt and Rh in the water column of the Tagus estuary. One of the main goals of
this research was to study the biogeochemical processes involving Pt and Rh in the chain
sediment-water, which ultimately may have effects on the biota. To date, technical and
analytical limitations still need to be overcome, whose speciation analysis of those
elements is strongly dependent. Moreover, the physical features of aquatic ecosystems
and chemical behavior of PGE need to be integrated into one tool that allows monitoring

of the good environmental status and to foresee potentially impacted areas.
To achieve the proposed goals several questions were risen:

A. Can the current available methods be improved for the accurate determination of

ultra-trace PGE in environmental samples?

B. What are the main sources of PGE to the Tagus estuary and their contamination

levels in the several compartments?

C. What are the driven parameters that influence the cycle of PGE in waters and

sediments?
D. To what extent do environmental drivers affect different forms of PGE?

E. What is the role of estuarine hydrodynamic in the export/import of PGE to the

adjacent coastal area?
In order to answer these questions, specific objectives were delineated:

1. To improve the simultaneous analysis of Pt and Rh by AdCSV in a single scan

using a second derivative signal transformation (Question A);

2. To improve the accuracy of Rh determination in environmental samples, with

emphasis in water samples (Question A);
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10.

11.

12.

OBJECTIVES

To quantify Pt and Rh concentrations in the Tagus estuary compartments and
surrounding urban environment: waste-, river- and estuarine waters, suspended

particulate matter (SPM), road dust and sediments (Question B);

To assess the influence of anthropogenic sources loading into the estuary through
the analysis of superficial sediments (Question B);

To define baseline patterns for future monitoring studies envisaging unknown Pt
and Rh emissions to this aquatic system (Question B);

To evaluate Pt and Rh physicochemical behaviour in the water column of Tagus
estuary (Question C);

To study Pt and Rh desorption from road dust to water in different ionic strengths,
pH and organic matter conditions (Question C);

To evaluate the pathways and mobility of Pt and Rh during urban-estuarine
transport (Questions C and D);

To study Pt and Rh speciation analysis in road dust leachates using a combination

of analytical methods (Question D);
To assess partition of Pt and Rh in the estuarine water column (Question D);

To evaluate Pt and Rh exchanges between different environmental compartments

of the Tagus estuary under different hydrodynamic regimes (Questions D and E);

To simulate the distribution and fate of PGE using numerical tools and to foresee

potential impacted areas (Question E);



I1l. STUuDY AREA






[1l. STUDY AREA

Estuaries are very important in the interchange of mass between the land and the
ocean. The Tagus estuary (Figure I11-1) is one of the largest estuaries in SW Europe
dominated by tidal oscillations. It has an area of ca. 320 km?, which approximately 40 %
are intertidal areas comprising small islands, sand banks, and intertidal mudflats. A
narrow single channel marks the northward entrance of the Tagus River that opens to the
shallow bay through a set of smaller channels. The inner bay has approximately 25 km
long and 15 km wide, and the bathymetry ranges between 0 and 7 meters depth. This part
has a complex bottom topography with channels that funnel towards a long, narrow and
deep inlet. This inlet reaches up to 47 m depth and 2 km wide and connects the Tagus
estuary to the Atlantic Ocean (Vale and Sundby 1987; Fortunato et al. 1999; Freire et al.
2007; Taborda et al. 2009; Vaz et al. 2011).

The Tagus River is the longest river in the Iberian Peninsula and the main source
of freshwater to the estuary (in average 350 m® s). Freshwater runoff from the Tagus
shows high inter-annual variation according to the season, with river discharges between

50 and 2000 m® s, Other small tributaries exist but only represent a minor contribution
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Figure I11-1 — Representation of the study area location, the Tagus estuary, SW Europe, with depicted
watercourses and main anthropogenic features: motorway bridges (25 de Abril (25A) and Vasco da Gama
(VG); red lines); industrialized areas (CN, LN, SN and BRR; red circles); waste- (Alcantara (A), Beirolas
(B) and Chelas (C)), and pluvial- (Terreiro do Paco (TP)) waters discharge sites (green circles); Natural
reserve delimitation (dotted line).
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of freshwater (in average <35 m? s1). Although the salinity within the estuary depends on
the entrance of freshwater, the water circulation in Tagus estuary is mainly tidally driven,
which controls the mixing processes. Considering that the tidal prism inside the estuary
is 640 x 10° m?, the river flow is only relevant to the non-linear mixing processes during
high river flow events (de Pablo et al. 2019). Thus, the Tagus estuary is often considered
mesotidal and vertically well-mixed (Vaz et al. 2011). However, partial stratification of
the estuary can occur particularly under extreme conditions, such strong rainy events
(Fortunato et al. 1997).

The tidal regime of the Tagus estuary is mainly semi-diurnal, ranging from 0.8 m
(neap tide) to 4.0 m (spring tide), which may increase towards the estuary’s interior due
to resonance effects (Fortunato et al. 1997; Neves 2010). The tidal wave is asymmetric
and progressive, causing delays up to two hours between Lisbon and Vila Franca de Xira
(Neves 2010; Vale and Sundby 1987). Typically, ebbs are shorter than floods in the Tagus
estuary (Fortunato et al. 1999; Guerreiro et al. 2015; Vaz and Dias 2014), which mirrors
the stronger current velocities during ebbs (Vaz and Dias 2014). Tidal currents near the
surface can be higher than 1.5 m s during spring tides in the lower estuary inlet (Neves
2010). However, for this area of the estuary, different flow circulation patterns between
ebb- and flooding conditions have been proposed based on numerical simulations
(Fortunato et al. 1997). Residence times within the Tagus estuary vary according to
location and in addition are influenced by the seasonal variability of Tagus river runoff,
which can be between >20 days in the shallow bay and <10 days in the inlet channel
(Braunschweig et al. 2003).

During spring tides, the immersed area may decrease from 320 km? at high tide to
130 km? at low tide (Silva et al. 2013), letting the tidal flats consecutively exposed to the
atmosphere in between semi-diurnal cycles. Channels and pools formed in intertidal areas
remain during part of the tidal cycle. There, resuspension of particulate matter from
sediments over the tidal cycling can occur due to wind forcing, rising tide, and water
exchange with the main channels (Alvera-Azcarate et al. 2003; Vale and Sundby 1987;
Freire et al. 2007). Particle’s settling occurs during the turnover of tides, depending on
the current velocity and bathymetry (Vale and Sundby 1987). The particle resuspension-
settling cycles in each semi-diurnal tide may play a key role on the transport and

scavenging of Pt and Rh to the sediments.
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The Tagus Estuary have been traditionally a region of several activities since the
last century, whether industrial or agricultural, or linked to salt extraction and fisheries,
amongst others. Consequently, it has been an important region for exportation of these
products. Over decades, the increasing activities and population overloaded the Tagus
margins with pollutants, being identified around 600 pollution sources associated to those
anthropogenic pressures, as well as river runoff and atmospheric deposition (Dias and
Marques 1999). As of those peak activities in the middle of the 20" century, researchers
have devoted attention to the estuary in many aspects. The Tagus is well characterized
with respect to the hydrodynamics (e.g. Vale and Sundby 1987; Fortunato et al. 1999;
Vaz et al. 2011), trace elements (e.g. Vale et al. 2008; Santos-Echeandia et al. 2010;
Cacador et al. 2012; Monteiro et al. 2016), persistent organic pollutants (e.g. Gil and Vale
1999; Mil-Homens et al. 2016), and nutrients (e.g. Cabecadas 1999; Cabrita et al. 1999;
Mateus and Neves 2008). For PGE, only data on Pt, Rh and Os were reported before in
spot areas of the estuary and coastal sediments (Cobelo-Garcia et al. 2011; Almécija et

al. 2015, 2016a; 2016b), pointing to anthropogenic inputs.

The Tagus estuary (Figure I11-1) has particular features that makes it a natural
setting for the study of these elements. Intense urban sprawl reaches nearly 3 million of
inhabitants around the estuary (Marques da Costa 2016) with several wastewater
treatment plants (WWTP) and pluvial water drainage channels dispersed in the margins.
Three of the main WWTP existing in the northern margin are located in Alcantara (A),
Beirolas (B) and Chelas (C). From these, Alcantara receives wastewater and sewage from
three municipalities where a dense urban area is settled and that accounts nearly 2 million
people (Marques da Costa, 2016). At Terreiro do Paco (TP) is located one of the main
channels for the pluvial runoff washed from the Lisbon area, which may represent another
pathway for ACC emissions towards the estuary. Moreover, the Tagus estuary is crossed
by two high traffic motorway bridges, Vasco da Gama (VG bridge) and 25 de Abril (25A
bridge), where 175000 — 225000 vehicles pass every day (IMT 2016). The first was built
in the mid-1990s and opened in 1998. Its extent reaches 18 km and crosses the middle

estuary. The latter bridge is shorter than VG bridge, having an extension around 2 km.

The anthropogenic pressures also result from heavily industrialised areas, with
historical and present-day activities. At the southern margin exists an active metallurgic
complex (SN), an inactive shipyard (LN), and a chemical complex (BRR) with a large

area decommissioned but with a few industries operating, namely in the production of

35



[11. STUDY AREA

fertilizers that use Pt as a catalyst (e.g. Eastin 1991). Nearby, the decommissioned
industrial area of BRR used to include a smelter and pyrite ore processing to extract
metals of economic interest, such as Cu, Pb, Au and Ag (Vale et al. 2008). At the northern
margin continues to operate a chemical industrial unit (CN) having a record of activities
for nearly a century. This industry produces chemical products, such as nitric acid and
hydrogen peroxide, that also use PGE as catalysts in their manufacturing processes (e.g.
Lemaire et al. 2014; Paparatto et al. 2010).

All the characteristics described for the Tagus estuary make it a natural laboratory
suitable for the study of Pt and Rh, for which research continues to be limited in this
system (Cobelo-Garcia et al. 2011; Almécija et al. 2015, 2016a; 2016b).
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Abstract

The determination of Platinum-group elements (PGE) in relevant environmental
matrices is a challenging task. Sensitive and accurate analytical procedures for
simultaneous determination of Pt and Rh are still needed. In this study, we report for the
first time on the use of second derivative signal transformation to the ultra-trace
simultaneous determination of Pt and Rh by Adsorptive Cathodic Stripping Voltammetry
(AdCSV). With that step, the ill-defined peaks typically observed in the original
voltammograms are transformed into well-shaped peaks, resulting in accurate detection.
The experimental conditions were investigated and optimised: a suitable electrolyte for
both elements, with less reagents consumption (0.25 M H2SQO4, 0.05 M HCI, 0.01 M FA
and 0.5 mM HZ), deposition time (tq) and deposition potential (Eq). For t4 = 120 s and Eq
=-0.75V, linear relationships r > 0.999 were obtained in the concentration range up to
5.8 ng L™ (27 pM) for Pt and up to 3.4 ng L™ (34 pM) for Rh. Limits of detection were
0.2 ng L™ for Pt and 0.08 ng L~* for Rh. Lower values can be achieved by increasing the
deposition time. Limits of quantification, LOQ, calculated as 3 times LOD, were 0.5
ng Lt for Pt and 0.2 ng L™* for Rh. The sensitivity of Pt was affected by elevated Zn
concentrations, whereas a minor effect was observed for Rh. However, Pt and Rh
determinations were not influenced using the standard addition method. Precision as
intermediate precision and expressed as relative standard deviation, based on Pt and Rh
spiked solutions and digested road dust CRM BCR-723 was 17 % and 20 % for Pt and
Rh, respectively. Recoveries of CRM were around 90 % for both elements. The method
was successfully applied in the simultaneous determination of Pt and Rh in sediments
from Tagus estuary and, for the first time, dissolved Rh was determined in water samples
of a waste water treatment plant. Application of this technique in a multidisciplinary
approach will be a relevant contribution to the current understanding of PGE cycle and

fate in the environment.
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4.1. Introduction

Platinum-group elements (PGE) constitute a group of rare and noble elements
which includes platinum (Pt), palladium (Pd), rhodium (Rh), iridium (Ir), osmium (Os)
and ruthenium (Ru). PGE are severely depleted in the earth’s crust: 0.4 ng g? for Pt and
Pd; 0.1 ng g for Ru; 0.06 ng g* for Rh; and 0.05 ng g™* for Ir and Os (Peucker-Ehrenbrink
and Jahn 2001; Ravindra et al. 2004). Yet they have been increasingly explored and used
over the past decades in several applications due to their physical and chemical properties
(Rauch and Morrison 2008). The automobile industry is the main sector responsible for
the PGE global demand, representing approximately 45 % Pt, 50 % Pd and 5 % Rh in
2016 (Johnson Matthey 2016). This is mostly due to the use of PGE in automobile
catalytic converters to reduce the emissions of other pollutants, carbon monoxide,
nitrogen oxides and hydrocarbon (Ravindra et al. 2004). As a result, anthropogenic
emissions of PGE have grown significantly over the last decade (Zereini and Wiseman
2015). Particles released from catalytic converters due to abrasion or degradation result
in widespread distribution of PGE, mainly near high traffic roads (Schéafer and Puchelt
1998). Thus, accumulation of PGE has been observed in sediments and vegetation,
exceeding largely the natural background levels (Zereini and Wiseman 2015; Schéfer and
Puchelt 1998). As to platinum and rhodium in aquatic systems, Pt(I1), Pt(IV) and Rh(IIl)
are the most important oxidation states, depending on salinity and redox conditions
(Cobelo-Garcia et al. 2014; Cobelo-Garcia 2013). Inorganic speciation is dominated by
aquo-hydroxo, aquo-chloro and mixed aquo-hydroxo-chloro complexes (Cobelo-Garcia
et al. 2014; Cobelo-Garcia 2013). Furthermore, there is evidence of Pt and Rh interaction
with organic matter, which may be a key parameter in speciation and distribution of PGE

in aquatic ecosystems (Cobelo-Garcia 2013; Bowles et al. 1994).

Platinum has received the utmost attention among the PGE studies. More recently,
Rh in environmental samples has been reckoned, but only with emphasis on urban and
roadside solid samples. Thus, data on its total dissolved concentrations still lacks (Zereini
and Wiseman 2015), and Rh speciation studies are scarce (e.g. Cobelo-Garcia 2013). The
improvement of analytical techniques over the past few decades, such as electrothermal
atomic absorption spectrometry (ET-AAS) and inductively coupled plasma mass
spectrometry (ICP-MS), allowed the individual and simultaneous determination of those
elements in different environmental matrices (Zereini and Wiseman 2015). Despite the

high sensitivity of ICP-MS for PGE analysis it has some disadvantages, such as the need
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of matrix separation due to polyatomic interferences from other elements (Labarraque et
al. 2015). Overall, this is an expensive technique, as well as time-consuming, and

susceptible of cross-contamination.

Voltammetric techniques provide a simple and sensitive way to directly determine
Pt and Rh at ultra-trace levels. Additionally, it is less expensive and appears adequate for
routine analysis (Zereini and Wiseman 2015; Locatelli 2007). Several electroanalytical
procedures have been reported mostly based on adsorptive cathodic stripping
voltammetry (AdCSV) on a mercury electrode. Although alternative electrodes have been
investigated envisaging a similar analytical performance to mercury (Silwana et al. 2014);
(Pérez-Rafols et al. 2017), detection and quantification limits reported are insufficient to
study the behavior of PGEs in unspoiled environments, particularly in the case of Rh.

Platinum-group elements can form highly stable complexes which can act as
catalysts for hydrogen production after metal reduction on a mercury electrode
(Heyrovsky and Kuta 1966). In the case of Pt, the surface active complex mostly explored
is that with formazone, produced in situ from the reaction of formaldehyde (FA) and
hydrazine (HZ) (Locatelli 2007; van den Berg and Jacinto 1988; Ledn et al. 1997; Cobelo-
Garcia et al. 2014). The surface active complex adsorbs on the mercury electrode and the
catalytic-promoted hydrogen reduction occurs in acidic (e.g. H2SO4) conditions due to
the formation of Pt(0) at the electrode surface, giving rise to a catalytic wave upon metal
reduction. Furthermore, the catalytic behaviour of Pt(IV) is similar to Pt(ll), since
hydrazine can quantitatively reduce Pt(1V) to Pt(Il) (Zhao and Freiser 1986). Alternative
methods using other ligands were described, and found comparable with those employing
formazone (Dalvi et al. 2008). In the case of Rh, catalytic waves in formaldehyde—-HCI
media have been reported and the nature of the surface active complexes may well be
chloro-complexes and/or formaldehyde complexes (Cobelo-Garcia 2013; Hong et al.
1994; Almécija et al. 2016).

The pioneer works of Zhao and Freiser (1986) and van den Berg and Jacinto (1988)
established the ultra-trace individual determination of Pt, while Wang and Taha (1991)
and Hong et al. (1994) have set up a methodology for Rh. Other works dealing with
environmental samples followed, prevalently addressing Pt (Zereini and Wiseman 2015).
Another challenge has been the simultaneous determination of Pt and Rh in real
environmental samples and some applications were reported (Locatelli 2007; Ledn et al.
1997). Various supporting electrolytes and different complexing agents have been used
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and although in most works an optimised procedure is presented, in some cases the nature
of the surface active complexes for rhodium remains elusive (Hong et al. 1994; Locatelli
2005).

In most of the works, voltammetric peak currents were used for quantification,
which can have a drawback. One disadvantage is the intense background current or
interfering peaks that affects the target signal, causing ill-defined peaks influencing the
accuracy of measurements (Cobelo-Garcia et al. 2014). At ultra-trace concentrations, Pt
and in particular Rh peak currents may be almost imperceptible. An improvement was
achieved on the individual determination of Pt and Rh using second derivative signal
transformation, as reported by Cobelo-Garcia et al. (2014) and Almécija et al. (2016),
respectively. Low background interferences due to current noise or matrix elements were
better discriminated, as well-defined peaks and low LOD were achieved using signal

transformation.

We hypothesized that (1) the use of second derivative signal transformation
improve the simultaneous analysis of Pt and Rh by AACSV in a single scan. Simultaneous
analysis of both elements will (2) reduce the cost of reagents used during the analytical
procedure, being the method more environmentally friendly, and (3) reduce the time of
analysis, making it appropriate for routine analysis. Therefore, in this study we report the
optimised conditions (electrolyte composition and instrumental parameters) for the
simultaneous analysis of Pt and Rh by AdCSV using the second derivative signal

transformation in the voltammograms.

The suitability of the method to real environmental matrices is well demonstrated by
its application to Pt and Rh determinations in sediments from Tagus estuary and water

samples from an urban waste water treatment plant (WWTP).

4.2. Material and Methods

4.2.1. Material and Chemicals

Laboratory material was previously acid-cleaned with immersion in ~20 % nitric
acid (HNOs) and hydrochloric acid (HCI) baths for at least 48 hours. Afterwards, all
material was rinsed with Milli-Q water (18.2 MQ cm, 25 °C) and let to dry in a clean

room. All reagents used in analysis and samples digestion were of high-purity grade:
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sulphuric acid (H2SO4) > 95 % (TraceSELECT, Fluka), HNOs 65 % and HCI 30 %
(Suprapur, Merck), formaldehyde 13 M (FA 36.5 %, Riedel-de-Haen), hydrazine
sulphate (HZ; p.a., Fluka), and hydrogen peroxide (H202) 30 % (p.a., ACS I1SO, Emsure).
Solutions of 0.53 M FA and 50 mM HZ were prepared in Milli-Q water and stored in
perfluoroalkoxy (PFA) flasks. These solutions are stable for several weeks (Cobelo-
Garcia et al. 2014). Standard solutions 1000 mg L~! (TraceCERT, Fluka) of Pt and Rh
were used to prepare daily diluted standard solutions of 1.0 pg L~ Pt in 1M HCl and 1.0
ug L1 Rhin 0.1M HCI. The electrolyte final concentrations in the voltammetric cell were
0.25 M H2S04, 0.05 M HCI, 0.01 M FA and 0.5 mM HZ.

4.2.2. Apparatus and Analysis

Voltammetric determinations were performed in an Autolab PGSTAT 128N
(Metrohm) coupled to a polarographic stand model 663 VA (Metrohm). Parameters of
the equipment and data acquisition were controlled with GPES v. 4.9 software
(EchoChemie). All measurements were performed in triplicate under clean and
acclimatised conditions (25 + 2 °C). The stand was equipped with a static mercury drop
electrode (SDME) as working electrode, a Ag/AgCl as reference electrode, placed inside
a salt bridge with saturated KCI (3 M) and a glassy carbon rod as counter electrode.
Polytetrafluoroethylene (PTFE) vessels were used as voltammetric cells in all

experiments.

For the voltammetric analysis, after purging with N2 for 10 minutes prior to the
measurements and homogenization using a rotating PTFE rod, at 3000 rpm, a new
mercury drop was extruded. While stirring, a deposition potential Eq = —0.75 V was
applied for the deposition time tq = 120 s (or t¢= 300 s) (see section 4.3.2 Optimisation of
the conditions). Afterwards, 10 s of quiescence period was given. Then, a stripping scan
was performed using differential pulse (DP) mode from —0.7 to —1.2 V, at a scan rate of
20 mV s with modulation time of 0.04 s and amplitude of 25 mV, an interval time of 0.2
s and step potential of 4 mV. Total Pt and Rh were quantified using the standard addition

method.

48



IV. IMPROVED VOLTAMMETRIC METHOD FOR SIMULTANEOUS DETERMINATION OF PT AND RH USING SECOND
DERIVATIVE SIGNAL TRANSFORMATION — APPLICATION TO ENVIRONMENTAL SAMPLES

4.2.3. Procedure for Pt and Rh Digestion in Sediments and CRM

Sediments and certified reference material (CRM) were ashed in quartz crucibles at
800 °C following the heating scheme of Nygren et al. (1990) to remove the organic matter
that interferes with the voltammetric determination. The residue was transferred to PTFE
vessels and digested using a mixture of concentrated acids (3 mL HCI and 1 mL HNO3)
at 195 °C for 4 hours in a hot plate. After cooling, the caps were removed from the vessels
and samples were allowed to evaporate the acids near dryness at 85 °C. Samples were
then re-dissolved in 1 mL of H.SO4 and the remaining HCI and HNO3z were left to
evaporate to a constant volume. The residue was transferred to polypropylene (PP)
Digitubes (SCP Science) and diluted to 25 mL with 0.1 M HCI following the procedures
previously described (Cobelo-Garcia et al. 2014; Almécija et al. 2016).

4.2.4. Procedure for Pt and Rh Analysis in Waters

Water samples from an urban WWTP were collected and stored in acid-washed PP
bottles (Nalgene). Samples were filtered using acid-cleaned 0.2 pum polycarbonate (PC)
membranes (Millipore). Filtered samples were immediately acidified with concentrated
HCI (Suprapur, Merck) to pH =~ 1.0. Previously to the voltammetric analysis, the water
samples were UV digested under a 125 W high-pressure mercury lamp (Osram) for 3
hours (Cobelo-Garcia et al. 2013). This step removes the dissolved organic content, which
causes interferences in the voltammetric determination. To assure rapid and complete
degradation of organic matter, 1 pL of concentrated H20- per 1 mL of sample was added

into the digestion quartz tube (Sodré et al. 2004).

4.2.5. Data Processing

Using the GPES v4.9 software the original voltammograms were processed as
described by Cobelo-Garcia et al. (2014) and Almécija et al. ( 2016). To the original
voltammogram was applied a smoothing step by a factor of 2, according to the Savitsky-
Golay (SG) algorithm, which removes noise signals that could be intensified after the
double derivation step. Then, the second derivative signal transformation (2" Der) was

obtained by applying twice the derivative transformation, expressed as:
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ay __ y(n)-y(n-1) y(n+1)-y(n)
dx 0.5 (x(n)—x(n—l)) +05 (x(n+1)—x(n)) (1)

where y = | and x = E corresponding to the current intensity (in A) and applied potential
(in V), respectively, and n indicates the number of data points. This procedure removed
very efficiently background interferences while keeping good peak-shaped transformed
signals. After signal transformation, each metal peak height was measured based on peak—
peak linear baseline, which has been proven to provide the most accurate results for Pt
(Cobelo-Garcia et al. 2014) and for Rh (Almécija et al. 2016).

Additionally, the necessary statistical analysis and graphical representations were
performed with the open source language R and the available packages (R Core Team
2014).

4.2.6. Samples from the Tagus Estuary River and WWTP

To apply our optimised method we have chosen different environmental samples to
monitor PGE levels. Superficial sediments were collected in the Tagus estuary nearby an
industrial area in early June 2016. Additionally, water was collected in a WWTP of
Lisbon (Portugal). Two water samples were collected (inflow and outflow of the WWTP)
after a long dry period, just before raining, and soon after the first intense rainfall in early
October 2016.

4.3. Results and Discussion

4.3.1. Second Derivative Transformation

Several parameters were investigated to optimise the procedure for simultaneous
determination of Pt and Rh by means of AACSV using the second derivative (2" Der)
signal transformation (see section 4.3.2 Optimisation of the Conditions). In addition to
the electrolyte composition, working conditions like equilibration time, deposition

potential and deposition time, were assessed and optimised. Possible interferences,
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mainly from electrochemical signals close to the analytical signals of Pt and Rh, were
also investigated.

Figure 1V-la shows the original voltammograms obtained in the optimised
conditions of an aliquot of digested road dust CRM BCR-723 (100 uL of sample digest
in 15 mL) corresponding to 3.0 ng L~! Pt and 0.47 ng L~! Rh, and two standard additions
of 1.0 ng L~! Pt and 0.33 ng L-* Rh. llI-defined peaks were observed for Pt, around —0.89
V, and especially for Rh where a broad shoulder is barely seen, at potentials close to —1.11
V, superimposed by the high background current. Signals like these are difficult to
measure and thus often lack the necessary accuracy. The use of the 2" Der
transformation, showed in Figure 1V-1b, provided well-defined peaks for both metals,
which were easily measured and diminished the errors associated with this step.
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2" Der peak height

Figure 1V-1 — (a) Original and (b) second derivative (2" Der) voltammograms of road dust CRM BCR-
723, obtained in the optimised conditions: 1) blank (solid line); 2) CRM sample BCR-723 (100 uL of
sample digest in 15 mL) corresponding to 3.0 ng L™ Pt and 0.47 ng L™ Rh (small dotted line); 3) first
standard addition (dotted line), 1.0 ng L=*Pt and 0.33 ng L Rh; and 4) second standard addition (long
dotted line), 2.0 ng L™ Ptand 0.67 ng L™ Rh. t; =120 s and Eq = —0.75 V. Electrolyte: 0.25 M H,SQy4, 0.05
M HCI, 0.01 M FA and 0.5 mM HZ.
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4.3.2. Optimisation of the Conditions

4.3.2.1. Electrolyte Composition

For Pt determination by AdCSV, previous studies have taken advantage of the well-
established complex with formazone, produced in situ by the reaction of HZ with FA (van
den Berg and Jacinto 1988; Ledn et al. 1997; Cobelo-Garcia et al. 2014; Locatelli 2005).
Formazone was also referred as the ligand for Rh determination by AJCSV (Locatelli
2005). In HCI media and in the presence of FA, the Rh surface active complexes are
supposed to be a mixture of complexes with FA and chloro-complexes (Hong et al. 1994;
Almecija et al. 2016). In any case, high acid concentration is needed in the electrolyte to
obtain a catalytic hydrogen current and H.SO4 and/or HCI have been used.

To achieve the optimum procedure, we explored the nature of the surface active
complexes in hydrazine + formaldehyde and the acids media to be used for the
simultaneous determination of Pt and Rh. The concentrations of 10 mM FA and 0.5 mM
HZ followed our previous experience in the individual determination of Pt and Rh
(Cobelo-Garcia et al. 2014; Almecija et al. 2016). As to the effect of the acids, various
mixtures of HCI and H2SO4 were prepared. Figure 1V-2a shows the influence of H2SO4
concentration on 2.0 ng L* Pt and 0.67 ng L~! Rh signals while keeping the HCI
concentration constant (0.4 M (Almécija et al. 2016)). Sensitivity of Rh slightly decreased
for H2SO4 concentrations higher than 0.25 M and Pt sensitivity above 0.4 M. A
compromise for the H.SO4 concentration was 0.25 M. As to the influence of the HCI
concentration on the voltammetric signals at constant H.SOs concentration (0.5 M
(Cobelo-Garcia et al. 2014), Figure 1V-2b shows that the sensitivity for both Rh and Pt is
less dependent on the HCI concentration, in opposition to previous reports, e.g. Leon et
al. (1997) and Locatelli (2005). The sensitivity obtained in the absence of HCI does not
differ, within the experimental errors, from that in the presence of HCl up to 0.5 M HCI.
Therefore, Rh chloro-complexes are not relevant surface active complexes in H2SOa4, 0.01
M FA and 0.5 mM HZ medium and HCI can be removed from the electrolyte. Because
HCI is present in some samples due to the conditions used for sample preparation, as
previously described, a concentration of 0.05M HCI was set in the voltammetric cell in

all experiments.
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Figure 1V-2 — Second derivative (2™ Der) peak heights of 2.0 ng L™ Pt (circles) and 0.67 ng L™ Rh
(triangles) with (a) variation of H,SO4 concentration in 0.4 M HCI and (b) variation of HCI concentration
in 0.5 M H,SOs. Electrolyte: 0.01 M FA and 0.5 mM HZ; deposition times: tq' = 120 s and ts®> = 60 s;
deposition potentials: Eq' = —-0.3 V and E¢? = -0.7 V.

The nature of Rh surface active complexes was assessed by adding formaldehyde
followed by hydrazine to 0.25 M H,SOs electrolyte and in the presence of 2.0 ng L™ Pt
and 0.67 ng L~ Rh. The voltammetric signal of Rh was immediately observed after FA
addition and its characteristics (intensity and potential) did not change upon HZ addition
(S.I. Figure S.IV 1). Only in the presence of both FA and HZ, with formazone being
produced in situ, was observed the Pt signal, while Rh characteristics kept stable within
the experimental error. Accordingly, Pt adsorbs on the electrode surface as the Pt-

formazone complex, as expected, while the surface active complex in the case of Rh is
that with formaldehyde (S.I Figure S.1V 1).
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4.3.2.2. Equilibration Time

After the addition of all reagents in the voltammetric cell, the effect of equilibration
time on the signal of Pt and Rh was tested from 10 to 30 minutes while stirring. No
detectable differences were found by varying the equilibration time prior to the analysis
for Rh signal. The same occurred with Pt signal. Therefore an equilibration time of 10

minutes (coincident with the purging and stirring period) was used in all experiments.

4.3.2.3. Deposition Potential and Deposition Time

For the most convenient deposition potential for Pt and Rh determination, previous
works referred Eq=-0.3 V and Eq=-0.7 V as more favourable for Pt (Cobelo-Garcia et
al. 2014) and Rh determination (Almécija et al. 2016), respectively. Consequently, in
this work Eqwas varied between 0 V and —1.1 V for a deposition time (tq) of 120 s (Figure
IV-3).

The sensitivity for Pt was almost constant between —0.1 and —0.85 V, decreasing
abruptly at more negative potentials due to Pt reduction. Otherwise, the sensitivity for Rh
tended to increase with the more negative potential. Therefore, —0.75 V was selected as a
suitable deposition potential for the simultaneous determination of Pt and Rh. When the

concentration of Pt is low compared to Rh, it is possible to use a more positive deposition

2.11
1.8
1.57
1.2
0.91
0.61

0.3
11 0.9 07 05 -03 0.1
Eq/V (Ag|AgCI|KClgy )

2" Der peak height /x10™* A- V2

Figure 1V-3 — Second derivative (2" Der) peak heights of 1.0 ng L™ Pt (circles) and 0.36 ng L™ Rh
(triangles) with variation of deposition potentials, Eq4; ts =120 s. Electrolyte: 0.5 M H,SO4, 0.4 M HCI, 0.01
M FA and 0.5 mM HZ.
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potential (e.g. —0.3 V; Cobelo-Garcia et al. 2014) where the adsorption of the rhodium
complex is less favourable. However, this is not found in most environmental matrices,
where higher Pt concentrations than Rh are expected (up to 10-fold; Schindl and Leopold

2015). So, a pre-accumulation at the more favourable potential for Rh is desirable.

The influence of deposition time on the analytical signal, peak heights measured
using the second derivative transformation, was also investigated for Pt and Rh solutions
at two different levels of concentration (Figure 1V-4): a) 2.0 and 4.0 ng L~! Pt; and b)
0.66 and 1.3 ng L' Rh. Linear relationships with correlation coefficients > 0.999 were
obtained for deposition times up to 300 s. Also in Figure 1V-4 can be observed that
saturation of the electrode surface does not occur in this range of concentrations either
for Pt or Rh. The choice of the optimum tq value will be dependent on the concentration
of the analyte to be determined. Accumulation times of 120 s proved to be adequate for
the determination of Pt and Rh in relevant environmental matrices, such as sediments and
road dust CRM BCR-723. However, in water samples these metals tend to be present in
lower concentrations. Thus, the deposition time should be increased in order to attain an

accurate separation of Pt and Rh signals from background values.

The optimised conditions for the simultaneous determination of Pt and Rh using the

second derivative are given in Table IV.1.

4.3.3. Interferences

Interferences in voltammograms can be due either to the presence of surface active
compounds or interfering peaks. The effect of surface active compounds can be quite
serious and that is why samples are previously treated, e.g. in order to destroy all organic
matter. Other interferences could be due to the formation of other metal complexes with
formazone. However, these complexes were reported as negligible for metal ions such as
Fe and Cu (van den Berg and Jacinto 1988; Ledn et al. 1997). Contrarily, the existence of
elevated concentrations of Zn in samples may be problematic, because Zn can be reduced

at a mercury electrode in the potential range between the Pt and Rh signals.
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Figure 1V-4 — Effect of deposition time, tg, in second derivative (2" Der) peak heights, measured using
optimised conditions: (a) Pt: 2.0 ng L™, 2" Der peak height = 1.2x10°° + 3.1x10 %ty (circles) and 4.0 ng
L2, 2" Der peak height = —1.7x10°% + 5.5x10%t4 (triangles) and (b) Rh: 0.66 ng L™, 2" Der peak height
= 1.1x10°° + 1.2x10751t4 (circles) and 1.3 ng L2 Rh, 2" Der peak height = 4.2x10°% + 2.2x10°%1t4 (triangles).

Eq=-0.75 V. Electrolyte: 0.25 M H;SO4, 0.05 M HCI, 0.01 M FA and 0.5 mM HZ. The grey shaded area
represents the 95 % confidence interval of the curve.

Consequently, we examined Zn interferences in the simultaneous determination of Pt and
Rh in solutions containing 1.0 ng L' Pt and 0.33 ng L™ Rh, while varying the Zn
concentration (Figure 1V-5). When compared to the Pt and Rh signals without Zn in
solution (Figure 1VV-5a), the signal intensity of Rh was not immediately affected in the
range of Zn concentrations analysed, while there was a decrease of the signal intensity
for Pt at Zn concentrations higher than 0.7 mg L™ (~11 uM) (Figure IVV-5b). This decrease
may not be immediately detected in the original voltammogram (Figure 1VV-5c). Instead,
a broad shoulder between Pt and Rh stripping potentials appears with the increase of Zn
concentration causing distortion, in particular to the Pt signal.
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Table 1V.1 — Optimised experimental conditions used for both Pt and Rh determination in different
matrices.

Electrolyte
H2SO4 0.25 M
HCI 0.05 M
FA 0.01 M
Hz 0.5 mM

Parameters
Temperature 25+2 °C
Equilibration and .
Purging time 10 min
Deposition potential -0.75 Vv
Deposition time 120 S
Quiescent time 10 S
Initial potential -0.7 \Y
End potential -1.2 Vv
Scan rate 20 mV s
Modulation amplitude 25 mV
Modulation time 0.04 S
Interval time 0.2 S
Step potential 4 mvV

Smoothing SG 2 +

Signal transformation ond derivative

-1 Zinc /mgL"
-0.0
0.7
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Figure V-5 — Effect of Zn in peak heights of 1.0 ng L™ Pt (circles) and 0.33 ng L2 Rh (triangles) measured
using the second derivative (2" Der) transformation in optimised conditions: (a) without any Zn
concentration (0 mg L), and (b) Zn ranging up to 13 mg L%; (c) original and (d) second derivative
transformation voltammograms. tg =120 s and Eq = —0.75 V. Electrolyte: 0.25 M H,SO4 0.05 M HCI, 0.01
M FA and 0.5 mM HZ.
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The use of 2" Der transformation improved the ill-defined peaks, evidencing how
the Pt signal is more affected than that of Rh by the presence of Zn in solution (Figure
IV-5d). Platinum and Rh determination by the standard addition method were not affected
in the presence of at least 2 mg L™ Zn, regardless of the decreasing sensitivity for Pt. This
result is in line with those previously reported, having maximum tolerable of 2 — 3 mg
Lt (Ledn et al. 1997) or 10 mg L=t (Locatelli 2005). If it is considered the Zn
concentrations found in salt marsh sediments colonized by vascular plants, which
typically retain very high levels in their root tissues, it is possible to estimate a Zn
concentration value in the voltammetric cell. Santos-Echeandia et al. (2010) found up to
6000 pg g~* of Zn in the roots of salt marsh plants and 2500 pg g—* of Zn in sediments of
the Tagus estuary, in SW Europe. Considering the amount of sample used for acid
digestion (0.2 g), their final volume (25 mL), the frequent aliquot used for Pt and Rh
analysis (1 mL) and the volume in the voltammetric cell (15 mL), then the concentration
of Zn will be 3.2 mg L for the roots sample and 1.3 mg L Zn for the sediment. In
sediments, typical concentrations of Zn are lower than 700 ug g~* (Cacador and Vale
2001; Caetano et al. 2008), and this does not represent concern. Additionally, Zn
concentrations in waters are usually much lower (tens of pug L™?) than those in sediments
and should not constitute a problem. It is noteworthy the potential Zn contamination and
interference when analysing Pt and Rh. Thus, depending on the degree of Zn

contamination, this metal should be also monitored.

4.3.4. Characteristics of the Analytical Procedure

Very good linear calibration curves (r > 0.999) were obtained in the concentration
range up to 5.2 ng L2 Pt and 3.5 ng L~ Rh in the optimised conditions (S.I. Figure S.1V
2). Limits of detection (LOD) were calculated as 3 times the standard deviation of the
blank and also from LOD = 3Sxy/m (Sxy is the standard error of the calibration curve and
m the slope of the calibration curve (Miller and Miller 2010). Similar values of LOD were
obtained using both approaches, and only the latter is presented in Table IV.2. The
average values of LOD were 0.2 ng L for Pt and 0.08 ng L-* for Rh (n > 10). Lower
values can be achieved increasing the deposition time. Limits of quantification, LOQ,
were calculated as 3 times LOD (Table 1V.2) and were 0.5 ng L~ for Pt and 0.2 ng L
for Rh (n > 10).
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Table 1.2 — Analytical characteristics of the method for the simultaneous determination of Pt and Rh:
LOD, limits of detection, LOQ, limits of quantification, RSD, relative standard deviation; experimental
conditions: electrolyte 0.25 M H;SO4, 0.05 M HCI, 0.01 M FA and 0.5 mM HZ; ty =120 s and Eq = -0.75
V.

Platinum Rhodium
ngg'* ngL? molL? ngg'* ngL?! molL?

LOD 0.02 020 0.8x107% 0.01 0.08 0.8x10%2
LOQ 0.06 050 3x107"? 0.03 020 2x10%
Sensitivity
(average slope)

(AV?/molL?) (2.9 £0.5) x 107 (2.5+0.6) x 107

(AV?Z/ng LY (1.5+£0.2) x 10" (2.4 +0.6) x 10
RSD (%) 17 20

*Calculated for a digestion using 0.2 g of solid sample in 25 mL.

The sensitivity of the method was assessed by the slope of calibration curves
obtained for reagent blanks (n > 10), recovery solutions (n = 5) and CRM BCR-723 (n =
7), showed in Table IV.2.

Intermediate precision of voltammetric determinations with the optimised method,
expressed as RSD, was calculated based on Pt and Rh spiked solutions (n = 5) and the
digested CRM (road dust BCR-723, n = 7) comparing the results obtained on different
days using the same instrument. Statistical analysis was performed to check the data for
outliers. The values are shown in Table IV.2 and are similar to those previously reported
in Pt and Rh determination (Almécija et al. 2016; Locatelli 2005).

4.3.5. Application of the Method to Estuarine Sediments and
Water Samples

After the optimisation of the method for the simultaneous determination of Pt and

Rh, it was applied to environmental samples: estuarine sediments (#A and #B) from the

Tagus estuary, and water samples from an urban WWTP collected after a dry period and

soon after the first heavy rains.

59



IV. IMPROVED VOLTAMMETRIC METHOD FOR SIMULTANEOUS DETERMINATION OF PT AND RH USING SECOND
DERIVATIVE SIGNAL TRANSFORMATION — APPLICATION TO ENVIRONMENTAL SAMPLES

The accuracy of the determination was assessed using the CRM road dust BCR-
723. The transformation of the original signal by using the 2" Der clearly improved the
ill-defined peaks originally observed, especially in the case of Rh. As depicted in Figure
V-1, the voltammograms for the road dust CRM BCR-723 showed well-defined peaks
after the second derivative transformation, and in particular for Rh the accuracy of the
measurements increased. Recoveries around 90 % for Pt and Rh were obtained in BCR-
723 digested samples using the digestion procedure previously described for Pt (Cobelo-
Garcia et al. 2014). In addition, these results confirm that the procedure used for Pt
extraction is also suitable for the extraction of Rh in solid matrices (Almécija et al. 2016).
With the spiked solutions, recoveries were higher than 95 % for both elements (Table
IV.3). In Figure 1V-6 is now shown for sediment #B a complete set of standard additions
using the 2" derivative voltammograms (Figure IV-6a), and the corresponding
calibration plot (Figure 1V-6b) illustrating the powerfulness of the technique.

In the sediments from the Tagus estuary the concentrations of Pt and Rh in sample
#A were 3.50 + 0.03 ng g and 0.14 + 0.04 ng g, respectively, while in sample #B the
concentrations were 6.8 + 0.9 ng g™ of Pt and 0.53 + 0.08 ng g* of Rh (Table IV.3). These
values clearly highlight an enrichment of up to 10-fold of Pt and Rh in bed sediments

when compared to Pt background concentration in  Tagus estuary
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Figure 1V-6 — (a) Second derivative (2" Der) voltammograms of sediment sample #B, obtained in the
optimised conditions: 1) blank (solid line); 2) sediment #B (500 uL of sample digest in 15 mL)
corresponding to 1.6 ng L™ Pt and 0.05 ng L™ Rh (small dotted line); 3) first standard addition (dotted
line), 1.9 ng L™ Pt and 0.6 ng L~! Rh; and 4) second standard addition (long dotted line), 3.8 ng L~* Ptand
1.2 ng L* Rh. ty =120 s and Eq = —0.75 V. Electrolyte: 0.25 M H,SOs, 0.05 M HCI, 0.01 M FA and 0.5
mM HZ. (b) Calibration curve plot of 2" Der peak heights (n = 8) with two standard additions, respectively:
Pt (circles), 2" Der peak height = 5.4x10°° + 6.0x10® Cpng L, r = 0.999; and Rh (triangles), 2™ Der peak
height = 3.2x107® + 3.2x10°% Cra ng L%, r = 0.999. The grey shaded area represents the 95 % confidence
interval of the curve.
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(Cobelo-Garcia et al. 2011) and to natural crustal abundance of Rh (Peucker-Ehrenbrink
and Jahn 2001). The high levels of Pt and Rh may have resulted from emissions of
automotive catalytic converters since 1990s (Rauch and Peucker-Ehrenbrink 2015).
Assessment of Pt and Rh sources to the different environmental matrices are frequently
discussed in terms of Pt/Rh concentration ratios (Sutherland et al. 2015). The ratio
calculated for the bed sediment #A was 25 and for #B was 13, which clearly evidences
the anthropogenic pressure, and being #B within the range of values typically found for
three-way catalytic converters (4 — 16; (Rauch and Peucker-Ehrenbrink 2015). The Pt/Rh
ratio often shows high variability depending on the type of sample, on its preparation
and/or analysis procedures. Therefore, it is difficult to compare data. However, it has been
suggested that high variability of Pt/Rh in sediments is explained by different sources,
namely industrial or hospital effluents where distinct signatures may be identified
(Laschka and Nachtwey 1997), than by the changes in actual PGE ratio in the composition
of automotive three-way catalytic converters (Ruchter et al. 2015), which nowadays are
commonly used. Sediment #A was in the surroundings of an industrialised area, which
could explain higher Pt/Rh than in #B. Furthermore, chemical processes may differently

affect Pt and Rh causing higher ratio variability.

In the determination of Pt and Rh in WWTP water samples, a longer accumulation
time was used: tq = 300 s. It is noteworthy that increasing the deposition time allowed the
clear separation of metal signal in the samples from the background wave (blanks) using
the 2" Der step. This was especially evident in the case of Rh. Lower LOD are also
obtained, of 0.05 ng L and 0.04 ng L for Pt and Rh, respectively. Pt concentrations of
5.0 £0.7ng L to 16 + 2 ng L™ were determined in the outflow and inflow samples,
respectively, collected after a period of dry weather. Samples collected soon after the first
rains depicted higher Pt concentrations, 0f 10.4 + 0.3 ng L™ to 25+ 2 ng L™ in the outflow
and inflow samples, respectively. In the case of Rh, the concentrations determined either
in the inflow or outflow samples, collected before and soon after the rainfall, were similar
within the experimental errors, averaging 0.21 + 0.05 ng L™ (Table 1V.3). Dissolved Pt
and Rh concentrations determined in WWTP samples also reflect the anthropogenic
pressure, with Pt levels intensified after the first rains as previously reported in Europe
(Laschka and Nachtwey 1997).
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Table 1V.3 — Determination of Pt and Rh (mean + SD) in road dust CRM BCR-723 and environmental
samples. Experimental conditions: electrolyte 0.25 M H,SOa, 0.05 M HCI, 0.01 M FA and 0.5 mM HZ; t4
=120sand Eq=-0.75 V.

Recoveries (%) Platinum Rhodium Pt/Rh
CRM BCR-723 (n=7) 87+12 90+ 10 6
Spiked Solution (n=5) 100£5 95+9

Samples

Tagus Estuary Sediments (ng g™ (n=4)
#A  3.50+0.03 0.14 £0.04 25

#B 6.8+0.9 0.53+£0.08 13
Urban WWTP Waters* (ng L™) (n=4)
Before the rain
Inflow 16+ 2 0.24 £0.08 67
Outflow 5.0+£0.7 0.3+ 0.1 18
Soon after the rain
Inflow 25+ 2 0.17 £0.06 147
Outflow 10.0+£0.3 0.19 +0.02 53

* Dissolved fraction (< 0.2 um). Deposition time was increased for 300 s, LOD: Pt = 0.05 ng L™t and Rh = 0.04 ng
L

Published data on dissolved concentrations of Rh in environmental samples are
scarce, either due to the type of sample analysed or the high LOD of the techniques used.
To the best of our knowledge, these are the first values reported for a WWTP and one of
the few published for waters (Schindl and Leopold 2015). Moreover, these results prove
well the advantage of the low cost, sensitive and reliable voltammetric technique here
optimised. The Pt/Rh ratio is usually applied to soils and sediments and was never
reported for water samples, perhaps due to the absence of dissolved Rh values. In the
water samples from the WWTP elevated ratios were found reaching 147 in the inflow
water soon after the rain, although decreasing to 53 in the outflow water. Additional
research is needed to evaluate the relationship between these values and the published
ones for soils and sediments. Further research is ongoing to fully characterise PGE

distribution within the Tagus estuary.
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4.4. Final Remarks

A method for the simultaneous determination of Pt and Rh by Adsorptive Cathodic
Stripping Voltammetry using second derivative of the voltammograms was optimised and
successfully applied to relevant environmental samples. At ultra-trace concentrations ill-
defined peaks are usually observed and the use of the second derivative transformation
improves the Pt and in particular Rh signals. In addition, reagents consumption and time
of analysis were also optimised in the analytical procedure. Less reagents were needed

and the overall time of analysis reduced.

Comparable LOD were achieved as for the individual determination of Pt or Rh,
being appropriate for environmental matrices. Intermediate precision of the method,
expressed as RSD, was also within the acceptable values for determinations at ultra-trace
levels. Recoveries were around 90% for both Pt and Rh using CRM BCR-723 and
evidenced the accuracy of the procedure. The application to relevant environmental
samples indicated that the method is suitable for the analytical quantification of Pt and
Rh, reducing the costs and time by the simultaneous determination and making the
method attractive for routine analysis. Longer deposition times can be used to accurately
separate the metals signal from background voltammograms at lower concentrations. To
the best of our knowledge, dissolved Rh concentrations in water samples of WWTP are

reported for the first time.

The method here developed and validated offers the high resolution necessary to
measure the low signals frequently observed in low contaminated environmental samples,
therefore improve the accuracy of Pt and in particular Rh concentrations determined in
pristine environments. Thus, application of this technique in a multidisciplinary approach
may be a relevant contribute, giving rise to the current understanding of these elements

cycle and fate in the environment.
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Abstract

The spatial distribution of Pt and Rh was assessed in Tagus estuary and their sources
discussed. Both elements were analysed in superficial sediment samples (n = 72) by
adsorptive cathodic stripping voltammetry. Concentrations varied within the following
ranges: 0.18-5.1 ng Pt g% and 0.02—1.5 ng Rh g*. Four distinct areas were established:
“reference”; waste- and pluvial water discharge; motorway bridges and industrialised
areas. The calculated reference median concentrations were 0.55 ng Pt g~* and 0.27 ng
Rh g% Linear relationships were found between Pt and Al, Fe and LOI, whereas Rh
depicted scattered patterns. The highest concentrations were found nearby industrialised
areas and a motorway bridge, corresponding to the enrichment of 10 and 6 times the
background of Pt and Rh, respectively. The main sources of contamination to the Tagus
estuary derived from historical and present industrial activities and from automotive
catalytic converters. Large variations of Pt/Rh ratio (0.48-39) point to different sources,
reactivity and dilution effects.

Keywords

Platinum group elements, Spatial distribution, Superficial sediments, Tagus

estuary, Anthropogenic contamination
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5.1. Introduction

Technology-critical elements (TCE) are contaminants of environmental concern
due to increasing use in several technology-based sectors. Platinum-group elements
(PGE) are part of the TCE and include platinum (Pt), palladium (Pd), rhodium (Rh),
iridium (Ir), osmium (Os) and ruthenium (Ru). Their global demand continues to rise
despite the ultra-trace concentrations found in the earth’s upper continental crust (UCC)
(Taylor and McLennan 1995; Peucker-Ehrenbrink and Jahn 2001; Ravindra et al. 2004).

Anthropogenic emissions of PGE have been largely attributed to the extensive use
in automotive catalytic converters (ACC) (European Comission 1991; Kaspar et al.
2003). Platinum and Rh are included onto the ACC in the metallic or oxide forms. Due
to degradation and mechanical abrasion during vehicle operation, they are released into
the environment as fine grained particulate material (Ely et al. 2001; Moldovan et al.
2002; Ek et al. 2004; Rauch et al. 2002; Prichard and Fisher 2012; Zereini and Wiseman
2015). Regardless the emission rates of ng per kilometre per car (Ely et al. 2001), it has
been observed the increase of Pt and Rh concentrations in road dust and roadside soils
reaching up to 3 orders of magnitude of their crustal abundance (UCC: 0.5 ng Pt g and
0.06 ng Rh g (Taylor and McLennan 1995; Peucker-Ehrenbrink and Jahn 2001; Zereini
and Wiseman 2015). The mass Pt/Rh ratio is often used to track different sources of Pt
and Rh (Rauch and Peucker-Ehrenbrink 2015). In particular, the typical range for ACC
emissions varies between 5 — 16 (Ely et al. 2001; Ravindra et al. 2004; Rauch and
Peucker-Ehrenbrink 2015). Additionally, shifts in the ratio may point to inputs of
industrial activities and hospital effluents to the environment (Laschka and Nachtwey
1997; Rauch and Peucker-Ehrenbrink 2015).

The increase of PGE concentrations in urban environments has been documented
over the past years (Ek et al. 2004; Rauch et al. 2005, 2006; Zereini et al. 2004, 2007;
Wiseman and Zereini 2009; Mihaljevic¢ et al. 2013; Rauch and Peucker-Ehrenbrink 2015;
Ruchter and Sures 2015; Wiseman et al. 2013, 2016; Birke et al. 2017). Studies dealing
with spatially-resolved distribution provide useful information in the assessment of
potential contamination sources to the aquatic systems. These studies in estuaries are
mainly focused in Pt (Terashima et al. 1993; Wei and Morrison 1994; Cobelo-Garcia et
al. 2011, 2013; Zhong et al. 2012) and very scarce information exists for Rh (e.g.

Essumang et al. 2008). Most of the works focused on Rh center their research only in
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restricted areas or samples of estuarine systems (e.g. Essumang et al. 2008; Almécija et
al. 2016a). Thus, the very limited research of Pt and Rh spatial distribution in river-
estuarine systems exists to overcome the sinks and sources of these elements. We
hypothesised that Pt and Rh contamination in Tagus estuary could be imprinted in
superficial sediments because of the anthropogenic pressures and hydrodynamic of the
estuary. Thus, we aimed (1) to quantify Pt and Rh concentrations in superficial sediments
of the Tagus estuary; (2) to assess the influence of anthropogenic sources loading into the
sediments; and (3) to define baseline patterns for future monitoring studies envisaging
unknown PGE emissions to this aquatic system.

5.2. Material and Methods

5.2.1. Study Area

Estuaries are very important in the interchange of mass between the land and the
ocean. The Tagus estuary (Figure V-1) is one of the largest in western Europe, with
approximately 320 km? comprising small islands, sand banks, and intertidal mudflats that
account for ~40% of the total area. The inner bay has approximately 25 km long and 15
km wide, and the bathymetry ranges between 0 and 7 meters depth. Downstream, a
narrow channel reaching 47 m depth and 2 km wide connects the estuary to the Atlantic
Ocean (Fortunato et al. 1999; Freire et al. 2007; Taborda et al. 2009; Vaz et al. 2011).

The freshwater input to the Tagus estuary depends on rain events and it has its origin
mainly from the Tagus river (350 m® s, average annual flow), as well as from other small
tributaries (< 35 m® st). The water circulation in Tagus estuary is mainly tidally driven,
often considered mesotidal and vertically well-mixed (Vaz et al. 2011). Resuspension of
particulate matter from sediments over the tidal cycling can occur due to wind forcing,
rising tide, and water exchange with the main channels (Vale and Sundby 1987; Freire et
al. 2007). Particle’s settling occurs during the turnover of tides, depending on the current
velocity and bathymetry. The particle resuspension-settling cycles in each semi-diurnal

tide may play a key role on the scavenging of Pt and Rh to the sediments.

The Tagus estuary is well characterised with respect to the hydrodynamics (e.g.
Vale and Sundby 1987; Fortunato et al. 1999; Vaz et al. 2011), trace elements
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Figure V-1 — Map representation of the study area location, the Tagus estuary, SW Europe. Bathymetric
data in meters (obtained from the Portuguese Hydrographic Institute; http://www.hidrografico.pt) with
depicted stations where superficial sediments were collected (white dots); (25A) 25 de Abril bridge; (VG)
Vasco da Gama bridge (area in dashed line); Industrialised areas (CN, LN, SN and BRR, in circles);
WWTP: (A) Alcéntara, (B) Beirolas and (C) Chelas; and pluvial waters discharge (TP) Terreiro do Paco.
Most relevant stations and the Natural Reserve area of the estuary are also indicated.

(\Vale et al. 2008; Santos-Echeandia et al. 2010; Cacador et al. 2012; Monteiro et al.
2016), persistent organic pollutants (Gil and Vale 1999; Mil-Homens et al. 2016), and
nutrients (Cabecadas 1999; Cabrita et al. 1999; Mateus and Neves 2008). For PGE, only
data on Pt, Rh and Os were reported before in spot areas of the estuary and coastal
sediments (Cobelo-Garcia et al. 2011; Almécija et al. 2015, 2016a, 2016b), pointing to
anthropogenic inputs. The Tagus estuary (Figure V-1) has particular features that makes
it a natural setting for the study of these elements. The anthropogenic pressures result
from heavily industrialised areas, with historical and present-day activities. At the
southern margin exits a metallurgic complex (SN), a chemical complex (BRR) with a
large area decommissioned, and an inactive shipyard (LN). At the northern margin
operates a chemical industrial unit (CN) and the denser urban area is settled. Intense urban
sprawl reaches 2.8 million of inhabitants around the estuary (Marques da Costa 2016)
with several Waste Water Treatment Plants (\WWTP) and pluvial water drainage channels

dispersed in the margins. Three major WWTP exist in the northern margin: Alcantara
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(A), Beirolas (B) and Chelas (C); and at Terreiro do Paco (TP) is located one of the main
channels for the pluvial runoff. Moreover, the Tagus estuary is crossed by two high traffic
motorway bridges, Vasco da Gama (VG bridge) and 25 de Abril (25A bridge), where
175000 — 225000 vehicles pass every day (IMT 2016).

5.2.2. Sediment Samples Collection and Preparation

Taking into account potential sources of Pt and Rh to the Tagus estuary, superficial
sediment samples (< 5 cm depth) were collected in 72 stations on-board of a small vessel
using a Van Veen grab sampler. A set of samples (n = 12) was collected in 2015 at the
waste- and pluvial waters effluents (A, B, C and TP, in Figure V-1). In addition, two
control samples were collected upstream (-U) and downstream (-D) of each effluent,
spaced by approximately 0.5—-1 km. Another set of superficial sediments (n = 60) was
sampled in June 2016, following a spatial grid covering the immersed area of the estuary.
Emphasis on VG bridge influence area was preferred since it was not feasible to collect
samples nearby 25A bridge, due to the higher current velocity and coarser sediments

(rocks, gravel and coarse sand) than in the rest of Tagus estuary (Figure V-1).

Sediment samples were dried in an oven at 40 °C. After homogenisation, aliquots
were separated for grain size analysis and after sieving (< 2 mm) another portion was

ground to a fine powder for further analyses.

5.2.3. Analytical Procedures

5.2.3.1. Material and Chemicals

All laboratory material used was acid-cleaned by successive immersion periods of
48 hours in ~20 % nitric acid (HNO3) followed by ~20 % hydrochloric acid (HCI).
Afterwards, the material was rinsed with Milli-Q water (18.2 MQ.cm, 25 °C) and let to
dry in a clean room. All reagents used throughout the work were always of high-purity
grade, either for samples digestion or analysis: hydrofluoric acid (HF) 40 %, HNO3 65 %
and HCI 30 % (Suprapur, Merck), sulphuric acid (H2SO04) > 95 % (TraceSELECT,
Fluka), hydrazine sulphate (HZ; p.a., Fluka) and formaldehyde 13 M (FA 36.5 %, Riedel-
de-Haen). Diluted standards of 1.0 ug Pt L-* and 1.0 pg Rh L=t in 0.1 M HCl were weekly
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prepared from standard solutions of Pt and Rh 1000 mg L~! (TraceCERT, Fluka). Other
solutions were prepared in Milli-Q (18.2 MQ.cm) water and kept in perfluoroalkoxy
flasks.

5.2.3.2. Grain Size and Loss on Ignition

Grain size analysis was carried out in sediments by dry sieving (Gaudéncio et al.
1991). According to Folk (1954), three classes of sediment grain sizes (%) were used to
evaluate the contents of gravel (>2 mm), sand (2 — 0.063 mm), and the finer fraction
corresponding to silt and clay (< 0.063 mm). Organic matter was determined on the basis
of Loss-on-Ignition (LOI, in %), estimated by the weight difference of dried samples at
105 °C and heated at 450 °C in a muffle furnace for 2 h (Craft et al. 1991). The temperature

used in this procedure ensures that the sediment carbonate fraction was unchanged.

5.2.3.3. Major Elemental Composition

Major elemental composition of the sediments (total Al, Fe, Mn, Mg and Ca) was
quantified in ~0.1 g (dry weight, d.w.) aliquots after a two steps digestion. Complete
dissolution was achieved using a mixture of 1 mL of aqua regia (a mixture of HCI:HNOs3;
3:1) and 3 mL of HF (40%), at 100 °C for 1 h in closed Teflon autoclaves (Loring and
Rantala 1992). The resultant solution was evaporated to near dryness in Teflon vessels
(DigiPrep HotBlock-SCP Science), re-dissolved with 1 mL of distilled HNOz and 5 mL
of Milli-Q water, heated for 20 min at 75 °C and diluted in Milli-Q water to a final volume
of 50 mL (Caetano et al. 2009). Inductively coupled plasma — mass spectrometry (ICP-
MS) was used to determine major elemental composition of the sediments. The
determinations were done in quadrupole ICP-MS from Thermo Elemental (X-Series),
equipped with a concentric Meinhard nebulizer and a Peltier impact bead spray chamber,
following the procedure previously reported Brito et al. (2018). Main experimental
parameters were as follows: forward power 1400 W; peak jumping mode; 150 sweeps per

replicate; dwell time of 10 ms; dead time of 30 ns.
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5.2.3.4. Pt and Rh Determination

For the determination of Pt and Rh in the sediments the procedures of Nygren et al.
(1990) and of Haus et al. (2009) were followed for samples digestion. Sediment samples
of =0.2 g of each were heated in quartz crucibles up to 800 °C in a muffle furnace. After
cooling, samples were transferred to PFA pressurised digestion vessels (MarsXpress,
CEM) and they were microwave-assisted digested in the presence of 4 ml of aqua regia.
Afterwards, samples were evaporated to near dryness at 85 °C in a hot plate, re-dissolved
in 1 mL of H2SO4, and were left to evaporate the residual acids until constant volume.
Finally the residue was transferred to polypropylene Digitubes (SCP Science) and diluted
to 25 mL in 0.1 M HCI. Adsorptive Cathodic Stripping Voltammetry (AdCSV) was used
for the determination of Pt and Rh, following the procedure optimised by Monteiro et al.
(2017). Briefly, the voltammetric measurements were carried out in an acclimatized room
at 25 + 2 °C. A potentiostat/galvanostat from ECO Chemie, Autolab PGSTAT 128N
(Metrohm), was used as the source of the applied potential and as the measuring device,
connected to the Metrohm Stand 663. A conventional three-electrode configuration was
used: a Static Mercury Drop Electrode (SMDE) as the working electrode, an
Ag/AgCI/KClsa as the reference electrode (placed inside a salt bridge with 3 M KCI)
and a carbon rod as auxiliary electrode. The whole system was controlled and data
analyzed with the GPES v4.9 software (EchoChemie). The standard addition method was
used to quantify Pt and Rh concentrations (Monteiro et al. 2017). All measurements were

done at least in triplicate.

5.2.3.5. Quality Control of the Analytical Procedures

The quality control on major elements determination was assessed by running a
multi-element solution in every 10 samples. Coefficients of variation for metal counts (n
= 3) were < 2 %. Certified reference materials (CRM) MAG-1, G-2, and BHVO-1
(USGS), with different matrices, were used to control the analytical procedure. The
results obtained did not differ significantly (p > 0.05) from the certified values. Procedural

blanks always accounted for < 1 % of total concentrations in samples (Brito et al. 2018).

For Pt and Rh determinations, the accuracy was evaluated through the recoveries
(%) in digested CRM road dust BCR-723 (EC-JRC-IRMM). Recoveries were 92 + 11 %
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for Pt and 85 £ 13 % for Rh (n > 10), which were within the certified ranges. Procedural
blanks (n > 10) were analysed to evaluate potential cross contamination. The average
limits of detection were 0.012 + 0.005 ng Pt g~* and 0.013 + 0.005 ng Rh g~* (n > 10).
Further details are fully described in Monteiro et al. (2017).

5.2.4. Data Processing

All statistical analysis was performed using XLSTAT (Addinsoft). Normality of the
data was assessed using the Shapiro—Wilk test. Since most of the variables did not present
normal distribution, non—parametric Kruskal-Wallis (H) test was applied to assess the
differences in median values, with post hoc test. In addition, Mann-Whitney (U) test was
also applied to assess significant differences between groups. Grubbs test was used to
check the data for outliers. In addition, Spearman rank correlations (rs) were also
computed to evaluate trend relationships (Miller and Miller 2010).

Images of the spatial distributions were generated using the Ocean Data View
software (ODV; Schlitzer 2017) using Data Interpolating Variational Analysis (DIVA)
method. This method takes into account topographic and dynamic constraints when
generating grids based on a relative low number of observations (Troupin et al. 2012).
However, boundary conditions were superimposed in ODV/DIVA by delimiting the area
of interest of the Tagus estuary, with better resolution in the rough edges of the estuary

in order to improve interpolations.

5.3. Results

5.3.1. Characterisation of Superficial Sediments

Sediment samples from Tagus estuary were characterised for grain-size, LOI and
major elemental composition. Descriptive statistics of the data are summarised in Table
V.1. The median value of the sand fraction (2 — 0.063 mm) was 41 % and in general lower
than the fine-sized fraction (< 0.063 mm) that corresponds to silt and clay material (Table
V.1). The contents of Al, Fe, and LOI ranged up to ~10 %, and the higher levels were
associated with deposits of fine-grained material in the northern margin and mudflats of

the upper and middle estuary.
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Table V.1 - Descriptive statistics of the parameters used in the characterisation of the superficial sediments
of Tagus estuary.

Units | n [ Min ng:tile Median Mean Quir:tile Max

Al % 72 2.0 4.8 6.0 6.2 7.7 9.8

Fe % 72 | 0.50 1.6 2.5 2.6 3.6 7.0

Mn % 70 | 0.010 0.023 0.030 0.033 0.041 0.71
Mg % 70 | 0.16 0.49 0.80 0.76 1.0 14
Ca % 70 | 0.01 0.49 1.2 1.7 2.5 7.1
Sand % 57 2.4 15 41 42 64 98
Silt + Clay % 57 2.1 34 59 57 85 98
LOI % 72 | 0.51 2.2 3.9 3.9 5.4 8.8

Magnesium and Mn were below 1.4 and 0.71 %, respectively, with no clear distribution
pattern within the estuary. Calcium ranged up to 7.1 % and the highest concentrations

were found in samples containing fragments of bivalve shells.

5.3.2. Concentrations and Spatial Distribution of Pt and Rh

The concentrations of Pt and Rh in superficial sediments from the Tagus estuary
varied between 0.18 — 5.1 ng Pt g and 0.02 — 1.5 ng Rh g (d.w.) (Figure V-2), being
the median values 0.60 ng Pt g and 0.54 ng Rh g (Figure V-3a).

Based on the potential sources to the estuary and spatial distribution of both
elements, four estuarine sections were outlined for further discussion (Figure V-3): (i)
“reference concentration” of Pt and Rh that comprises the stations distant from potential
sources; (ii) waste- and pluvial waters discharge sites in the northern margin; (iii)
motorway bridges, in particular VG bridge; and (iv) industrialised areas, corresponding
to sites BRR, SN, LN and CN. Differences on median values among groups were
observed, being significantly different for Pt (H(3, n=72) = 20.30, p<0.001) and for Rh
(H(3, n=72) = 7.867, p<0.05). When comparing paired— sections (Mann-Whitney (U)
test), the industry section was significantly different from the other sections (p<0.05)
(Figure V-3b) in the case of Pt. Although at VG bridge have been found higher values up
to 6 times than in WWTP and reference sections, the broad interval of variation lead to

no significant differences between sections (p>0.05).
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Figure V-2 — Spatial distribution of Pt and Rh concentrations, in ng g, in superficial sediments of Tagus

estuary.
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Figure V-3 — Boxplot of (a) median and total concentrations (ng g*) of Pt and Rh in superficial sediments
of Tagus estuary; (b) Pt and (c) Rh concentrations depicted by section, respectively; (d) Rh concentrations
depicted in industry section. Significant differences amongst groups were observed (Kruskal-Wallis (H)
test; p<0.05) and are indicated by different letters (Mann-Whitney (U) test; p<0.05).
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In the case of Rh, no significant differences were found between the reference,
WWTP and industry sections (p>0.05) (Figure VV-3c). Other statistical similarities found
were those of WWTP section with VG bridge and industry sections (p>0.05) and between
VG bridge and industry sections (p>0.05). However, the lack of statistical differences for
Rh between industry and the other sections is largely dependent on the low concentrations
found at BRR than in the other industrial sites (Figure V-3d). Nonetheless, their

environmental significance should not be disregarded.

5.3.2.1. Reference Levels in Tagus Estuary

The lowest concentrations of Pt and Rh, up to the median values, were found mostly
in the central areas of the estuary. Considering only the stations far from possible
anthropogenic sources as reference stations, levels of Pt ranged from 0.18 — 1.5 ng g™
(d.w.) with a median of 0.55 ng g™. For Rh concentrations varied within 0.02 — 1.3 ng g*
(d.w.) with a median of 0.27 ng g™*.

It was found in those stations a clear affinity of Pt for Al, Fe and LOI, with
significant regressions (Figure V-4). When normalised, the spatial distribution of Pt/LOI
and Pt/Fe (Figure V-5) resulted in a wider spread of Pt signature than that observed for
Pt/Al. No significant correlations (p>0.05) were found between Rh concentrations and
the content of Al, Fe and LOI (Figure V-4).

5.3.2.2. Waste- and Pluvial Waters Discharge

Relatively low concentrations of Pt and Rh were observed in the discharge sites of
waste- and pluvial waters at the northern margin (A, B, C and TP, in Figure V-1).
Concentrations of both metals were closer to the reference levels of the Tagus estuary,
ranging from 0.23 — 1.0 ng Pt g* and 0.22 — 0.98 ng Rh g* (d.w.). However, when
concentrations were normalized to Al or LOI, sediment levels from the discharge sites of
Alcantara (A) and Beirolas (B) WWTP were higher than the values found in upstream
and downstream control stations (A-U, B-U and A-D, B-D, respectively; Figure V-6).
This trend was not found for WWTP of Chelas (C) and the pluvial waters discharge site

at Terreiro do Paco (TP), presumably due to their low discharge into the estuary.
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Figure V-4 — Bivariate plots between Pt and Rh with Al, LOI and Fe in superficial sediments of Tagus
estuary. (@) reference stations in the estuary; (@) waste- and pluvial waters discharges; (O0) VG bridge; and
(©) industrialised areas. The dashed line represents the trends found in the background data and the

Spearman correlations (rs) found, respectively.
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Figure V-5 — Spatial distributions of Pt and Rh with concentrations normalised to Al,
superficial sediments of Tagus estuary.
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Figure V-6 — (a) Pt and (b) Rh concentrations normalised to Al and LOI from WWTP discharge sites (A)
Alcantara, (B) Beirolas and (C) Chelas, and pluvial- waters discharge site (TP) Terreiro do Paco, and
respective control stations in superficial sediments from Tagus estuary: Alcantara upstream (A-U) and
downstream (A-D); Beirolas upstream (B-U) and downstream (B-D), Chelas upstream (C-U) and
downstream (C-D), and Terreiro do Paco upstream (TP-U) and downstream (TP-D). (*) Data not presented
due to an outlier value of LOI.

5.3.2.3. Anthropogenic Point Sources and Signature in

Sediments

Concentrations of both elements increased downstream of the VG bridge and in
both margins closer to the bridge ends, varying from 0.22 — 3.0 ng Pt g and from 0.12 —
1.1 ng Rh g?! (d.w.). Furthermore, the highest levels were found closer to the
industrialised areas (Figure V-3 and S.I. Figure S.V 1). Platinum concentrations (d.w.)
were 1.8 ng gt at LN, 2.5 ng gt at SN, 2.7 ng g* at CN and up to 3.5-5.1 ng g*! at BRR
sites. Regarding Rh levels, they varied between 1.2 and 1.5 ng g* at LN, SN and CN, but

lower values were found at BBR, <0.01 - 0.13 ng g*.

In the Tagus estuary, Pt/Rh ranged within 2 orders of magnitude, between 0.48 and
39 (Figure V-7). The lowest Pt/Rh ratio corresponded to the reference signature, varying
between 0.48 and 4.0 and with a median value of 1.6 (all reference stations). If it is only
considered the innermost stations of the Tagus Natural Reserve area, where no direct

anthropogenic activities exist, then the range of Pt/Rh decreases to a median value of 0.9.
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Figure V-7 — Signature of Pt and Rh in superficial sediments of Tagus estuary. The Pt/Rh range varied
between 0.48 and 39, with the highest values found at BRR and #68 stations, 39 and 25 respectively.

Similar to that reference value, the signature of particles derived from the WWTP stations
was low (0.6 — 1.6). In sediments closer to VG bridge, values were in general higher than
the reference section (0.9), ranging from 0.5 to 5.6. Additionally, a road dust sample was
collected in a dense traffic road, containing 551 ng Pt g and 84 ng Rh g*, which
corresponds to Pt/Rh of 6.6. The largest difference on Pt/Rh mass ratio (1.5 — 39) was
observed in industrialised areas. At BRR it was found the highest Pt/Rh values (25 — 39),

while in other industrial sites Pt/Rh values were low (1.5 — 2).

5.4. Discussion

The reference value of Pt concentration in Tagus estuary (0.55 ng g?) is similar to
the concentration in the Upper Continental Crust (UCC, 0.5 ng Pt g*; Taylor and
McLennan 1995; Peucker-Ehrenbrink and Jahn 2001; Ravindra et al. 2004). Furthermore,
that value is comparable to the baseline concentration in shelf sediments of the Tagus in

the sediment horizon corresponding to 1920, found by Cobelo-Garcia et al. (2011). This
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was not found for Rh since the estimated reference level in Tagus estuary sediments (0.27
ng g1) was 4 times higher than the value indicated for the UCC (0.06 ng Rh g*; Taylor
and McLennan 1995) and also for the deepest layers of a salt marsh core, reported by
Almécija et al. (2016a). The concentrations of Pt in Tagus estuary sediments (0.18 — 5.1
ng g1) are in the range of those reported by Zhong et al. (2012) for the Pearl River estuary,
China, Wei and Morrison (1994) for three urban river sediments in Gothenburg, Sweden,
and Prichard et al. (2008) in Humber estuary, UK. However, levels of this element in
Tagus are lower than those found by Ruchter and Sures (2015) in the river Alb, Germany
(up to 45 ng Pt g1) or by Sutherland et al. (2015) in the bed sediments of Nuuanu stream,
Hawaii (5.8 — 40 ng Pt g). The range of Rh concentrations determined in Tagus
sediments (0.02 — 1.5 ng g!) is comparable to those reported by Sutherland et al. (2015)
for in Hawaii (0.32 — 3.5 ng g) or by Prichard et al. (2008) for the Humber estuary, UK

(1-2ngg?).

5.4.1. Variation of the Reference Levels in the Estuary

Low concentrations of Pt and Rh were observed in the central areas of the Tagus
estuary, ranging from 0.18 — 1.5 ng Pt g and 0.02 — 1.3 ng Rh g (d.w.). In order to
minimize the anthropogenic contributions of these elements (Dung et al. 2013), the
variation of Pt and Rh in reference stations was assessed in sediments far from potential
sources by evaluating the relationships with the ancillary parameters. Aluminium content
is usually used due to the conservative behaviour and rare anthropogenic inputs, being a
proxy for particle’s nature in sediments (Loring and Rantala 1992; Matys Grygar and
Popelka 2016). However, using Al-normalised metal concentrations is not
straightforward and other parameters may be used, like Fe and organic matter (Matys
Grygar and Popelka 2016). The affinity of Pt towards Al, Fe and LOI indicates that its
distribution in sediments is governed by the sediment characteristics or by a group of
several parameters, contrarily to Rh. A clear affinity of Pt to the fine-sized fraction (silt
and clay) of the sediments was observed, but not for Rh. Thus, the transport of Pt and Rh
within the estuary is likely to be differently affected by the nature of particulate material

in association with the hydrodynamic regime of the estuary.

Different contribution of both margins on the sediment loadings is due to geologic

features and intense, yet dissimilar, anthropogenic pressures (Taborda et al. 2009). The
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reference levels of Pt and Rh in the Tagus estuary may derive from weathering of Neo-
Cretaceous basalts and pyroclasts from the Lisbon Volcanic Complex (Prudéncio et al.
1993; Taborda et al. 2009). The higher contribution yielded by the southern margin
sediments includes sandstones, sand, gravel, silt and clay from detrital Plio-Pleistocene
that constitute the fluvial terraces, resulting mainly from erosion (Taborda et al. 2009). In
addition, pyrite is the main group of minerals responsible for a background signature of
PGE. However, the reference levels may be influenced by specific anthropogenic
activities in the Tagus, such as different types of industry. The implementation of a
chemical plant in the southern margin of the estuary that operated during the XX century
(1909-1990s) included a pyrite-roasting unit and a smelter. During this period, the
industry used pyrite from Lousal and Aljustrel mines, both part of the Iberian Pyrite Belt
(Mil-Homens et al. 2013). This raw material was stored in large piles in the southern
margin of the estuary and could cause the spread of particulate material containing PGE
in a large area, including the estuary. Thus, the input of this geological material for such
a long period could mask the background Pt and Rh values existing in the original

minerals from the Tagus river basin.

5.4.2. Sources and Distribution of Pt and Rh

5.4.2.1. Waste- and Pluvial Waters Discharge Sites

The concentrations of Pt and Rh found in sediments closer to the WWTP outfalls
were within the range of reference levels in Tagus estuary. However, the increased signal
in stations A and B, after normalization to Al and/or LOI, reflects the drainage of a large
urban area for a considerable period of time, from Lisbon, which mainly includes
domestic and hospital effluents, and pluvial runoff. The presence of Pt-based anticancer
drugs was recently reported in sewage and wastewaters (Vyas et al. 2014). These authors
did not find evident relationships between the administered quantities of Pt and measured
concentrations in drainage, reflecting the randomness of the excreted Pt. Furthermore,
Monteiro et al. (2017) showed that an increase in dissolved Pt concentrations was detected
in the effluents of the WWTP. During the water treatment along the WWTP, dissolved Pt
concentrations reduced to half while dissolved Rh was kept invariable. Although low
dissolved concentrations of Pt and Rh (ng L) are introduced in the estuary through the

WWTP, the input of high volume of water (3 — 100 m® s%) results in a detectable imprint
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in sediments (ng g*). Furthermore, coupling other elements with Pt or Rh can be of major
interest to track anthropogenic emissions of technology-critical elements. In fact, rare
earth elements (REE) do support the transfer of urban contamination from different
anthropogenic sources into the Tagus estuary. Brito et al. (2018) observed this signature
for some of the REE at the same WWTP stations, e.g. Gd (S.I. Figure S.V 2) and Ce,
which suggests the association of metals to the particulate load from urban effluents and
runoff material. Despite having distinct point sources, their pathways into the estuary are
in general the same. Along with Pt, Gd can be used to track anthropogenic contamination
with source in medical applications (Ebrahimi and Barbieri 2019). In addition, Wiseman
et al. (2016) used Ce coupled to Pt, Rh and Pd to evaluate ACC emissions in roadside

soils from Toronto, Canada.

5.4.2.2. Motorway Bridges

Both Pt and Rh followed the same spatial distribution pattern with increasing levels
downstream of VG bridge. Furthermore, a clear input was also found in the north margin
at the bridge end. These results point that both elements have the same anthropogenic
source, with these signatures of Pt and Rh most likely resulting from the abrasion and
degradation of ACC. This particular spatial distribution may derive from the concrete
structure of the VG bridge. The road dust material accumulates along the bridge during
the dry season and then is flushed directly to the estuary during rain periods through a
system of gully pots. The road dust enters the estuary at several points located along the
bridge and is spread according to the tidal and hydrodynamic regime. The spreading of
road dust enriched in Pt and Rh downstream the bridge results from the ebb and flushing
semidiurnal cycles. The bridge is located approximately in the maximum turbidity zone
of the estuary and major mixture of freshwater and seawater occurs towards the estuary
mouth. In a previous study, Almécija et al. (2016b) found elevated concentrations of Pt
(40 ng g?) in surface sediments from a system of channels and creeks in a salt marsh at
the southern margin. In these ecosystems, particulate material including road dust is

retained by halophyte plants and deposited in low hydrodynamic areas.

It should be pointed out that it was not feasible to collect samples in the
surroundings of 25A bridge. Low sedimentation rate in the bridge area is due to the

narrow connection to the sea, where higher depth (up to 47 m) and current velocity (up
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to 2.0 ms™) are observed than in the rest of the estuary, and the nature of bottom substrate
is mainly rock gravel. These characteristics coupled with the bridge structure do not
favour a localised deposition site. This bridge has a gridded metallic deck that allows
rainwater and road dust particles to pass through, without a channelled drainage system.
It has a navigation clearance height of 70 m above the water level in comparison with the
14 m of VG bridge. Thus, 25A bridge it is more exposed to environmental conditions
than VG bridge, such as strong winds. All these characteristics result in a wider spread of
road dust. Therefore, it is hypothesised that no clear signatures of Pt and Rh from this

source could be found in sediments.

The input of both elements through the motorway bridges can be estimated based
on traffic and structural characteristics. It is noteworthy that regardless the higher traffic
density in 25A bridge, three times higher (=150 000 cars d*) than in VG bridge, Pt and
Rh estimated emissions from ACC were lower. The estimated total emissions since the
opening of VG bridge in 1998 ranged from 542 — 937 g of Pt and 130 — 262 g of Rh.
Furthermore, if we calculate Pt emissions per year on VG bridge, we found that our lower
value is =30 g Pt y* (542 g Pt /18.1 years), which is comparable to the ~33 g Pt y* (450
g Pt /13.6 years) estimated by Almécija et al. (2015) using the same approach. This
estimation may vary due to the different sedimentation rates found along the ~17 km of
the VG bridge that crosses the larger section of the Tagus estuary. For the 25A bridge a
lower interval of emissions was found, 171 — 312 g of Pt and 41 — 87 g of Rh (further
details in S.I. Table S.V 1). Even with higher vehicle traffic on 25A bridge than in VG
bridge, it is clear that their extension plays a major role in the estimated emissions of Pt
and Rh from ACC.

5.4.2.3. Industrialised Areas

The levels of Pt and Rh at stations BRR, SN, LN, and CN (circles in Figure V-1)
point to local anthropogenic sources. The concentrations correspond to an increase up to

10 (Pt) and 6 (Rh) times the reference levels estimated in the estuary.

The increase of Pt in BRR superficial sediments may suggest a recent point source,
which could be explained by the current production of fertilizers or the historical slags in
the area exposed to the atmospheric conditions. The chemical-industrial complex at BRR

had a long history in the production of nitric and sulphuric acids, and fertilizers, which
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may have used Pt as catalyst (e.g. Hatfield et al. 1987), with peak activity around the
1960s and early 1970s. The pyrite ore processing used to extract Cu, Pb, Au, and Ag, may
have also contributed to that increase. The particulate material from the exposed piles of
pyrite slag could be transported easily into the estuary through the air or drainage channels
in the margin. However, Rh concentrations were very low. Metal contamination patterns
from BRR industrial activities were previously reported for Hg (Canério et al. 2005), Cd,
Pb, Ni and As (Vale et al. 2008), and more recently for the YREE, e.g. Y (Brito et al.
2018). Thus, BRR site may be a hotspot for PGE and further research is ongoing.

Part of the slag at BRR was transferred to another industrial complex and used as
raw material in metallurgical industry. This unit located also in the southern margin of
the Tagus (SN site) continues to operate producing steel and treating slag residues. At this
unit, the increased Rh concentrations suggest that Rh was more mobilized to the aquatic

environment compared to Pt.

Another anthropogenic source of both PGE was found at the LN site, currently a
dismantled shipyard but fully operating in the 1960s and early 1970s. By that time, 30 %
of the world tanker fleet was repaired in this shipyard that included a variety of iron and
steel works, releasing large amounts of metallic residues. The former activity coupled
with the remaining of such large and abandoned infrastructures could be responsible for
the Pt and Rh input to the sediments. Considering the peak activity of the chemical-
industrial complex at BRR and the shipyard at LN, Pt and Rh emitted to the Tagus estuary
must have been larger than those estimated in this study. The industrial activity at BRR
decreased after dismantling the acid production and pyrite processing units almost two
decades ago. Thus, levels in superficial sediments suggest continuous input from the

fertilizer unit currently operating and/or mobility of Pt within the sedimentary column.

In the northern margin, Pt and Rh concentrations found at the CN site are likely
related to the chemical industry operating for more than half of a century. A chlor-alkali
industry uses a catalytic hydrogenation process based on PGE non-supported or supported
catalysts (e.g. on silica or alumina; Paparatto et al. 2010; Lemaire et al. 2014). The
degradation of the catalyst releases Pt and Rh that may reach the estuary through the
industrial effluent. The narrow estuary channel where this unit is located has lower current
velocity and higher sedimentation rates, which favours the deposition of Pt and Rh in
bottom sediments. Furthermore, the concentration of Rh found at CN site was the highest

in the entire estuary, suggesting its use as a catalyst, as well as Pt. Moreover, relatively
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high concentrations of some of the REE were also observed at this site (Brito et al. 2018).
In addition to the previously reported contamination by Hg (Cesario et al. 2016), Pt, Rh

and REE underpin the industrial point sources of contamination in Tagus estuary.

5.4.3. Signature of Pt and Rh in Sediments

Platinum and Rh sources are often assessed through the Pt/Rh mass ratio (e.g.
Sutherland et al. 2015). This ratio variability relies on different sources, such as industrial
or hospital effluents than on changes of ACC’s composition (Ruchter et al. 2015).
Biogeochemical processes in the water column or in bottom sediments may also affect Pt
and Rh differently due to their different reactivity (Jarvis et al. 2001). Lower Pt/Rh values
obtained on reference stations do not strictly represent a background because of the
atmospheric input of material and tidal transport of particles from other estuarine areas.
By shifting the concentration of one element, either Pt or Rh due to an additional source,
this mass ratio can vary considerably. In WWTP section, the low values found may
suggest that Pt signature derived from hospital and domestic effluents may be masked by

dilution from the drainage system and/or additional Rh sources, such as those from ACC.

In sediments closer to VG bridge, Pt/Rh reflect mainly the ACC contribution. This
section presented larger variations in the Pt/Rh ratio, having values within the typical
range reported for ACC (Ely et al. 2001; Ravindra et al. 2004; Rauch and Peucker-
Ehrenbrink 2015). Additionally, the road dust sample collected in a dense traffic road
presented Pt/Rh mass ratio of 6.6. Thus, the variable Pt/Rh signature in sedimentary
material closer to the VG bridge indicates that different dilution/concentration effects
masking the real ACC signature may occur. At the estuary margins, around the VG
bridge, a dilution effect exists due to the input of Pt and Rh from urban sources decreasing
the signature. During the transport of road dust to the estuary, the partition of Pt or Rh
may change and shift the ratio Pt/Rh. This suggests Pt and Rh in the Tagus estuary have

a common source in ACC emissions from urban areas.

The highest Pt/Rh mass ratio observed in BRR sediments, compared to the other
industrial sites (CN, SN and LN) that presented low values, is presumably related to the
input of material with low Rh concentrations. This suggests that the industrial source at

BRR has added to the estuary increased levels of Pt in comparison to Rh. At the other
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sites, the industrial activities supplied both elements to the sediments, lowering the Pt/Rh

ratio.

5.5. Conclusions

Platinum and Rh spatial distributions in superficial sediments of the Tagus estuary
were assessed and reference levels are reported. Reference levels for Pt are close to the
background, however Rh was ca. 5 times higher than its estimated crustal abundance. The
main sources of these metals were confirmed, in particular those from cars and industries
through their use as catalysts. Motorway bridges are a relevant via for the entrance of Pt
and Rh into the estuary. The extent of this contribution relies on the structural
characteristics and extension of the bridges. Even though, the Pt/Rh ratio found in
sediments does not clearly reflect that typical of automotive catalytic converters. The
highest contamination levels were found in industrialised areas, revealing the important
contribution of industrial activities. The magnitude of those emissions remains unclear
and needs further evaluation because they may be dominant. This work stands as
reference information for future studies and highlights the importance of understanding
Pt and Rh biogeochemistry in hydrodynamic estuaries, for which the lack of knowledge
remains. Platinum and Rh concentrations will likely increase and medium-term

monitoring of those elements is recommended.
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Abstract

Road dust is a major reservoir of anthropogenic Pt and Rh. However, information
about how these elements are released to the aquatic systems under environmentally
relevant conditions is scarce. In this work, an innovative combination of analytical
strategies is used to provide insight into the speciation analysis of those elements. A
composite sample of road dust thoroughly characterized was incubated over 7 days in
synthetic rainwater and seawater. In the filtered (<0.45 um) solutions, truly dissolved Pt
and Rh concentrations were measured by adsorptive cathodic stripping voltammetry,
while total concentrations were determined by inductively coupled plasma mass
spectrometry. Truly dissolved species corresponded to a small fraction of total Pt and Rh
in the road dust; accordingly, values of 0.01% and 0.1% were obtained in both media for
Pt and Rh, respectively, which remained constant over time. The concentration of total
filter-passing species predominates for both elements by a factor of 10 and 2-3 for Pt and
Rh, respectively, evidencing that particulate species coexist with truly dissolved forms.
Temporal variations were observed for Pt, as opposed to Rh. These findings contribute to

the gap in knowledge regarding Pt and Rh mobility in aquatic systems.

Keywords

Platinum group elements, AdCSV, ICP-MS, Truly dissolved species,

(Nano)Particulate species
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6.1. Introduction

Platinum-group elements (PGE) occur naturally in the environment, with
concentrations amongst the lowest found in the Earth’s crust (Peucker-Ehrenbrink and
Jahn 2001; Taylor and McLennan 1995). Nevertheless, it is well-recognized that
concentrations of Pt and Rh in several environmental compartments have steadily
increased over the past decades due to anthropogenic inputs (Zereini and Wiseman 2015).
Their rise has been mainly attributed to the generalized use of Pt and Rh in automotive
catalytic converters (ACC). Other potential sources exist but have been less characterized,
namely those from industrial activities, and domestic and hospital effluents (Sebastien
Rauch and Peucker-Ehrenbrink 2015), as well as new Pt uses will emerge in cancer
chemotherapy (Sarkar 2017). More recently, it has become popular the addition of Pt as
nanoparticles to various consumer products, such as foods and cosmetics (Frohlich and
Roblegg 2012). Recent investigations evidence that the introduction of Pt and Rh in the
environment may have consequences for biota (Sures et al. 2015), and this will depend
on the organism but also the PGE speciation.

Modern manufacturing processes produce ACC wash coats covered with PGE
particles of 0.3 um down to nanoparticle sizes (Prichard and Fisher 2012). Platinum and
Rh are released from the ACC because of deterioration and mechanical abrasion. Once
that occurs, particles end up accumulating on the roadside environment. Thus, road dust
is a complex mixture of natural (mineral and organic material) and anthropogenic
particles. While the former is due mainly to vegetation remains and weathering of the
surrounding soils, the latter will depend on the type of asphalt pavement and circulating
vehicles (Ermolin et al. 2017). Road dust and roadside soils are therefore a major
anthropogenic reservoir of PGE (Zereini and Wiseman 2015) and their spreading in the
environment can easily occur due to atmospheric transport and rain events (Liu et al.
2015).

The forms in which PGE are emitted from ACC are not yet completely elucidated.
Some studies indicate that they are released mainly as particulate material (Ek et al. 2004;
Ely et al. 2001; Prichard and Fisher 2012; Sébastien Rauch et al. 2002), but a soluble
fraction has also been measured (Moldovan et al. 2002). The solubility of Pt and Rh can
vary depending on engine type, the age of the ACC, and also upon the individual element

chemistry (Ash et al. 2014). Once in the environment, Pt and Rh solubility can be
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modulated by pH and commonly occurring complexing agents (Dahlheimer et al. 2007;
Zimmermann et al. 2003). Consequently, it is foreseen that Pt and Rh from road dust will
end up in aquatic systems in both truly dissolved (soluble species) and particulate forms,
namely colloidal (with sizes from 1 to 1000 nm; Wilkinson et al. 2006). However, limited
knowledge exists about the physicochemical characteristics of Pt an Rh in those systems
(Cobelo-Garcia et al. 2013; Folens et al. 2018; Jarvis et al. 2001). Speciation analysis
schemes in aquatic environments discriminate between particulate and dissolved
fractions, i.e. those passing through a 0.45 pum filter (Burden et al. 2002). The latter
fraction also includes particulate species such as colloids, in addition to nanoparticles
(<100 nm; Auffan et al. 2009), whose mobility and bioavailability may be different from
truly dissolved species (Guo and Santschi 2006).

Although a panoply of data exists on concentrations of Pt and Rh in road dust
samples (Zereini and Wiseman 2015), information about which forms and how these
elements are released to the aquatic systems under environmentally relevant conditions is
scarce (Folens et al. 2018; Jarvis et al. 2001). Nowadays, inductively coupled plasma-
mass spectrometry (ICP-MS) is a powerful tool for the determination of Pt and Rh, giving
a measurement of the total concentration of the elements (Perry et al. 1995). However, it
does not discriminate truly dissolved and particulate Pt and Rh species. In one study, the
solubility of Pt and Rh from road dust, with a ratio Pt/Rh close to 7.1, was investigated in
deionized water and synthetic rainwater at pH 3, over 15 hours (Jarvis et al. 2001). The
obtained leachates were analyzed for Pt and Rh by ICP-MS. For both PGE significant
temporal variation was not observed. In another recent work (Folens et al. 2018), Pt
nanoparticles were identified in road dust leachates using single-particle (sp)ICP-MS.
Extraction was done in natural stormwater runoff at pH=7.4 using a sonicator for 30
minutes at 40 °‘C. Extractions efficiency varied between 0.2+0.2 % and 18+26 %
depending on the road dust used. Platinum nanoparticles with average sizes of 9-21 nm
were detected in all road dust leachates. Those authors also used ICP-MS and no soluble

Pt was identified based on the comparison between the results of both techniques.

Adsorptive cathodic stripping voltammetry (AdCSV) enables the determination of
truly dissolved Pt in aquatic systems, like estuaries (Cobelo-Garcia et al. 2013) and the
ocean (Lopez-Sanchez et al. 2019). Only recently dissolved Rh concentrations in water
samples were reported (Monteiro et al. 2017). In this work, we innovate by combining

analytical methods to provide a better insight into the speciation analysis of Pt and Rh.

108



VI. SPECIATION ANALYSIS OF PT AND RH IN ROAD DUST LEACHATES

To achieve our goal, a composite sample of road dust was thoroughly characterized and
used in leaching batch experiments with synthetic rainwater and seawater over 7 days.
The objectives were to evaluate Pt and Rh speciation analysis in filtered leachates,
through the determination of truly dissolved species of Pt and Rh by AJCSV and total
filter-passing (<0.45 pm) species by ICP-MS. Ultimately, this study aims to contribute to
the gap in knowledge regarding Pt and Rh mobility in aquatic systems.

6.2. Materials and Methods

All reagents used were of analytical grade and solutions were prepared with ultrapure
water from a Milli-Q (Millipore) purification system (conductivity of 18.2 MQ.cm, 25
°C). All laboratory material was previously acid-cleaned by immersion in ~20% nitric
acid (HNO3) and hydrochloric acid (HCI) baths for 48 h each.

6.2.1. Road Dust Sampling

Road dust samples (n=25) deposited in a section of 30 meters of a high-traffic road
(Lisbon, Portugal: 38.733028 N; 9.223730 W) were collected on a single day during the
summer of 2017. The deposited material was swept along the road’s central barrier
between the lanes, using an acid-washed plastic brush and stored into plastic zip bags.
After drying at 40 °C in an oven, one composite sample was obtained by mixing

thoroughly all sampled road dust.

6.2.2. Road Dust Characterization

The composite sample (~25 kg) was firstly dry-sieved through 2- and 0.85 mm
mesh sieves to reduce the amount of coarser material. Subsequently, it was sieved to
obtain the 850-63 um and <63 um fractions. After sieving, about 0.5 kg of fine particulate
material (<63 pm) was collected and thoroughly homogenized before its use. Unless
otherwise specified, road dust characterization and all subsequent experiments were done
with the <63 um fraction, hereafter referred to as road dust. The water content (%H20) at

105 °C and loss on ignition (LOI, in %) at 450 and 550 °C were calculated by the
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difference of weights. Particle size distribution was measured using a laser diffraction
particle size analyzer (Coulter LS13 320), after organic matter removal with hydrogen
peroxide and sample dispersion in 0.033 M sodium hexametaphosphate. The
mineralogical composition was determined by X-ray diffraction (XRD) using an X-Ray
diffractometer (Panalytical X'PERT PRO model) equipped with a CuKa radiation source
(35 mA and 40 kV). High Score Plus program was used for the analysis and the
interpretation of diffractograms was supported by the PDF4 database.

As to elemental characterization, total carbon (C), hydrogen (H), nitrogen (N) and
sulphur (S) were determined using a TruSpec CHNS micro analyser (LECO). The
instrument is a dry combustion type with infrared detection for CHS and thermal
conductivity detection for N. As to Pt and Rh, both elements were determined after acid-
digestion in aqua regia by AdCSV, as previously described in Monteiro et al. (2017). The
quantification of Pt and Rh was done using the standard addition method. All experiments
were performed at least in duplicate and the certified reference material (CRM) BCR-723
was used throughout the procedures. The determination of other elements (Al, Fe, Pb, Cd,
Cr and Zn) was done after acid-digestion (aqua regia + HF; Loring and Rantala 1992) by
ICP-MS (Thermo Scientific X-SERIES 2), with a Peltier impact bead spray chamber and

a concentric Meinhard nebulizer (Brito et al. 2018).

6.2.3. Road Dust Leaching Experiments

Leaching batch experiments were performed exposing road dust aliquots in
synthetic rainwater and seawater and incubated at different times. The synthetic media
were prepared according to the literature described for rainwater (Bielmyer et al. 2012)
and seawater (Kester et al. 1967) (S.I. Table S.VI 1). The pH of synthetic rainwater was
adjusted to 4.0+0.2 using 0.1 M HCI, while the seawater solution was aerated for 2 h until
constant pH at 8.2+0.2.

Road dust aliquots of 10 g were weighed and transferred to 50 mL polypropylene
tubes, to which 20 mL of synthetic rainwater or seawater were added. The initial pH was
measured and then the mixtures were horizontally shaken at 250+10 rpm at room
temperature (25+2 °C) for the time of interest. Solutions were collected after 0.01, 0.08,
0.2,1, 2, 3,4 and 7 days of exposure and filtered through polyethersulfone 0.45 pum filters

(Sartorius), hereafter just called leachates. The final pH was also measured. Then,
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leachates were acidified with HCI and kept refrigerated until further analysis. Dissolved
organic carbon (DOC) was evaluated in rainwater and diluted 1:10 seawater leachates
retrieved after 1 day of exposure. Determinations were done by wet chemical oxidation
with persulfate method with an Ol Analytical TOC Analyzer. All experiments were done
in duplicate using freshly prepared solutions and blanks were processed following the

same procedure.

6.2.4. Determination of Truly Dissolved Pt and Rh in the

Leachates

The truly dissolved fraction of Pt and Rh was determined by AdCSV following the
procedure optimized previously (Monteiro et al. 2017). Briefly, voltammetric
determinations were performed in an Autolab PGSTAT 12 (Metrohm) connected to the
VA stand model 663 (Metrohm). A static mercury drop electrode (SDME) was used as a
working electrode, together with an Ag/AgCl reference electrode, placed inside a salt
bridge with 3 M KCI, and a glassy carbon rod as the counter electrode. The GPES v4.9
software (EchoChemie) was used for experimental parameters and data acquisition
control. To test the efficient of DOC breakdown in the leachates, which severely interferes
with the voltammetric determination, a road dust leachate was UV-irradiated between 1
and 6 h before the analysis. The voltammetric signals remained unchanged after 2 h, and
subsequently, all samples were UV-digested for 3 h in quartz tubes sealed with Teflon
caps. To facilitate organic content destruction hydrogen peroxide was added in small
amounts. All measurements were performed in triplicate under clean and acclimatised
conditions (25+2 °C). Blanks were analyzed throughout the procedure and no cross-
contamination was observed. Intermediate precision, expressed as RSD based on Pt and
Rh acid-digested road dust CRM BCR-723 (n = 3), was 15% and 17% for Pt and Rh,

respectively. Recoveries of CRM were higher than 90% for both elements.

6.2.5. Determination of Total Pt and Rh in the Leachates

The determination of total Pt and Rh in the leachates was undertaken using ICP-
MS (Agilent 7900). Interferences of Hf (*’°Hf'®0*) on *Pt and Cu (®3*Cu*Ar*), Pb
(%°°Pb2*), Sr (87Sr*0™"), Rb (®’Rb'®0*) and Zn (¢’Zn**Ar*) on Rh were monitored and

111



VI. SPECIATION ANALYSIS OF PT AND RH IN ROAD DUST LEACHATES

mathematically corrected for each sample using interference ratios derived from single-
metal solutions. It was observed that the Hf interference on Pt signal was negligible (<0.1
%). However, interferences were significant for Rh, mainly from 8Sr**0* (2413 %, on
average, of the 1Rh signal) and Cu*®Ar* (7+4 %), whereas the interferences arising
from 2°°Ph2*, 8’RH1®O* and 7Zn*Ar* were negligible (<0.1 %). Blanks derived from
control incubations were <1 % of the concentrations obtained for the samples. In any
case, the results presented were blank-corrected. The relative standard deviation of

repeated measurements was in general <10 %.

6.2.6. Characterization of (Nano)Particles in the Leachates

Nanoparticle Tracking Analysis (NTA) was used to determine the concentration of
the (nano)particles and their size distributions in the road dust leachates, after 1 day of
incubation in both synthetic media. A Malvern Panalytical NanoSight NTA instrument
was used. Two independent experiments were done for each medium and five replicate
measurements with a duration of 60 s each were performed following injection of the
fresh sample. The results are presented as the mean of each experiment. These were
collected in a histogram for better statistical significance and representation. The analysis
of blank solutions did not show the presence of any particles, therefore particles observed

in the experiments derived only from the road dust leachates.

6.3. Results and Discussion
6.3.1. Road Dust Physicochemical Characteristics

The physicochemical characteristics of the road dust, fraction <63 um, are
summarized in Table V1.1, which also includes the values obtained for the tunnel dust
CRM BCR-723 (European Comission 2002; Zischka et al. 2002). The CRM was used in
parallel with the real road dust to assess the accuracy of the procedures and to evidence

the different compositions that can be found amongst road dusts.

Particles from the road dust had a median grain size of 44.4 um (S.I. Figure S.VI

1) while those of BCR-723 were 14.6 um. The water and organic matter contents in
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Table VI.1 — Physicochemical characterization of the road dust sample and certified reference material

BCR-723.

Road Dust BCR-723

obtained obtained certified
Parameters
Median grain size (um) 44 4% 14.6
Water content (%) 1.27+0.02 5.4+0.1
LOI - 450 °C (%) 6.04+0.01 19.28+0.01
LOI - 550 °C (%) 6.66+0.01 22.28+0.01 23 to 25*
Elemental analysis
Total C (%) 7.69+0.03 14.127+0.009 13.840.2
Total H (%0) 0.45+0.06 1.69+0.01 1.66
Total N (%) 0.03+0.02 0.111+0.002 0.180
Total S (%) 1.1+0.1 4.51+0.09 2t0 5%
Total metal concentration (dry weight basis)?
Al (%) 4.5+0.2 3.88+0.05 3.840.2
Fe (%) 9.0+0.6 3.47+0.05 3.340.2
Pb (ug g?) 132+1 863+15 866+16
cd (ug gh) 0.6+0.1 2.4+0.2 2.5+0.4
Cr(ug g 399+15 420455 440+18
Zn (mg g}) 0.8+0.1 1.4+0.2 1.7+0.1
PGEs total metal concentration (dry weight basis)®
Pt (ng g9) 294+15 8046 81.3+2.5
Rh (ng g™ 4447 11.3+0.8 12.8+1.3

# Particle size distribution in S.I. Figure S.VI 1. * Estimations or reference values reported in literature (European Comission,

2002; Zischka et al., 2002). 2 Total concentrations measured by ICP-MS. ? Total concentrations measured by AdCSV.
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the road dust were lower than BCR-723, as can be concluded by the loss on ignition and
the total carbon values. Some differences also existed in terms of the total content of
hydrogen, nitrogen and sulphur that reflect the different composition of the matrices. A
selected compilation of major, minor and trace elements shows that Fe predominated in
the road dust reaching more than twice that of the CRM, while the Al content was similar

in both materials.

In terms of priority pollutants, Pb and Cd in the road dust were lower than in BCR-
723. As to Cr, an element of increasing concern, the concentration was comparable in
both materials. The concentrations of Zn found in road dust were lower than in BCR-723.
Besides, Zn was also determined to discard possible interferences in the determination of
Pt and Rh by AdCSV (Monteiro et al. 2017). Regarding total concentrations in the
collected road dust, 294 ng Pt g* and 44 ng Rh g were found. These values were higher
than those found in BCR-723, 81.3 ng Pt g* and 12.8 ng Rh g (European Comission
2002; Zischka et al. 2002), but within the range of concentrations reported for other road
dusts throughout the world (e.g. Chellam and Bozlaker 2015; Le$niewska et al. 2004;
Lyubomirova and Djingova 2015; Mathur et al. 2010).

In Figure VI-1 can be seen XRD diffractograms of the road dust sample and the
CRM BCR-273. Both matrices revealed to have in common quartz and calcite, which are
minerals directly related to the existent materials in the roadways, like concrete with
limestone and sand mortars. The presence of augite and anorthite minerals in road dust
indicates that some of those materials may be of basic magmatic nature (gabbro or basalt),
which are commonly used in Portugal. The higher content of Fe in road dust can be
explained by the presence of augite, a ferromagnesian mineral. Illite was also identified,
which is clay material found in most soils. In the case of CRM, gypsum was the main
component identified that is directly related to tunnel walls. Noteworthy, the presence of
an amphibole (mineral fibers — clinochrysotile), albeit in small quantity, may be
associated with special coating products. There were also some clay materials (chlorite —

clinochlore), which may be associated with airborne dust or building materials.

In summary, the road dust analyzed shared some of its characteristics with BCR-723
and other road dusts worldwide collected (Gunawardana et al. 2012), but it has its
features. The differences found are due to local or regional circumstances, such as

climacteric and moisture conditions that influence the organic matter content; the type of
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Figure VI-1 - X-ray diffractograms (XRD) of the collected sample of road dust and the tunnel dust certified
reference material BCR-723.

soil and surface properties of the pavements that affect the road dust mineralogical
composition. Furthermore, other factors such as the number and type of vehicles, and
their speed, will determine the metal concentrations in the road dust, namely the PGE

levels.

6.3.2. Temporal Dissolution of Pt and Rh in the Leaching

Experiments

In the design of the leaching experiments, several aspects were taken into account.
In the case of a rainy event, it is expected to occur changes in road dust composition and
morphology, once the road dust will be exposed to rainwater with varying pH during the
first minutes to several hours of rainfall. Also, depending on the intensity and duration of
precipitation, road dust will end up in gully guts and other receptacles, being in close
contact with rainwater for several days. Ultimately, road dust will be transported to nearby
aquatic systems. Augmented concentrations of PGE found in aquatic sediments (Abdou
et al. 2016; Cobelo-Garcia et al. 2014; Essumang et al. 2008; Monteiro et al. 2019; Zhong

et al. 2012) indicate that road dust particles reach transitional systems through sewage
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outfalls or runoff. Particles are then mixed into freshwater or seawater, where interactions
will depend on the ionic strength (Cobelo-Garcia et al. 2014), water residence time and
particle’s settling velocity, among other factors. For instance, in Tagus estuary (Portugal)
residence times vary between 7 and 23 days, depending on the influx of freshwater
discharged by the river (Braunschweig et al. 2003).

Thus, to mimic environmentally relevant conditions, the dissolution of Pt and Rh
was evaluated under two different media, mildly acidic synthetic rainwater and seawater,

up to 7 days of exposure.

6.3.2.1. Truly Dissolved Pt and Rh in the Leachates

In Figure VI-2 is shown Pt and Rh temporal dissolution from road dust, expressed
as %, measured in the leachates with AACSV as truly dissolved forms. Preliminary
experiments in synthetic rainwater were performed using two grain size ranges of
particles, 63-850 um and <63um (Figure VI-2a). However, due to larger heterogeneity
and dilution of Pt and Rh concentration in the coarser fraction (mainly sand), subsequent
experiments in synthetic seawater were performed just using the fine-grained road dust
(<63 um; Figure VI-2b). Furthermore, particles <63 pum can be considered
environmentally more relevant, in light of the increased mobility of PGE and easier

transport along the watercourses from urban areas to the aquatic systems.

For both metals, dissolution was two to three times higher in the experiments with
fine-grained road dust compared to the coarser fraction (Figure VI-2a). The dissolution
was also different between the two metals, being Rh more soluble by a factor of ~10
(Figure VI-2a and b) in both fractions and both media. However, the dissolution of Pt and
Rh was relatively constant over the surveyed period, within the experimental errors and
seemed to be independent of the medium. Taking into account all the values determined
with road dust over the 7 days; in the <63 um fraction, the percentages of dissolution for
Pt were 0.0114+0.002 % and 0.012+0.003 % for rainwater and seawater, respectively,
while for Rh corresponded to 0.09+0.01 % and 0.10+0.02 %, as summarized in Table
V1.2
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Figure VI-2 - Temporal dissolution (%) of Pt (circles) and Rh (diamonds) from road dust sample measured
by AdCSV in a) synthetic rainwater (RW) and b) synthetic seawater (SW).

The amount of Pt and Rh dissolved in rainwater was higher in the experiment using the
fraction <63 pm than in the 63-850 um. This is due to an enrichment factor of total Pt and
Rh concentrations in the fine-grained fraction, as found by Lesniewska et al. (2004). Road
dust particle’s size varies in a wide range, from nanometers to millimeters. Yet, the size
of most particles contained in the exhaust gases of vehicles range between 50 and 1000
nm (Ermolin et al. 2017), which explains the higher values found in the fine-grained
fraction. The sample with coarser particles (63-850 pm) had a less homogeneous
composition, which was reflected in the standard deviation of the dissolution values,

0.002+0.001 % and 0.04+0.02 % for Pt and Rh, respectively. Consequently, all other

leaching experiments were done only with <63um fraction.

The obtained results show that the percentage of truly dissolved Pt and Rh was a
small portion of the total content in the road dust, with a minor dependence of the
medium. In previous studies, pH was found to have an impact on Pt dissolution (Jarvis et
al. 2001). In our experiments, pH measured in all leachates was fairly constant and close
to 8. Even in the experiments with synthetic rainwater, the pH raised from 4 to =8 in the
first 15 minutes and remained unchanged thereafter (S.I. Figure S.VI 2). As well
evidenced in the XRD analysis, calcite (CaCOs) is a major mineral component of the road

dust. Therefore, the pH variation is most likely related to the high buffering capacity of
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calcite present in the road dust and its solubilization (Rieuwerts et al. 1998). Moreover,
dissolved percentages of Pt and Rh were not dependent on inorganic anions like CI” in the
medium. This finding corroborates previous observations on the effects of Cl- on Pt
dissolution (Sebek et al. 2011).

The lack of significant changes in the percentage of dissolution over the sampling
period (Figure VI-2) suggests that no oxidation of metallic Pt and Rh took place. Thus,
the truly dissolved species in solution resulted from the sparingly compounds already in
the oxidized forms that are present in the road dust particles. The original road dust Pt/Rh
mass ratio equals 6.5 while in the leachates the ratio of the truly dissolved portion is 0.8,
either in synthetic rainwater or in seawater, evidencing higher oxidized species of Rh than
Pt.

6.3.2.2. Total Pt and Rh in the Leachates

The temporal dissolution of Pt and Rh, expressed as %, measured in the leachates
by ICP-MS as total concentration, is shown in Figure VI-3a and b, in synthetic rainwater
and seawater respectively. Higher percentages of dissolution were determined for both
metals when ICP-MS was used in comparison to those measured by AdCSV. In the case
of Pt, the values were up to one order of magnitude higher, while for Rh they were about
2-3 times (Table VI.2). These results confirm that particulate Pt and Rh, i.e. colloidal
species and/or (nano)particles, are measured by ICP-MS besides the truly dissolved
forms. Moreover, they also show that particulate forms of Pt predominate over the soluble

species in road dust leachates, while the difference is less noticeable for Rh.

In synthetic rainwater (Figure VI1-3a) the percentage of dissolution was higher for
Rh than Pt, following the trend observed in the experiments by AdCSV (Figure VI-2a).
In seawater, similar values were obtained for both metals (Figure VI-3b), within the
experimental error, dissimilar to what was observed when using AACSV (Fig. 2b). Unlike
the truly dissolved fraction, the total concentration of Pt measured by ICP-MS in the
extracts showed that Pt appears to depend upon the time of contact. In rainwater, the
dissolution of Pt diminished over time (Figure VI-3a) from 0.17 to 0.03 %. In seawater
conditions, Pt concentration increased during the first three days, varying between 0.16
up to 0.34 %, and then concentrations seemed to be relatively constant (Figure VI-3b).

Consequently, on day 1 the dissolution of Pt in seawater was about twice that found in

118



VI. SPECIATION ANALYSIS OF PT AND RH IN ROAD DUST LEACHATES

rainwater and on day 7 was ten times more (Table V1.2). This tendency was not found in
the case of Rh. A thorough analysis of the data shows, within the experimental errors,
that Rh dissolution was constant over time. Accordingly, during the experimental period,
average values were 0.24+0.03 % and 0.28+0.03 % for synthetic rainwater and seawater,
respectively (Figure VI-3 and Table VI.2). Those values also show that for Rh no
differences in the percentage of dissolution measured by ICP-MS were found in synthetic

rainwater and seawater.

Table V1.2 - Percentage of dissolution (average + standard deviation) of Pt and Rh in road dust leachates,

using the fraction with grain size <63 pum, from synthetic rainwater and seawater, measured during 7 days
by AACSV and ICP-MS.

Element Pt Rh

Matrix Rainwater Seawater Rainwater Seawater
% AdJCSV 0.011+0.002 0.012+0.003 0.09+0.01 0.10+0.02
% ICP-MS 0.12+0.01* 0.21+0.01* 0.24+0.03 0.28+0.03

0.030£0.003**  0.35+0.01**

*Values at day 1; **Values at day 7.
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Figure VI-3 - Temporal dissolution (%) of Pt (circles) and Rh (diamonds) from road dust measured by

ICP-MS in a) synthetic rainwater (RW) and b) synthetic seawater (SW).
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As it is well known, metals tend to sorb on the particle's surface, and their fate
ultimately will be controlled by colloids aggregation/disaggregation (Wilkinson et al.
2006). In the leachates, both organic and inorganic colloids, such as Fe oxides, Al and Si
may be present. The existence of inorganic colloids is supported by the mineralogical
analysis of the road dust (Figure VI-1). In the case of Pt in rainwater conditions after the
initial dissolution, an increased fraction was retained by filtration over time, while in
seawater conditions the opposite occurred at least during the first days. The behaviour
observed for Pt cannot be rationalized in terms of the ionic strength differences. More
frequently, the higher ionic strength of seawater compared to freshwater will tend to cause
aggregation, due to an effective reduction of Coulombic repulsion of charged particles
(Domingos et al. 2009). However, stereochemical effects imposed by adsorption to
organic molecules may prevent aggregation. Actually, DOC in the leachates retrieved
after day 1 was 53 and 101 mg L™ in rainwater and seawater, respectively. The nature of
DOC is not known but the results suggest that hydrophilic compounds in saline solution
were more easily extracted (Provenzano et al. 2010; Rennert et al. 2007). The organic
compounds, in higher concentration in seawater leachates, were able to participate in the
stabilization of (nano)particles bearing Pt, favoring colloidal dispersion, since truly
dissolved Pt concentrations remained constant over time (Figure VI-2a). In synthetic
rainwater, the formation of inorganic aggregates appeared to be favoured over time and
thus the decrease observed in Pt dissolution measured by ICP-MS. In the case of Rh, due
to its higher solubility, the impact of particulate matter and/or particulate Rh forms on the

percentage of dissolution was lower than for Pt.

Even though it is well recognized that road dust is both a sink and source of PGE
to other environmental compartments, only a few studies addressed Pt and/or Rh
solubility from road dust using field-collected samples and under environmentally
relevant conditions (Jarvis et al. 2001, Folens et al. 2018). Despite the absence of
additional information about the physical and chemical characteristics of the field-
collected road dust, the values reported by Jarvis et al. (2001) are similar to those found
in this work for Pt and Rh measured by ICP-MS (Table VI1.2). Furthermore, the results
obtained in our work show that truly dissolved Pt measured by AdCSV differs by one
order of magnitude from ICP-MS quantification. Therefore, when ICP-MS and spICP-
MS were used by Folens et al. (2018), truly dissolved species were probably difficult to

be differentiated within the experimental errors.
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6.3.3. Characteristics of (Nano)Particles in the Leachates

Despite the uncertainties regarding the nature of the (nano)particles bearing Pt and
Rh and/or Pt and Rh nanoparticles in the leachates, the results discussed demonstrate that
(nano)particles do exist in solution with a higher concentration in seawater extracts.
Consequently, nanoparticle tracking analysis (NTA) was used to investigate the
(nano)particles in the leachates and to estimate their concentrations on day 1. The
leachates had to be diluted by a factor of 1:5 and 1:10 for rainwater and seawater,
respectively. In Figure VI-4 is shown the average particle’s concentrations (part.mL™) as
a function of size (nm) and intensity of the light scattering (absence of units, a.u.) in the

road dust leachates.

Only particles larger than 40 nm were identified in both media due to technical
limitations (Jones-Lepp et al. 2011). In the case of rainwater, the distribution of sizes was
bimodal with average sizes of 130 and 240 nm. In seawater, it was also found two
populations of (nano)particles with average sizes of 100 and 175 nm, but the latter size
showed to have lower light scattering intensities. From the different intensities observed,
(nano)particles of different nature are present in the extracts, mainly in the case of
rainwater. Those associated with the highest intensities are most likely to be of metallic
nature, although in a lower concentration. It should be noted that more (nano)particles
were found in the seawater leachates, with an average concentration of (6+2)x10°
part.mL, while in rainwater the average concentration was (1.4+0.4)x10° part.mL?. The
nature of the (nano)particles cannot be determined by NTA. Nevertheless, the higher
proportion of (nano)particles in seawater leachates may be explained by the presence of
carbonate mineral, as well as other metal bearing (nano)particles stabilized by the organic

compounds present in the leachates.

Although the NTA analysis could not be performed in leachates other than day 1,
the obtained results fully support the conclusions drawn from AJdCSV and ICP-MS data
presented. NTA experiments constitute an additional and independent evidence that
(nano)particles were present in both leachates, and with a higher concentration in
seawater. Interestingly, road dust particles were recently studied by static light scattering

analysis and scanning electron microscopy (Ermolin et al. 2017). The authors concluded
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Figure VI-4 — Distribution of (nano)particles by size (nm), light scattering intensity (a.u.) and concentration
(part. mL?) determined by NTA in a) rainwater leachates (RW, dilution 1:5) and b) seawater leachates
(SW, dilution 1:10). Plots present the average of five replicate analysis.
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that the average size of most of the particles (96 wt %) was close to 100 nm and
particles having an average size of approximately 260 nm were also present in a small
amount (4 wt %). Moreover, Pt was only determined in the nanoparticle’s portion of one
road dust, most likely due to insufficient concentration and sensitivity of the instrumental
method of analysis (Ermolin et al. 2017).

6.4. Conclusions

The results here reported shed further light on Pt and Rh speciation analysis and
their potential mobility in aquatic systems. An innovative combination of complementary
analytical strategies distinguished different forms of Pt and Rh in urban road dust
leachates (filtered <0.45 um solutions). Truly dissolved species measured together with
(nano)particles using ICP-MS can be discriminated employing AJdCSV, which only
determines the truly dissolved fraction. Non-dissolved species of Pt predominated over
the dissolved forms, whereas for Rh truly dissolved species were an important fraction of

the total content released by ACC.

While truly dissolved Pt and Rh remained constant during the experimental period,
the (nano)particulate fraction in the leachates varied depending on the medium. This was
more evident for Pt, for which longer exposure times in seawater led to an increase of
total Pt concentration as opposed to the lower concentrations observed in rainwater. Such
variations are most likely to reflect the behavior of (nano)particles in a complex
environment rather than the effects of pH or ionic strength per se. The use of NTA
confirmed the existence of (nano)particles in the leachates, in agreement with ICP-MS

results that showed a higher proportion of Pt (nano)particles in seawater leachates.

The combination of AACSV and ICP-MS for speciation analysis can be extended
to other elements, namely to the other PGE, as long as an enough sensitive voltammetric
procedure exits for their determination at relevant environmental concentrations.
Palladium is also an important active component in ACC having relatively high mobility.
However, the lack of Pd suitable voltammetric analytical determination hampered so far

a speciation analysis in aquatic media such as demonstrated for Pt and Rh in this work.
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Abstract

Particulate and dissolved platinum (Ptr and Ptp, respectively) and rhodium (Rhp and
Rhp, respectively) were determined in the water column of Tagus estuary in two stations
(=35 km apart): the upstream riverine end-member (VFX) and at the vicinity of an outfall
from a wastewater treatment plant (ALC) near the estuary mouth. Samples were collected
during neap tide (NT) and spring tide (ST) over a semi-diurnal cycle and analyzed for
both elements using adsorptive cathodic stripping voltammetry. Additionally, in VEX NT
cycle, Pt in the dissolved fraction (<0.45 pum) was determined by inductively coupled
plasma-mass spectrometry (Ptp.icp-ms). Temperature, conductivity, pH, and dissolved
oxygen were measured in situ and suspended particulate matter was also quantified. The
simultaneous determination of Rhp and Rhp in the water column of a hydrodynamic

estuary is reported for the first time.

Both Pt and Rh followed the hydrodynamic regime, in general presenting higher
concentrations during low tide. Concentrations of Ptp (1.0-25.6 ng g*) and Ptp (0.1-11.7
ng L) were higher than Rhe (0.1-5.1 ng g*) and Rhp (0.03-0.12 ng L), respectively,
and both fractions of Pt were higher at ALC than in VFX. Higher Rhp concentrations were
also determined in ALC but the dissolved fractions were similar in both stations. These
results mirrored the different anthropogenic inputs to the Tagus estuary, attributed to
automotive catalytic converters. An additional source of Pt with origin in Pt-based
compounds was found at ALC station. Platinum appeared to have non-conservative
behaviour due to the higher inputs than Rh. Distribution coefficients (Kp) of about 10*

were computed for Pt and Rh and were independent of the salinity gradient.

In VFX NT survey, total Pt concentrations in the water column, TPt (ng L), were
computed as the sum of Ptp expressed in ng L™ and Ptp.icpvs. Speciation analysis showed
that truly dissolved forms represented 39+9 % of TPt in the water column, while total
filter-passing species were higher, 6514 %. The higher concentrations also found for Ptp
in ALC as compared to VFX suggest that speciation in the water column is controlled by
the dissolved forms. For Rh, particulate forms represented an important proportion of the

bulk value in the water column (>65 %).

Potential exchanges of Pt and Rh were also observed at the downstream station,
presenting higher metal concentrations associated with the ebb opposing to the flood. The

modelled Lagrangian spread of particles also pointed out that recirculation within the

133



VII. DRIVERS OF PT AND RH VARIABILITY IN THE WATER COLUMN OF A HYDRODYNAMIC ESTUARY: EFFECTS OF
CONTRASTING ENVIRONMENTS

estuary takes place and the export towards the Atlantic Ocean can occur within 2 days.
Ultimately, the obtained results showed that estuaries are an important pathway to
introduce PGE in the coastal region, transferring them towards the ocean.

Keywords

Platinum; Rhodium; Estuary water column; Particle-water interactions; Speciation
analysis; Hydrodynamic spread
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7.1. Introduction

Platinum-group elements (PGE) such as Pt and Rh have steadily increased in the
environment over the past years despite their low abundance in Earth’s crust (<0.5 ng g%;
Peucker-Ehrenbrink and Jahn 2001; Taylor and McLennan 1995). Their concentrations
in the environment derive from natural weathering and leaching of parent rocks
containing PGE or from anthropogenic sources. The main anthropogenic sources of Pt
and Rh originate in industrial catalysts and in the exhaust fumes of automotive catalytic
converters (ACC) that release Pt and Rh into the environment. Moreover, Pt has also
medicinal uses, namely in anticancer drugs owing to its ability to easily destroy cells (Ek
et al. 2004; Pawlak et al. 2014; Ravindra et al. 2004). The rising use of Pt and Rh led to
an increase of their concentrations in different environmental compartments.
Anthropogenic emissions released in urban environments have impacts in aquatic systems
(e.g. Ek et al. 2004; Monteiro et al. 2019), which consequentially reflect their mobility
and transport from the continental urban areas to the nearby aquatic systems. In general,
concentrations of Pt and Rh in estuaries (Cobelo-Garcia et al. 2011, 2013, 2014; Monteiro
et al. 2019) have been reported to be higher than in coastal areas (Abdou et al. 2020;
Mashio et al. 2017; Obata et al. 2006) or the open ocean (Colodner 1991; Lopez-Sanchez
et al. 2019). Relatively high signatures of Pt have been found in several matrices, namely
in sediments (Cobelo-Garcia et al. 2013, 2014; Monteiro et al. 2019; Zhong et al. 2012)
and suspended particulate matter (SPM; Abdou et al. 2020; Cobelo-Garcia et al. 2013,
2014). The same has been found for Rh in sediments (Almécija et al. 2016; Essumang et
al. 2008; Monteiro et al. 2019). Dissolved Pt has also been reported in the water column
(Cobelo-Garcia et al. 2013, 2014; Lépez-Sanchez et al. 2019; Mashio et al. 2016; Obata
et al. 2006; Suzuki et al. 2014), however, literature remains very limited about dissolved
Rh concentrations in the aquatic environment (Bertine et al. 1993) and in wastewaters as
well (Monteiro et al. 2017). Therefore, their occurrence, distribution, mobility and
partitioning in the water column, as well as their fate and potential hazardousness to biota

in estuarine and marine environments, remain dimly elucidated.

Limited information exists about the speciation of Pt and particularly Rh in aquatic
media. Regarding the dissolved forms, it has been suggested that Pt(Il) predominates in
freshwaters, as Pt(OH), while Pt(1V) dominates in seawater as PtCls(OH)* (Cobelo-
Garcia et al. 2013, 2014; Mashio et al. 2017). As to Rh, its inorganic speciation appears

to be dominated by aquo-hydroxo, aquo-chloro and mixed aquo-hydroxo-chloro
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complexes (Bertine et al. 1996; Cobelo-Garcia et al. 2008), with affinity to the organic
matter (Turner et al. 2006). Simultaneously, there is a need for suitable techniques,
adequately sensitive and selective to deal with the ultra-trace concentrations and their
species, necessary to understand Pt and Rh speciation. Speciation analysis schemes
discriminate between particulate and dissolved fractions in aquatic environments (Burden
et al. 2002). A problem may arise from the different cut-off used in the separation of both
fractions, i.e. there is not consensual use on the filter’ mesh during water sampling. Either
0.2 um filters (e.g. Cobelo-Garcia et al. 2013, 2014) or 0.45 um filters (e.g. Mashio et al.
2016) are currently used, which enhances the difficulty of comparing data sets. The
operationally dissolved fraction per se (<0.45 um) includes species such as colloids, with
sizes varying from 1 to 1000 nm (Wilkinson and Lead 2006), and nanoparticles as well
(<100 nm; Auffan et al. 2009), whose mobility and bioavailability may be different from
truly dissolved species (Guo and Santschi 2006; Monteiro et al. 2020). Recently,
speciation analysis has been performed in urban matrices such as road dusts (Folens et al.
2018) and their leachates under environmentally relevant conditions (Monteiro et al.
2020). The discrimination of soluble/insoluble species in real samples is a challenging
task but can be overcome by combining different analytical techniques (Monteiro et al.
2020). Yet, further investigation is needed to increase the understanding on

biogeochemical processes of Pt and Rh forms in waters.

Estuaries have improved their water quality in the past years due to regulatory
demands. However, many potentially hazardous chemicals continue to be found in
watercourses. Regarding Pt and Rh, environmental concerns arise due to the occurrence
of different forms emitted into the environment, either soluble or (hano)particulate.
Additionally, the estuarine hydrodynamic effects on the spread and environmental fate of
Pt and Rh is poorly documented. Thus, this chapter aimed (1) to evaluate Pt and Rh
physicochemical interactions and behaviour in the water column of a hydrodynamic
estuary considering a salinity gradient. For that reason, and anticipating the forthcoming
increase of Pt and Rh concentrations in water bodies, it also aimed (2) to quantify
dissolved and particulate Pt and Rh in (a) the freshwater end-member of Tagus estuary
and (b) in the receptor medium of a wastewater treatment plant (WWTP) effluent in the
lower Tagus estuary (high salinity). In addition, (3) potential exchanges of Pt and Rh
between the estuary and the Atlantic Ocean were also investigated. Consequently,

dissolved (<0.45 um) and particulate (>0.45 um) Pt and Rh concentrations were evaluated
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in the water column of two distinct locations of the Tagus estuary over semi-diurnal tidal
cycles, at neap and spring tides, and potential exchanges with the adjacent coastal area

were assessed.

7.2. Material and Methods

7.2.1. Description of the Study Area and Sampling Stations

The Tagus estuary is one of the largest estuaries in SW Europe dominated by tidal
oscillations, having an area of ca. 320 km?, which about 40 % are intertidal areas
comprising mudflats and islands (Fortunato et al. 1999; Guerreiro et al. 2015; Vale and
Sundby 1987). Succinctly, a narrow single-channel marks the northward entrance of the
Tagus River that opens to the shallow bay through a set of smaller channels. The bay has
a complex bottom topography with channels that funnel towards a long, narrow and deep
inlet, connecting the Tagus estuary to the Atlantic Ocean (Figure VII-1) (Vale and Sundby
1987). The Tagus River is the longest river in the Iberian Peninsula and the main source
of freshwater to the estuary, on average 350 m® s. Freshwater runoff from the Tagus
shows high inter-annual variation according to the season, with river discharges between
50 and 2000 m® s, Other small tributaries exist but only represent a minor contribution
of freshwater, on average <50 m® s (Fortunato et al. 1999; Guerreiro et al. 2015; Vale
and Sundby 1987). Salinity variations in the estuary depend on the input of freshwater,
thus, the main drive controlling the mixing process is the tide. Considering that the tidal
prism inside the Tagus estuary is 640 x 10° m3, the river flow is only relevant to the non-
linear mixing during high river flow events (de Pablo et al. 2019). The tidal regime of the
Tagus estuary is mainly semi-diurnal, ranging from 0.8 m (neap tide) to 4.0 m (spring
tide), which may increase towards the estuary’s interior due to resonance effects
(Fortunato et al. 1997; Neves 2010). The tidal wave is asymmetric and progressive,
causing delays up to two hours between the estuary mouth (Lisbon) and upstream
locations (Vila Franca de Xira) (Neves 2010; Vale and Sundby 1987). Typically, ebbs are
shorter than floods (Fortunato et al. 1999; Guerreiro et al. 2015; Vaz and Dias 2014),
which mirrors the stronger current velocities during ebbs (Vaz and Dias 2014). Currents
near the surface can be higher than 1.5 m s during spring tides in the lower estuary inlet
(Neves 2010). However, for this area of the estuary, different flow circulation patterns

between ebb- and flooding conditions have been proposed based on numerical
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PORTUGAL

Atlantic
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Figure VII-1 — Location of the sampling stations in the Tagus estuary, SW Europe. Imagery produced
using MIRONE® software (Luis 2007) and bathymetric data obtained from the Portuguese Hydrographic
Institute (http://www.hidrografico.pt).

simulations (Fortunato et al. 1997), which may act as potential barriers on the exchanges
between the estuary and the ocean. Residence times within the Tagus estuary vary
according to location and are influenced by the seasonal variability of the river runoff,
ranging between <10 days in the inlet channel and >20 days in the shallow bay
(Braunschweig et al. 2003).

Several anthropogenic pressures affect both margins of the Tagus estuary.
Industries and dense population sprawl (ca. 3 M, Marques da Costa 2016) are the main
contributors of Pt and Rh to the estuary. While industrial activities in the Tagus margins
are confined to specific areas, the relevant urban sources of Pt and Rh for the two areas
investigated in this study are the emissions from ACC and Pt-based anticancer drugs. The
influence of the first source was documented previously in Monteiro et al. (2019), while

the latter remains poorly understood.

The two sampling areas are ~35 km distant one from another and present different
characteristics (Figure VI1I-1). The upstream sampling station (VFX; 38°57°4.49” N;
8°59°5.48” W, Figure VII-1) is located near the entrance of the estuary. This region is
less populated, served by a low dimension WWTP and is crossed by a bridge. Freshwater
is the main source of water in this site but an increase in salinity is observed due to tidal
influence mainly during the high tides of spring tides. In opposition, the downstream
sampling station (ALC; 38°41°53.9” N; 9°10°33.5” W; Figure VII-1) is located at the

vicinity of a WWTP outfall, closer to the estuary mouth and therefore near the Atlantic
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Ocean. Thus, estuarine waters in this station present higher salinity. This WWTP is one
of the largest in Portugal and receives waste- and drainage waters from three
municipalities in the Lisbon region that serves near 1 M persons (Marques da Costa 2016).
The drainage includes domestic and hospital effluents that may contain Pt-based
compounds used in cancer treatments and pluvial runoff that may have Pt and Rh from
ACC, washed from roadside deposits. In addition, a high traffic impacted bridge crosses
the inlet, where ca. 150,000 vehicles pass every day (IMT 2016).

7.2.2. Field Campaigns, Sampling and In Situ Measurements

Two surveys were carried out at each sampling station, during neap tide (NT, 31%
of May and 1% June, 2017) and spring tide (ST, 7" and 8" of September, 2017). The
campaigns covered semi-diurnal tidal cycles (12.5 h). Collection of water samples was
done on-board of a semi-rigid vessel on an hourly basis. At VFX station two depths were
considered in the water collection. The surface sample was collected at ~0.5 m depth and
the bottom sample was collected ~0.5 m above the riverbed. Due to shallowness of the
water column at ALC station (<3 m) over the tidal cycling, water was sampled only at an
intermediate depth. Collection of water samples was performed using a 5 L horizontal
Niskin bottle and stored in acid-washed 2.5 L PP bottles until filtration. Additional
parameters, namely temperature (°C), conductivity (mS cmt), pH, dissolved oxygen
(DO) concentration (mg L) and saturation (%DO), were measured in situ using a
portable multi-parametric probe (YSI 600 QS) coupled to previously calibrated

electrodes.

7.2.3. Analytical Procedures

All laboratory procedures were executed in acclimatized conditions using
previously acid-cleaned material by immersion in ~20% both nitric acid (HNOs) and
hydrochloric acid (HCI) baths, for 48 h each. The necessary reagents for sample’s
digestion and analysis were of high-purity grade. All solutions were prepared with ultra-

pure water from a Milli-Q (Millipore) purification system (conductivity of 18.2 MQ.cm).
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Water samples were filtered within the same day of collection using acid-washed
filtration Kits coupled to kitasato flasks under low-pressure vacuum. Beforehand weighted
polycarbonate membrane filters (0.45 pm; Whatman Nuclepore) were used in the
separation of particulate and dissolved phases.

As to the particulate fraction of the metals (Ptr and Rhp) and suspended particulate
matter (SPM, mg L), triplicate samples were obtained and kept in the freezer until
analysis. Then, filters were dried in an oven at 40 °C until constant weight. The SPM was
calculated by the difference of dry weight (dw) and corrected for the filtered volume.
Then, the filters were acid-digested for the Ptp and Rhp determinations. Succinctly, after
combustion by means of a temperature ramp-up to 800 °C in a muffle furnace (Nygren et
al. 1990), samples were transferred to PFA flasks and digested in 4 mL aqua regia for 4
hat 195 °C in a hot plate. After evaporating the acids, residues were re-dissolved in 1 mL
H2SO4 until constant volume and diluted to 25 mL in 0.1 M HCL.

For the dissolved Pt and Rh concentrations (Ptp and Rhp, respectively), filtrates
were immediately acidified with HCI 30 % to pH <2 and preserved cold in the dark. Prior
to the analysis of Ptp and Rhp, filtered samples were UV-digested in quartz tubes, adding
small volumes of H20- to facilitate the organic matter mineralization and then irradiated
for 3 h (Cobelo-Garcia et al. 2013; Monteiro et al. 2020). All procedure was done in

triplicate, at least.

The determination of Pt and Rh was carried out in an acclimatized room at 25 + 2
°C by adsorptive cathodic stripping voltammetry (AdCSV) following the procedure
optimized in Monteiro et al. (2017). Briefly, a potentiostat/galvanostat from ECO
Chemie, Autolab PGSTAT 128N (Metrohm), was used for the voltammetric
measurements connected to the Metrohm Stand 663. A Static Mercury Drop Electrode
(SMDE) was used as the working electrode, an Ag/AgCI/KClay as the reference
electrode (placed inside a salt bridge with 3 M KCI) and a carbon rod was the auxiliary
electrode. The GPES v4.9 software (EchoChemie) was used to control the entire system
and to analyse data. All measurements were done at least in triplicate using the standard
addition method (Monteiro et al. 2017).

The samples of VFX corresponding to the neap tide cycle, filtered <0.45 um and
acidified, were also analysed by inductively coupled plasma—mass spectrometry (ICP-

MS, Agilent 7900 equipment) for total concentrations of Pt and Rh in the filtrates
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(Ptpicroms and Rhpcems). Interferences of Hf (F°Hf0") on 5Pt and Cu (3Cu*®Ar?),
Pb (?%Pb?"), Sr (8'Sr'®0"), Rb (]’Rb'®0*) and Zn (¢’Zn**Ar*) on '®Rh were monitored
and mathematically corrected for each sample using interference ratios derived from
single-metal solutions. It was observed that the Hf interference on Pt signal was negligible
(<0.1 %). The relative standard deviation of repeated measurements for Pt was in general
<10 %. However, interferences were significant for Rh and thus Rhp.icp-vis could not be

determined.

Dissolved organic carbon (DOC, mg C L) was also determined in VFX samples
(<0.45 um) of the neap tide cycle. Determinations were done by wet chemical oxidation

with persulfate method using an Ol Analytical TOC Analyzer.

7.2.4. Quality Control of the Analytical Procedures

Blanks and certified reference material (CRM BCR-723) were used to control the
quality of all analytical procedures. In addition, due to lack of CRM for Pt and Rh in
waters, the accuracy of the analysis was checked by means of spiked samples (membrane
filters and sampled waters) using known nominal concentrations of Pt and Rh. Briefly,
mean recoveries were in general higher than 90 % and RSD below 15 %. The limits of
detection (LOD) of AJCSV analysis obtained for the water samples using a deposition
time of 300 s were 0.06 ng Pt L and 0.03 ng Rh L. For the total concentrations in the
acid-digested solids, using deposition time of 120 s, LOD were 0.2 ng Pt L and 0.1 ng
Rh L. No cross-contamination was observed. Furthermore, the LOD determined for Pt
and Rh in the ICP-MS analysis was 0.05 ng L™,

7.2.5. Tidal Conditions and Current Velocity Data Acquisition

Tidal heights (m) and current velocities (m s) at each station were obtained from
the hydrodynamic model MOHID (Neves 1983). The three-dimensional (3D)-MOHID
Water model was previously fully calibrated and validated for the Tagus estuary region
of freshwater influence (de Pablo et al. 2019). Data measured in situ was used to calibrate
the model for the days of field campaigns. The tidal heights were obtained from the tidal
gauge located in the Tagus estuary (Lisbon harbour — LTG; 38.71°N and —9.13°W),

provided by the Portuguese Hydrographic Institute. The current velocities were acquired
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after forcing the model for the periods of interest and the components of current velocities
were retrieved at each sampling site on an hourly basis.

7.2.6. Modelling of Pt and Rh Dispersion

An innovative Lagrangian-based approach was coupled to MOHID Water model
and employed to trace estuarine and coastal dispersion of particles, which better maintains
the physical meaning in tracking and identification of particle’ locations through its
trajectories (Suh 2006). With this method, each particle was considered as a passive tracer
and statistical properties of trajectories may be assigned by the flow characteristics (Monti
and Leuzzi 2010). In general, Lagrangian particle dispersion models use a number of
pollutant particles that are released at the source location. Then, these passively follow
the flow by integrating the particle’s position vector in space and time using a velocity
field obtained from the hydrodynamic model (Hegarty et al. 2013). Accordingly, the
physical drivers acting on the distribution of Pt and Rh at ALC station during neap tide
and spring tide were evaluated. This station was chosen due to the proximity to the
Atlantic Ocean and potentially higher loadings of Pt and Rh to the estuary than the
upstream station VFX. The model was forced over 3 weeks, which included the dates of
the surveys, and assumed the continuous release of 20 spherical particles on an hourly
basis. An additional assumption was the WWTP outflow in dry weather conditions,

discharging ~1.8 x 10° m® d* of wastewater (www.aguasdotejoatlantico.adp.pt).

7.2.7. Statistical Analysis

Water variables and metals concentration were evaluated statistically using the
software Statistica (v.12). Data were checked for outliers using Grubbs test and for
normality using the Kolmogorov-Smirnov & Lilliefors tests. Since one or more variables
failed to pass the latter (non-normal distribution) and because of the small sample size in
each tidal cycle (n=13), subsequent analysis was carried out using non-parametric
statistics. Differences in median values of the variables, between stations and tidal cycles
(complete neap and spring tides), were assessed using Kruskal-Wallis (H) test, with post
hoc test. Furthermore, at VFX station the same test was used to evaluate differences

between surface and bottom layers of the water column. Spearman correlations (Rs) were
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used for paired-wise multiple comparisons of variables. The minimum level of confidence
used was 95 %. Principal component analysis (PCA) was applied to evaluate and
discriminate which group of variables (principal components) explained the highest
variance of the results. Additionally, PCA was also used to aid the interpretation of the
relationships between variables (Miller and Miller 2010) on both tidal cycles and

locations.

7.3. Results
7.3.1. Upstream Site: Vila Franca de Xira (VFX)

7.3.1.1. Physicochemical Characterization and Hydrographic

Context

The physicochemical water properties of the surface and bottom layers of the water
column at VFX site during the semi-diurnal tidal cycles, at neap tide (NT) and spring tide
(ST), respectively, are presented in Figure VI1I-2. For both depths, temperature ranged
from 22.2 to 24.3 °C in NT and from 22.8 to 24.5 °C in ST. The highest temperature
values were observed during low tides, following an opposite trend to the other
parameters. Conductivity varied from 0.4 to 4.7 mS cm™ in NT and from 2.3 to 28.6 mS
cmt in ST, with the highest values found in high tide and the lowest in low tide. The
variations observed in the pH reflected as well the semi-diurnal tidal oscillation, in
particular over ST cycle. The pH variation in both cycles was between 7.7 and 8.2 in
general. An exceptional lower value (7.1) was found at the bottom layer during ST. The
concentration of DO varied from 7.1 and 8.9 mg L™* in NT and 7.7 and 8.8 mg L in ST,
reflecting also the tidal influence. This variability, in terms of %DO was between 86 to
110 % in both cycles, indicating that the waters were in general oxygenated.
Concentrations of SPM ranged between 30 and 93 mg L in NT and between 16 and 71
mg L in ST. Three samples were excluded in the bottom layer during NT because bed
resuspension was evident (outliers). Variations of SPM concentrations were more evident
in NT compared to ST cycle. A slight increase in SPM was observed during the low tide
period for both cycles and a few maximum values observed during high tide. The
concentration of DOC (S.1. Figure S.VII 1) determined in NT ranged in a narrow interval
between 3.0 and 4.0 mg C L in both depths.
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Figure VII-2 — Characteristics of the water at VFX station during neap tide (NT) and spring tide (ST)
surveys: temperature (°C), conductivity (mS cm™), pH, dissolved oxygen (expressed in percentage of
saturation, DO%) and suspended particulate matter (SPM, mean+SD mg L?). Tidal height — blue line;
surface — white circles; bottom — black circles.
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In general, the variations observed in the water properties reflected the tidal semi-
diurnal (high and low tides) and the fortnightly (NT and ST) oscillations, i.e. there was a
trend in the parameters to increase during the flood and to decrease in the ebb tides. Minor
variations observed between both depths reflected the mixture of the water column.
Despite the tidal influence, no significant changes (p>0.05) were found between the two
depths on each of the tidal cycles.

7.3.1.2. Variability of Pt and Rh Concentrations Over the
Tidal Cycles

The concentrations of particulate Pt (Ptp) and Rh (Rhp) in surface and bottom layers
of the water column, for both tidal cycles at VFX station, are shown in Figure VI1I-3.
Concentrations of Ptp varied between 1.0 and 11.3 ng Pt g in NT and between 2.7 and
11.3 ng Pt g in ST. Similarly, concentrations of Rhe varied within one order of
magnitude, between 0.1 and 2.0 ng Rh g in NT and between 0.2 and 1.8 ng Rh gt in ST.

In both surveys, Ptp concentrations were higher than Rhe. The erratic variation for both
Ptr and Rhp in the NT cycle was not observed in ST, where maximum concentrations
were measured between 18:00 and 19:00 following the increase exhibited in conductivity

and pH.

Dissolved metal concentrations measured by AAdCSV, Ptp and Rhp , in surface and
bottom layers of the water column for both tidal cycles at VFX station, are presented in
Figure VI11-4. Concentrations of Ptp varied between 0.18 and 0.43 ng Pt L™* in NT and
between 0.12 and 0.73 ng Pt L in ST. While in NT Ptp was relatively constant, two
increments were observed in ST cycle, at 12:00 and 16:00. The first peak was coincident
with low tide while the second one occurred during the flood. As to Rhp in NT,
concentrations were below 0.03 ng Rh L (LOD). The exception was observed in the
bottom water, 0.05 ng Rh L, between 9:00 and 10:00, which was closer to high tide.
Contrastingly, Rhp in ST increased almost one order of magnitude, between the LOD and
0.19 ng Rh L. Increments of Rhp were also found in the low tide, at 12:00, and during

the flood period with the maximum value at 16:00, similarly to Pt.
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Figure VII-3 - Mean+SD particulate platinum (Ptp) and rhodium (Rhp) in the water column at VFX station
during neap tide (NT) and spring tide (ST) surveys. Tidal height — blue line; surface — white circles; bottom

— black circles.

In addition to the measurements of dissolved concentrations by AdCSV, the total
concentrations of Pt in the filtrates (<0.45 um) were also determined by ICP-MS
(Ptp.icpms) in the samples with low conductivity (in average 1 mS cm), i.e. in the NT
cycle of VFX. Rhodium in the same samples could not be measured by ICP-MS due to
the very low concentrations and the large polyatomic interferences to its determination
(Cu, Pb, Sr, Rb). In Figure VII-5, Pt measured in the filtrates by AdCSV and ICP-MS is
shown. Concentrations of Ptp.cp.ms ranged from 0.34 to 0.42 ng Pt L in surface and
from 0.33 to 0.58 ng Pt L™ in the bottom. For both depths, Ptp.icp.us Was higher than Ptp.

Both Ptp.icp-ms and Ptp presented similar variation patterns along the tidal cycle.
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In spite of no significant differences (p>0.05) found on the water properties between
depths for both NT and ST cycles, metals and their relationships with the water properties
in the different cycles were evaluated combining both depths. The tables of correlation
for NT and ST are presented in the supporting information (Table S.VII 1 and Table S.VII
2, respectively), and unless stated along with Rs, all samples were considered (n=26).

For NT survey no significant correlations (p>0.05) were found for Pt and Rh with
the water parameters analysed, except for Ptr with SPM (Rs=-0.544; p<0.05). In the ST
survey, correlations were observed for Ptp with conductivity (Rs=0.412; p<0.05), pH
(Rs=0.448; p<0.05) and SPM (Rs=-0.614; p<0.001). As to Ptp, negative correlations were
also observed with conductivity (Rs=-0.510; p<0.01) and pH (Rs=-0.404; p<0.05),
whereas Ptp correlated positively with temperature (Rs=0.437; p<0.05). Moreover, no
significant correlations (p>0.05) were found for Rh.

7.3.1.3. PCA and Relationships Between Metals and

Estuarine Water

Principle Component Analysis (PCA) was carried out to understand the main
factors that explain variability and relationships between Pt and Rh data, for both NT and
ST cycles, and with the water parameters temperature, conductivity, pH, DO and SPM
(Figure V1I-6). The Rhp data was not included in the analysis since in the NT survey
nearly all concentrations were below LOD. Two principal components (PC) were
extracted and both explained half of the variance, 50.9 %. The first component, PCL1,
explained 35.9 % variability of the data and best described the tidal mixing at this
location. Both tidal cycles were separated in the analysis. In addition, a separation
between low and high tides was found, distinctly in ST. Parameters associated to the
characteristics of estuarine waters had more influence in the high tide as opposed to low
tide in ST campaign. Compared to NT cycle, higher variability of conductivity was
observed during ST cycle. With PC2, the variance of data was affected by 15.0 %. The
parameters that best described this component were temperature and Ptp, which co-varied
closely, as also expressed by the associated correlation found. None of the extracted
components seemed to have a major relation with the Ptp and Rhp fractions, as observed

by the low dimension of their vectors, yet significant correlations were found for Ptp.
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Figure VII1-6 — Principal component analysis of VFX data (particulate Pt — P-Pt; dissolved Pt — D-Pt;
particulate Rh — P-Rh; temperature — T; conductivity — Cond; pH, dissolved oxygen — DO and %DO; and
suspended particulate matter — SPM) obtained during neap tide (NT) and spring tide (ST) surveys. Black
boxes correspond to ebbing and flooding periods.

7.3.2. Downstream Site: Alcantara (ALC)

7.3.2.1. Environmental and Hydrographic Context

The physicochemical water properties of the intermediate depth sampled at ALC
site during neap tide (NT) and spring tide (ST) are presented in Figure VII-7. In general,
data analysis of the sampled temporal series showed good agreement between the
measured variables and tidal oscillation in each cycle. Considering the water samples at
this location were collected at the discharge site of a WWTP treated effluent, the minor
variations observed on some of the variables were due to the input of freshwater from the
effluent. Temperature ranged from 19.4 to 25.7 °C in NT and from 18.3 to 23.0 °C in ST.
The highest temperature values were observed during low tide, in general exhibiting an
opposite pattern compared to the other parameters. A maximum value was found during
the flood in NT, at ~16:00. Conductivity varied from 24.9 to 53.9 mS cm™ in NT and
from 18.2 to 50.8 mS cm™ in ST, following closely the tidal dynamics with the highest
values found in high tides (e.g. around 17:00 in ST) and the lowest in low tides (e.g.

around 16:00 in NT). The pH variation in both cycles was between 7.4 and 8.2.
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Figure VI1-7 — Characteristics of the water at ALC station during neap tide (NT) and spring tide (ST)

surveys: temperature (°C), conductivity (mS cm™), pH, dissolved oxygen (expressed in percentage of
saturation, %DO) and suspended particulate matter (SPM, mean+SD mg L?). Tidal height — blue line;
intermediate depth (<3 m) — black circles.
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The variations observed in pH parallels the semi-diurnal tidal oscillation, in particular
over ST cycle. The concentration of DO varied from 5.8 and 8.1 mg L™ in NT and 3.7
and 7.9 mg L in ST, also mimicking the tidal effect. Consequently, %DO ranged
between 76 to 104 % in both cycles, pointing to lower dissolved oxygen in those waters
as compared to VFX. The content of SPM over the NT cycle was considerably lower than
in ST. Concentrations of SPM ranged between 10 and 31 mg L™ in NT and between 28
and 73 mg L in ST. In both tidal cycles, SPM presented an inverse relation with the tidal

variations, consisting in SPM increase at low tides.

7.3.2.2. Variability of Pt and Rh Concentrations Over the
Tidal Cycles

The concentrations of particulate (Ptr and Rhp) and dissolved (Ptp and Rhp) metals
in the water column for both tidal cycles at ALC station are shown in Figure VII-8.
Concentrations of Ptp varied from 2.0 to 25.6 ng Pt g** in NT and from 4.2 to 22.1 ng Pt
glin ST. As found for Pte concentrations, values in the dissolved fraction ranged within
an order of magnitude, between 0.2 and 5.3 ng Pt L in NT, and between 0.2 and 11.7 ng
Pt L't in ST. Both particulate and dissolved fractions of Pt presented a similar variation
pattern, with the highest concentrations at low tides. In addition, a relative increase of
both Ptr and Ptp concentrations also occurred at ~10:00 and ~18:00 during the NT survey.
The same increase on both periods of the day was also observed in ST, however, those

coincided with the tidal height (low and high tide, respectively).

Concentrations of Rhe varied from 0.3 to 5.1 ng Rh g in NT and from 0.2 to 4.3
ng Rhgtin ST. Small peak concentrations of Rhe were observed in the NT survey around
10:00 and a maximum at ~16:00. For the same periods of the day, at 9:00 and 17:00,
increments were similarly found in the ST survey. As to Rhp concentrations in both
cycles, these ranged from LOD to 0.12 ng Rh L. The variation pattern displayed by Rhe
did not appear to follow the tidal dynamics, as opposed to Rhp that in general presented

the highest concentrations in low tides of NT and ST.

The main relationships found between Pt, Rh and the water parameters at ALC are
shown in Figure VI1I-9. The corresponding correlations for NT and ST are presented in

the supporting information (Table S.VII 3 and Table S.VII 4, respectively), and unless
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Figure VII-8 — Mean+SD concentrations of particulate (black circles) and dissolved (white circles)
platinum (Ptr and Ptp, respectively) and rhodium (Rhp and Rhp, respectively) in the water column at ALC
station during neap tide (NT) and spring tide (ST) surveys. Tidal height — blue line.

stated along with Rs, all samples from this station were considered (n=13).

In the NT survey, Ptp presented significant negative correlations with conductivity
(Rs=-0.885; p<0.0001; Figure VII-9a), pH (Rs=-0.707; p<0.01) and DO (Rs=-0.698;
p<0.01). A positive correlation was found for Ptp with temperature (Rs=0.835; p<0.0001;
Figure VI1I-9b) and with SPM (Rs=0.571; p<0.05; Figure VI1I-9c). In ST, it was found a
negative correlation between Ptp and SPM (Rs=-0.560; p<0.05; Figure V11-9c) as opposed
to NT. As to Ptp, significant correlations (p<0.05) with temperature, pH, conductivity and
DO were found in both tidal cycles following the same trends, except with SPM. A
significant positive correlation (Rs=0.758; p<0.0001; Figure VI1I-9d) was also found

between Ptp and SPM in the NT survey, whereas in ST no correlation was found (p>0.05).
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In NT, Pt and Ptp showed a significantly positive correlation (Rs=0.868;
p<0.0001), whereas in ST no correlation was found (p>0.05). By separating the lower
concentrations (<2.0 ng Pt L) from the higher (>2.0 ng Pt L'1), one linear relation was
displayed (Figure V1I-9e). The best linear fit was given by the low Ptp concentrations
(Rs=0.810; p=0.01; n=8) against Ptp.

As to Rhp and Rhp, no significant correlations (p>0.05) were found in both cycles.

7.3.2.3. PCA and Relationships Between Metals and WWTP

Effluent / Estuarine Waters Mixture

In Figure VII-10 is shown the PCA for the data surveyed at ALC. The three
principal components (PC) explained 81.8 % of the variance of the results. The first
component (PC1) alone described 58.1 %, while PC2 and PC3 accounted for 14.6 and 9.1

%, respectively.

The first principal component, PC1, distinctly showed the tidal regime during both
cycles. The parameters that best defined the high tides were described by the properties
of estuarine water, namely conductivity, pH, DO and %DO, as opposed to the low tide
scores that did not fully reflect the estuarine waters. In the low tides, the scattering of the
scores reflected the mixture of estuarine water with the WWTP effluent discharge. The
second principal component, PC2, underpinned the effluent discharge as the urban source

of Pt and Rh to the estuary. This component was best defined in the low tides,

ALC
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g
g -Rh g
E Pt E’,
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PC1 (58.1%) PC1 (58.1%)

Figure VII-10 — Principal component analysis of ALC data (particulate Pt — P-Pt; dissolved Pt — D-Pt;
particulate Rh — P-Rh; dissolved Rh — D-Rh; temperature — T; conductivity — Cond; pH, dissolved oxygen
— DO and %DO; and suspended particulate matter — SPM) obtained during neap tide (NT) and spring tide
(ST) surveys. a) PC1 vs. PC2; and b) PC1 vs. PC3.
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evidenced by the relations of both particulate and dissolved fractions of Pt and Rh, as well
as SPM and temperature. Despite causing minor variance, PC3 pointed out a minor effect
of the fortnightly tidal cycling at ALC, by separating NT and ST yet considering some

misunderstanding scores.

7.3.3. Geographical Inter-Comparison

7.3.3.1. Particle-Water Distribution Coefficients (Kp)

The distribution coefficients, defined as the ratio between the metals concentration
in particulate phase (w/w) and aqueous phase (w/v), Ko (L g?) (e.g. Sung 1995; Tessier
2019), were evaluated. The distribution coefficients along the conductivity gradient of
both surveys is presented in Figure VII-11a. Including both tidal cycles, the Log
transformations of Kp (Figure V1I-11b) for Pt ranged from 3.2 to 5.0 at ALC and from
3.4t0 4.6 at VFX. Similarly, Log Kp for Rh varied from 3.2 to 5.3 at ALC and from 3.0
to 4.7 at VFX. No significant differences differences (p>0.05) were found for both metals

amongst sites.
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Figure VII-11 — a) Distribution coefficients (Kp) along the conductivity gradient including both tidal
cycles; b) Boxplot of the Log transformation of Kp for Pt and Rh in both stations surveyed in Tagus estuary.

155



VII. DRIVERS OF PT AND RH VARIABILITY IN THE WATER COLUMN OF A HYDRODYNAMIC ESTUARY: EFFECTS OF
CONTRASTING ENVIRONMENTS

7.3.3.2. PCA

In Figure VI1-12 it is presented the PCA for all data surveyed in Tagus estuary. Two
principal components (PC) were extracted and together explained 64.9 % of the variance.
The first component, PC1, described 40.9 %. It is noticeable that PC1 separated both
locations surveyed in the estuary, most likely relating the salinity gradient. This is best
described by the water characteristics that differ in downstream station ALC, near to the
Atlantic Ocean, from the upstream station VFX. The main property attributed to this
feature was conductivity, which was related to the more saline waters in the estuary. In
opposition, near the riverine end-member at VFX station, with low saline water, the PCA
exerted an opposite effect mainly controlled by temperature and SPM. The second
component, PC2, accounted for 23.9 % of the explained variance. This component
appeared to be associated with the semi-diurnal tidal regime. Noteworthy in the ALC
station, the separation displayed between low and high tides evidenced this component’
effect. The same was observed at VFX station during ST cycle, however with a fewer
number of scores. In addition to the tidal regime, pH was exhibited as the main driver
controlling PC2, associated to the semi-diurnal regime. Nevertheless, the variable’
loadings had relevant distribution in the four quadrants of the PCA, evidencing their
weight on both components. As such, both components reflected the major importance of

the mixing features of Tagus estuary.
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Figure V11-12 —Principal component analysis of data (particulate Pt — P-Pt; dissolved Pt — D-Pt; particulate
Rh — P-Rh; dissolved Rh — D-Rh; temperature — T; conductivity — Cond; pH, dissolved oxygen — DO and
%DO; and suspended particulate matter — SPM) obtained during neap tide (NT) and spring tide (ST)
surveys for both ALC and VFX stations.
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7.3.4. Estuarine and Coastal Exchanges of Pt and Rh

The potential exchanges of Pt and Rh between the Tagus estuary and the Atlantic
Ocean were evaluated using the data from the downstream station ALC (Figure VII-1).
Initially, the concentrations of metals were projected against the corresponding horizontal
component (u) of the current velocity field obtained from the hydrodynamic model
MOHID (Figure V11-13). Considering only current velocities higher than 0.75 m s7,
differences were observed amongst the tides. Both fractions (dissolved and particulate)
of Pt and Rh were particularly associated with the highest currents during the ebb tide,
towards the Atlantic Ocean, as opposed to those during the flood. Towards the inner
estuary, this was less pronounced, however, pointing out to recirculation in the inner bay.
The exception was Rhp, which presented similar range of concentrations in both ebb and
flood tides during ST.
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Figure VI1-13 — Projection of particulate and dissolved Pt and Rh concentrations on the current velocity
(u component) obtained for ALC station. Blue boxes indicate the magnitude of the concentrations found
for current velocities between 0.75and 1.2 m s,
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The Lagrangian method was also used by forcing the model for longer periods (over
21 days) that included NT and ST cycles. In these numerical simulations was considered
the continuous release of 20 particles h! that acted as tracers of Pt and Rh only controlled
by hydrodynamic conditions. Results for the ebb and flood periods of interest are
presented in Figure VI1I-14, depicting approximately the cycles at the end of each day
during turnover of the tide. Models were initiated in the ebb flow and the identification
of the particles (ID) is indicated, being the latest particles released in red. This model only
reflects the physical driving processes occurring and does not take into account any
chemical interactions. Thus, results reproduce only the probability of dispersion of Pt and
Rh. In addition to this, a dilution factor is not overviewed in the model results.

At day 1 it was observed that particles tend to remain in the inlet, either during the
ebb or flood in NT conditions. In opposition, during ST, particles started to be transported
to the inner estuary or towards the Atlantic Ocean. This reflects the stronger
hydrodynamic conditions of ST in comparison to NT. At day 2 it was seen their transport
out of the inlet, either towards the inner estuary during the flood and to the ocean during
the ebb. The pattern was repeatedly observed in the following days of the simulation. At
day 21 particles were found inside the estuary and in the adjacent coastal area
independently of the tidal conditions, i.e. after a large number of particles released their

dispersion was visible in both systems.
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Figure VI1-14 — Lagrangian distribution pattern of particles hourly released from the WWTP outfall (black
circles) during 21 days of simulation using MOHID. Results are discriminated for ebb and flood tides for
both neap tide (NT) and spring tide (ST) conditions.

7.4. Discussion

7.4.1. Environmental and Hydrographic Context

Variations of ancillary parameters at both sites followed the tidal regime, as well as
the inputs of fresh- or wastewaters to the estuary from VFX and ALC, respectively. The
water column at VFX station presented similar characteristics between the surface and
bottom layers in both tidal cycles surveyed. This observation indicates that the water
column was in general uniform and well mixed. Differences displayed between tidal
cycles at VFX in some ancillary parameters indicated the extent of the tidal effect, as also
evidenced by the PCA (Figure V1I-6). Conductivity (Figure V1I-2) was higher in ST than
in NT, owing to the stronger upward movement of the tidal wave under this condition.
The temperature of the waters showed an opposite trend to the tidal influence. Regardless
the small variation in the temperature range, however, it could be seen that the entrance
of freshwater to the estuary responded to the semi-diurnal oscillation. In ST, variations of

pH closely followed the increase of conductivity and thus the tidal regime (Figure VI11-2).

In the downstream station ALC, the tidal amplitude is larger than at VFX. Even so,
the effect of the tidal regime in the water properties is less pronounced due to proximity
to the Atlantic Ocean, as opposed to VFX. Thus, the physicochemical characteristics of
the water at ALC did not vary considerably between tidal cycles but followed the semi-
diurnal hydrodynamic, as also confirmed by the PCA (Figure V1I-10). During low tides,
the discharge of the WWTP’ treated effluent to the estuary was more detectable, owing
to the shallower water column. This was clear by the maximum values of temperature
recorded in the low tide during both NT and ST surveys. Accordingly, a decrease in the
conductivity and pH was found as opposed to those rises in temperature. Despite similar
range on SPM levels found in both stations, relatively small increments were observed
during low tides. Exceptionally, during ST survey at ALC station, a markedly increased
of SPM concentration through the low tide was observed. Nonetheless, SPM
concentrations found in Tagus estuary during these surveys indicated low turbidity in the
water column in both sites as compared to other large estuaries (e.g. the Gironde, Cobelo-
Garcia et al. 2014).
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The Tagus estuary is an ebb-dominated mesotidal system with fortnightly
oscillations. The estuarine water at ALC usually presents characteristics close to the
coastal waters while at VFX the characteristics mainly depend on the mixture of riverine
and estuarine waters. Therefore, a salinity gradient was observed between both locations
and tidal cycles, mainly at VFX during ST. Vertical stratification of riverine and estuarine
waters did not occur due to bottom topography and tidal oscillation. The extent of the
tidal wave can reach up to 50 km upstream (Guerreiro et al. 2015), passing upward VFX
station, but the tidal amplitude is less pronounced at VFX than in ALC. In addition, it was
observed particularly for VFX tidal cycles some gap between the physicochemical
parameters data and the tidal height, which is given by the hydrodynamic model MOHID.
This may be explained by the delay on the propagation of the tidal wave up to ~2 h from
the mouth up to VFX.

7.4.2. Concentrations and Physicochemical Characterization of
Pt and Rh in the Water Column

The particulate concentrations recorded during both tidal cycles ranged from 1.0 to
11.3 ng Pt gt at VFX and up to 25.6 ng Pt g*! at ALC. These values are in line with the
levels reported for other estuaries, such as the Lérez (2.1-8.0 ng Pt g%, Cobelo-Garcia et
al. 2013) and the Gironde (0.2-1.8 ng Pt g™, Cobelo-Garcia et al. 2014). As to Rhp, low
concentrations were observed, ranging from 0.1 to 2.0 ng Rh g™t at VFX and from 0.2 to
5.1 ng Rhg*at ALC. To our knowledge, data on Rhe in water column of aquatic systems
is not available. Consequently, comparison can only be done with matrices like sediments
and road dusts, which may represent the closest approximation to SPM. Rhodium
concentrations measured in SPM were relatively higher than those found in superficial
sediments of Tagus estuary (0.02-1.5 ng Rh g, Monteiro et al. 2019) and much lower
than those reported by Monteiro et al. (2020) for an urban road dust (44 ng Rh g2).

As to the dissolved fraction, Ptp ranged up to 0.73 ng Pt L™ at the river end-member
(VFX) and up to 11.7 ng Pt L at the WWTP’ effluent outfall (ALC). Cobelo-Garcia et
al. (2013) reported lower concentrations for the Lérez river estuary in Pontevedra Ria,
Spain, with Ptp ranging between 0.01 and 0.12 ng L. Mashio et al. (2016) also reported
in Arakawa, Kotsuchi and Otsuchi rivers, Japan, Ptp ranging up to 1.3 ng L. For the low

to medium-salinity range in the waters sampled by those authors, the Ptp levels found at
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VEX are comparable to those findings. Moreover, Obata et al. (2006) found in Tama river,
Japan, increased concentrations of Ptp varying up to 6.9 ng Pt L that, although higher,
did not reach the values found at ALC station. Concentrations of Rhp in the estuarine
water column are described for the first time in this work. While in the river end-member
Rhp was often below 0.03 ng Rh L (LOD), at the WWTP’ effluent discharge site Rhp
reached 0.12 ng Rh L't in both tidal cycles. To date, the only data on Rhp was reported
for the open ocean by Bertine et al. (1993), whose concentrations were <0.1 ng Rh L%,
and more recently by Monteiro et al. (2017) in wastewaters, whose average concentration
was 0.23+0.06 ng Rh L™,

In general, Pt levels in both fractions were higher than Rh for the two sites sampled.
At VFEX station, the river end-member presented lower Ptr and Rhp compared to the
downstream station ALC, which was influenced by the WWTP’ discharge. As with the
particulate fraction, Ptp and Rhp were also lower at VFX compared to ALC. These results
point out spatial differences on the anthropogenic loadings of Pt and Rh to the Tagus
estuary. Their direct point sources derived from ACC at VFX, whose main sources are a
low-traffic influenced bridge and the drainage basin that covers largely rural areas. At
ALC, the WWTP converges pluvial and sewage waste from a large drainage urban basin,
which includes three municipalities from the most densely populated part of Lisbon
region. During both surveys at ALC, increments of both Ptp and Ptp (Figure V11-8) were
recorded in the morning (~10:00) and afternoon (~18:00) periods. This suggests added Pt
levels in the WWTP’ effluent (Laschka and Nachtwey 1997; Vyas et al. 2014), most
likely deriving from Pt-based anticancer compounds (Vyas et al. 2014) and whose
degradation in the environment could release Pt aqueous species (Curtis et al. 2010)
presumably detectable by the voltammetric method used. Anticancer drugs are used in
the treatment of 50-70 % of malignancies (Qi et al. 2019; Simpson et al. 2019). Hospital
and domestic sewages that are drained to the WWTP may reflect the high doses
administered to patients in chemotherapy (200-500 mg cisplatin L™ or higher in the case
of carboplatin, www.infarmed.pt). Since Pt-based drugs are mainly excreted in urine
(Oun et al. 2018), those peaks can be related to earlier hygiene and personal care activities
that usually induce higher fluxes at the WWTP at those times of the day. The Pt/Rh mass
ratios (not shown) calculated for NT and ST cycles support the previous observations. At
VFEX, including both surveys, Pt/Rh was primarily within the range typically found for
ACC emissions (4-16; Rauch and Peucker-Ehrenbrink 2015). At ALC, higher Pt/Rh mass
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ratios (20-69) contrasted with those found at VFX, largely exceeding the reference
interval for ACC, especially in ST. Furthermore, the elevated Pt/Rh mass ratios were
observed during low tides of both cycles, which may be closely related with the lesser
dilution of the effluent discharge in the estuary as opposed to the high tides. When using
the dissolved fraction of the metals, the calculated mass ratios were slightly higher than
in particulate fraction, yet following the same trend. Therefore, concentrations found in
the water column of Tagus estuary reflected the different sources and contributions at
both sites.

While irregular short-term variations of Ptp and Rhp were exhibited at VFX during
NT, notwithstanding the tidal regime, the opposite was observed during ST at VFX and
in both of ALC tidal cycles. The increase on Ptp and Rhp at VFX during ST (Figure V1I-3)
appeared to follow the semi-diurnal variation during the high tide (=18:00). In surface,
Ptp increased with the conductivity and pH (Figure V11-2), as expressed by the significant
correlations (p<0.05) found. Despite this signal was observed in a period of ~2 h
concurrent to the high tide peak, this observation may be explained by the existence of a
downstream bridge (within 20 km distance) largely impacted by vehicles traffic. In fact,
Monteiro et al. (2019) observed in superficial sediments a signal of both Pt and Rh that
pointed out large emissions from ACC. Those particles once in the surface of the water
column may be transported during the flood tide up to VFX. Asto ALC, Pt and Rh (Figure
VI11-8) closely followed the temperature short-term variation and showed an opposing
trend to conductivity (Figure V11-7), reflecting the characteristics of the inputted sewage.
The strong positive correlation found during NT for Pt with the temperature (Rs=0.835;
p<0.0001; Figure VII-9b) as opposed to those found with the estuarine water
characteristics (e.g. the conductivity, Rs=-0.885; p<0.0001; Figure VI1I-9a) support the
WWTP as one of the main pathways of Pt entrance in the Tagus estuary. This distinct
pattern may be easily explained by the water column shallowness, in addition to the
impact of direct discharge of the WWTP’ treated effluent. These results evidence a close
relationship between the semi-diurnal tidal oscillations and the source inputs of both
metals to the estuary, also evidenced in PCA of ALC data (Figure VII-10).
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7.4.3. Particle-Water Interactions of Pt and Rh

In any geochemical study, the interaction of the solutes with solid phases is of great
importance. Many processes can play a role in the interchange between solid and liquid
phases such as dissolution, complexation, sorption/desorption, uptake or release by
organisms, aggregation/disaggregation, flocculation and sedimentation. The calculation
of the distribution coefficients, Ko (L kg™) can give some information about the relative
affinity of Pt and Rh to be retained by a solid phase in a given aquatic matrix, and hence

about their mobility.

Particle-water distribution coefficients described for Pt and Rh did not present
significant differences (p>0.05) amongst tidal cycles and along the salinity gradient
(Figure VII-11a). No significant differences (p>0.05) were also observed between sites
and for both metals, as expressed by the Log transformation (Figure VII-11b). Thus,
median values of Log Kp can be considered for Pt and Rh in Tagus estuary, 4.0+0.4
(n=75) and 4.1+0.5 (n=34), respectively. Data on Kp for Pt and Rh obtained from natural
settings, such as rivers or estuaries, remain very limited in the literature (Cobelo-Garcia
et al., 2008, 2013, 2014). Comparison with published data must be careful due to varying
cut-off membrane filters used to discriminate phases (<0.2 or <0.45 pum). Furthermore,
the relatively large colloids included in the ‘dissolved’ phase may also rule Pt and Rh
variability/partitioning. As discussed, similar levels of SPM were measured in VFX and
ALC, with an average concentration of 50 mg L™, and consequently similar Kp values
could be foreseen. The Kp values found for Pt in Tagus estuary are in between those
previously reported for other estuaries with quite different concentrations of SPM. For
the Lérez, a low turbidity estuary with SPM of a few mg L, Kp in the range of 10° to 10°
were determined (Cobelo-Garcia et al. 2013) while in Gironde, with SPM in the 100
2000 mg L, Kp < 10* were found (Cobelo-Garcia et al. 2014). The larger values of SPM
are many times associated with larger particles that are less prone to adsorb metal ions
and then the inverse relationship between SPM and Kp. The negative significant
correlations observed for Ptr with SPM in all situations corroborates the previous
observations, except for ALC in the NT survey. Here, the different behaviour was
observed most probably due to the impact of the WWTP discharge. As to the observed
Kp absence of variation with salinity (Figure VI1-11a), it points out that the interaction
with particulate matter is mostly likely due to neutral charge Pt and Rh, either in the

metallic form or through neutral complexes. Constant Kp values along a salinity gradient
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were also reported for the Gironde by Cobelo-Garcia et al. (2014). Such invariant trend,
as described here for the Tagus, may also reflect the higher anthropogenic input of both
fractions of Pt and Rh to the system. Different local anthropogenic pressures may also
affect soluble/insoluble species during estuarine mixing (Cobelo-Garcia et al. 2014).

Therefore, Pt, at least, appears to have non-conservative behaviour in the Tagus estuary.

7.4.4. Speciation Analysis of Pt and Rh in the Water Column

Recently, the speciation analysis of Pt and Rh in road dust leachates (<0.45 pum)
was achieved through the determination of truly dissolved species by AdCSV (in this
study just called dissolved) and total filter-passing species by ICP-MS. Truly dissolved
forms of Pt and Rh in the leachates embodied part of total concentrations found in <0.45
pm pool (Monteiro et al. 2020). Following the same methodology, Ptp and Ptp.icp-ms Were
determined for the samples of VFX station NT cycle (Figure VII-5), with average
conductivity of 1 mS cm™. The Ptp and Ptp.icpms concentrations were considerably
different in all samples and no significant correlation (p>0.05) was found between them.
Total Pt concentrations in the water column, TPt (ng L), were computed as the sum of

Pte expressed in ng L™ and Ptp.icpms (Table VII.1).

Table VII.1 — Summary of concentrations found for Pt and Rh in particulate (Ptr and Rhp, respectively)
and dissolved (Ptp, Ptp-ice-ms and Rhp, respectively) fractions in ALC and VFX stations during neap tide
(NT) and spring tide (ST).

ALC - NT ALC - ST VEX - NT VFEX - ST
Pt (ng g°) 2.0-25.6 4.2-22.1 1.0-11.3 2.7-11.3
Pt (ng L) 0.03-0.64 0.3-1.3 0.08-0.71 0.13-0.28
Pto (ng L) 0.2-5.3 0.2-11.7 0.18-0.43 0.12-0.73
Pto-ice-ms (ng L) n.d. n.d. 0.33-0.58 n.d.
Rhe (ng g™) 0.3-5.1 0.2-4.3 0.1-2.0 0.2-1.8
Rhe (ng L) 0.01-0.13 0.01-0.43 0.01-0.15 0.01-0.09
Rho (ng L) LOD*0.12  LOD*0.12  LOD*-0.05 LOD*-0.19

n.d. — not determined; *LOD = 0.03 ng Rh L~
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Platinum speciation analysis in these samples showed that the truly dissolved forms
represented 39+9 % of the total concentrations in the water column, Pto/TPt. The
percentage of total filter-passing (<0.45 pum) species, Ptp.icp.ms/TPt, was 65+14 %. The
differences observed are due to colloidal and/or nanoparticles forms, whether in the
metallic state Pt° or strongly bounded both to inorganic and organic colloids. As it is
known, DOC can play a role in colloids aggregation/disaggregation (Wilkinson et al.
2006), but comparable and low values were obtained in the water column, ranging 3-4
mg C L (S.I. Figure S.VII 1). Thus, these results suggest that DOC does not rule the
aggregation/disaggregation processes in the water column, at least when low
concentrations of Pt were found such as in the case of VFX station.

As to Rh, no speciation analysis could be done in samples of VFX station NT cycle
because Rhp concentrations were in general below the LOD. Furthermore, due to
operational difficulties of ICP-MS in dealing with more saline samples (conductivity >1
mS cm?, Wolf and Adams 2015), Pt and Rh speciation analysis in the water column at
VFEX at ST and ALC in both tidal cycles could not be done. However, some additional
considerations can be made. In all samples, truly dissolved Rh concentrations were very
low, usually below LOD, and they may result from the already oxidized forms present in
the water column, as truly dissolved Pt as well. As to the particulate forms, the range of
concentrations found, in ng L (Table VII.1), were similar for both stations in NT
conditions. In most of the samples, Rhp could represent the total Rh found in the water
column since no Rhp concentrations were found. In some cases, Rhp was more than 65
% of the Rhp concentrations measured. Moreover, an increase in SPM may not represent
an additional input of Pt and Rh, as observed for Pt at ALC station (Figure VI11-9c). A
contribution to the particulate pool could be the removal from the aqueous phase, by
adsorption of cationic hydroxychlorides and precipitation of destabilized hydroxyl-
complexes (Cobelo-Garcia et al. 2008). However, higher concentrations were found for
Pto in ALC as compared to VFX, suggesting that speciation in the water column is
controlled by the dissolved forms even without taking into account the additional fraction
that could be measured by ICP-MS. Other sources than the ACC are present, which are
responsible by the increase of soluble forms of Pt into the estuary and those originate in
medicinal uses of Pt-based compounds. As to Rh, these observations point out to ACC as
the main source of Rh into the estuary. Contrarily to Pt, Rhp may represent an important

proportion of the bulk Rh in the water column.
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7.4.5. Hydrodynamic Forcing on Pt and Rh Transport

The fate of metals such as Pt and Rh may vary in the estuary and coastal area
depending on their sources and other factors, like the hydrodynamic regime that partly
controls their distribution. As previously seen, the input of Pt and Rh to the Tagus estuary
in the river end-member at VFX station is low and continuous. In opposition, at the
downstream station ALC, higher and variable concentrations of Pt and Rh enter the
estuary through the WWTP drainage, near the Atlantic Ocean. Here, solutes and particles
discharged may be widely spread by advection through the strong tidal currents that reach
velocities closer to 1.0 m s* and may dominate the transport. As confirmed in the PCA
including all data obtained (Figure VII-12), it is noticeable the influence of the
hydrodynamic regime on both locations surveyed. While the salinity gradient
discriminated both locations dominated by the fortnightly oscillations, the semi-diurnal
tidal oscillations had a stronger effect at ALC station, as expressed by the separation of
low and high tides and the water characteristics. Moreover, Pt and Rh appeared to have
non-conservative behaviour in Tagus estuary because of their different point sources.
Non-conservative mixing was also observed in other estuaries (Cobelo-Garcia et al. 2013,
2014).

Concerning the distribution of Pt and Rh in the water column and their fate, data
from the downstream station ALC was evaluated because of the proximity to the Atlantic
Ocean and the potential export to the adjacent coastal area. Depicting Pt and Rh
concentrations against the corresponding current velocities (Figure VI1-13), the export of
the metals is pointed out towards the coastal area. Higher concentrations of both fractions
of Pt and Rh were released mainly during the low tide. However, their association to the
higher current velocities during the ebb was evidenced for Ptp, Rhp and Ptp, whereas Rhp
presented similar levels during both tide periods in terms of the magnitude of the

concentrations.

To confirm the previous observations and the spread of Pt and Rh under
hydrodynamic conditions, the Lagrangian method provided better information by using
particles as passive tracers released in the WWTP outfall. Monteiro et al. (2020) showed
that for road dust leachates, relatively constant concentrations of truly dissolved Pt and
Rh were observed up to 7 days. Indeed, the back and forth tidal movement in the model

induced dispersion of particles towards both the estuary and the ocean. Thus, the
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probability of recirculation and export of Pt and Rh to the adjacent coast is very high and
perhaps within a couple of days. In Figure VII-14 is showed that after two days, particles
(in blue) were spread out to the ocean. The latest emitted particles in the model (in red,
Figure VII1-14), near the end of the simulation (day 21), confirmed that the plume of
tracers originated in the WWTP outfall was straightforwardly spread to the Atlantic
Ocean and the inner estuary. It was also visible at day 21 that ‘oldest’ particles (in blue)
remained inside the estuary during both NT and ST, which were released initially in the
model. These results suggest that part of the Pt and Rh loadings kept in the water column
during the tidal cycles can recirculate until, eventually, they settle in low hydrodynamic
areas near the estuary margins. Moreover, the extent of the WWTP input reached the
middle of the estuary and appeared to be independent of the tidal conditions, i.e. NT or
ST. Nonetheless, other sources of Pt and Rh do exist in the Tagus estuary (Monteiro et al.
2019) and further research should aim to evaluate their extension and fate.

The importance of the hydrodynamic regime at the mouth of the Tagus estuary was
previously investigated for other metals (e.g. Duarte and Cagador 2012; Vale 1986). Trace
elements such as Pt and Rh can be largely introduced in the estuary through pluvial- and
wastewaters and consequently increase the contamination in the inner estuary and the
adjacent coastal area. Despite the Tagus estuary does not appear to be extensively
contaminated by Pt and Rh to date (Monteiro et al. 2019), the estuary is a net source of
both metals to the coastal environment. Records of Pt were previously reported by
Cobelo-Garcia et al. (2011) in sediments of the Tagus pro-delta. The authors described a
Pt enrichment in sub-surface sediments at the adjacent coastal area, owing to the extensive
industrial activities in Tagus estuary around 1960s/70s and mimicking the records found
for Hg and Pb (Mil-Homens et al. 2009). However, a superficial enrichment of Pt was not
fully observed in that core despite the relative increase of Pt concentration in the top layer
of those sediments. This slight increment did not reflect the anthropogenic inputs at that
time perhaps because the core was collected around in 2000, less than one decade after
the introduction of European legislation regarding the control of pollutants emission using
ACC (European Commission 1991). Thus, it is plausible that with the increase of Pt and
Rh uses over the past two decades increased amounts of these metals could have been
exported to the adjacent coastal area. Nevertheless, it was demonstrated that Pt and Rh
are continuously released in the aquatic environment, at least evidenced through the Pt

concentrations found at the downstream WWTP outfall in the Tagus estuary.
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7.5. Conclusions

The concentrations of particulate and dissolved fractions (<0.45 pum) of Pt and Rh
were evaluated in the water column of Tagus estuary. Data on dissolved Rh is reported
for the first time in an estuary. Two stations presenting different characteristics were
surveyed during semi-diurnal cycles over neap and spring tides. In the river end-member
station, both particulate Pt and Rh, as well as Ptp, were continuously introduced in the
estuary although presenting low and relatively constant concentrations, whereas Rhp was
often below the limit of detection. Contrastingly, at the downstream station, a WWTP
outfall close to the Atlantic Ocean, a markedly increase was registered in both fractions
of Pt and Rh varying within a broad range of concentrations. Increments in Pt and Rh
levels followed an inverse pattern in relation to the semi-diurnal tidal oscillation, with
higher concentrations observed during the low tide. This was more pronounced at the
WWTP outfall vicinity than in the river end-member, owing to their different loadings
into the estuary. At the downstream station, one of the sources of Pt and Rh confirmed
was that of ACC, expressed by the concomitant variation of both metals. An additional
source of Pt in the wastewater derived from hospital and domestic sewages due to the use
of Pt-based anticancer therapy, showing relative increments in periods that were
associated with personal care activities. At the upstream station, the source of Pt and Rh
is presumably mainly the ACC, though pointing to minor inputs to the estuary. The
partition coefficients for Pt and Rh in Tagus estuary varied independently of the salinity,
suggesting that the effects of Pt and Rh sources superimpose their chemical interactions
with the estuarine water. The speciation analysis done in the riverine samples confirmed
that different forms of Pt were released in the environment, whose dissolved fraction
includes truly dissolved species and (nano)particles. Furthermore, it was also estimated
that operationally defined forms of dissolved Pt represented the largest portion of total
metal emitted as opposed to Rh, whose particulate forms dominated in the water column.
Despite the chemical aspects associated, advection may largely control the distribution of
Pt and Rh within the estuary and to the coastal area. These metals can be easily and rapidly
dispersed through the water column owing to their low reactivity. Therefore, recirculation
within the estuary and export towards the adjacent coastal environment are highly
expected. Both chemical and physical drivers acting in the Tagus estuary will dictate the

distribution, transport and fate of Pt and Rh. Ultimately, for coastal areas where the direct
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sources of Pt and Rh are not relevant, the obtained results showed that estuaries are an
important pathway to introduce PGE in the coastal region and transferring them towards
the ocean.
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VIIl. GENERAL DISCUSSION

Platinum-group elements (PGE) are a group of rare and noble transitional elements
that include platinum (Pt) and rhodium (Rh), which were particularly addressed in this
work. Physical and chemical properties of Pt and Rh are remarkable and attractive to
several sector-based industries of economic interest, having a large variety of
applications. These are transverse from electronic to aeronautical industries as well as in
the health sector and science (Johnson Matthey 2016). In the large industrial processes of
manufacturing chemical compounds such as nitric and sulphuric acids, cortisone,
hydrogen peroxide, ammonia and fertilizers, Pt and Rh supported catalysts are used
(Hatfield et al. 1987; Lemaire et al. 2014; Paparatto et al. 2010). Drugs based on Pt, such
as cisplatin, carboplatin and oxaliplatin, are efficient and thus administered to treat several
malignancies (Falzone et al. 2018). Moreover, automotive catalytic converters (ACC) are
equipped in cars throughout the world, imposed by regulatory authorities (e.g. European
Commission 1991) to reduce toxic gases emission. The automotive sector per se has
around 50 % of worldwide Pt and Rh demand (Johnson Matthey 2016). As a consequence
of all necessities and the large diversity of usages, anthropogenic emissions of Pt and Rh
into the environment will continue to raise and, therefore, responsible for an emerging
environmental concern in spite of being critical elements. The abundance of both
elements in the earth’s upper continental crust (UCC) is very low, having in average
global concentrations of 0.4 ng Pt g and 0.06 ng Rh g* (Peucker-Ehrenbrink and Jahn
2001; Ravindra et al. 2004). In environmental matrices, Pt and Rh are usually found at
concentrations of a few ng g* or L (e.g. Zereini and Wiseman 2015). Therefore, to have
suitable methods for the determination of Pt and Rh at the ultra-trace level is of major
importance. Most of the commonly used techniques quantify the total concentration of
elements after the proper pre-treatment of the sample. However, it is recognized that total
concentrations per se do not reflect the potential toxicity of an element. Thus, sensitive
and selective methods are still needed, in particular regarding speciation studies under
relevant environmental conditions that demand sufficient selectivity and low limits of
detection. The individual and simultaneous determination of Pt and Rh in different
environmental matrices have resulted from the achieved improvements of the analytical
techniques over the past few decades. This has been the case of ICP-MS and AACSV (e.g.
Zereini and Wiseman 2015). Despite the high sensitivity on Pt and Rh analysis, ICP-MS
still presents some disadvantages, such as the need of matrix separation due to
interferences of other elements (Labarraque et al. 2015). A simple and sensitive

alternative is the use of voltammetric techniques, such as AdCSV, with the advantage of
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direct Pt and Rh determination at ultra-trace levels. It is a less expensive method than
ICP-MS and is also adequate for characterization and routine analysis of several

environmental compartments (Zereini and Wiseman 2015; Locatelli 2007).

Information about Pt remains scarce in aquatic environments, despite all the efforts
to understand its biogeochemical cycle. Research on Pt and Rh anthropogenic emissions
has focused mainly on Pt and particularly on its distribution in rural, urban and industrial
areas (e.g. Zereini and Wiseman 2015). In aquatic systems is noteworthy the limited
number of studies dealing with a spatially-resolved distribution of Pt (Cobelo-Garcia et
al. 2011, 2013; Monteiro et al. 2019; Terashima et al. 1993; Wei and Morrison 1994;
Zhong et al. 2012). This is even more restricted for Rh in particular, being such studies
rarer (Essumang et al. 2008; Monteiro et al. 2019) and data still lacking in estuarine waters
and organisms. Concentrations of Pt and Rh in sediments are usually close to background
levels (<0.5 ng g ) or of a few ng g (Cobelo-Garcia et al. 2013; Monteiro et al. 2019;
Zhong et al. 2012). Yet, other point sources may increase their levels, such as industries
that use Pt and Rh catalysts in manufacturing processes. Another source of Pt to aquatic
systems is the Pt-based compounds excreted by patients that enter hospital and domestic
sewage during cancer treatments. Moreover, road dust also presents much higher
concentrations of Pt and Rh, being a major anthropogenic reservoir of both elements
(Zereini and Wiseman 2015) resulting from ACC, whose exhaust fumes contain Pt and
Rh fine particulate material usually in the form of micro- or nanoparticles (Palacios et al.
2000). Deposited particles on the roadside are eventually washed by heavy rain events,
entering the urban drainage. Thus, waste- and pluvial waters runoff are a pathway for
urban Pt and Rh input to nearby aquatic systems (Monteiro et al. 2017; Vyas et al. 2014).
Other dissemination mechanisms to aquatic systems may occur through the atmosphere,
where Pt and Rh are dispersed in airborne particles by the wind action. This mechanism
of spread has been essentially attributed to ACC, whose particles return to the earth’s

surface by wet or dry atmospheric deposition on either land or water.

Information about how and which forms of Pt and Rh are released to the aquatic
systems nor their chemical behaviour under environmentally relevant conditions are
clear. Some studies point to the emission of Pt and Rh from ACC mainly as particulate
material (Ek et al. 2004; Ely et al. 2001; Prichard and Fisher 2012; Rauch et al. 2002),
yet a soluble fraction has also been measured (Moldovan et al. 2002). Speciation analysis

schemes in aquatic environments are used to discriminate between particulate and
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dissolved fractions, i.e. the latter usually filtered through a 0.45 pum porous membrane
(Burden et al. 2002). Yet, colloids (<1000 nm; Wilkinson et al. 2006) and nanoparticles
(<100 nm; Auffan et al., 2009) are also included in the operationally defined ‘dissolved’
forms and whose mobility and bioavailability may be different from truly dissolved
species (Guo and Santschi 2006). Furthermore, the solubility of Pt and Rh can vary
depending on engine type and the age of the catalyst, as well as on the individual element
chemistry (Ash et al. 2014). So, a combination of several methods can be a useful strategy
in providing new insights into the speciation analysis of Pt and Rh. This could help to
understand their chemical behaviour in aquatic systems, such as estuaries, as well as the

metals fractionation.

Besides the essential chemical characterization of environmental and aquatic
samples, Pt and Rh remain scarcely understood in the water column of estuaries (e.g.
Cobelo-Garcia et al. 2013; Cobelo-Garcia et al. 2014). The levels of particulate Pt and Rh
in waters are usually associated with suspended particulate matter (SPM), having
concentrations of a few ng g* and often close to sediment levels (Cobelo-Garcia et al.
2013; Cobelo-Garcia et al. 2014). More recently, Abdou et al. (2020) also reported that
phytoplankton played a role on the Pt levels observed in contrasting locations from the
Atlantic and Mediterranean sea. As to their dissolved concentrations in the water column,
Pt in general ranges up to 15 ng L (Cobelo-Garcia et al. 2013; Cobelo-Garcia et al. 2014;
Soyol-Erdene and Huh 2012). Dissolved Rh concentrations have only been reported in
the ocean, between 0.04 and 0.1 ng L™ (Bertine et al. 1993). Furthermore, there is a lack
of knowledge on Pt and Rh chemical behaviour under hydrodynamic conditions, such as
those in tidally driven estuaries, as well as the mass exchanges occur with adjacent coastal

areas.

The Tagus estuary is one of the largest estuaries in Europe that possesses unique
environmental features and considerable anthropogenic pressures, making it a natural
laboratory to the study of Pt and Rh. The wide inner bay is shallow (<7 m) with a complex
bathymetry that shapes towards a downstream deeper and narrow inlet, connecting to the
Atlantic Ocean (e.g. Vale and Sundby 1987). The tidal regime of the Tagus estuary is
mainly semi-diurnal and tidally driven, dominated by shorter ebbs but with stronger
current velocities than in the floods (Fortunato et al. 1999; Guerreiro et al. 2015; Vaz and
Dias 2014). The margins are densely populated and the urban area is linked to the estuary

through several WWTP and pluvial water drainage channels. Several industries are also
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settled around the estuary, with historical records of manufacturing chemicals, fertilizers,
food, steel and ore processing. Moreover, two high traffic motorway bridges cross the
estuary. All these characteristics made the Tagus estuary vulnerable to contamination
over decades (Brito et al. 2018; Ceséario et al. 2016, 2017; Mil-Homens et al. 2009; Vale
et al. 2008). Platinum and Rh in sediments of the Tagus estuary unveiled an increasing
concern on the extent of their contamination, addressed in a limited number of studies
focusing mainly on Pt (Almécija et al. 2015, 2016a, 2016b; Cobelo-Garcia et al. 2011).
Therefore, this thesis intended to improve the current knowledge of this element and to
add new information about Rh by addressing topics that were not clarified yet in Tagus
estuary. Summarizing, the sources and extent of Pt and Rh contamination were evaluated
through sediment, road dust and water samples, providing new insights on the occurrence
and fate, as well as their biogeochemical behaviour in a hydrodynamic estuary such as
the Tagus.

The optimization procedure for the simultaneous determination of Pt and Rh using
AdCSV and its application to complex environmental matrices was carried out (Monteiro
et al. 2017). The main goal of the work was to take advantage of using the second
derivative signal transformation in the simultaneous analysis of Pt and Rh to reduce the
intense background current and/or interfering peaks. These commonly cause ill-defined
peaks that affect the target signal, influencing the accuracy of measurements (Almécija
et al. 2016; Cobelo-Garcia et al. 2014). The optimized procedure maintained the use of
Pt surface-active complex with formazone, which is produced in situ from the reaction of
formaldehyde (FA) and hydrazine (HZ) (Locatelli 2007; van den Berg and Jacinto 1988;
Ledn et al. 1997; Cobelo-Garcia et al. 2014). The Pt-complex is adsorbed on the mercury
electrode and the catalytic-promoted hydrogen reduction occurs in acidic conditions (e.g.
H2S04) due to the formation of Pt(0). Furthermore, the catalytic behaviour of Pt(I1V) is
similar to Pt(Il), since hydrazine can quantitatively reduce Pt(I1V) to Pt(Il) (Zhao and
Freiser 1986). In the case of Rh, catalytic waves in formaldehyde—HCI media have been
reported (Cobelo-Garcia 2013; Hong et al. 1994; Almécija et al. 2016), however, the
nature of Rh surface-active formaldehyde complexes was confirmed. The investigated
and optimized experimental conditions included the suitable electrolyte solution for the
analysis of both elements, with reduced reagents consumption (0.25 M H,SQO4, 0.05 M
HCI, 0.01 M FA and 0.5 mM HZ). The deposition time (tq) and deposition potential (Eq)

were also surveyed for the optimal operating conditions. For t4 =120 sand Eq =-0.75 V,
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linearity presented r > 0.999, obtained for concentrations ranging up to 5.8 ng L™ (27
pM) for Pt and up to 3.4 ng L™* (34 pM) for Rh. The attained LODs were 0.2 ng Pt L™
and 0.08 ng Rh L. In addition, lower LOD were achieved by increasing tq. Possible
interferences were also evaluated and only the sensitivity of Pt during analysis was
affected by elevated Zn concentrations (>2 mg L), whereas for Rh a minor effect was
observed. Intermediate precision expressed as relative standard deviation, based on
spiked samples and digested road dust CRM BCR-723 using Pt and Rh standard solutions,
was 17 % and 20 % for Pt and Rh, respectively. Recoveries of CRM were around 90 %
for both elements. The optimized method for simultaneous determination of Pt and Rh
was successfully applied in sediments from Tagus estuary and for the first time dissolved
Rh was determined in water samples of a WWTP (Monteiro et al. 2017). From all the
reasons abovementioned, the adequacy of the optimized procedure was proven to be
suitable for several environmental matrices, even the most complex, such as road dust
and wastewaters. Therefore, the subsequent thesis work was performed mainly using the

AdCSV optimized procedure.

The spatial distribution of Pt and Rh in superficial sediment samples (n = 72) of
Tagus estuary was assessed and their sources discussed (Monteiro et al. 2019). The
concentrations found in the sediments varied within 0.18-5.1 ng Pt g% and 0.02-1.5 ng
Rh g . Four distinct areas were established for the Tagus: “reference”; waste- and pluvial
water discharge; motorway bridges and industrialised areas. The median concentrations
calculated for the reference samples, distant from potential point sources of Pt and Rh,
were 0.55 ng Pt g~ and 0.27 ng Rh g~*. However, the reference level for Rh in the estuary
was five times higher than the background estimated for the UCC, suggesting the steady
increase of anthropogenic emissions. The highest concentrations of Pt and Rh were found
nearby industrialised areas and a motorway bridge, corresponding to enrichments of 10
and 6 times the estuary reference levels of Pt and Rh, respectively. The main sources of
contamination to the Tagus estuary derived from historical and present industrial
activities as well as automotive catalytic converters. The large variations of Pt/Rh found
(0.48-39) point to those different sources, with the highest ratio observed in industrial
areas. This indicates that Pt and Rh loading from industrial activities to the estuary cannot
be disregarded. Past and present industrial activities showed to have clear signatures of
Pt and Rh, as documented by Monteiro et al. (2019). The authors estimated that a

historical hotspot for metals contamination (BRR) has added to the estuary increased
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levels of Pt in comparison to Rh. Furthermore, other sources of Pt and Rh to the aquatic
environment exist (Rauch and Peucker-Ehrenbrink 2015) and data from spatial
distribution in sediments are important to effectively assess them (Monteiro et al. 2019;
Zhong et al. 2012). The medicinal uses of Pt and consequentially its emission remain
poorly understood in the Tagus and further investigation is still needed to assess the extent

of the contamination.

Even so, catalytic converters from vehicles may be considered, perhaps, the most
widespread source of anthropogenic Pt and Rh to the Tagus estuary. Several pathways
from urban areas towards the estuary exist, such as the waste- and pluvial runoff as well
as the bridges crossing the estuary. While in the sediments of the wastewater outfalls there
was a Pt and Rh signal imprinted, Monteiro et al. (2019) observed along the Vasco da
Gama (VG) bridge a clear signature that could only result from ACC emissions.
Moreover, the structural features of the bridge and its extension (~17 km) contributed
largely to the observed pattern of distribution. The road dust material accumulated and
concentrated along the bridge roadsides during dry periods is then washed directly to the
estuary during rain periods. The road dust enters directly into the estuary through a system
of gully pots located along the bridge and is spread according to the tidal and
hydrodynamic regime. In opposition, the downstream 25 de Abril (25A) bridge is shorter
(~2 km) yet located higher than VG bridge, and has a gridded metallic deck that allows
rainwater and road dust particles to pass through. Therefore, being more exposed to
environmental conditions, such as wind, it easily allows the dispersion of road dust to
either inland or the water regardless the higher traffic density (=150 000 cars d) than in
VG bridge (=50 000 cars d). As such, the estimated emissions for both bridges confirm
these observations. The computed total emissions since the opening of VG bridge in 1998
ranged from 542 — 937 g of Pt and 130 — 262 g of Rh. For the 25A bridge, lower intervals
were found, 171 — 312 g of Pt and 41 — 87 g of Rh. Even with higher vehicle traffic on
25A bridge than in VG bridge, it is clear that their extension and structural characteristics

play a crucial role in the distribution of Pt and Rh emissions from ACC.

As mentioned previously, physical drivers such as wind and rain events may force
the transfer of Pt and Rh between compartments, affecting their distribution and
ultimately transferring them from urban areas to the nearby aquatic systems. Along their
path, Pt and Rh speciation may be affected by chemical changes in the media. A

speciation analysis scheme for Pt and Rh in aquatic media was developed by Monteiro et
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al. (2020) using a combination of several methods. A composite sample of road dust (<63
pm) was collected and thoroughly characterized. Some of its characteristics were similar
to the certified reference material BCR-723 and other road dusts collected worldwide
(Gunawardana et al. 2012). Yet, the differences found reflected local or regional
circumstances, such as climacteric and moisture conditions, and the type of soil and
surface properties of the pavements that affect the road dust mineralogical composition.
Nevertheless, road dust is a major anthropogenic reservoir of Pt and Rh, as confirmed by
the total concentrations found, 294 ng Pt g* and 44 ng Rh g™

Monteiro et al. (2020) performed leaching experiments and analysed the filtered
solutions (<0.45 um) for Pt and Rh after incubation up to 7 days in synthetic rainwater
and seawater. The leachates were measured for truly dissolved Pt and Rh concentrations
using AdCSV (Monteiro et al. 2017), while total concentrations in the leachates were
determined by ICP-MS. Truly dissolved species corresponded to a small fraction of total
Pt and Rh in the road dust. Accordingly, Pt and Rh values in both media were 0.01 % and
0.1 %, respectively, of the total concentrations found in road dust and remained relatively
constant over time. Contrarily, Folens et al. (2018) could only measure Pt nanoparticles.
Furthermore, pH was found to have an impact on Pt dissolution (Jarvis et al. 2001),
whereas in these experiments pH measured in all leachates was fairly constant and close
to 8.

The concentration of total filter-passing species was higher than truly dissolved
forms in the leachates and predominated by a factor of 10 for Pt and 2 to 3 for Rh.
Particulate species coexist with truly dissolved forms in the operationally ‘dissolved’
fraction. Despite the uncertainties regarding the nature of the (nano)particles bearing Pt
and Rh and/or Pt and Rh nanoparticles in the leachates, Monteiro et al. (2020)
demonstrated that (nano)particles do exist in solution, with a higher concentration in
seawater extracts. Nanoparticle tracking analysis (NTA) was used to investigate the
presence of nanoparticles in the leachates, being an additional and independent evidence
of their presence. Despite the limitations about the nature of Pt and Rh nanoparticles, the
results confirmed their presence in the leachates and fully supported the conclusions
drawn from AdCSV and ICP-MS data.

The simultaneous presence of (nano)particles and truly dissolved species was
recently observed for Pt in real riverine samples of the Tagus estuary by Monteiro et al.

(in prep). By using the same multi-method approach, differences between truly dissolved
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forms and total filter-passing Pt species could be measured by AdCSV and ICP-MS,
respectively. Moreover, the speciation analysis showed that total filter-passing forms of
Pt were superimposed to those in the particulate fraction, with truly dissolved species
representing nearly half of total Pt concentration in the water column. Contrarily, truly
dissolved species of Rh were an important fraction of the total content released by ACC.
Thus, dissolved species controlled Pt behaviour in the water column, whereas Rh
appeared to be dominated by the particulate fraction (Monteiro et al. in prep). Moreover,
particulate and dissolved Rh concentrations were never reported simultaneously in an

estuary.

Although these are not listed as priority pollutants to be monitored in water quality
programs, e.g. from the European Union, their rising concentrations in the aquatic
environment bring interest about their chemical behaviour and distribution in waters.
Monteiro et al. (in prep) described Pt and Rh occurrence in the water column of Tagus
estuary in two distinct stations. The upstream station was the riverine end-member (VFX)
of the Tagus and the downstream station was an outfall of a WWTP (ALC) near the
Atlantic Ocean. Semi-diurnal tidal cycles, in neap (NT) and spring tides (ST), were
evaluated for both particulate and dissolved (<0.45 m) fractions of Pt and Rh using
AdCSV. Additional parameters such as temperature, conductivity, pH, dissolved oxygen
and SPM were also measured. Concentrations in the particulate fraction ranged up to 25.6
ng Pt g and 5.1 ng Rh g%, while in dissolved fraction concentrations ranged up to 11.7
ng Pt L't and 0.19 ng Rh L. At the WWTP outfall, concentrations were higher than in
the riverine end-member and Pt presented also higher concentrations than Rh. Moreover,
dissolved Rh concentrations were below the LOD during NT at VFX. In the other tidal
cycles surveyed, ST at VFX and both NT and ST at ALC, both particulate and dissolved
Pt and Rh followed the hydrodynamic regime, in general presenting the highest
concentrations during low tide. These results reflected the different anthropogenic inputs
to the Tagus estuary. One was attributed to the ACC, whose road dust enters the urban
drainage or is directly released to the estuary, as previously seen for the VG bridge
(Monteiro et al. 2019). An additional source of Pt was pointed out at ALC station, where
the input of Pt-based compounds could be confirmed. In addition to the Pt variation along
with the tidal cycles, relative increments could be observed in the morning and afternoon
periods, most likely related with personal care activities. This was also evidenced in the

elevated mass Pt/Rh ratios, pointing to the presence of an additional source of Pt since
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Rh levels were in the same order of magnitude of those found at VFX. Furthermore, the
distribution coefficients of Pt and Rh did not vary along the salinity gradient observed in
the estuary, as well as amongst tidal cycles and locations. However, Pt appeared to have
non-conservative behaviour due to the larger inputs to the estuary than those estimated
for Rh.

Additionally, there is also a need to understand the physical mechanisms that can
act as driving forces on local and regional transport of Pt and Rh. The potential exchanges
of both elements were also evaluated at the downstream station near the Atlantic Ocean,
as it has shown the highest inputs to the estuary Monteiro et al. (in prep). It was noticed
that higher metal concentrations were associated with the ebb opposing to the flood. By
taking advantage of a hydrodynamic model implemented in the Tagus estuary and using
a Lagrangian method to improve the understanding of only the physical drivers, the
spread of the particles pointed out recirculation within the estuary and the export towards
the Atlantic Ocean. The probability of particles’ export from the inlet was very high and
occurred fast, within 2 days. While the recirculation in the inner estuary may lead to the
retention of some Pt and Rh, the export to the adjacent coastal area appears to be high,
considering the concentrations found in the superficial sediments of the estuary (Monteiro
et al. 2019). Therefore, the estuary is a net source of both Pt and Rh to the coastal

environment.

Previously, Cobelo-Garcia et al. (2011) reported a sub-surface Pt enrichment in a
sediment core of the Tagus pro-delta. This was related to the extensive industrial activities
in Tagus estuary around 1960s/70s that mimics the records found for Hg and Pb (Mil-
Homens et al. 2009). Because the sampling of the core was in early 2000, less than one
decade after the introduction of European legislation regarding the control of pollutants
emission using ACC (European Commission 1991), a superficial enrichment of Pt was
not fully observed. However, considering the increase of Pt and Rh uses for more than
two decades, increased amounts of these metals could have been already exported to the
adjacent coastal area. Once in the coastal environment, it is likely that regional-scale
drivers, such as northerly winds and upwelling events, will affect the dispersion of Pt and
Rh.
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IX. CONCLUSIONS AND FUTURE PERSPECTIVES

9.1. Conclusions

This work has provided new insights on Pt and Rh in the aquatic system of Tagus estuary,
SW Europe. The increasing levels of Pt and Rh and their sources are visible in several
matrices of the estuary, particularly owing to continuous and recent anthropogenic inputs.
The current understanding of Pt and Rh occurrence and distribution in a highly
hydrodynamic system such as the Tagus estuary has considerably improved with the
contribution of this work. Moreover, some of the current knowledge gaps regarding Pt
and Rh speciation analysis in aquatic systems were also addressed.

Several objectives were proposed in section Il, upon questions for which answers were
still poorly documented, in particular regarding Rh. Therefore, the main conclusions of
this thesis respond to those goals and can be summarized as follows:

o The simultaneous determination of Pt and Rh by Adsorptive Cathodic Stripping
Voltammetry (AdCSV) using the second derivative of the voltammograms was
optimized and successfully applied to relevant environmental samples. (objective
1)

o The optimized and validated method offers the high sensitivity necessary to
measure the low signals frequently observed in low contaminated environmental
samples, therefore being suitable for the analytical quantification of Pt and Rh.

(objective 1)

o Reagents consumption and time of analysis were also optimized in the analytical
procedure, reducing the costs and time of analysis and turning the method attractive

for routine analysis. (objective 1)

o At ultra-trace concentrations in water samples, the simultaneous determination of
Pt and Rh using AdCSV was improved by the use of second derivative

transformation of the signals. (objective 2)

o Dissolved and particulate Rh concentrations in the water column from an estuary
and water samples from a wastewater treatment plant (WWTP) were reported for

the first time. (objective 3)

o The high-resolution spatial distributions of Pt and Rh in superficial sediments of

the Tagus estuary were assessed and reference levels are reported. (objective 3)
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Reference levels for Pt are close to the background but Rh was ca. 5 times higher

than the estimated crustal abundance. (objective 4)

The Pt/Rh mass ratios found in sediments did not reflect typical values for
automotive catalytic converters (ACC), pointing out additional sources to the

estuary. (objective 4)

Motorway bridges are relevant pathways for the entrance of Pt and Rh into the

estuary. (objective 4)

The magnitude of Pt and Rh contamination deriving from industrial activities

towards the estuary may have been larger and dominant in the past. (objective 4)

An additional source of Pt found in the WWTP outfall could derive from the
hospital and domestic sewage due to the use of Pt-based anticancer therapy, as
shown by the relative increments in periods that were associated to personal care

activities. (objective 4)

The main sources of Pt and Rh in Tagus estuary were confirmed, in particular those

from cars and industries through their use as catalysts. (objectives 4 and 5)

The concentrations of particulate and dissolved fractions (<0.45 um) of Pt and Rh
were evaluated in the water column of Tagus estuary with distinct master

characteristics. (objective 5)

In the river end-member, both particulate Pt and Rh and dissolved Pt, were
continuously introduced in the estuary, presenting low and relatively constant
concentrations, whereas dissolved Rh was often below the limit of detection.

(objective 6)

At the WWTP outfall close to the Atlantic Ocean, both fractions of Pt and Rh

showed a markedly increase and presented varying concentrations. (objective 6)

Increments in Pt and Rh levels followed an inverse pattern in relation to the semi-
diurnal tidal oscillation, with the highest concentrations observed during the low

tides. (objective 6)
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Speciation analysis of Pt and Rh, and their potential mobility in aquatic systems,
may be done using a combination of complementary analytical strategies.
(objectives 6, 7 and 9)

Different forms of Pt and Rh in urban road dust leachates (filtered <0.45 pum

solutions) were discriminated. (objectives 7, 8 and 9)

Non-dissolved species of Pt predominated over the dissolved forms, whereas for
Rh truly dissolved species were an important fraction of the total content released
by ACC. (objectives 7, 8 and 9)

Truly dissolved Pt and Rh remained constant during the experimental period, while
the (nano)particulate fraction in the leachates varied depending on the medium.

(objective 7)

In the leachates, (nano)particulate Pt longer exposure times in seawater led to an
increase of total Pt concentration as opposed to the lower concentrations observed

in rainwater. (objectives 7 and 8)

Such variations are most likely to reflect the behaviour of (nano)particles rather

than the effects of pH or ionic strength per se. (objective 8)

The use of NTA confirmed for the first time the existence of (nano)particles in the
leachates, in agreement with ICP-MS results that showed a higher proportion of Pt

(nano)particles in seawater leachates. (objective 9)

Truly dissolved species measured together with (nano)particles using ICP-MS can
be discriminated employing AdCSV, which only determines the truly dissolved

fraction. (objective 9)

The partition coefficients for Pt and Rh in Tagus estuary varied within the same
range of salinity; however, they remained unchanged along the salinity gradient.
(objective 10)

The pattern observed may indicate the influence of Pt and Rh sources rather than

their chemical interactions with the estuarine water. (objective 10)

197



IX. CONCLUSIONS AND FUTURE PERSPECTIVES

o Operationally defined forms of dissolved Pt represented the largest portion of total
metal emitted as opposed to Rh, whose particulate forms dominated in the water
column. (objective 10)

o Advection may largely control the distribution of Pt and Rh, being easily and

rapidly dispersed in the water column owing to their low reactivity. (objective 11)

o Recirculation within the estuary and export of Pt and Rh towards the adjacent

coastal region were predicted through modelling. (objectives 11 and 12)

9.2. Future Work and Perspectives

The developed research has provided comprehensive and reference information
about Pt and Rh in Tagus estuary, highlighting the importance of understanding their
occurrence and biogeochemistry in estuaries. Although for Pt and Rh this work has
unveiled many aspects about its occurrence, sources and estuarine behaviour, their
speciation still needs further investigation, as an example, including Pt analogues
cisplatin, carboplatin and oxaliplatin. Despite the advances over the past decades
regarding the knowledge of PGE in aquatic ecosystems, mainly for Pt, gaps still exist
about the other PGE, e.g. Pd and Ru, and many questions continue to be posed. These
sustain the need to better understand their occurrence, transport, speciation and potential
toxicity in the aquatic environment. In addition, Pd and Ru are also two elements of great
interest for future research. Palladium is also an important active component in ACC,
presenting higher reactivity and potentially posing a greater environmental risk than Pt
and Rh due to its larger solubility. As to Ru, its properties point it out also as a suitable
element for medicinal applications. Therefore, anthropogenic uses and increasing

emissions of these elements may be foreseen.

Current analytical techniques are not able to distinguish different redox states of Pt
and Rh or the other PGE. The improvement of the available analytical techniques, or their
combination, is thus necessary to assess accurate information in environmental
compartments. Lowering the LOD for Pd and Ru determination in aquatic systems is a
key issue to investigate their degree of contamination. The lack of a suitable voltammetric
analytical method for Pd determination at this stage has hindered so far its speciation

analysis in aquatic media. Moreover, although voltammetric techniques for the
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determination of Pt-based compounds (e.g. cisplatin) exist, they need optimization for

environmental analysis.

Industrial emissions of classical contaminants have been assessed in Tagus estuary
over the past decades. Yet, PGE remains poorly documented in these areas. The historical
record of Pt and Rh released by the industries settled in the Tagus estuary margins can be
surveyed through the analysis of sediment cores. With the improved voltammetric
method, Pt and Rh can be determined in the solids and interstitial waters of sediment
cores of any aquatic system. Furthermore, an estimation of the transport of both metals
across the sediment-water interface (diffusive and advective) can be made. This approach
is relevant to understand the importance of the role of sediments as a sink and/or source
of PGE to the water column and consequently to biota. Moreover, the information
concerning the driven processes that influence the sediment-water fluxes on a time scale
that may range from minutes associated with tides or years ruled by diagenetic processes
in deeper sediment layers is vital to understanding the extension of PGE environmental

contamination.

Because PGE will most likely increase in the aquatic environment, the estimation
of regional and/or global PGE fluxes needs to be re-evaluated. Reliable speciation data
and mechanisms acting in the mobility of PGE are needed. Furthermore, these should be
included in the development of new and integrative modelling tools, whose barriers still
need to be overcome. This will allow computing regional and global distribution and
fluxes, as well as to predict “worst-case” scenarios and regions vulnerable to the impacts
of anthropogenic activities. Ideally, models should include all environmental

compartments, i.e. the atmosphere, land, aquatic (water and sediments) and biota.

The European Commission predicts a significant increase in demand and supply of
these elements that are essential for producing technology-materials in the upcoming
years. However, an accurate environmental risk assessment of PGE concerning the Water
Framework Directive (WFD; 2000/60/EC) and Marine Strategy Framework Directive is
missing. Thus, novel information should be provided on the effect of PGE on biota and
potentially included in the revision of these directives with the scope to achieve a good
status of all waters in Europe. Moreover, since estuaries and coastal areas subjected to

continuous inputs of PGE they should be monitored and their fate evaluated.
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Supporting Information from Chapter 1V
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Figure S.1V 1 — Effect of medium composition in the Pt—and Rh—complexes detected by AdCSV using
the second derivative (2" Der) transformation in the original voltammograms. Conditions: 1 — baseline
scan in 0.25 M H,SO,4 and 0.05 M HCI; 2 — addition of 2.0 ng L™ Pt and 0.67 ng L™! Rh; 3 —addition of
formaldehyde 0.01 M (FA); and 4 — addition of hydrazine 0.5 mM (HZ) with formazone produced in situ;
ty =120 sand Eq = -0.75 V.
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Figure S.1V 2 — Calibration plots of Pt, 2" Der peak height = 2.7x10-° + 1.5x10* C (circles) and of Rh,
2" Der peak height = —7.3x10°% + 2.3x10 Crx (triangles), in simultaneous determination with the
optimised experimental conditions: electrolyte 0.25 M H,SO4, 0.05 M HCI, 0.01 M FA and 0.5 mM HZ;
ty =120 sand Eq = —0.75 V. The grey shaded area represents the 95 % confidence interval of the
calibration curve.
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Supporting Information from Chapter V
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Figure S.V 1 — Bivariate plot of Pt and Rh in superficial sediments of Tagus estuary, depicted by section;
trend on the background data and the respective Spearman correlation (rs) are represented by the dashed
line.
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Figure S.V 2 — Spatial distribution of Gd concentrations normalised to Al in superficial sediments of Tagus
estuary.
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Estimation of Pt and Rh emissions

Using the same approach as in Almécija et al. (2015), we estimated the range of Pt and
Rh emissions from ACC in VG and 25A bridges. Table S.V 1 summarises the calculations
based on: (i) minimum and maximum number of vehicles per day crossing the bridges in
one year period (2015/2016) before the sampling (IMT 2016); (ii) the deck lengths: 17.2
km long for VG bridge and 2.3 km for 25A bridge (www.lusoponte.pt); (iii) the
proportion of gasoline engine vehicles to diesel engine that is approximately 4:6 (ACEA
2017); (iv) the range of estimated release of Pt and Rh from ACC at a rate of ng km-!
(Palacios et al. 2000); and (v) the number of days calculated since the opening of VG
bridge until the sampling campaign (6631 days), as well as for 25A bridge for comparison
purposes. Almeécija et al. (2015) has estimated that nearly 450 and 1140 g of Pt has been
released over 13 years since the opening of VG bridge, using two different approaches.
Our estimation of total emissions ranged from 542 — 937 g of Pt and 130 — 262 g of Rh
in VG bridge, while for 25A bridge were 171 — 312 g of Pt and 41 — 87 g of Rh, since the

opening of VG bridge in 1998.

Table S.V 1 — Estimation of Pt and Rh range of emissions in VVasco da Gama (VG) bridge and
in 25 de Abril (25A) bridge since the opening of VG bridge.

Vasco da Gama (VG) bridge
Beginning of activity April 1998
Sampling for this work June 2016
Estimated number of days 6631

Vehicles traffic / day - 1 year previous to sampling
min 53264
max 61353

Extension of the bridge 17.2 km
25 de Abril (25A) bridge
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Beginning of activity previous to 1990
Sampling for this work June 2016
Estimated number of days 9125
Vehicles traffic / day - 1 year previous to sampling
min 125649
max 152957
Extension of the bridge 2.3 km
For comparison purposes, n° days in calculations: 6631
Diesel vehicles? 65 %
Petrol vehicles? 35 %
New vehicles? 7 %
Old vehicles? 93 %
Estimated range of Pt emissions®
min max

Petrol
New vehicles ng M /km 102
Old vehicles ng M /km 6.3 8.2
Diesel
New vehicles ng M /km 404 812
Old vehicles ng M /km 110 152

VG bridge TOTAL g Pt 542 937

25A bridge TOTAL g Pt 171 - 312
Estimated range of Rh emissions®

min max

Petrol
New vehicles ng M /km 38 66
Old vehicles ng M /km 3.7 12
Diesel
New vehicles ng M /km 82 184
Old vehicles ng M /km 26 39

VG bridge TOTAL g Rh 130 262

208




ANNEXES

25A bridge TOTAL g Rh 41 - 87

& Estimated from Instituto Nacional de Estatistica and http://www.acea.be/statistics/
® Estimated emissions of Pt and Rh according to Palacios et al. (2000) and Almécija
et al. (2015).
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Figure S.VI 1 — Particle-size distribution of the road dust sample obtained by laser diffraction.
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Figure S.VI 2 — Variation of pH during the road dust incubation period of 7 days; the inbox depicts pH
variation within the first 24 hours of incubation.
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Table S.VI 1 — Composition of synthetic rainwater and seawater.

Synthetic rainwater*

Synthetic seawater?

ANNEXES

Salt gL Salt gL*
CaSO4 0.0051 NaCl 23.5
MgCl, 0.002 Na,SO,4 4.98
KCI 0.0019 CaCl, 3.92
NaNO3; 0.0019 KCI 0.66
NaHCOs 0.0056 NaHCO3 0.19
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and Rainwater Characteristics on Copper Concentrations in Roof Runoff. Environ. Monit.
Assess. 2012, 184 (5), 2797-2804. https://doi.org/10.1007/s10661-011-2152-1.

(2)  Kester, D. R.; Duedall, I. W.; Connors, D. N.; Pytkowicz, R. M. Preparation of Artificial

Seawater. Limnol. Oceanogr. 1967, 12 1), 176-179.
https://doi.org/10.4319/10.1967.12.1.0176.
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Supporting Information from Chapter VI
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Figure S.VII 1 — Dissolved organic carbon (DOC) in the water column at VFX station during neap tide
survey. Tidal height — blue line; surface — white circles; bottom — black circles.
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Table S.VII 1 — Metals and water parameters correlation matrix in the water column at VFX during neap
tide. Significant correlations (p<0.05) are highlighted in red.

T pH Cond %DO DO SPM Ptyaesy Pt Rhp,  DOC Ptpicpms

T 1000 0.223  -0.666  -0.196  -0.285  -0.241 -0.037 0.246  -0.188  0.232 0.156

pH o223 1.000  -0.234 0145 0192  -0.524 0.160 0.518  -0.201 = -0.209 0.047
Cond 0666 -0.234 1000 -0.216 -0.124  0.318 -0.240 -0.358 0141 = -0.618 -0.139
%D0O -0196  -0.145 -0.216  1.000 0.984 0.194 0.133 0.079  -0.051  0.259 0.297
DO -0285 0192 -0.124  0.984 1.000 0.225 0.129 0.060  -0.020  0.256 0.222
SPM 0241 0524 0318 0.194 0.225 1.000 -0.355 -0.544 = 0.248 = -0.123 0.067
Ptpagcsy 0037 0160 0240  0.133 0129  -0.355 1.000 0.092  -0.367  0.315 0.219
Pt, o0.246 0.518 = -0.358  0.079 0.060  -0.544 0.092 1.000 0274  0.233 -0.442

Rh, 018 -0201 0141 -0051 -0.020 0.248 -0.367 -0.274 1000 = -0.034 0.017
DOC 0232 -0.209 -0.618 0.259 0.256 -0.123 0.315 0.233 -0.034 1.000 -0.070
Ptp. cp.ms 0156 0.047  -0.139  0.297 0.222 0.067 0.219 -0.442 0017  -0.070 1.000

Table S.VII 2 — Metals and water parameters correlation matrix in the water column at VFX during spring
tide. Significant correlations (p<0.05) are highlighted in red.

T pH Cond %DO DO SPM Pt, Rh, Pt Rh,

T 1000 -0271 -0.446 0004  -0.011  0.237 0.437 0.035 = -0.298  0.236

pH -0271  1.000 0.688 0.694 0514 = -0.418  -0.404  -0.034 0448  -0.229
Cond -0446  o0.688 1.000 0.833  0.698 = -0.324  -0510 -0.028 0417  -0.206
%DO 0004 0694 0.833 1.000  0.904 = -0.227 = -0.343  0.016 0.253  -0.085
DO -0.011 0514 0.698 0.904 1.000  -0.024  -0.306 -0.019  0.033  -0.177
SPM 0237 0418 -0.324 0227 -0.024 1000 0028 -0.334  -0.614  0.060
Pt, 0437 -0404 0510 -0.343 0306  0.028 1.000 0.266 = -0.105  0.062
Rhp, 0035 0034 0028 0016 -0.019 -0334  0.266 1.000 0.163  -0.081
Pt, 0208 0448 0.417 0.253 = 0.033  -0.614 -0.105  0.163 1.000 0.219

RhP 0.236 -0.229 -0.206 -0.085 -0.177 0.060 0.062 -0.081 0.219 1.000
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Table S.VII 3 — Metals and water parameters correlation matrix for ALC in neap tide. Significant
correlations (p<0.05) are highlighted in red.

T pH Cond %DO DO SPM Pt, Rhp Pt, Rh,

T 1000 -0646 -0901 -0473 -0505 0593 = 0731 = -0.200 0.835  -0.137

pH 0646 1000 0812 0886 0845 0652 -0.809 0257  -0.707  -0.231
Cond 0901 0812 1000 0720 0714  -0.648 -0.879 0200 = -0.885 = -0.132
%DO 0473 088 = 0720 1000 0978  -0.412 -0.720 0371  -0.687 = -0.538
DO -0505 0845 0714 = 0978  1.000  -0.319  -0.665 = 0.371 = -0.698  -0.505
SPM 0593 0652 0648 -0.412 -0.319 1000 0758 = 0.486  0.571  -0.203
Pt, 0731 -0809 -0.879 0720 -0.665 0758 1000 0314 0868  0.110
Rhy 0200 0257 0200 0371 0371 048 0314 1000 -0.029 -0.771
Pt, o085 0707 0885 0687 0698 0571  0.868  -0.029 1000  0.071

RhP -0.137 -0.231 -0.132 -0.538 -0.505 -0.203 0.110 -0.771 0.071 1.000

Table S.VII 4 — Metals and water parameters correlation matrix for ALC in spring tide. Significant
correlations (p<0.05) are highlighted in red.

T pH Cond %DO DO SPM Pt, Rhp Pt, Rh,

T 1000 -088 -0729 -0.732 -0.800  0.289 = 0.600 0444 = 0006  -0.557

pH 0868 1000 0941 0933 0939 0212 -0.600 -0.017  -0.083  0.158
Cond 0729 0941 1000 0951 = 0924 = -0.071 -0577 0250 @ -0.313  -0.042
%DO 0732 0933 0951 = 1000 00988  -0.247 -0.637  0.067  -0.214 = -0.063
DO 0800 0939 0924 0988  1.000 -0.278  -0.680 = -0.117 = -0.179 = 0.014
SPM 0289 0212 0071 -0.247 -0.278 1000 0313 0317  -0560  -0.217
Pt, 0600 -0600 -0577 0637 -0.680 0313 1000 0617 = 0247  -0.273
Rhy 0444 0017 0250 0067 0117 0317 0617 1000  -0.267  -0.548
Pt, 0006 -0083 0313 0214 0179 -0560  0.247  -0.267  1.000  0.210

RhP -0.557 0.158 -0.042 -0.063 0.014 -0.217 -0.273 -0.548 0.210 1.000
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