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University of Oulu Graduate School; University of Oulu, Faculty of Science
Acta Univ. Oul. A 679, 2016
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Platinum group elements (PGEs) have a high commercial value and variety of applications in
different fields of industry. One of the well-known applications is the use of palladium, platinum
and rhodium in the catalytic converters of automobiles to reduce the amount of harmful gases
emitted to the environment. Advanced analytical methods are needed to deal with issues related to
development of new catalyst materials, recycling of PGEs from spent materials and for monitoring
PGE emissions to the environment.

In the first part of this study the emphasis was on the catalyst materials. Especially, reliable
determination of ruthenium content in catalyst materials required further studies. Consequently,
acid digestions in closed vessels using a microwave oven or high pressure asher were compared
with a previously reported fusion method. Furthermore, the recovery of PGEs from spent materials
is important due to many factors, for example, the high value of these metals, environmental
aspects related to their production and possible availability issues in the future. Thus, utilization
of microwave-assisted leaching and cloud point extraction (CPE) for the recovery of palladium,
platinum, rhodium and ruthenium from catalyst materials was investigated.

The second part of this study concentrated on the PGEs in environmental samples and the
analytical challenges related to PGE determinations with inductively coupled plasma mass
spectrometry (ICP-MS). Due to the use of PGEs in catalytic converters of automobiles, they are
emitted to the roadside environment. The use of Pleurozium schreberi, a terrestrial moss, for
active biomonitoring of these emissions was evaluated. Advanced analytical methods were needed
to perform interference-free determinations of palladium, platinum and rhodium in these samples.
Two alternative approaches for interference elimination were studied. Firstly, the interfering
elements were removed using CPE as a chemical separation method. Secondly, interferences were
eliminated using ammonia as a reaction gas with the novel ICP-MS/MS (inductively coupled
plasma tandem mass spectrometry) technique.

Keywords: catalyst material, cloud point extraction, environmental sample, ICP-MS,
ICP-MS/MS, interference elimination, moss, platinum group elements





Suoranta, Terhi, Platinaryhmän alkuaineiden uudet analyysimenetelmät ja niiden
hyödyntäminen katalyyttimateriaalien, kierrätysmahdollisuuksien ja
ympäristönäytteiden tutkimuksessa. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Luonnontieteellinen tiedekunta
Acta Univ. Oul. A 679, 2016
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Platinaryhmän alkuaineita hyödynnetään monissa teknisissä sovelluksissa. Yksi tunnetuimmista
on autoliikenteen haitallisten päästöjen vähentäminen käyttäen palladiumia, platinaa ja rodiumia
autojen pakokaasukatalysaattoreissa. Luotettavia analyysimenetelmiä tarvitaan esimerkiksi kehi-
tettäessä uusia katalyyttimateriaaleja, kierrätettäessä platinaryhmän alkuaineita käytetyistä mate-
riaaleista tai seurattaessa platinaryhmän alkuaineiden määrää ympäristössä.

Tämän tutkimuksen ensimmäinen osa liittyi katalyyttien ruteniumpitoisuuksien määrittämi-
seen ja platinaryhmän alkuaineiden kierrätykseen katalyyttimateriaaleista. Erityisesti näytteen-
hajotusvaihe aiheuttaa usein ongelmia ruteniummäärityksissä. Tämän vuoksi tutkimuksessa ver-
rattiin keskenään mikroaaltotekniikalla tai korkeapainetuhkistimella suoritettuja happohajotuk-
sia ja aiemmin raportoidulla sulatemenetelmällä suoritettuja hajotuksia. Mikroaaltoavusteista
liuotusta sovellettiin yhdessä samepisteuuton kanssa tutkittaessa katalyyttimateriaalien palla-
diumin, platinan, rodiumin ja ruteniumin kierrätysmahdollisuuksia. Aihe on ajankohtainen, kun
huomioidaan platinaryhmän alkuaineiden korkea hinta, niiden tuotantoon liittyvät ympäristöasiat
sekä saatavuuteen liittyvät epävarmuustekijät.

Tutkimuksen toisessa osassa keskityttiin ympäristönäytteisiin ja erityisesti niiden ICP-MS -
analytiikan (induktiiviplasmamassaspektrometria) haasteisiin. Autojen katalysaattoreista lähtöi-
sin olevia platinaryhmän alkuaineita päätyy ympäristöön lähinnä teiden varsille. Näitä päästöjä
arvioitiin aktiivista biomonitorointia käyttäen. Spektraaliset häiriöt vaikeuttivat kerättyjen sam-
malnäytteiden (Pleurozium schreberi) palladium-, platina- ja rodiumpitoisuuksien määrityksiä.
Tämän vuoksi mittauksissa esiintyvien häiriöiden poistossa hyödynnettiin kahta eri lähestymis-
tapaa. Näistä ensimmäisessä häiritsevät alkuaineet poistettiin kemiallisen erotusmenetelmän,
samepisteuuton, avulla. Toisessa tavassa häiriöt poistettiin uudella ICP-MS/MS -tekniikalla
(induktiiviplasmatandemmassaspektrometria) käyttäen ammoniakkia reaktiokaasuna.

Asiasanat: häiriönpoisto, ICP-MS, ICP-MS/MS, katalyyttimateriaali, platinaryhmän
alkuaineet, samepisteuutto, sammal, ympäristönäyte
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Abbreviations and symbols 

2-MBT 2-mercaptobenzothiazole 

AAS Atomic absorption spectrometry 

BCR Community Bureau of Reference, the former reference materials 

program of the European Commission 

CPE Cloud point extraction 

CPT Cloud point temperature 

ETAAS Electrothermal atomic absorption spectrometry 

EU European Union 

HPA High pressure asher 

ICP-MS Inductively coupled plasma mass spectrometry 

ICP-MS/MS Inductively coupled plasma tandem mass spectrometry 

ICP-OES Inductively coupled plasma optical emission spectrometry 

ICP-SFMS Sector field inductively coupled plasma mass spectrometry 

ICP-QMS Quadrupole inductively coupled plasma mass spectrometry 

L/S ratio Liquid-to-solid ratio 

MW microwave 

NIST National Institute of Standards and Technology 

PGEs Platinum group elements 

PGMs Platinum group metals 

RAF Relative accumulation factor 

sd Standard deviation 

Triton X-100 t-Octylphenoxypolyethoxyethanol 

w mass fraction (µg kg-1) 

XRF X-ray fluorescence spectrometry 
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1 Introduction 

1.1 Platinum group elements (PGEs) 

Palladium (Pd), platinum (Pt), rhodium (Rh), ruthenium (Ru), iridium (Ir) and 

osmium (Os) are known as platinum group elements (PGEs) or platinum group 

metals (PGMs). High melting points, inertness to chemical attack, and catalytic 

activity are examples of properties these six transition elements have in common 

[1, 2]. Classification of PGEs to ‘noble metals’ or ‘precious metals’ with gold and 

silver further highlights the high commercial value of these elements.  

PGEs have applications in automobile, chemical, electrical, petroleum, glass 

and medical industries [2, 3]. In addition, PGEs are used in jewelry and are traded 

in the investment sector. To give a general overview; the applications are dominated 

by Pd and Pt and to a lesser extent by Rh [3]. These three elements are most 

commonly used in catalytic converters of automobiles to convert carbon monoxide, 

nitrogen oxides and hydrocarbons to less-harmful products (e.g., water, carbon 

dioxide and nitrogen). In addition, Pd and Pt serve as catalysts in production of 

chemicals and pharmaceuticals. Also Ru is a versatile catalyst for chemical 

reactions and has applications, for example, in Fischer-Tropsch synthesis and in 

ammonia production [4]. In other than catalytic applications, PGEs have important 

roles, for example, in electrical applications, such as multi-layer ceramic capacitors 

(Pd) or hard disk drives (Pt, Ru) [2]. Furthermore, the Pt complex cisplatin is a 

well-known anti-cancer drug [5]. 

PGEs are low in abundance in the Earth’s crust. Siderophilic (‘iron-loving’) 

and chalcophilic (‘sulfur-loving’) PGEs are commonly associated with iron or 

sulfur, but also with other metals (e.g., copper, tin, lead and bismuth) and metalloids 

(e.g., arsenic, antimony, selenium and tellurium) [2, 6]. The primary sources of 

PGEs are geographically concentrated in certain locations (e.g., South Africa, 

Russia, North America and Zimbabwe) [7]. The Bushveld complex in South Africa 

is the largest PGE deposit known and, thus, South Africa is the major producer of 

PGEs, especially Pt and Rh [2, 3]. In addition, Russia is a major contributor to 

worldwide Pd production [3]. 

Discussion on the availability of PGEs in the future has been going on due to 

their high demand, limited availability and the environmental, social, economic and 

political aspects related to PGE production [7–10]. For example, the European 

Union (EU) has classified PGEs among critical raw materials [11, 12]. The main 
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reasons for this rating were the lack of primary production in EU countries, limited 

recovery of PGEs from consumer products and limited substitution options for 

PGEs by other metals in their applications [11]. 

1.2 Recycling of PGEs 

In general, the recovery of PGEs from spent materials is viable due to their high 

economic value and their availability in many secondary sources at relatively high 

mass fractions when compared to primary sources [13–15]. Efficient collection of 

the spent materials (especially catalyst materials), well-planned logistics and 

modern refining methods play a crucial role in enhancing the recycling of PGEs 

[13]. 

Pyrometallurgical and hydrometallurgical methods can be used to recover 

PGEs from spent catalyst materials. In addition, gas phase volatilization methods, 

such as carbochlorination, have been studied [16]. Pyrometallurgical methods are 

commonly used on an industrial scale [17]. In pyrometallurgical processing, the 

catalyst materials are smelted at high temperature (usually > 1500 °C) with suitable 

fluxes. A liquid slag is formed, from which the PGEs are collected using a collector 

metal (e.g., Cu or Fe) [18, 19]. Even though these methods are effective, they are 

slow and energy consuming. In hydrometallurgical processing, suitable reagents, 

such as acid or cyanide solutions are used in leaching of PGEs from recycled 

materials, either directly, after pyrometallurgical processing or after other 

pretreatment methods [15]. Hydrometallurgical processes consume less energy 

than pyrometallurgical processes, but the recovery efficiencies tend to be lower and 

generation of waste solutions may pose a problem [13, 20].  

Recently, many studies have aimed at developing environmentally friendly 

recovery methods for PGEs in spent catalyst materials using hydrometallurgical 

methods. Because the formation of chloro complexes enhances the leaching of 

PGEs, many methods are based on the use of hydrochloric acid. Where aqua regia, 

the 1:3 mixture of concentrated nitric acid and concentrated hydrochloric acid, is 

known to leach PGEs with good efficiency [21–23], the drawback is the formation 

of gaseous compounds (e.g., NO), possibly harmful to the environment, during the 

leaching process [15, 24]. To find more environmentally friendly leach solutions, 

several reagents other than nitric acid – hydrogen peroxide [24], hydrogen peroxide 

and sulfuric acid [25], cupric ions (Cu2+) [26] or electro-generated chlorine [27] – 

have been tested to increase the oxidizing power of HCl-based leach solutions. 

Alternatively, the use of cyanide- [28, 29] or iodine-based [30, 31] leach solutions 
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has been studied. Furthermore, attempts to use microwave (MW)-assisted leaching 

in recovering PGEs from catalyst materials have been made [32, 33]. The results 

have indicated that the leaching time could be significantly reduced by using MW-

assisted heating compared to conductive heating [32]. 

After initial dissolution of PGEs from catalyst materials, further refining to 

separate PGEs from base metals or from each other has been reported, for example, 

using precipitation methods [22, 32], extractions [22, 34–37], ion exchange [28, 38, 

39] and biosorption [40]. Also, process waste solutions (e.g., from catalyst 

impregnation processes) have been identified as a secondary source of PGEs. 

Consequently, selective electrochemical recovery of Pd(II) from solutions 

containing Rh(II) and Nd(III) has been studied [41]. 

1.3 Environmental aspects 

Emissions of PGEs to the environment from metal production, catalytic converters 

of automobiles and medical applications are known [42]. For example, a study 

performed in the European arctic (in Finland, Norway and Russia) revealed the 

emission of PGEs from the Russian nickel industry on the Kola Peninsula [43]. 

Furthermore, elevated mass fractions of PGEs have also been observed in remote 

areas, indicating the presence of long-range transport of these elements [44, 45].  

Catalytic converters of automobiles are often considered to be one of the main 

sources of PGEs (Pd, Pt and Rh) in the urban environment [46]. PGE emissions 

from road traffic have been monitored using several environmental materials: road 

dust, soil, airborne particulate matter and plants [47]. Monitoring conducted over 

time has shown an increase in the amounts of Pd, Pt and Rh in roadside soils in 

Germany [48, 49]. Mass fractions exceeding the natural background values have 

been determined also for Ir along major highways in Austria [50]. As long as the 

effects of these emissions on human health and the environment are not well-known 

[51], there is an obvious need to continue the monitoring efforts. So far, the amount 

of PGEs in the environment has remained low and the possible adverse effects are 

considered to be limited. 

Among plants, the use of mosses for environmental monitoring has gained 

popularity. For example, atmospheric deposition of heavy metals has been 

monitored in European moss surveys at five-year intervals since 1990 [52, 53]. The 

advantage of using mosses is that they obtain most of their nutrients from wet and 

dry deposition, while the uptake of elements from soil is minimal. The monitoring 

studies are performed either with naturally growing mosses (passive biomonitoring) 
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or mosses moved from an unpolluted area to the monitoring area (active 

biomonitoring). The active biomonitoring approach, for example using the moss 

bag technique [54], is beneficial especially in urban areas, in the vicinity of 

industrial sources or in harsh environmental conditions (e.g., on slopes of volcanoes) 

where natural vegetation is scarce [55–58]. When it comes to PGEs, studies have 

indicated that mosses collect/retain higher amounts of PGEs than other plants [59–

61]. So far, biomonitoring studies for PGEs using mosses have been conducted in 

European areas – European arctic [43], Finland [60, 62], Italy [63], Norway [64], 

Austria [65] and France [66] – to monitor emissions related to traffic, urban area or 

industry, chiefly by the means of passive biomonitoring (Table 1). Zechmeister et 
al. [67] recently summarized some important aspects related to planning of moss 

biomonitoring studies for PGEs and the corresponding analytical methods: (i) Pt 

has been determined more often that Pd or Rh, (ii) time-consuming methods of 

matrix separation and PGE enrichment are needed for the interference-free 

determination of PGEs by inductively coupled plasma mass spectrometry (ICP-

MS), especially with Pd and (iii) the use of Pleurozium schreberi or Hylocomium 
splendens was recommended for monitoring of PGEs. 

1.4 Analytical methods 

PGEs must be determined at highly variable levels in different sample types as 

study aims may vary from the determination of active metals in catalyst samples 

(in % range) to the determination of trace pollutants in environmental samples (in 

µg kg-1 range). Consequently, a variety of instrumental techniques have been 

applied for PGE determinations. For example, Ru contents in digested catalyst 

materials have been determined using spectrophotometry [68–70], atomic 

absorption spectrometry (AAS) [70–72] or inductively coupled plasma optical 

emission spectrometry (ICP-OES) [73]. In addition, a non-destructive analytical 

method, such as X-ray fluorescence spectroscopy (XRF), may be used if several 

grams of sample material is available and suitable calibration materials can be 

found [74]. 
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Table 1. Summary of Pt, Pd and/or Rh biomonitoring studies with mosses [V]. 

Authors Location Year Element(s) Monitoring Moss species 

Niskavaara et al. [43] European 

arctic 

2004 Pd, Pt Passive Hylocomium splendens, Pleurozium 

schreberi 

Niemelä et al. [60, 62] Finland 2004, 

2007 

Pt, Rh Passive Pleurozium schreberi 

Beccaloni et al. [63] Italy 2005 Pd, Pt, Rh Passive Rhynchostegium megapolitanum, 

Rhynchostegium confertum, 

Eurhynchium praelogum, 

Eurhynchium hians, Eurhynchium 

speciosum, Scorpiurium circinatum 

Reimann et al. [64] Norway 2006 Pt Passive Hylocomium splendens 

Zechmeister et al. [65] Austria 2006 Pd, Pt, Rh Passive Pleurozium schreberi, Hylocomium 

splendens, Scleropodium purum, 

Hypnum cupressiforme, Abietinella 

abietina 

  Active Hylocomium splendens 

Ayrault et al. [66] France 2006 Pd, Pt Passive Cirriphyllum piliferum, Eurhynchium 

speciosum, Physcomitrium 

eurystomum, Pylasisia polyantha, 

Rhacomitrium canescens, 

Polytricum formosum, 

Scleropodium purum 

  Active Scleropodium purum 

Techniques offering lower detection limits; inductively coupled plasma mass 

spectrometry (ICP-MS), electrothermal atomic absorption spectrometry (ETAAS) 

or adsorptive stripping voltammetry are applied for the determination of PGEs in 

environmental samples [75, 76]. Among these, ICP-MS is the most often used 

technique for the determination of Pd, Pt and Rh. However, the determination, 

especially with quadrupole ICP-MS (ICP-QMS), is hampered by isobaric and 

polyatomic interferences, such as 106Cd+ for 106Pd+, 89Y16O+ and 88Sr16O1H+ for 
105Pd+ or 206Pb2+ for 103Rh+ (Table 2). Analytical procedures used for the 

determination of PGEs including sample digestion methods, separation/pre-

concentration procedures and/or instrumental techniques have been 

comprehensively reviewed, for example, by Balcerzak [76, 77], Bencs et al. [75], 

Godlewska-Żyłkiewicz [78] and Rao & Reddi [1]. Some aspects related to 

pretreatment and analysis of catalyst materials and environmental samples are 

discussed below. 
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Table 2. Potential interferences on Pd, Pt and Rh isotopes [IV]. 

Monitored m/z Isotope of interest Potential interfering species 

103 103Rh 206Pb2+, 87Sr16O+, 87Rb16O+, 63Cu40Ar+, 66Zn37Cl+, 68Zn35Cl+ 

105 105Pd 89Y16O+, 88Sr16OH+, 65Cu40Ar+, 68Zn37Cl+ 

106 106Pd 106Cd+, 90Zr16O+, 89Y16OH+, 66Zn40Ar+ 

108 108Pd 108Cd+, 92Zr16O+, 92Mo16O+, 68Zn40Ar+ 

194 194Pt 178Hf16O+ 

195 195Pt 179Hf16O+ 

196 196Pt 196Hg+, 180Hf16O+, 180W16O+ 

198 198Pt 198Hg+, 181Ta16OH+, 182W16O+ 

1.4.1 Catalyst materials 

In general, sample digestion in closed vessels is nowadays favored due to its many 

advantages, such as shortened digestion times and limited amount of liberated 

corrosive acid vapors. MW-assisted acid digestion methods for the determination 

of Pd, Pt and Rh in catalyst materials have been recently studied [33]. Ru contents 

in catalyst materials are often determined as a part of development of new Ru 

catalysts, but only a few studies have focused on the reliable determination of Ru 

in these materials [68–73]. In addition, none of these studies applied sample 

preparation in closed vessels (e.g., MW-assisted digestions). Instead, a fusion 

method employing KOH and KNO3 was applied in one of the studies [70] and acid 

digestions on a hot plate were carried out in the others. 

There are also some additional details to be considered in Ru analytics. The 

main challenges in Ru determinations are the resistivity of (metallic) Ru to acid 

attack and the possible formation of volatile RuO4 under oxidizing conditions [74]. 

For example, the volatilization of Ru in boiling nitric acid solutions has been 

noticed to be faster with increasing acid concentration [79, 80]. Consequently, a 

higher hydrochloric acid to nitric acid ratio than in aqua regia (e.g., 6:1 vs. 3:1) has 

been recommended for Ru digestions [68, 74]. This modification has been 

concluded to give either slightly better [68] or similar [72] results when compared 

to aqua regia in the determination of Ru in carbon-supported Pt-Ru catalysts.  

1.4.2 Environmental samples 

In environmental samples, the concentrations of PGEs are very low and especially 

spectral interferences (Table 2) may cause serious systematic errors during 
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determinations. Therefore interference correction, elimination and minimization 

methods have a crucial role in the determinations of PGEs in environmental 

samples by ICP-MS. In some cases (e.g., with 195Pt), the interferences can be 

avoided directly by using a high-resolution sector field ICP-MS (ICP-SFMS) [81]. 

On the contrary, resolving the 89Y16O+ interference in 105Pd+ determinations would 

require a resolution (m/∆m) of 27 600 [81], whereas the highest practical resolution 

of many ICP-SFMS instruments is around 10 000 [82, 83]. Combinations of 

different methods have often been used to improve the accuracy of the results. In 

many cases mathematical correction methods have been employed. However, they 

are often insufficient for resolving interferences in Pd determinations [62, 84–87] 

and they tend to increase the uncertainty of the corrected results [88]. 

Chemical separation methods have been used to separate PGEs from 

interfering elements prior to ICP-MS determination. Ion exchange methods, based 

on the separation of anionic PGE chloro complexes from the cationic species 

formed by the interfering elements, have often been applied. Ion exchange is mostly 

performed off-line prior to ICP-MS determination [89–96], but also on-line 

coupling with ICP-MS has been successfully used [50, 97, 98]. Both cation 

exchange resins used to retain the interfering elements [50, 90, 93, 95, 97] and 

anion exchange resins used to retain PGEs (for later elution) [89, 98] have been 

applied. It must be noted, that some interfering elements, such as Hf and Zr may 

also form anionic complexes [99]. To eliminate these interferents, multi-stage 

interference removal methods have been applied. For example, columns packed 

with complexing agents [91, 94, 96] have been used for this purpose. 

In addition to ion exchange methods, also preliminary acid leaching of the 

interfering elements [88], co-precipitation of PGEs with Te or Hg [60, 94, 100–102] 

and extraction methods [59, 84, 88, 103, 104] have been used to remove 

interferences in PGE determinations in environmental materials. Among extraction 

methods, cloud point extraction (CPE), applied to PGE determinations in road dust 

samples [88, 103, 104], is an interesting alternative for interference elimination. In 

CPE, neutral (hydrophobic) compounds formed between the analytes and an added 

complexing agent are extracted to micelles formed by an added surfactant. Further, 

the surfactant-rich phase is separated from the aqueous phase by heating the system 

above its cloud point temperature (CPT) (Fig. 1). The CPE system is quite flexible 

as the properties (e.g., CPT, extraction efficiency, selectivity, etc.) are dependent on 

the selected extraction conditions including, for example, the surfactant and its 

concentration, extraction temperature and time, pH, ionic strength and the nature 

of the complexing agent [105, 106]. CPE offers several benefits: low cost, simple 
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procedures, high pre-concentration factors and environmental safety [107]. Even 

though CPE is not yet widely used in PGE determinations in environmental 

samples, a variety of other applications for inorganic analytes have been published, 

especially during the past decade. These applications during the time period of 

2004–2011 have been reviewed by Ojeda and Rojas [108, 109].  

 

Fig. 1. A schematic presentation of cloud point extraction (CPE): (1) addition of reagents 

to the sample solution; (2) clouding of the sample solution, extraction of the PGE 

complexes to micelles of the surfactant; (3): separation of the surfactant-rich phase 

from the sample solution. 

Although effective, chemical separation methods tend to be time-consuming. To 

avoid this, instrumental interference elimination methods have also been used. For 

example, desolvating sample introduction systems have been applied for reducing 

oxide interferences in ICP-MS determinations [65, 93, 110, 111]. Also, a variety of 

collision/reaction gases has been used to reduce the interferences during ICP-MS 

determination of PGEs. For example, helium was used in minimizing molecular 

interferences after Hg-coprecipitation [102], oxygen was used in reducing oxide 

interferences (by oxidation of the interfering elements to higher oxides) [112], 

ammonia was used for removal of HfO+ interference in Pt determination [113] and 

hydrogen was used to avoid argon-based interferences (e.g., 40Ar63Cu+ on 103Rh+ 

and 40Ar65Zn+ on 105Pd+) after fire assay sample pretreatment [48].  

The introduction of the novel ICP-MS/MS (inductively coupled plasma tandem 

mass spectrometry) instrumental set-up has provided new opportunities for 

interference removal using collision/reaction gases (Fig. 2). The use of a 

quadrupole analyzer before the collision/reaction cell minimizes the possibility of 

forming new interferents via side reactions. So far, there are only a few applications 
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of ICP-MS/MS for environmental sample materials. The technique has been used 

to remove interferences in the determination of iodine in soil samples [114] and As 

and Se in reference materials of plant, animal and environmental origin [115]. 

Among other sample materials, for example, the interference-free determination of 

S in organic matrices [116], P, S and Si in diesel and oils [117], Ti in blood serum 

[118], Se in serum samples [119] and As and Se in foodstuff [120] using ICP-

MS/MS have been studied. Furthermore, the removal of interferences in PGE 

determinations has been studied using geological reference materials [121–124] 

and matrix-free standard solutions [125]. According to a recent review by Balcaen 

et al. [126], the popularity of the ICP-MS/MS technique can be expected to increase 

in the future. 

 

Fig. 2. A simplified illustration of the elimination of spectral interferences in the 

determination of 103Rh with the ICP-MS/MS technique by using ammonia as a reaction 

gas. 
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2 Aims of the research 

The main objective of this research was to develop analytical methods for the 

determination of PGEs in catalyst materials and environmental samples to enhance 

the research of catalyst development and environmental issues. In addition, 

recovery of PGEs from catalyst materials was studied. The key aims of this research 

were: 

1. To achieve a complete digestion of Ru in catalyst materials. For this purpose 

different digestion methods were compared. [I] 

2. To develop environmentally friendly methods for the recovery of Pd, Pt, Rh 

and Ru from catalyst materials, based on MW-assisted leaching and CPE. [II] 

3. To develop a CPE method for the interference-free determination of PGEs by 

ICP-QMS in samples digested with aqua regia. [III, IV] 

4. To investigate the feasibility of ICP-MS/MS technique in elimination of 

spectral interferences in the determination of Pd, Pt and Rh in aqua regia 

digested moss samples. [IV] 

5. To evaluate the use of Pleurozium schreberi (a terrestrial moss) in active 

biomonitoring of traffic-related PGE emissions. [V] 

  



 

26 

 



27 

3 Materials and methods 

3.1 Samples and reference materials 

Four commercially available Ru-catalysts were used in comparing the digestion 

methods for Ru determinations [I]. The catalyst materials were 0.5% Ru on 3 mm 

alumina tablets (Alfa Aesar), 2% Ru on 1/8 in. alumina pellets (Alfa Aesar), 5% Ru 

on alumina (Aldrich) and 5% Ru on carbon powder (Engelhard). A sub-sample 

taken from each catalyst material was ground prior to the comparisons to ensure 

the homogeneity of the samples. The first of these catalyst materials, ground to a 

particle size of less than 300 μm, was also used in the recycling studies [II]. In the 

absence of certified reference materials for Ru in catalyst materials, Ru powder 

(99.9%, –325 mesh, Alfa Aesar) and selected Ru compounds, RuO2·xH2O (99.99%, 

Ru 54-54%, Alfa Aesar), anhydrous RuO2 (99.95%, Ru min. 75.2%, Alfa Aesar) 

and anhydrous RuCl3 (99.5%, Alfa Aesar) were used to investigate the efficiencies 

of the digestion methods in Paper I. 

To study the emission of PGEs due to road traffic, moss samples (Pleurozium 
schreberi) were transplanted along highway E75 in co-operation with the Natural 

Resources Institute Finland [IV, V]. The samples were transplanted to three 

different locations and to three distances (2 m, 7 m and 12 m) from the highway. 

The samples were collected after an exposure period of 105 days. In addition, five 

background samples were collected from the original location of the mosses after 

the same period. The last four annual growth sections (the green part of the moss) 

were separated for analysis, air dried to a constant weight at 35 °C and ground. For 

more details see Paper V.  

Two certified reference materials were used in this study. NIST SRM 2557 

(NIST, Gaithersburg, USA) is a used monolith automotive catalyst ground to a 

particle size less than 74 μm. SRM 2557 with certified values of 1131 ± 11 mg kg−1 

for Pt, 233.2 ± 1.9 mg kg−1 for Pd and 135.1 ± 1.9 mg kg−1 for Rh (± 99% 

confidence interval) was used in recycling studies and to study the analytical 

performance of the CPE method [II, III, IV]. Indicative values for Al (20 wt.%), Ce 

(1.3 wt.%) and Zr (300 mg kg-1), among other matrix elements, are also given in 

the certificate of this material. BCR-723 road dust (IRMM, Geel, Belgium) has 

certified mass fractions of 6.1 ± 1.9 µg kg-1 for Pd, 81.3 ± 2.5 µg kg-1 for Pt and 

12.8 ± 1.3 µg kg-1 for Rh. In addition, indicative values for many elements are listed 

in the certificate. BCR-723 was used in studying the applicability of the CPE 
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method (ICP-QMS) and the ICP-MS/MS technique for the analysis of 

environmental samples [IV, V]. A moss reference material M3 (P. schreberi, 
Finnish Forest Research Institute [127]) was used as an additional sample matrix at 

the method evaluation stage [IV]. 

3.2 Sample preparation 

Different sample preparation methods were utilized during this study. In general, 

MW-assisted acid digestion procedures were most often used. Sample treatment in 

a high pressure asher (HPA) was employed when comparison with higher 

temperatures, longer digestion times and/or conductive heating was needed. In 

addition, a fusion method was applied for Ru digestions. Furthermore, CPE was 

used for removing interfering elements from the MW-digested sample solutions 

prior to instrumental determination of PGEs. 

3.2.1 Devices 

A CEM MARS 5X microwave oven (CEM Corp.), operated in a temperature-

controlled mode, was used for MW digestions of the samples [I, III–V], for 

leaching experiments on the catalyst materials [II] and for the optimization of CPE 

[III]. XP-1500 plus high-pressure Teflon® TFM vessels (CEM Corp., 100 ml, 

maximum pressure 10 MPa and temperature 300 °C) were used in the MW-assisted 

digestions and leaching experiments. In CPE experiments, 50 mL polypropylene 

centrifuge tubes, placed in 250 mL beakers (3 tubes in each beaker), were used 

instead of the XP-1500 vessels. To control the extraction temperature in CPE 

experiments, the temperature sensor was placed in one of the centrifuge tubes. 

A Julabo TW8 water bath (Julabo GmbH) was used in recycling-related CPE 

experiments, in reference extractions during the CPE method optimization [III] and 

further in extractions of PGEs from environmental samples (moss, road dust) [IV]. 

An HPA-S (Anton Paar GmbH) high pressure asher with 90 mL quartz vessels was 

used in studying the acid digestions of Ru samples [I]. Additionally, the HPA-S was 

used for conductive heating of the catalyst samples in the recycling experiments 

[II]. A programmable muffle furnace L5/11/B170 (Nabertherm GmbH) was used 

for sample digestions with the fusion method [I]. 
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3.2.2 Digestion/leaching of PGEs 

MW-assisted digestions were performed prior to determination of Pd, Pt, Rh and/or 

Ru in catalyst materials and environmental samples [I, III–V]. In addition, MW-

assisted leaching of PGEs for recycling purposes was studied [II]. A summary of 

the MW-assisted methods is presented in Table 3. In brief, the experiments were 

carried out using mixtures of conc. HCl and conc. HNO3, either 6:1 (v/v) or 3:1 

(v/v, aqua regia) with a two-stage temperature program (stage 1 – heating to target 

temperature at 15 min; stage 2 – holding at target temperature for 10 min). The 

program was followed by a cool-down step. 

Table 3. Summary of the MW digestions. 

Sample material Sample mass Acid mixture Target temperature 

Ru catalysts [I] 50–100 mg 10.5 mL of HCl-HNO3 (6:1) 

or 10 mL of aqua regia 

180 °C 

Ru powder and Ru compounds [I] 5–10 mg 10.5 mL of HCl-HNO3 (6:1) 

or 10 mL aqua regia 

180 °C 

Catalyst samples for recycling 

studies [II] 

100–1600 mg 8 mL of HCl or HNO3 or 

aqua regia 

120 °C (90–210 °C) 

SRM 2557 (autocatalyst) [III] 5 mg 8 mL of aqua regia 180 °C 

Moss samples [IV, V] 500 mg 8 mL of aqua regia 210 °C 

BCR-723 (road dust) [IV, V] 250 mg 8 mL of aqua regia 210 °C 

HPA digestions were applied for Ru catalysts (50–100 mg) and for Ru powder and 

Ru compounds (5–10 mg) [I]. After adding 6 mL of HCl and 1 mL of HNO3 the 

vessels were closed and inserted into the pressure chamber of the HPA. The system 

was pressurized with nitrogen to 100 bar and a three-stage digestion program was 

run (program: stage 1 – rapid heating to 100 °C; stage 2 – heating from 100 °C to 

300 °C at 30 min; stage 3 – holding at 300 °C for 180 min). After the program, cool 

down and depressurizing steps were needed. The HPA was also used to study the 

leaching of Pd, Pt, Rh and Ru from catalyst samples (100 mg, 6 mL HCl and 2 mL 

HNO3) using conductive heating [II]. A different temperature program (stage 1 – 

heating to 120 °C at 15 min; stage 2 – holding at 120 °C for 10 min) was used in 

this case to allow the comparison to the MW-leached samples. 

A fusion method described by Taddia and Sternini [70] was applied for Ru 

catalysts (50–100 mg) and for Ru powder and Ru compounds (5–15 mg) [I]. 

Carbon-supported catalysts were ashed prior to sample fusion. The fusion was 

performed in nickel crucibles at 450 °C with 0.38 g KOH and 0.65 g KNO3. To 
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stabilize the formed Ru compounds (mainly RuO4
2-) during dissolution of the melts, 

K2S2O8 and KOH were used. Further, the formed Ru compounds were converted 

to stable chloro complexes (RuCl6
2-) using HCl. 

3.2.3 Cloud point extraction 

Different variations of a CPE procedure employing 2-mercaptobenzothiazole (2-

MBT, Fig. 3) as a complexing agent and Triton X-100 (t-octylphenoxy-

polyethoxyethanol, Fig. 3) as a surfactant [128, 129] were used in this study [II–

IV]. As a general scheme, Triton X-100 (as a 10% m/v solution in ultrapure water) 

and 2-MBT (as a 1% m/v solution in 0.5 mol L-1 NH4OH) were added to sample 

solutions in 50 mL centrifuge tubes. Additional reagents to promote the extraction 

were added either before or after Triton X-100 and 2-MBT, depending of the role 

of the additive. The samples were heated/extracted either in a microwave oven or 

in a water bath. During the heating, a gravitational phase separation was achieved. 

After the heating stage, the samples were cooled down and the aqueous phase was 

decanted. The surfactant-rich phase was diluted with 1 mol L-1 HCl for instrumental 

determination of PGEs. 

 

Fig. 3. The structures of 2-mercaptobenzothiazole (2-MBT) and Triton X-100 (n=9–10). 

In the first type of CPE experiments tin(II) chloride was used as an additive. This 

type of CPE is suitable for sample solutions containing an HCl-based matrix. This 

was the case with the recycling experiments [II]. A 10-mL aliquot of the sample 

solution was taken for the centrifuge tube and diluted to 20 mL (approx. 1 mol L-1 

HCl). Based on the optimization experiments 2 mL of Triton X-100 and 1 mL of 2-

MBT were added. Solutions were left to stand for 15 min and 1.5 mL of SnCl2 

(10%, m/v SnCl2 in 6 mol L-1 HCl) was added. The extraction was performed in a 

water bath (heating to 90 °C at 25 min and holding at 90 °C for 120 min). Tin(II) 

chloride was tested also as an additive during the method optimization for samples 

containing aqua regia [III]. Here, 2 mL of Triton X-100, 2 mL of 2-MBT and 0.5 

mL of SnCl2 were added to 40 mL samples. The samples were extracted in open 
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tubes in a microwave oven (heating to 90 °C at 5 min and holding at 90 °C for 60 

min) [129]. 

Sulfamic acid was introduced as a new additive for samples containing aqua 
regia. As a result of careful method optimization, 0.5 g of sulfamic acid was added 

prior to 3 mL of Triton X-100 and 4 mL of 2-MBT to 40 mL sample solutions. The 

samples were extracted in loosely capped tubes either in a microwave oven (heating 

to 90 °C at 15 min, holding at 90 °C for 75 min) or in water bath (heating to 90 °C 

at 25 min and holding at 90 °C for 120 min). 

3.3 Instrumentation 

ICP-OES and ICP-MS techniques were used for elemental analyses in this study. 

Depending on the sample matrix, several elements other than PGEs were also 

determined. Detailed descriptions of the parameters used in the measurements are 

presented in Papers I–V. A general overview is given below. 

A PerkinElmer Optima 5300 DV ICP-OES (PerkinElmer Inc.) was used in 

determining Pd, Pt, Rh, Ru, Al, Ce and Zr in studies related to catalyst materials. 

The ICP-OES was equipped with an AS-93plus auto sampler, a Ryton double-pass 

Scott-type spray chamber and a Gem Tip Cross-flow pneumatic nebulizer. An 

Agilent 5100 ICP-OES (Agilent Technologies) was used in determinations of Al, 

Ba, Cr, Fe, Mn, Ni and V in environmental samples (moss, road dust). The 

instrument was equipped with a Cetac ASX-520 autosampler (Cetac Technologies), 

a glass cyclonic spray chamber and a concentric glass nebulizer. 

A Thermo Elemental X7 quadrupole ICP-MS (Thermo Elemental) equipped 

with a Cetac ASX-500 autosampler (Cetac Technologies), a standard low-volume 

glass impact bead spray chamber (Peltier cooled at + 3 °C) and a concentric glass 

nebulizer was used in the determination of Pd, Pt and Rh and other elements (Cd, 

Ce, Co, Cu, Mo, Pb, Sb, Sr, Y, Zn and Zr) in environmental samples (moss, road 

dust) and Au, Ir, Pd, Pt, Rh, Ru in standard solutions subjected to CPE. 

An Agilent 8800 triple quadrupole ICP-MS (Agilent Technologies) was used 

in the determination of Pd, Pt and Rh in environmental samples (moss, road dust) 

by utilizing the collision/reaction cell technology combined with MS/MS 

measurement at the Montanuniversität Leoben, Austria. The instrument was 

equipped with a double-pass Scott-type spray chamber (Peltier cooled at + 2 °C), a 

concentric glass nebulizer and ESI SC-FAST or ESI SC-4DX autosampler 

(Elemental Scientific). Different gases were used in the reaction cell during the 

analyses: O2 with a flow rate of 0.3 mL min-1, He with a flow rate of 4 mL min-1 
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and NH3 (10% NH3 in He) with flow rates of 2 mL min-1 and 3 mL min-1. An 

additional gas flow of 1 mL min-1 He was used with NH3. 115In was used as an 

internal standard in the ICP-MS/MS determinations.  
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4 Results and discussion 

The study is divided into two parts for the ‘Results and discussion’ section. The 

first part includes studies related to catalyst materials: determinations of Ru 

contents in catalysts as well as the recycling-related studies. Catalyst materials have 

a relatively high amount of PGEs present and, thus, ICP-OES was used for 

elemental analysis. The second part focuses on analytical problems related to the 

determination of low mass fractions of PGEs in environmental materials. ICP-MS 

was used in analyses and the removal of interferences was carefully studied. Special 

attention was paid to developing a CPE method capable of separating the PGEs 

from interfering elements in aqua regia-digested samples. Furthermore, the 

potential of the novel ICP-MS/MS technique in the elimination of spectral 

interferences in PGE determinations was evaluated. 

4.1 PGEs in catalyst materials 

4.1.1 Digestion of Ru in catalyst materials [I] 

A complete dissolution of Ru is a crucial step in analytical procedures for the 

determination of Ru with measurement techniques using liquid samples (e.g., ICP-

OES). There is often a lack of information concerning the digestion method, when 

Ru contents of catalyst materials are reported. As summarized in the Introduction 

(1.4.1), there are a couple of special features related to Ru behavior during analyses. 

On one hand, (metallic) Ru is known to be very resistant against acid attack and, 

on the other hand, Ru may volatilize as RuO4 if the conditions are too oxidizing. 

In this study, different digestion methods were compared for the determination 

of Ru in alumina- and carbon-supported catalyst materials [I]. Acid digestions were 

performed in closed vessels in a microwave oven (180 °C) or in an HPA (300 °C). 

In addition, a fusion method with KOH and KNO3 was used [70]. An interesting 

comparison between the digestion efficiencies of the methods was obtained using 

Ru powder and Ru compounds possibly present in catalyst materials (RuO2·xH2O, 

anhydrous RuO2 and RuCl3). The results are presented in Table 4. The fusion 

method was successful in the digestion of all of the studied compounds, whereas 

the acid digestion methods resulted in incomplete recoveries with three of the four 

compounds. Only RuO2·xH2O was fully digested with acids. The HPA method, 

with higher temperature and longer digestion time, had higher digestion efficiencies 
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when compared to the MW methods. Furthermore, no difference between the acid 

mixtures (3:1 vs. 6:1, HCl to HNO3) was observed in MW digestions of these 

materials. 

The same trends were not observed with the studied catalyst materials. Instead, 

the results obtained with all of the methods were similar, indicating that Ru in these 

catalyst materials was in an easy-to-dissolve chemical form. Thus, the MW 

methods were well-suited to the studied catalyst samples. In addition, the speed and 

simplicity of MW methods is a clear benefit over fusion and HPA. On the other 

hand, as the results showed, MW methods may be vulnerable to the chemical form 

of Ru. This might be a problem, for example, with thermally activated catalysts, as 

easy-to-dissolve RuO2·xH2O might convert at least partially to RuO2 at high 

temperatures [130]. Other factors possibly having an effect on the dissolution 

behavior of Ru are the particle size and the dispersion of Ru (compounds) on the 

surface of a support material [77]. Thus, when a digestion method for a particular 

set of unknown catalysts is chosen, careful consideration together with a reliable 

reference method should be used. 

Table 4. Recoveries obtained for different Ru compounds (%, ± sd) using various 

digestion methods (n=3) [I]. 

Compound Digestion method 

Fusion HPA (6:1 HCl-HNO3) MW (6:1 HCl-HNO3) MW (aqua regia) 

RuO2·xH2O 94 ± 2a 97 ± 1 100 ± 2 98 ± 1 

Anhydrous RuCl3 96 ± 4b 84 ± 8 < 1 < 1 

Ru powder 93 ± 4a 24 ± 2 < 1 < 1 

Anhydrous RuO2 94 ± 2a < 1 < 1 < 1 

a n=4, b n=7 

4.1.2 Leaching and recovery of Pd, Pt, Rh and Ru [II] 

The applicability of MW-assisted leaching and CPE for the recovery of Pd, Pt, Rh 

and Ru from catalyst materials was also studied (Fig. 4). These methods were 

considered to have potential for larger-scale use. The target was both to obtain good 

recoveries for PGEs and to separate them efficiently from matrix elements (e.g., Al, 

Ce and Zr).  

Based on previous studies, MW-assisted heating was expected to speed up the 

leaching processes of PGEs [32, 33]. In this study, leaching with HCl, HNO3 and 

aqua regia was studied at five different temperatures (90, 120, 150, 180 and 210 °C). 
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Recoveries of over 78% were observed for Pd, Pt, Rh and Ru using the studied 

method at 120 °C with aqua regia or HCl (Fig. 5, Fig. 6). The use of HNO3 alone 

resulted in low(er) recoveries. For reference, the leaching of Pd, Pt and Rh with 

HCl was also studied using conductive heating with an HPA. Using the same 

temperature program, average recoveries from 6% to 35% were obtained. These 

findings demonstrate that the procedure with MW-assisted heating has benefits. 

Especially Rh has often been leached with lower efficiencies than Pd and Pt. The 

good leaching efficiencies obtained in this study indicate that elevated temperatures 

obtained in closed vessels and/or effects created by MWs, such as local 

superheating of the leach solution or selective heating of the catalyst material [131], 

favor the dissolution processes. Even higher, over 90% recoveries, were obtained 

at a temperature of 150 °C in the microwave oven. However, by increasing the 

temperature from 120 to 150 °C, a clear increase in the leaching of matrix elements, 

for example Al (Fig. 5 and Fig. 6), was also observed. 

 

Fig. 4. Flowsheet for the recovery of Pd, Pt, Rh and Ru in catalyst materials [II]. 

The effect of liquid-to-solid (L/S) ratio on the recoveries of PGEs was investigated 

by performing the leaching at 120 °C with HCl. The tested L/S ratios ranged from 

5 to 80, corresponding to sample masses from 1.6 to 0.1 g in 8 mL of HCl. Ru was 

leached with good efficiency with all the L/S ratios used. Pd, Pt and Rh were 

leached with good efficiencies with L/S ratios > 40, whereas the recoveries 

decreased at ratios < 40. In addition, the repeatability of the leaching procedure was 

poorer in the latter case. Even though the results indicate that these lower L/S ratios 

may be useful, they point out that attention should be paid to studying other factors 
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as well, such as stirring during the heating stage or the duration of the heating. Also, 

the use of a higher leaching temperature (> 150 °C) would probably result in better 

recoveries. 

 

Fig. 5. The recoveries (% ± sd) of Pd, Pt, Rh and Al after MW-assisted leaching of 

catalyst material SRM 2557 at different temperatures (n=3) [II]. The recoveries were 

calculated based on either certified (Pd, Pt, Rh) or indicative (Al) concentrations given 

in the certificate of the material. 

Fig. 6. The recoveries (% ± sd) of Ru and Al after MW-assisted leaching of catalyst 

material 0.5% Ru on 3mm alumina tablets, at different temperatures (n=3) [II]. The 

recoveries were calculated assuming that the material contained 0.5% of Ru and 99.5% 

of Al2O3 (53% of Al). 
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CPE methods have been used in analytical chemistry with the aim of pre-

concentrating very low amounts of PGEs for instrumental determinations [103, 128, 

129, 132]. Thus, CPE could have potential in recovering PGEs from leach solutions 

and/or dilute waste solutions containing PGEs to ensure their complete recovery. 

At the same time CPE, consuming low amounts of relatively environmentally 

friendly reagents, could provide a method for the separation of PGEs from matrix 

elements. According to our knowledge, the applicability of a CPE method for 

recycling of Pd, Pt, Rh and Ru was evaluated for the first time in this study. 

The selected CPE method, utilizing 2-MBT as a complexing agent and Triton 

X-100 as a surfactant, had previously been used in analysis of Pt in concentrations 

< 0.2 µg L-1 [129]. SnCl2 was used as an additive in the CPE method to accelerate 

the ligand exchange processes (e.g., by changing the oxidation state of Pt) [128]. 

To use the method for recycling purposes, optimization to a much higher 

concentration range (> 1 mg L-1) was necessary. Thus, a full two-level factorial 

design (24) was used to study the effect of different PGE concentrations and to 

optimize the amounts of reagents (Triton X-100, 2-MBT and SnCl2). A model based 

on multiple linear regression was fitted to the experimental data using MODDE 9.1 

(Umetrics) software. The outcome of this optimization step is presented in detail in 

Paper II. To summarize, the amounts of Triton X-100 and SnCl2 in the samples had 

to be increased due to the higher PGE concentration level. On the other hand, no 

need to increase the amount of 2-MBT was observed, probably due to its presence 

in high excess when compared to the PGEs. It must be noted that increasing the 

amount of a certain reagent in CPE is not always advantageous; instead it may have 

adverse effects on the properties of the CPE system, for example, via changing the 

physical properties such as the viscosity of the surfactant-rich phase. 

The optimized CPE method was applied to leach solutions (HCl concentration 

1 mol L-1) of 0.2 g, 0.4 g and 0.8 g catalyst samples. The recoveries as well as the 

concentration ranges of the PGEs and matrix elements in the sample solutions are 

presented in Table 5. The recoveries obtained for Pd, Pt and Rh indicate that a CPE 

step can be applied in the recovery of these metals from catalyst materials and/or 

catalyst leaching waste solutions. Ru was extracted with lower recoveries, possibly 

due to its higher concentration range when compared to Pd, Pt and Rh (9–40 mg L-

1 vs. 0.2–8 mg L-1) or due to chemical properties of Ru, such as hydrolysis of the 

Ru complexes [74]. Less than 5% of the matrix elements remained after the 

extraction step. The amount of matrix elements could be further reduced by 

improving the removal of the aqueous phase. In the future, the recovery of PGEs 

from the surfactant-rich phase also needs to be studied in detail. 
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Table 5. The recoveries (% ± sd, n=8) obtained for Pd, Pt, Rh and Ru and the matrix 

elements (Al, Ce, Zr) with the CPE method applied to the catalyst sample solutions [II]. 

Sample Element Concentration range (mg L-1)a Recovery (%) 

PGEs    

SRM 2557 Pd 0.4–2 91 ± 6 

SRM 2557 Pt 2–8 91 ± 5 

SRM 2557 Rh 0.2–0.9 85 ± 6 

Ru-catalyst Ru 9–40 66 ± 11 

Matrix elements    

SRM 2557 Al 200–640 4 ± 1 

SRM 2557 Ce 23–89 4 ± 1 

SRM 2557 Zr 0.2–0.3 2 ± 2 

Ru catalyst Al 330–1200 4 ± 1 

a 0.2, 0.4 and 0.8 g catalyst samples were leached with HCl at 120 °C. 

4.2 PGEs in the environment 

4.2.1 Elimination of spectral interferences in the determination of 
PGEs [III, IV] 

Two different approaches to the elimination of spectral interferences in the 

determination of PGEs in environmental samples (moss, road dust) were studied. 

These analytical approaches included the combination of a chemical separation 

method, CPE, with ICP-QMS determination and alternatively a direct instrumental 

determination using ICP-MS/MS. The most abundant isotopes with no isobaric 

interferences (101Ru, 103Rh, 105Pd, 193Ir, 195Pt and 197Au) were used in the 

determinations with ICP-QMS after CPE. Several isotopes (if available) were 

studied for Pd, Pt and Rh with ICP-MS/MS. Samples digested in a microwave oven 

using aqua regia were analyzed. As the mass fractions of the PGEs in the 

environmental samples were low, the sample pretreatment was kept as simple as 

possible to avoid contamination. 

CPE and ICP-QMS 

The CPE procedure applying 2-MBT, Triton X-100 and SnCl2, based on papers by 

Niemelä et al. for Pt [129] and Simitchiev et al. for Pd, Pt and Rh [128], was not 

directly applicable to the studied samples due to the matrix containing aqua regia. 

It was reported in both of these papers that samples with an oxidizing medium (e.g., 



39 

aqua regia) are incompatible with the CPE method due to problems with the 

oxidation states of the PGEs or oxidation of the complexing agent (2-MBT) 

preventing complex formation. Similar problems have also been observed with 

other CPE systems [103, 132]. Another explanation presented for low recoveries 

obtained in the presence of nitric acid was an increase in the hydrophilic nature of 

the PGE complexes [103]. 

The extraction efficiencies were studied in practice with PGE standard 

solutions (10 µg L-1) containing HCl and/or HNO3. According to the results (Table 

6), lower recoveries were observed when nitric acid was present in the solutions. 

The behavior of Ru, Ir and Au, reported for the first time with this CPE method, 

displayed similar trends to Pd, Pt and Rh. Au was extracted with better efficiency 

than the other elements in solutions containing aqua regia, probably because of the 

direct extraction of HAuCl4 to the surfactant-rich phase [133–135]. In spite of the 

low recoveries obtained for the PGEs, the phase separation in the samples occurred 

normally. This indicates that the problems were related to the complexation 

processes. 

Table 6. The recoveries (%, ±sd) obtained for PGEs and Au using the CPE method with 

2-MBT, Triton X-100 and SnCl2 (n=3) [III]. 

Element Acid mixture component and concentration (mol L-1) 

 HCl (1.0) HCl (0.75) + HNO3 (0.31)a HCl (1.5) + HNO3 (0.64) HNO3 (1.0) 

Ru 99 ± 2 48 ± 29 4 ± 1 3 ± 2 

Rh 100 ± 2 71 ± 30 4 ± 1 5 ± 2 

Pd 101 ± 3 72 ± 34 4 ± 1 7 ± 4 

Ir 43 ± 7 27 ± 17 5 ± 1 4 ± 3 

Pt 101 ± 3 84 ± 19 7 ± 1 17 ± 9 

Au 96 ± 1 80 ± 12 65 ± 3 10 ± 8 

a n=9, more than three replicates were prepared due to the high variation of the observed recoveries. 

Based on the literature, two explanations for these observations were introduced. 

On the one hand, S-nitrosation of the “active” thiol group (R-SH) in 2-MBT could 

prevent the complexation with PGEs. This could happen due to nitrosyl chloride 

(NOCl) formed in solutions containing aqua regia or due to the presence of nitrous 

acid (HNO2 = HONO) in nitric acid solutions (Equation 1) [136]. The RSNOs 

formed further decompose upon heating forming the corresponding disulfide and 

NO (Equation 2). On the other hand, it is possible that nitrosyl complexes of PGEs 

form (e.g., Ru(NO)Cl5) [137] and hinder the complexation with 2-MBT.  
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 RSH + HNO2/NOCl  RSNO + H2O/HCl (1) 
 2 RSNO ↔ RSSR + 2 NO (2) 

Traditionally, the samples have been heated almost to dryness to remove any nitric 

acid prior to the extraction of PGEs. This, however, is a time-consuming step and 

the samples are prone to contamination. Thus, an approach of using sulfamic acid 

to prevent the problems related to the presence of nitric acid was studied. It has 

been previously stated that sulfamic acid is a compound able to displace NO+ ions 

in Ru complexes [138]. In addition, sulfamic acid has been reported to act as a 

scavenger of nitrous acid (Equation 3), thus preventing nitrosation reactions [139, 

140]. 

 NH2SO3H + HNO2 ↔ N2 + HSO4
- + H2O + H+ (3) 

Due to the changes made to the CPE method, the extraction conditions were 

carefully optimized. The optimization was conducted stepwise (Table 7) starting 

from preliminary parameters selected (mainly) according to Niemelä et al. [129]. 

Some compromises were made when selecting the optimal extraction conditions, 

because not all of the elements always behaved in a similar way. For example, Pt 

and Au actually showed contradictory behavior when the amount of Triton X-100 

was optimized. In addition, low recoveries occasionally observed during the 

method optimization posed a minor challenge. This behavior was assigned to the 

use of MW-assisted heating, which has been previously reported to cause some 

problems in power-controlled MW-assisted CPE [128]. Similar problems were not 

observed when the experiments were conducted in a water bath. Thus, the 

extraction in a water bath for 120 min was used as a reference and was observed to 

yield similar recoveries to the MW-assisted CPE method.  

Table 7. Optimization of the CPE method using 40 mL standard solutions (10 µg L-1 

PGEs) with 0.75 mol L-1 HCl and 0.31 mol L-1 HNO3 [III]. 

Parameter Step Preliminary conditions Optimization range Selected conditions 

Extraction time (min)a 1 60 30–90 75 

10% Triton X-100 (mL) 2 2 1–5 3 

Sulfamic acid (g) 2 0.5 0.3–0.7 0.5 

1% 2-MBT (mL) 3 2 0.5–5 4 

Temperature (°C) 4 95 90–95 90 

a Extraction time in microwave oven. For extractions performed in water bath 120 min was used. 
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After optimizing the extraction method, the effect of different acid matrices (HCl 

and/or HNO3, different dilutions) was studied. In aqua regia containing solutions 

the recoveries were the highest in the lowest acid concentrations (Table 8). Very 

good recoveries were obtained for Pd and Au in the two lowest acid concentrations. 

The recoveries of Rh, Ru and Pt were slightly lower and the recovery of Ir was 

clearly unsatisfactory. The recoveries of Pd, Pt, Rh, Ru and Au in the highest acid 

concentration were still in the range of 74 to 94%. This is a great improvement 

when compared to Table 6 (Pd, Pt, Rh and Ru from 4 to 7% and Au 65%). When 

the results obtained in 1 mol L-1 HNO3 are compared, a significant increase in the 

recoveries is obtained again. The method with SnCl2 outperformed the method with 

sulfamic acid only in extraction of Pt, Rh and Ru in 1 mol L-1 HCl matrix. Probably 

the use of SnCl2 offers better ligand exchange rates in those conditions.  

Reliable analytical performance of the CPE method employing sulfamic acid 

in the determination of Rh, Pd and Pt was confirmed by the good results obtained 

for certified reference materials BCR-723 (road dust) and NIST SRM 2557 (used 

automotive catalyst) (Table 9). Calibration standards were taken through the whole 

sample preparation procedure to ensure that the acid concentration and speciation 

of Pd, Pt and Rh were similar to the samples. Further, to study the effect of plant 

matrix on the recoveries, Pd, Pt and Rh were determined also from uncontaminated 

moss samples spiked with reference materials. The results were in good agreement 

with the expected values. Furthermore, detection limits (3s, for a 500 mg sample) 

of 0.89 µg kg-1 for Pd, 0.13 µg kg-1 for Pt and 0.19 µg kg-1 for Rh were calculated 

using blank samples passed through the whole measurement protocol. These 

detection limits were expected to be low enough for the analysis of slightly 

contaminated moss samples. 

Table 8. The recoveries (%, ±sd) of the PGEs and Au (n=3) obtained with different acids 

and concentration levels using the optimized CPE method employing sulfamic acid [III]. 

Element Acid mixture component and concentration (mol L-1) 

 HCl (0.5) + 

HNO3 (0.21) 

HCl (0.75) + 

HNO3 (0.31)a 

HCl (1.0) + 

HNO3 (0.41) 

HCl (1.5) + 

HNO3 (0.62) 

HCl (1.0) HNO3 (1.0) 

Ru 86 ± 4 82 ± 1 80 ± 5 78 ± 1 79 ± 1 87 ± 2 

Rh 92 ± 5 89 ± 1 81 ± 3 83 ± 1 71 ± 2 94 ± 3 

Pd 100 ± 3 99 ± 1 95 ± 2 94 ± 3 101 ± 1 100 ± 2 

Ir 33 ± 7 23 ± 1 18 ± 3 17 ± 1 22 ± 3 37 ± 4 

Pt 88 ± 5 81 ± 1 72 ± 4 74 ± 2 87 ± 1 82 ± 3 

Au 99 ± 3 96 ± 1 92 ± 2 87 ± 3 99 ± 2 97 ± 1 

a n=2 
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It must be noted, that interference elimination had a crucial role in the analysis 

of BCR-723 as the results measured after MW digestion were clearly higher than 

the certified values (Table 9). When the removal of elements possibly causing 

interferences in the determinations of Pd, Pt and Rh was studied, approximately  

99% of the studied elements (Cu, Hf, Pb, Sr, Y and Zn) were removed by using the 

CPE procedure. 

Table 9. Expected and determined (ICP-QMS) mass fractions for Pd, Pt and Rh in 

reference materials (BCR-723 and SRM 2557) and in moss samples spiked with the 

reference materials [III, IV]. 

Material Analyte Unit Expected Determined after 

MW digestion 

Determined after MW 

digestion + CPE 

BCR-723; 250 mg Pd µg kg-1 6.1 ± 1.9 277 ± 35 4.4 ± 1.0 

n=9a Pt µg kg-1 81.3 ± 2.5 88 ± 10 73.4 ± 9.2 

 Rh µg kg-1 12.8 ± 1.3 31.1 ± 3.0 11.3 ± 1.5 

BCR-723; 250 mg Pd µg kg-1 6.1 ± 1.9 - 6.3 ± 0.9 

+ Moss; 250 mg Pt µg kg-1 81.3 ± 2.5 - 76 ± 10 

n=3a Rh µg kg-1 12.8 ± 1.3 - 13.7 ± 1.9 

SRM 2557; 5 mg Pd mg kg-1 233.2 ± 1.9 221 ± 3 207 ± 12 

n=5b Pt mg kg-1 1131 ± 11 1081 ± 18 950 ± 67 

 Rh mg kg-1 135.1 ± 1.9 129 ± 2 123 ± 1 

SRM 2557; 5 mg Pd mg kg-1 233.2 ± 1.9 - 209 ± 6 

+ Moss; 500 mg Pt mg kg-1 1131 ± 11 - 1035 ± 43 

n=3a Rh mg kg-1 135.1 ± 1.9 - 93 ± 16 

a Sample digestion at 210 °C followed by CPE performed in water bath, b Sample digestion at 180 °C 

followed by CPE performed in microwave oven. 

ICP-MS/MS 

In addition to the studied procedure combining CPE and ICP-QMS, the feasibility 

of the ICP-MS/MS technique in the elimination of spectral interferences in the 

determination of Pd, Pt and Rh in MW-digested samples was evaluated. Once again, 

BCR-723 (road dust) was used to study the success of the interference elimination.  

The “triple quadrupole” ICP-MS/MS instrument consists of two quadrupole 

mass analyzers and an octopole-based collision/reaction cell located in between 

them. Different gases or gas mixtures can be used in the collision/reaction cell for 

interference elimination purposes. Alternatively, the instrument can be operated in 

no gas mode. For Pd, the no gas mode and gas modes with He and NH3 (10% NH3 

in He) to eliminate spectral interferences were studied. The results for the 



43 

determination of Pd in BCR-723 are presented in Table 10. When using the no gas 

mode the Pd isotopes were suffering from severe spectral interferences. The 

interferences were not removed with He, but ammonia showed potential for 

interference elimination. Two different NH3 gas flow rates (2 and 3 mL min-1) were 

studied and between these the higher flow rate appeared to be more efficient in 

interference elimination. However, the monitored masses had to be carefully 

selected. In general, the use of on-mass measurement with 105Pd+ (105→105), 

originally suffering from oxide/hydroxide interferences, was more efficient than 

the use of a mass-shift (105→156) corresponding to the formation of Pd(NH3)3
+. 

According to the results, significant unidentified interference(s) appeared in the 

latter case. On the other hand, the on-mass measurements were not successful with 
106Pd+ and 108Pd+ suffering from isobaric Cd interferences. This indicates that Cd is 

not very reactive with ammonia. Even though 106Pd+ and 108Pd+ also suffer from 

oxide/hydroxide interferences, the mass-shift measurements (106→157, 108→159) 

were showing potential for Pd determination. Actually, the mass-shift of 108Pd+ to 
108Pd(NH3)3

+ (i.e. 108→159) provided the closest result to the certified value for 

BCR-723. 

Table 10. Summary of Pd results in BCR-723 using different gas modes with ICP-MS/MS 

(n=3) [IV]. The certified value for Pd is 6.1 ± 1.9 µg kg-1. 

  105Pd  106Pd  108Pd 

  m/z µg kg-1  m/z µg kg-1  m/z µg kg-1 

No gasa on-mass 105 467 ± 13  106 340 ± 6  108 140 ± 2 

He; 4 mL min-1 on-mass 105→105 594 ± 11  106→106 445 ± 4  108→108 183 ± 2 

NH3b; 2 mL min-1 on-mass 105→105 28.1 ± 0.1  106→106 82.7 ± 1.2  108→108 58.8 ± 1.1 

 mass-shift 105→156 158 ± 5  106→157 38.5 ± 1.6  108→159 12.4 ± 2.4 

NH3b; 3 mL min-1 on-mass 105→105 15.0 ± 1.0  106→106 73.7 ± 2.1  108→108 53.0 ± 1.6 

 mass-shift 105→156 110 ± 3  106→157 14.2 ± 1.0  108→159 6.2 ± 0.5 

an=6, b10% NH3 in He 

Spectral interferences were observed also in the determination of Rh in BCR-723. 

The introduction of O2, He and NH3 to a collision/reaction cell reduced these 

interferences. The best results were again obtained with NH3 (3 mL min-1), either 

on-mass (103→103) or using a mass-shift corresponding to the formation of 

Rh(NH3)4
+ (103→171). Further, the results were consistent with the certified value. 

The results obtained for Pt using its most abundant isotopes, 194Pt+ and 195Pt+, were 

similar both using the no gas mode and a mass-shift to Pt(NH3)2
+ with NH3 (3 mL 

min-1). The isotopes 196Pt and 198Pt were originally suffering from isobaric Hg 
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interferences as well as from polyatomic oxide/hydroxide interferences. Also these 

interferences were efficiently removed using mass-shifts (196→230, 198→232) 

with NH3 (3 mL min-1). 

Moss samples 

The moss samples exposed to traffic-related emissions were expected to have 

similar spectral interferences to those observed in BCR-723 (road dust). Both of 

the interference elimination approaches, CPE with ICP-QMS and the ICP-MS/MS 

technique, were used in the determinations of Pd, Pt and Rh mass fractions in these 

samples. The ICP-MS/MS analyses were performed both in no gas mode and using 

NH3 (3 mL min-1) for interference elimination. To ensure the comparability of the 

results, the analyses were performed from the same MW-digested sample solutions.  

The results for Pd are presented in Fig. 7. The results obtained using CPE with 

ICP-QMS (105Pd) are plotted on the x-axis and the results obtained using ICP-

MS/MS (105Pd, 106Pd and 108Pd) on the y-axis. The results of the no gas mode are 

presented on the left side of the figure and the results of the NH3 mode on the right 

side of the figure. Despite a loss of sensitivity during the use of the NH3 mode with 

ICP-MS/MS (4 to 13% of sensitivity left depending on the element and the type of 

measurement) the detection limits were similar to the no gas mode. These 

instrumental detection limits (3s, n=10, for a 500 mg sample) are presented in the 

upper left corner of each plot.  

It can be concluded, based on Fig. 7, that a direct determination of Pd was not 

possible in the no gas mode. On the other hand, the interferences were efficiently 

removed using an on-mass measurement with 105Pd+ (105→105) or a mass-shift 

measurement with 108Pd+ (108→159). Interferences in the determination of 106Pd+ 

(106→157) were not fully eliminated, probably due to the presence of more severe 

oxide/hydroxide interferences than with 108Pd+. These results are in good agreement 

with those obtained for BCR-723, where the use of the mass-shift for 108Pd+ 

(108→159) was the recommended option. With Rh, both the on-mass measurement 

(103→103) and the mass-shift measurement (103→171) gave similar results when 

compared to those obtained with CPE and ICP-QMS. Therefore, both on-mass and 

mass-shift measurements can be equally recommended for Rh analyses. 
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Fig. 7. The correlation of Pd mass fractions in moss samples determined by ICP-QMS 

(105Pd) after CPE and by ICP-MS/MS using (A) no gas mode for 105Pd, (B) on-mass 

measurement 105→105 with NH3 (3 mL min-1 of 10% NH3 in He) [IV], (C) no gas mode for 
106Pd, (D) mass-shift measurement 106→157 with NH3 (3 mL min-1) [IV], (E) no gas mode 

for 108Pd and (F) mass-shift measurement 108→159 with NH3 (3 mL min-1) [IV]. Detection 

limits for ICP-MS/MS determination (3s) are presented in the upper left corner of the 

figures. 
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Furthermore, the determinations of 194Pt+ and 195Pt+ did not suffer from severe 

spectral interferences, but the use of the mass-shifts (194→228, 195→229) 

improved the precision of the results and yielded very good correlation with the 

data obtained using CPE and ICP-QMS. Effective interference removal was 

observed also using the mass-shifts (196→230, 198→232) with the Pt isotopes 

suffering from more severe spectral interferences. For Pt, the use of 195Pt+ with a 

mass-shift (195→229) appears to be the best option due to its highest natural 

abundance and the lowest detection limit obtained. 

Based on the results discussed above, the use of ICP-MS/MS is a simple and 

reliable way to determine the low mass fractions of Pd, Pt and Rh in moss samples 

collected for environmental monitoring. Furthermore, this technique is easy to 

apply to large sample series, because the samples can be measured directly after 

MW digestion. 

4.2.2 Active biomonitoring of Pd, Pt and Rh with moss [V] 

The analyzed moss samples were collected with the aim of evaluating the use of 

Pleurozium schreberi, a terrestrial moss, for the active biomonitoring of traffic-

related Pd, Pt and Rh emissions. In addition, the samples were expected to give 

information on current PGE emissions in Oulu, Finland. Moss mats were exposed 

to emissions at three locations (Linnanmaa, Intiö and Hiironen) along highway E75 

for 105 days. Additionally, five background samples were collected. Eighteen other 

elements (Al, Ba, Cd, Ce, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Sr, V, Y, Zn and Zr) 

were also determined using ICP-OES and ICP-QMS. These elements were used in 

interpretation of the results as many of them are known to have a traffic-related 

source.  

The mass fractions (w, µg kg-1) for Pd, Pt and Rh in the moss samples, 

determined using the ICP-MS/MS technique, are reported in Table 11. The results 

are classified by the exposure site and the distance from the highway. Also 

background values, based on samples collected from the original location of the 

transplanted samples, are reported. In addition, relative accumulation factors (RAF, 

Table 11) for PGEs (and other elements) were calculated using these background 

values according to Equation 4.  

 RAF = (wexposed – wbackground) / wbackground (4) 

For Pd, the detection limit was used as an estimate of wbackground. Based on the RAF 

values, clearly elevated mass fractions of the PGEs were observed in the moss 
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samples, even at a distance of 12 m from the highway. When considering all the 

studied elements, Pd, Pt and Rh were also among the most accumulated elements 

[V]. When the mass fractions of Pd, Pt and Rh are considered, they are in a similar 

range to those found in a previous passive biomonitoring study in Finland [62]. 

When compared to other active biomonitoring experiments, Auraylt et al. [66] 

observed similar mass fractions for Pt (1.9-4.3 µg kg-1) and lower mass fractions 

for Pd (0.7-2.5 µg kg-1) using samples at a distance of 2 m from a road in France. 

On the other hand, Zechmeister et al. [65] observed clearly higher mass fractions 

of Pd, Pt and Rh in a tunnel experiment (e.g., > 30 µg kg-1 Pt) in Austria. 

Table 11. Mass fractions of Pd, Pt and Rh determined by ICP-MS/MS in µg kg-1 (average 

± sd) in moss samples (background site n=5, other sites n=3 for each distance) [V]. Also, 

average relative accumulation factors (RAF) are presented. 

Exposure site Distance to 

highway 

Pd  Pt  Rh 

 µg kg-1 RAF  µg kg-1 RAF  µg kg-1 RAF 

Background  < 0.23b   0.4 ± 0.1   0.06 ± 0.03  

Linnanmaa 2 m 2.4 ± 0.8 31.5  1.8 ± 0.8 4.0  0.55 ± 0.14 8.7 

 7 ma 1.8 ± 1.0 13.5  2.0 ± 1.6 4.6  0.52 ± 0.44 8.2 

 12 m 0.9 ± 0.5 8.6  0.7 ± 0.4 0.9  0.27 ± 0.13 3.7 

Intiö 2 m 7.5 ± 1.2 9.5  6.6 ± 3.8 17.5  1.5 ± 0.8 25.4 

 7 m 3.3 ± 1.9 6.9  2.2 ± 1.9 5.1  0.37 ± 0.14 5.5 

 12 m 2.2 ± 0.6 2.7  0.8 ± 0.3 1.4  0.37 ± 0.13 5.5 

Hiironen 2 m 3.1 ± 0.5 12.6  3.5 ± 3.0 8.9  0.61 ± 0.14 9.8 

 7 m 1.0 ± 0.7 3.2  0.9 ± 0.7 1.6  0.22 ± 0.15 2.8 

 12 m 1.2 ± 0.7 4.2  0.4 ± 0.3 0.1  0.12 ± 0.02 1.1 

a n=2, b median < 0.23 (range < 0.23 - 0.53) 

Some trends were observed when the results were studied more closely. The highest 

mass fractions of Pd, Pt and Rh (and most of the other elements) were observed in 

the Intiö site samples. This observation seems logical, because this exposure site 

has the highest traffic density and it is located nearest to the city center of Oulu. 

Also, a decreasing trend in the mass fractions of Pd, Pt and Rh was observed when 

the distance to the highway increased. This trend was confirmed using statistical 

treatment, i.e. the non-parametric Kruskal-Wallis test (p < 0.05). Actually, this trend 

related to PGE emissions from road traffic is well-known [49, 50, 141], and thus 

indicates that P. schreberi is well-suited for active biomonitoring experiments. 

Also the correlations of Pd, Pt and Rh with each other and with the other 

elements were studied. The Pearson’s correlation coefficients between the PGEs 

were statistically significant and are presented with their corresponding scatter 
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plots in Fig. 8. The correlations between PGEs were somewhat lower than, for 

example, between elements assigned to brake wear, Sb and Cu [142], presented for 

comparison. A significant amount of the PGE emissions from catalytic converters 

is expected to be in particulate form due to the abrasion of the catalyst materials 

[143]. However, it must be noted that the composition of catalytic converters may 

vary (e.g., by manufacturer, age or type of the converter). For example, Pt is much 

more typical in catalytic converters of diesel vehicles when compared to Pd, due to 

its resistance to oxidation or poisoning by sulfur species [144]. On the other hand, 

Pd has replaced the more expensive Pt in many other catalytic converters. Thus, the 

low amounts of PGEs together with the compositional differences in the catalytic 

converters and an uneven distribution of the PGE-containing particles to the 

roadside environment may explain this observation. Furthermore, strong 

correlations between PGEs and other common traffic-related elements (e.g., Cu, Ni, 

Sb, Zn, etc.) were observed [V]. 

 

Fig. 8. Scatter plots for Pt–Pd (a), Pt–Rh (b), Pd–Rh (c), and Sb–Cu (d) pairs presented 

as white circles. The Pearson’s correlation coefficients for each pair are displayed on 

the lower right corners of the figures. The background values are presented as black 
circles [V]. 
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Elemental mass ratios are also commonly reported, when PGEs are determined in 

environmental materials. The interpretation of these ratios is, however, not always 

straightforward as many factors may have an effect on them. In addition to the 

above-mentioned details also the mobility of the PGEs in the environment and the 

contribution of additional emission sources in urban areas should be taken into 

account [46, 95, 141]. As mosses retain elements both in particulate and soluble 

forms, the moss samples collected next to the highway were considered to give a 

reliable estimate of the current Pt/Pd, Pt/Rh and Pd/Rh ratios in Oulu, Finland. The 

observed average ratios (n=26) were 0.80 for Pt/Pd, 4.1 for Pt/Rh and 5.8 for Pd/Rh. 

The Pt/Rh ratio is comparable to a Pt/Rh ratio (average 3.9) obtained 10 years ago 

in a passive biomonitoring study in Finland [62], whereas higher Pt/Rh ratios have 

been observed, for example, in Austria [65]. There is no Finnish data available for 

the other ratios. One must be careful if these ratios are compared to studies 

conducted in other countries, possibly even many years ago. For example, when 

the Pt/Pd ratio is considered, the ratios measured in other moss studies 

approximately 10 years ago have, in general, been higher (range 0.9-12.5) than in 

this study [59, 65, 66]. On the other hand, ratios < 1 are not exceptional when other 

environmental materials are considered; for example, a ratio of 0.7 was reported in 

tunnel dust samples in a recent study in Texas, USA [95]. 

Based on these observations, P. schreberi is well-suited for the active 

biomonitoring of Pd, Pt and Rh emissions originating from road traffic. In the future, 

P. schreberi could be used in tracking PGE emissions in urban or industrial areas. 

In addition, valuable information about Pd, Pt and Rh emissions from Oulu, Finland 

was collected in this study. This information can be used as a basis for regular 

monitoring conducted in the Oulu area. Furthermore, due to the availability of the 

ICP-MS/MS technique, environmental monitoring is becoming easier and could 

cover also other elements such as Ru and Ir [50] in the future. 
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5 Conclusions 

This thesis expands the knowledge of analytical methods related to the 

determination of PGEs. Both high and low concentration levels were studied, with 

the emphasis on the determination of Ru in catalyst materials and Pd, Pt and Rh in 

environmental samples. The knowledge was also applied for studying the recovery 

of Pd, Pt, Rh and Ru in catalyst materials and for monitoring the emissions of Pd, 

Pt and Rh into the environment. 

There was an evident need for a detailed study on the digestion methods for Ru 

in catalyst samples, because Ru contents of the catalyst materials are often reported 

as a part of catalyst development. In this study, acid digestions with HCl-HNO3 

mixtures in a microwave oven or in an HPA were compared to sample digestion 

using a fusion method. A good overview of the digestion efficiencies of these 

methods was gained using Ru powder and the selected Ru compounds (RuO2·xH2O, 

anhydrous RuO2 and RuCl3). These digestion methods were also applied for 

alumina- and carbon-supported Ru catalysts. Whereas clear differences in the 

digestion efficiencies of the studied compounds were observed, fusion being the 

most efficient digestion method, the digestions of the catalyst materials displayed 

similar results using all of the methods. Due to the different 

advantages/disadvantages of the studied methods, it can be concluded that careful 

consideration is needed when the digestion method for a particular set of catalysts 

is selected. 

In addition to Ru, also Pd, Pt and Rh are commonly available in (spent) catalyst 

materials. In the recycling-related part of this study, the recovery of these metals 

was studied using MW-assisted leaching and CPE. When compared to conductive 

heating, the use of MW-heating speeded up the leaching processes. When several 

temperatures and leach solutions (aqua regia, HCl and HNO3) were compared, it 

was noticed that fast and efficient leaching of these metals from catalyst materials 

was achieved using temperatures of 120 to 150 °C with aqua regia and HCl. 

However, when the leaching temperature was increased, also the leaching of the 

matrix elements increased. Further, the effect of L/S ratio on the leaching of Pd, Pt, 

Rh and Ru was studied with ratios of 5 to 80 at 120 °C with HCl. In general, the 

leaching was more efficient when higher ratios were used, but even the lower ratios 

showed some potential. Additional factors, such as stirring during the heating stage 

or longer leaching times should be considered in the future. However, the results 

described here serve as a good basis for further studies and upscaling experiments. 
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CPE is a separation method used in analytical chemistry to pre-concentrate the 

analytes and to separate them from interfering elements. This is done by extracting 

hydrophobic complexes of PGEs to a small volume of surfactant-rich phase using 

relatively environmentally friendly reagents (e.g., when compared to organic 

solvents used in liquid-liquid extractions). Thus, CPE was expected to have 

potential also in separating PGEs from the leach solutions or recovering PGEs from 

dilute process waste solutions. For this purpose, a previously reported CPE method 

was optimized for much higher PGE concentrations (< 0.2 µg L-1 to > 1 mg L-1) 

and applied to diluted (1 M HCl) leach solutions. Recoveries around 90% for Pd, 

Pt and Rh and around 66% for Ru were obtained, while 95% of the matrix elements 

were removed. 

CPE was used also for the elimination of interferences prior to the 

determination of PGEs by ICP-QMS. The method was carefully optimized to 

tolerate also the presence of nitric acid in the MW-digested sample solutions. For 

this purpose, sulfamic acid was introduced to the method employing 2-MBT as a 

complexing agent and Triton X-100 as a surfactant. Sulfamic acid was expected to 

favor the complex formation processes and to prevent the decomposition of the 

complexing agent by nitrous species present in the solutions. The analytical 

performance of the method was confirmed using two certified reference materials, 

SRM 2557 (used automotive catalyst) and BCR-723 (road dust). Furthermore, CPE 

was used for determining the mass fractions of Pd, Pt and Rh in moss samples 

exposed to traffic-related emissions. 

The ICP-MS/MS technique, offering interesting opportunities for instrumental 

elimination of spectral interferences, has recently been introduced to analytical 

laboratories. Thus, the feasibility of this technique for the determination of Pd, Pt 

and Rh in moss samples was studied. The validity of the developed method was 

first studied using BCR-723 and the most successful interference elimination 

conditions with NH3 (10% NH3 in He, 3 mL min-1) were applied for the moss 

samples. Furthermore, the mass fractions determined for Pd, Pt and Rh in the moss 

samples were compared to those obtained using CPE and ICP-QMS. An excellent 

correlation between the results was found when 103Rh was determined on-mass 

(103→103) or using a mass-shift corresponding to formation of Rh(NH3)4
+ 

(103→171), 108Pd was determined with a mass-shift to Pd(NH3)3
+ (108→159) and 

195Pt was determined with a mass-shift to Pt(NH3)2
+ (195→229). The use of ICP-

MS/MS technique significantly reduces the time required for the analyses since 

only a complete digestion of PGEs is needed. As a consequence, this technique 

holds great potential for future use. 
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The studied moss samples were originally collected with the aim of studying 

the usefulness of Pleurozium schreberi (a terrestrial moss) for the active 

biomonitoring of emissions of Pd, Pt and Rh from the road traffic in the Oulu region. 

The mass fractions of Pd, Pt and Rh (ICP-MS/MS) and other traffic-related 

elements (ICP-QMS or ICP-OES) were determined at three different distances 

from, and at each of three different locations, along highway E75. These results 

together with well-known trends and statistical treatment indicated that P. schreberi 
is well-suited for active biomonitoring experiments. In addition, valuable 

information was gained to be compared to previous knowledge and to be used as a 

basis for future monitoring campaigns. The availability of the ICP-MS/MS 

technique also provides possibilities to expand the monitoring efforts both with the 

number of samples collected and with the number of elements studied. 
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