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Abstract

An increased worldwide usage of platinum group elements (PGE) has been observed during recent
decades. High amounts of PGE are applied in such areas as chemical industry and jewellery production,
but the increased demand for these metals primarily depends on the introduction of automobile catalytic
converter systems. Catalytic converters have also been considered to be a major source of PGE pollution.
The similar Pt:Rh ratio, which is used in these autocatalysts, was found in various environmental samples
as well. The present literature review indicates that the concentration of these metals has increased consid-
erably in the last twenty years in different environmental matrices, resulting in ecological and human health
risks. Because of the importance of PGE and their trace levels in environmental and biological matrices,
sensitive methods are required for reliable determination. Details of the particular steps of analytical proce-
dures for PGE quantification in environmental samples such as road dust, airborne particulate matter, soil,
benthic sediments, water, wastewater and biological samples are discussed. Sampling and sample storage
and preservation techniques are presented. Moreover, the most frequently used extraction, enrichment,
detection and determination procedures for PGE are described.

Keywords. platinum group elements, autocatalyst, urban environment, environmental samples, sam-
pling, sample pretreatment and storage, extraction and enrichment of analytes, determination methods,
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ICP-MS.

Introduction

Platinum group elements (PGE) include metals such
as platinum (Pt), palladium (Pd), rhodium (Rh), ruthe-
nium (Ru), iridium (Ir) and osmium (Os). These elements
are present in environmental samples (e.g. soil, road dust,
airborne particulate matter, water, benthic sediments
and biota) at very low concentrations. However, due to
the intensified development in specific sectors of human
activities an increasing trend in those concentrations has
been observed. The main emission source of PGE into

*Corresponding author; e-mail: chemanal@pg.gda.pl

the environment, except for the emissions of geogenic and
cosmic origin, are human activities [1].

By far the greatest usage of PGMs (platinum group met-
als) both in Europe and worldwide is in vehicle catalysts,
with additional major applications in the chemical industry,
electrical and electronics industries, petroleum industry, the
manufacture of jewellery, as a cancer-treating drug in medi-
cine, as alloys in dentistry and in the glass industry. The
data on the consumption of PGEs are shown in Fig. 1.

Automobile catalysts are both major and mobile
source of PGEs. Due to the wear of catalytic converters in
motor vehicles such elements as Pt, Pd and Rh bound to
the carrier molecules penetrate into the environment [3]
(see Fig. 2). Depending on the operating conditions and
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the age of the converter, mean platinum emissions range
from 7 to 123 ng m?3, corresponding to emission factors
between 9 and 124 ng km ' [4].

Hospital effluents containing Pt drugs also are an im-
portant source for the emission of Pt into wastewater and
sewage sludge. It was reported that total platinum emis-
sions into the public sewage systems via hospitals were
approx. 14.3 kg of Pt in 1996 in Germany, which corre-
sponds to approx. 187.2 kg of total Pt from cars [5].

The actual amount of PGEs released into the environ-
ment by catalysts can be directly evaluated by determin-
ing their content in car exhaust fumes or by quantifying
the anthropogenic PGE in environmental materials such
as soil, airborne particles, sludge, water, road dust, etc.
and modeling these data together with traffic statistics.
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Table 1 shows the results obtained by authors following
these two strategies.

Until recently, studies on background concentrations
of platinum group elements in the environment were
mainly based on the determinations of Pt levels, later to
be followed with Pd and Rh concentration measurements.
In the cases of Ir, Ru and Os, only very scarce data are
available. This is mainly due to the fact that the available
analytical techniques and methodologies are also limited.
Determination of Ru and Os is particularly difficult be-
cause both elements form volatile oxides [14]. Thus this is
the additional reason that explains the scarcity of data on
the content of these elements in environmental samples.

Investigating PGE content in environmental samples
poses a big challenge because of the following:
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Fig. 1. World consumption of PGEs [10° 0z] in 2005 and 2006 [2].
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Fig. 2. Cross section of a typical vehicle exhaust catalyst, in-
cluding the single channel of a monolith [6].

— very low concentration levels of analytes

— difficulties with quantitative dissolution of samples

— lack of proper reference materials

— unsatisfactory metrological characteristics of the ana-
lytical techniques used in the final determination step.
Because of the above-mentioned reasons it is neces-

sary to introduce additional steps into the specific analyti-

cal procedures in order to obtain reliable analytical results

of good quality.

Analytical Procedures for Platinum Group
Elements Present in Environmental and
Biological Samples

As mentioned before, the precise determination of low
levels of PGE in environmental samples is possible only
when instrumental techniques characterized by low limits
of quantification (LOQ) are employed. Proper sampling
and sample pretreatment techniques are a must if sample
contamination or the loss of analytes is to be avoided. The
following types of environmental samples analyzed for
PGE content have been described in literature:

— road dust

— airborne particulate matter
— soil and benthic sediments
— water

— wastewater

— biological samples.

In further parts of this publication the literature data
on basic problems experienced during dissolving, enrich-
ing and determining the PGE analytes in the above-men-
tioned types of samples have been presented.

Sampling, Storage and Preservation of Samples for
Analysis
Road Dust

Road dust is becoming a significant factor in evaluat-
ing environmental conditions, particularly in metropolitan

areas. Its main components are [15]:
— soil
— soot
— airborne particulate matter
— organic matter originating from local vegetation
— pollutants from road transport
— salt,
— gravel,
— debris from road accidents
— components of road pavement
— garbage and animal remains

Road dust samples could be collected by hand brush-
ing with a nylon brush and plastic collection pan directly
from the road surface. Each brush and pan should be con-
sidered disposable and used only once. The samples were
collected using latex gloves and were stored/transported
in plastic sample bags [16]. Dust can also be collected
by means of commercially available vacuum samplers
equipped with cellulose filters [17]. The size of a repre-
sentative dust sample for the analysis of PGE content has
to be precisely determined; usually, it depends on the par-
ticle size distribution of a given dust. In case of particles
<90 pum (after grinding), samples of about 0.1 g are col-
lected in order to obtain good repeatability of measure-
ments [9, 10, 16].

Airborne Particulate Matter

Before introduction of automobile catalysts, Pt was
not detected in air samples in the USA and Europe [11].
The study of Pt concentrations in airborne particulate
matter (PM) in Germany shows that there was a 46-fold
increase in Pt concentrations from 1988 to 1999 [18].
In the framework of a multi-tasked project on the risk
posed by the emission of PGE from car catalytic con-
verters, systematic campaigns for PGE monitoring in air
were performed from 1998 to 2000 in selected European
countries [19]. Determination of PGE in atmospheric
aerosols is particularly important in relation to human
health because molecules of these metals can penetrate
the human body via the respiratory tract (fraction <10
um). Aerosols that originate in the surrounding air main-
ly consist of [22]:

— inorganic ions (e.g. ammonium, chloride, carbonate,

nitrate and sulfate ions; 43%)

— organic compounds (19%)

— water (19%)

— soot (15%)

— various compounds containing metal ions (4%).

The simplest way to sample airborne particulate mat-
ter for PGE analysis is to pump a known volume of air
(10-80 m?) through a filter for 24 to 72 hours. In most
studies airborne particles were collected by means of a
sampler equipped with a rotary pump (operational pa-
rameters: from 1 m*/h to 1800 m*/h, 24/48 h) and 0.8 pm
cellulose filter [11, 17, 21, 22]. Determinations of PGE
in samples with known particle size distribution can be
conducted by means of a compactor (cascade or regular
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Table 1. The amount of PGE in environmental matrices exposed to vehicular traffic

. Average Daily
Sample o Example's of csmcentranon . Traffic/ ' '
Sampling site Analytes levels in environmental Unit . Literature cited
type Experiments
samples
parameters
1 2 3 4 5 6 7
Pt 1.13-32.4
Pd 0.90-6.77
Kanittelfeld, Rh 0.17-3.11
Austria Ru 0.12-5.77 ngg 20 182
Os 0.08-2.36
Ir 0.09-0.89
Pt 2.89-134
Pd 0.79-24.5
Rankweil, Rh 0.40-13.2
Austria Ru 0.01-0.89 nge 22072 7]
Os 0.03-0.25
Ir 0.04-0.15
Pt 2.01-38.9
Pd 0.86-6.41
Stidost-Tan- Rh 0.15-3.39
gente, Austria Ru 0.07-0.55 ng/g 36679
Os 0.04-0.08
Ir 0.09-0.24
SOIL ™ petween Sao Pt 031-17.4
Paulo and Jun- Pd 1.1-58 ng/g 30 000 [8]
diai, Brazil Rh 0.07-8.2
Pt 30.96 +£2.13
Pd 13.79+0.74 30 500
Rh 3.47 +£0.07
Pt 68.65+1.20
Pd 69.43 +3.85 41100
Rh 14.54 +1.40
Pt 153.20 +£0.01
Perth, Australia Pd 100.06 +4.77 ng/g 29 500 [16]
Rh 26.55+0.83
Pt 130.65 +4.79
Pd 91.36 + 6.04 100 000
Rh 25.18+4.19
Pt 107.49 +9.53
Pd 108.45 +1.60 80 000
Rh 12.47 +£0.05
. Pt 342-1109
B;f‘;ly;:"ik’ Pd 32.8-422 ng/g 30 000 [10]
Rh 6.0-19.7
Pt 53.84 +0.88
Pd 58.15+1.20 3050
Rh 8.78 +£0.83
Pt 161.24 +33.47
Pd 132.72 £ 12.10 41100
ROAD Rh 31.47 +7.68
DUST Pt 123.64 +2.46
Perth, Australia Pd 168.48 +17.17 ng/g 25200 [16]
Rh 2448 £1.20
Pt 229.60 +9.48
Pd 150.10 £ 9.53 51 000
Rh 45.10+1.20
Pt 224.42 +14.27
Pd 293.53 +3.30 35500
Rh 42.72 +1.80
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Table 1. continued

1 2 3 4 5 6 7
Pt 261.68 + 6.78
Pd 22433 +14.05 ng/g 29 500
Rh 56.03 +5.77
Pt 181.26 + 31.30
Pd 211.74 +1.88 nglg 12 000
98 £ 5.
Perth, Australia Rh 44.98£5.03 [16]
ROAD Pt 419.41 +25.06
DUST Pd 440.46 + 43.01 nglg 55000
Rh 91.40 + 7.86
Pt 141.55 + 28.31
Pd 114.45+23.33 nglg 22500
Rh 22.48 +0.37
London
Orbital motor- Pt 101.6-764.2 ng/g 85 0(())(())(; 145 [10]
way
. Pt 4.17-233
TDUIU“S”TEL Bif‘;‘lf;;‘(’lk’ Pd 3.10-23.9 ng/g 28 000 [9]
Rh 6.76 +1.28
Bialvstok Pt 827 +8.98
GRASS P'“ 1ysn(()1 ’ Pd 324023 ng/g 20 600 [9]
o Rh 0.63 - 0.68
Mogfi IIf;k’ Pt 14-38 pg/m’ 40 000 [11]
Small village
40 km north of 11212 3 0<50;50 ; pe/m’® 100
Rome, Italy ) )
AIR g} 21' 86:49044 pg/m? 30 000 — 40 000
BORNE Pt 10.0 - 28.6 ,
PARTIC- Rh 24-58 pg/m 30000
ULATE -
MATTER RP; 91‘02 _680’21 pg/m? 40 000 — 50 000 [12]
Rome, Italy Pt 24188 S 20 000
Rh 0.8-6.8
Il;tl 31'46__385 f pg/m? 40 000 —50 000
RPItl 71'88‘_582'50 pg/m? 100 000
fraction > 0.45
Pt 0.12-12.80 pm
) Pd 0.30-5.20 ne/L aged catalyst
Rh 023-15 (Pt/Pd/Rh)
Pt 1.28-62.2 fraction > 0.45
Pd 1.5-21.8 L pm
) Rh 0.7-12.4 HE fresh catalysts
(Pt/Pd/Rh) [13]
EX. Pt 0.14—6.85 fraction > 0.45
. . um
HAUST - Pd 0.20 — 4.90 ng/L
fresh catalysts
FUMES Rh 0.04 —2.01 (PA/Rh)
Pt 0.11 —36.2 fraction > 0.45
. . um
- Pd 0.013-2.8 pg/L
fresh catalysts
Rh 0.032-5.36 1)
3135 new catalysts
- Pt 4-203 ng/m mj:t‘;msi‘sge [4]
3-33 Y
old age catalysts
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type) [11]. In workplaces passive dosimetry can also be
used.

Soil and Benthic Sediments

Samples of soil and benthic sediments (including waste-
water sediments) have a complex composition that can be
compared to the matrix of road dust [23]. Generally PGM
show little mobility in soils under natural conditions. How-
ever, evidence suggests that certain PGE-species bound to
soil particles could be remobilized and thus enter the food
chain through uptake by plants [7, 24]. Results of the large
amount of investigations confirmed significant accumula-
tions of Pt, Pd and Rh and showed characteristic distribution
patterns. Concentrations decreased to natural background
levels within a few meters from the edge of the traffic lane
and within a few centimeters from the soil surface [7]. Fur-
thermore, the examination of relationships between PGE and
traffic density, vehicle speed and concentrations of common
vehicle-derived contaminants (eg. Pb, Cd, Zn) accumulated
in roadside soils shows strong correlations [25]. Soil samples
for determination of platinum group elements are collected
from various depths ranging from 0 to 5 cm [26, 27]. Sam-
ples are taken at different depths to obtain information about
mobility of these elements.

The PGE are emitted in a particulate form [28], the
first sink after entering an aquatic biotope is the sediment,
where these metals accumulate [29, 30]. Depending on
the scope of a study various equipment is employed, rang-
ing from the simplest dredges that scrape sediment from
the bottom (resulting samples have the changed internal
structure) to specialized samplers with a complex techni-
cal design. [31]. McConnell presents the collection proce-
dure, which involves landing a float-equipped helicopter
on the lake surface and dropping a weighted tubular sam-
pler fitted with a nylon rope for retrieval. A butterfly valve
in the bottom of the tube opens upon impact with the sedi-
ment and closes upon retrieval, trapping the contained
sediment [32]. The parameters such as sediment color
and composition, pH value, redox potential, conductivity
and the color of water overlaying the sediment have to be
considered in the sampling procedure [30, 32]. Samples
of soil and sediments for PGE determinations are usually
stored in polyethylene (PE) or Teflon (polytetrafluoroeth-
ylene, PTFE) containers.

Water Samples

In order to determine the content of platinum group
elements in water it is necessary to obtain samples rang-
ing from a couple to tens of milliliters; the sample vol-
ume depends on the scope of analysis. Samples should
be collected into completely tight containers that had
been previously cleaned by soaking in 0.1 M hydrochlo-
ric acid and washed with deionized water. It is critical
to avoid trapping air bubbles; otherwise, some analytes
may diffuse into the gaseous phase [31] (e.g. Ru and
Os compounds). To collect water samples at a certain

depth samplers operated by remote control and attached
to a wire marked at specified length intervals are used
[31]. Water samples are usually filtered through a mem-
brane of 0.45 um pore size, acidified to 0.1% (v/v) with
concentrated acid and stored frozen until analysis [33].
Samples should also be analyzed not later than a couple
of days after their collection [34]. This is critical because
of the possibility of adsorption of metals on the walls of
glass and polyethylene sampling containers, which may
lead to the loss of analytes.

Biological Samples

Determination of Pt concentrations in biological sam-
ples such as saliva, urine, blood and tissues allows the
estimation of exposure to PGE. Collecting urine samples
is rather easy, although even such a simple procedure re-
quires that rules be followed, as specified below [4]:

— persons from whom samples are collected should obey
the rules of personal hygiene

— sampling time should be thoroughly considered as to
be representative of a certain exposure time; therefore
a 24-hour sampling cycle has been recommended

— itis advised to store each sample in polyethylene con-
tainers, which should first be decontaminated over-
night with 10% HNO,, then rinsed several times with
high purity deionised water [35]

— possible sample contamination should be particularly
avoided; this problem is critical in cases of platinum
determinations in persons not exposed to this metal

— samples should be stored frozen.

Blood samples could be collected after 2—10 h of infu-
sion of cisplatin, with a hypodermic syringe by vein punc-
ture and kept at -4°C before analysis [36]. Samples of veg-
etation for PGE analysis should be collected with the use
of ceramic tools, i.e. forceps and scissors. The samples of
tissues could be taken with the aid of stainless steel scissors
and forceps which had been previously cleaned with 1%
ammonium-EDTA-solution and bi-distilled water [37].

Sample Preparation for Analysis

The final determinations of Platinum Group Elements
by employing specific analytical techniques can be con-
ducted after proper sample preparation, that is:

— sample mineralization
— extraction and enrichment (preconcentration) of ana-
lytes.

Acidic Mineralization

Digestion of solid samples is the first step in the prepa-
rations preceding the final measurements. Moreover, in
case of voltammetry, the liquid sample should be decom-
posed (e.g. by acidic dissolution) in order to minimize
carbon content. Acidic decomposition might also be re-
quired before certain types of enrichment procedures.
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Acidic mineralization can be performed in Teflon or
quartz dishes because both these materials are resistant
to high pressure and temperature. Wall memory effect in
the mineralization dish is a critical problem. Quartz dishes
are characterized by the low wall memory effect [38] as
compared to those made of Teflon; Teflon dishes can be
used for samples containing similar amounts of PGE. In
all cases, it is necessary to include a sample blank [4].

High-pressure decomposition systems and microwave
heating are incorporated in digestion procedures. The use
of high-pressure systems and microwave heating signifi-
cantly accelerates the decomposition of the samples and
leaching analytes [39].

The following rules should be followed during the dis-
solution stage [14]:

a) the choice of digesting mix should be suitable for the
further steps of analysis because, among other things,
some clements of the analytical equipment might be
prone to reacting with the mix components, such as
ingredients of aqua regia or hydrofluoric acid;

b) the composition of dissolving mix should be established
for each of the analyzed Platinum Group Metals;

¢) mineralization should not be conducted in open dishes
because it may lead to the loss some form of analytes;

d) the evaporation steps should not be conducted at tem-
peratures exceeding 100°C; otherwise, loss of analytes
may occur. Evaporation to dry mass should be avoid-
ed; and

e) the weight of sample to be digested should be chosen
adequately to the expected concentrations of analytes
and to the size of dish in which mineralization will
take place, (in case of soil, dust and biota, a typical
sample size for mineralization procedure is 5 g).

The application of the carefully chosen mix of acids
is particularly critical in case of Pt and Rh determinations
by voltammetric techniques. In this case, mineralization
has to be performed in the mix of nitric and hydrochloric
acid. Because the nitric acid residue disturbs voltammet-
ric measurements it has to be evaporated after the miner-
alization step, and the sample should be treated with small
amounts of sulfuric and hydrochloric acid [5]. This is a
particularly important stage of analysis because it might
result in a significant loss of platinum. Accordingly, re-
covery experiments are very important [40].

Table 2 shows literature data on mineralization/ex-
traction procedures of environmental samples containing
Platinum Group Metals.

Separation and Enrichment of Platinum Group Elements

Due to the low or even very low concentrations of
PGE in environmental samples it is often not possible to
make direct determinations of these metals by employing
the known analytical techniques; therefore, a preconcen-
tration step becomes necessary. The following approaches
can be used [14, 39, 52]:

— liquid-liquid extraction
— solid phase extraction

— techniques based on ion exchange
— electroprecipitation.

For all the above techniques, it is essential to estimate
a recovery coefficient for each analyte.

Extraction Techniques
Liquid-Liquid Extraction (LLE)

Liquid-liquid extraction has a broad and well-found-
ed application as both a separation and preconcentration
method. This technique can also be used for separating
PGE from solutions. Because Platinum Group Elements
form complexes very easily, solutions of organic com-
plexing agents are often used to facilitate their extraction
[52]. The most frequently used solvents are [53-57]:

— methyl-isobutyl ketone
ditizon

— dibutyl sulfide

— tributyl phophate
trialkylphosphine oxide
— chloroform.

The antipyrine derivatives of Pt, Pd, Ir and Os are also
used for their preconcentration in chloroform [14]. This
technique has its limitations due to time consumption and
the repeated extraction step which is necessary to secure a
good recovery of the analytes.

Solid Phase Extraction (SPE)

Solid phase extraction is a useful procedure for precon-
centrating the analytes, including PGE. PGM complexes
can be separated in case of the metals whose ligands show
a strong affinity to non-polar stationary phase. Silica gel
modified with C or C, groups and polymeric resins based
on polystyrene or polystyrene-divinylbenzene are used as
sorbents [52]. Complexing agents such as dithiocarba-
mate are employed in enrichment of PGE via solid phase
extraction; however, their application remains limited to
slightly acidic or neutral solutions in which no oxidation
occurs [14].

Techniques Based on the Application of lon Exchange

The propensity of PGE for forming complexes in so-
lutions of mineral acids has been used for, among other
things, separating these metals by the techniques based
on ion exchange. Platinum Group Elements form stable
anionic chlorine complexes, while the majority of transi-
tional group or rare-carth elements form weaker anionic
or cationic complexes. The high affinity of PGE chlorine
complexes for strongly basic anion-exchange resins as
well as their weak affinity for cation-exchange resins can
be used for separating these metals from sample matrix
[52]. In literature, various procedures of PGE elution
have been described that consider a recovery of analyt-
es, separation efficiency of these metals from the matrix
components, and background values [20, 58, 59].
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Table 2. Specific information based on literature review in regard to mineralization/extraction procedures and final determination tech-

niques for Platinum Group Elements.

Type of separa-

(5-10 cm)

. Ashing (450°¢)

Analytes | Sample type Extraction conditions tion/determina- | Detection limit Liltlirea_
tion technique
1 2 3 4 5 6
1. Mineralization of shredded sample-containing filter with
the assist of microwave radiation (630 W, aqua regia)
2. Repeated mineralization as in step 1, after cooling down Pt: 0.5-0.7
Pt Aerosol the solution and adding another portion of aqua regia ICP-DRC-MS B [11]
3. Filtration pg/m
4. Evaporation in a rotational evaporator at 80°C
5. Sample dilution
. 1. Heating the sample on filter to 450°C
Airborne 2. Mineralization with a microwave treatment (aqua regia;
particulate ' . . . . ’ Q-ICP-MS
Pt Rh matter, road aqua regia and HF; aqua regia and HCIO,; or aqua 1CP- SF MS [41]
. regia, HF and HCIO, mix)
dust (fraction o o DP-CSV
<63 um) 3. Sample (.111ut10n w1th HClh
4. Storage in PE containers in a freezer
Airborne particulate matter:
1. Sampling with a sampler equipped with polycarbonate
Airborne filter (0.8 um, 47 mm, Millipore) for about 4 h 1. Pt: 0.5 pg/m?
Pt particulate | 2. Mineralization with a microwave treatment AdV 2.Ptin 0.5 ml [42]
matter, urine | Urine: urine: 1 ng/L
1. Addition of H,0, and sulfuric acid to the sample fol-
lowed by UV-light photolysis
. , Pt, Rh, Pd: HR-ICP-MS:
; Ezyr:(l)gge(arll(i)zoaggn and sieving (fraction <75 um was HR-ICP-MS Pt 0.13 pg/ml
analyzed) Pt, Rh: Rh: 0.05 pg/ml
PtLPd, Rh| Roaddust |3 \fineralization with a microwave treatment (250~600 QUCTMS | b s peml | L17]
W; HCI, HNO, and HF), repeated 4 times L Q-ICP-MS:
4. Evaporation asld dissolution of dry residue in HCI1 co-precipitation | Pt: 16.3 pg/ml
) with Hg/TXRF | Rh: 5.2 pg/ml
1. Air-drying, weighing and sieving of samples (fraction
<2 mm was used in analysis)
2. Ashing at 550°C
Pt Road dust |- Distillation IDICP-MS | Pt01pgkg | [43]
4. Filtration
5. Evaporation
6. Dissolution of dry residue in HNO,
7. Storage in PE containers
1. Drying (110°C)
2. Fractionation into three particle sizes (75, 75-125, 125-
250 um) by shaking through a series of test sieves
3. Mineralization with a microwave treatment (aqua regia
Pt Road dust 4. Addition of HCI and repeated mineralizatiorf ! . [CP-MS Pt: 0.12 ng/ml [16]
6. Cooling down and evaporation
7. Dissolution of dry residue in aqua regia and deionized
water
1. Drying (50°C)
2. Sieving (fraction < 63 pum was used for analysis)
2. Soil, road | 3. Mineralization with a microwave treatment (aqua regia)
Pt Pd. Rh dust 4. Filtration through a 0.45 um filter; filter washing with Dowex AF50W- i 1. [16]
T 1. Benthic HCI X8 /ICP-MS 2. [44]
sediment |5. Sample evaporation in a PTFE dish
6. Dissolution of dry residue with HCI; sonication of the
solution
Soil 1. Drying (40°C) and comminuting of the sample
T . . . Pt & Pd: 0.4
(0-2 cm) | 2. Sieving (fraction < 2 mm was used for analysis) Fire assay/ICP-
PLRIPAL ) s cm) | 3. Drying (105°€) MS ng/ke [43]
4' Rh: 0.1pg/kg
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Table 2. continued

Pt

Soil

. Drying (40°C)

. Sieving (fraction <2 mm was used for analysis)

. Comminution

. Mineralization with a microwave treatment (aqua regia)

. Cooling down, filtration and filling up with deionized
water

[ N S R S

ICP-MS

Pt: 7.6 ng/L

[46]

Pt, Pd, Rh

Soil

. Drying (40°C)

. Ashing (450°C)

. Extraction with a microwave treatment (aqua regia)

. Evaporation and dissolution in aqua regia

. Filtration through a PTFE 0.45 pm pore size filter;
almost dry evaporation of the filtrate

. Separation of PGE from the matrix via co-precipitation
with tellurium and SnCl,

7. Filtration through a PTFE 0.45 um pore size filter; filter

washing with HCI
8. Dissolution of dry residue in aqua regia; evaporation
and addition of HNO,

[ N R

[*)}

ICP-MS

Pt: 0.043 ppb
Pd: 0.088 ppb
Rh: 0.016 ppb

[47]

Ru, Rh,
Pd, Os,
Ir, Pt

Soil

—

. Drying at ambient temperature

2. Sieving (fraction <2 mm was used for analysis)

3. Measuring sample pH and conductivity; determination
of TOC, TC and TIC

. Drying (105°C) and homogenization

. Mineralization (300°C; aqua regia)

. Centrifugation of non-soluble residue

. Evaporation; addition of HCI; and filtration through a
0.45 um pore size filter

8. Preconcentration of analytes on cation-exchange col-

umn on-line with ICP-MS

R URC N N

ICP-MS

Pt

1. Wastewater
2. Wastewater
sediment

Wastewater:

1. Sample stabilization with HCI

2. Mineralization at 320°C and under high pressure (aqua
regia)

3. Evaporation of HNO, at 160°C; addition of HCI

Wastewater sediment:

1. Drying (105°C) and grinding

2. Mineralization with a microwave treatment (aqua regia)

1.1V
2. ICP-MS

Pt

Hospital
wastewater

1. Addition of HNO, to the sample until pH 1-2 has been
reached
2. Addition of 500 ml 30% H,0, to the 10 ml of sample;
sonication
. Mineralization with UV-light or heating

AdV

10 ng/L

[34]

Pt

Hospital
wastewater

. Addition of HNO, and HCl to the sample
. Mineralization (100-130 bar; 300°C)

. Evaporation of HNO, (160°C)

AdV

10 ng/L

Pt

River water
Seawater

3
1
2
3. Addition of H,SO, and HClI to the cooled down sample
4
1

. Sample was collected into a PE bottle previously rinsed
with HCI
2. Sample filtration onto a 0.45 pm pore size membrane
filter
3. Addition of HNO,; sample stored frozen

ET-44S

0.8 ng/ml

[53]

Pt, Pd, Rh

Snow

1. Pump filtration of thawed snow through a 0.45 pum cel-
lulose filter

2. Ashing of the sample-containing filter

3. Dissolution of dry residue in aqua regia

4. Preconcentration of analytes via co-precipitation with
mercury

GF-AAS

Pt: 1.0 ng/L
Pd: 1.0 ng/L
Rh: 0.5 ng/L

[51]
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Ion exchange technique is very suitable for eliminat-
ing spectral interference in the determinations of PGE by
ICP-MS (inductively coupled plasma mass spectrometry)
[52]. However, its disadvantage is that recovery is non-
repeatable (it depends on sample type) and the method
cannot be used for concurrent separation of all platinum
group metals [14].

Cation Exchangers

At present, broad investigations on the application of
cation exchange to PGE separation are conducted, all deal-
ing with resins characterized by strong cationic features.
Separation by cation exchange takes place when an anionic
chloro complex of PGE passes through a cationic column,
while other metals in the sample get quantitatively absorbed
on a sorbent bed. High recovery of PGE is achieved when
a mix of acids is used as eluent. The main obstacles in the
application of cation exchange are [14, 60, 61]:

— relatively large amounts of resin necessary to absorb
non-PGE metals, which results in tedious cleaning of
the sorbent bed and high consumption of acids

— relatively large eluent volume necessary for quantita-
tive elution of PGE from the column; this increases
the risk of concurrent elution of other metals that do
not form strong cationic complexes

— difficulties in separating Platinum Group Elements
due to the limited amount of eluent used in order to
avoid concurrent washing out of other substances
from sorbent

— low separation efficiency for Hf and Zr, which may
give rise to many problems during the PGE determi-
nation step via /CP-MS and NA (Neutron Analysis).
Both metals tend to form stable anionic complexes;
this propensity depends on sample type and dissolu-
tion technique, and in particular is observed in samples
that decompose with the use of hydrofluoric acid.

Anion Exchangers

Regarding the exclusively low concentrations of plati-
num and palladium in the environmental samples (ng/g,
pg/g) the anionic exchangers appear to be preferable to
the cationic exchange resins, because they demand a col-
umn of a smaller size and smaller volumes of the eluates
[62, 63]. Selectivity of anion exchangers is better because
of the formation of stable ion pairs between chloro com-
plexes and a sorbent’s active groups. The tendency for the
metal-chloro complexes to form ion pairs with anion-ex-
changers is: [MCI ]* > [MCI,]* >> [MCI ]* > aquo spe-
cies, where M is a metal [59].

Mixtures of different solvents are used for elution, as
follows [14, 52, 64-66]:

— To elute PdC1,* and PtCl*, which bind strongly to
some resins, perchloric or concentrated nitric acid are
used as they have higher affinity for a given resin.

— To elute platinum and palladium complexes, which are
adsorbed too strongly to be eluted from stationary phase,

hot concentrated mineral acids or hot ammonia solution
also is applied,; this results in resin dissolution, which has
a negative effect on the removal of contaminating sub-
stances and, in turn, PGE determinations.

— In order to efficiently remove PGE from a resin, a
complexing reaction with thiocarbamide or other suit-
able complexing agent is used.

— To elute PGM from anion-exchange resins the thio-
urea in 0.1 M hydrochloric acid solution is also used.
Similarly to cation exchangers, the separation of Hf

and Zr is not complete; however, this problem can be
solved by eluting disturbing substances with an HF-HCL
mix [64].

Coprecipitation

Reductive coprecipitation with a suitable collector
is applied to separate noble metals from base elements
and to concentrate them to the level appropriate for in-
strumental techniques [32]. This method can be used for
environmental and biological samples. In such a case, it
is necessary to choose the proper sample dissolution pro-
cedure. Commonly used precipitating agents are [14, 52,
67, 68]:

— solution of Te, Se, As or Cu salts. SnCl, is a reducing
agent (precipitate is dissolved in nitric acid and the ob-
tained solution can be processed by means of various
techniques depending on the required measurement
sensitivity);

— mercury nitrate. In this case, mercury is reduced with
formic acid (this procedure can be used for palladium
enrichment in samples of urine, plants and road dust
after high pressure mineralization).

— thiourea and thioacetamide. Both compounds can be
applied in coprecipitation of PGE with the use of cop-
per collector.

Coprecipitation applied as an enrichment technique
is frequently associated with low recovery of analytes
therefore, a consecutive use of isotope dilution mass
spectrometry (IDMS) is recommendable in order to ob-
tain reliable measurements (except in the case of mo-
noisotopic Rh) [69].

Electroprecipitation

Electroprecipitation has found a limited application as
a separation/preconcentration technique for the Platinum
Group Elements. The application of this method requires
samples in liquid phase [14]. During electrochemical pre-
concentration step analyte ions are separated from the sam-
ple matrix and deposited on the electrode. The analytical
signal is then obtained during the dissolution of the metal
from the electrode. The effectivity of preconcentration and
dissolution steps could be influenced by oxygen, surface-
active compounds, and inert salts present in a sample [70].
Although, in spite of the high pre-concentration factors and
good selectivity of electrodeposition, the efficiency process
considerably depends on pH. Under the given conditions
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(acidic pH, negative potentials), hydrogen ions are reduced
and the evolution of hydrogen decreases analyte reduction
efficiency [52]. In literature, there is a description of plati-
num determination technique based on electroprecipitation
on a graphite rod, and the final measurements by means of
GF-AAS (detection limit of about 0.3 ng Pt) [71].

Analytical Techniques Employed for Detection
and Quantitative Determination of PGE / General
Characteristic of Techniques Used for PGE
Determinations in Environmental Samples

Determination of PGE analytes can be performed by
means of different analytical procedures; however, the
concentration of the metals dictates the choice of tech-
nique to be adopted. Fig. 3 shows a schematic presenta-
tion of the techniques, which are the most often used for
determination of Platinum Group Elements at various
concentration levels in environmental samples.

The basic information on analytical techniques used
for final determination of PGE analytes in environmental
samples is presented below.

Gravimetry and Titration Analysis

Gravimetry and titration analysis are widely used for
accurately checking and confirming the concentration of
standard solutions and in the analysis of PGE-rich samples
at the content level of 0.1% or higher [72-74]. The main
sources of error are losses during precipitation, cleaning
of the residues and drying (when gravimetric techniques
are used).

UV/VIS Spectrophotometry

The availability of spectrophotometric apparatus and
the simplicity of analytical procedures make the tech-
nique very attractive for a wide range of applications.
The determination of PGE by spectrophotometric meth-
ods requires their quantitative transformation into soluble
stable species that can make the basis of the detection.
The use of spectrophotometric methods in PGM analysis
is limited due to low sensitivity. It is caused by a high
chemical similarity of PGM resulting in the formation of
complexes of similar compositions and properties [75].
However, many new highly specific and sensitive organic
reagents are being synthesized and various highly sensi-
tive methods are being developed with molar absorptivi-
ties of 10°-10° or even higher [76]. Nevertheless, the use
of this method is limited to metallurgical or industrial
samples containing PGE at pg/g or higher levels [52].

Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES)

One of the characteristic feature of this method is the
necessity of converting metals into solution before anal-

339
Techniques applied for PGE determination
(depending on analyte concentration)
{ ipb oot
— Gravimetry —ICP-AES —ICP-MS
—Titration analysis —AAS —NAA
—UV-VIS —XRF ‘— Electroanalytical
spectrometry techniques

Fig. 3. Analytical procedures employed for determining PGE in
environmental samples.

ysis. Optionally stable suspended matter samples may
also be analyzed if the nebulizer is properly constructed.
The direct analysis of platinum and palladium by /CP-
AES however is considerably restricted because of the
interferences of the matrix elements, which exist in the
samples in concentrations four to eight orders higher
than platinum metals [39]. For example, the influence
of aluminium and iron on the Pt signal, and iron and va-
nadium on the Pd signal (due to spectral interferences),
has been observed [63]. The low concentrations of Pt
and Pd in the environment and the necessity to minimize
the spectral and matrix interferences have led to the de-
velopment of various procedures for isolation and con-
centration of PGE, but ion-exchange is most frequently
used. /CP-AES has been utilized for the determination of
PGE in road dust and plant samples (from ng/g to ng/g)
after separation on Dowex 1-X10 anion-exchange resin
[63, 66]. The technique is also sufficiently sensitive for
the determination of noble in sewage sludge and geo-
logical samples [76].

Atomic Absorption Spectrometry (AAS)

Atomic absorption spectrometry is both an easily
available and widely used technique for the determina-
tion of platinum group metals in different materials. This
technique, similar, to /CP-AES, requires total dissolution
of the element.

In FAAS (Flame Atomic Absorption Spectrometry) the
nebulized sample is introduced into flame. The absorp-
tion of the analyte atoms is compared against known stan-
dards. The following flammable gases are used in PGE
determinations:

— acetylene/air (Pt, Pd, Ru)
— nitrous oxide and acetylene mix (Rh, Ru).

The main disadvantage of FAAS for PGE determina-
tion is its poor sensivity. Therefore, the FAAS technique
generally finds use for noble metals determination in con-
centrates and PGM-rich samples [51, 78].

In GFAAS (Graphite Furnace Atomic Absorption
Spectrometry) analysis, usually a small volume of sample
solution or solid sample, is dispensed into a graphite atom-
izer and the absorption of the produced atoms is measured
against standards. Sensitivity of PGE determinations by
GFAAS mainly depends on the metal’s melting point. The
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GF-AAS determination of PGE requires high atomization
temperatures due to the high vaporization temperature of
the PGM compounds [79].

Measurements can be disturbed by the presence of
other noble metals due to the formation of alloys, and
by other elements that are present in environmental
samples, e.g. Ni [80]. With the aim of the GF-4A4S anal-
ysis of platinum in catalyst, vegetation, soil and water
samples, the matrix effect from excess concentration
of several ions (eg. Pb*, Cu**, Ca*, Co*, CIO,, Fe’*,
Fe*, AIP*, Sn*", Rh¥, Zr*, Ce*, Pd*") on the Pt sig-
nal was studied. The tolerance limits found show that
platinum can be determined in the presence of a variety
of ions [33]. In overcoming some of the interferences,
operations such as separation and preconcentration of
analytes prior to GFAAS determination, standard addi-
tions and also background correction using continuum
source are useful.

The method is used for Pt and Pd measurements
in spiked tap and wastewater and road dust samples
[80-83]. GFAAS detection also has been employed for
the estimation of PGM in soil [84] and snow samples
[51].

X-ray Fluorescence Spectroscopy (XRF)

X-ray fluorescence spectrometric method is gener-
ally not directly suitable for the determination of trace
concentrations of PGE in environmental samples, thus
there appear to be only a few examples of the applica-
tion of XRF in PGE analysis in published literature.
The technique has been used for analysis of total plati-
num concentrations in body fluids of patients treated
with the antitumor drug cis-dichlorodiammineplatinum
(I1) [85]. Minimum detection limits range from 0.10 to
0.25 g Pt per ml, depending on body fluid. The X-ray
method has been recognized as a suitable technique for
the determination of Pt and Rh in automotive catalyst
samples [84]. X-ray technique has also been reviewed
for the determination of PGE in corrosion-resistant
steels [86].

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

Inductively coupled plasma—mass spectrometry (/CP—
MS) is potentially suitable for analysis of PGEs, because
of its extremely low DL (Detection Limit), multielement
capabilities and wide linear dynamic range (five to six or-
ders). ICP-MS has been recognized as a widely applied
technique for the determination of PGE both in environ-
mental [10, 16, 87-89] and biological samples [90-93].

However, this technique has the disadvantage of pos-
sible spectral overlap from isotopes of different elements
and, more commonly, the formation of molecular ions in-
side the Ar plasma, which can give rise to isobaric interfer-
ences in the mass spectra. Spectral type disturbances dur-
ing the determinations of Pt, Pd, Rh and Ru are caused by
I9HF16Q, 1Hf160 (1%4Pt) (15Pt), “ArsSCu, ¥Y 60, ¥RbO

(1%5Pd), “Ar®Cu, Ar¥’Zn, 2Pb*>", 7St'60, ’Rb'50 ('**Rh),
#Zn3Cl (PRu), #Zn*’Cl, *Zn*Cl, *'Ni*Ar, SCu**Ar and
SCu’®Ar ('“"Ru). No substantial interferences are known
for iridium [94]. There are some ways to decrease spectral
interferences, such as:

— mathematical correction [43, 95]

— separating analytes from the sample matrix before

analysis [94, 44]

— using a mass spectrometer with proper resolution

[21]

— employing an alternative way of introducing samples

into a measuring system [96].

Non-spectral interferences are more complex as com-
pared to the spectral ones. They may cause signal attenu-
ation or amplification due to the presence of solid par-
ticles in solution. The effect of disturbing substances can
be alleviated by adding internal standard that has similar
chemical properties to the analyte. Detailed studies of the
methods of elimination of interferences in determination
of platinum and palladium in environmental samples by
inductively coupled plasma mass spectrometry have been
done by Lesniewska et al. [97].

Neutron Activation Analysis (NAA)

Together with /CP-MS and CSV (Cathodic Stripping
Voltammetry), NAA is the most sensitive technique for the
determination of PGE. It is the method of elemental anal-
ysis based on the transition from a stable atomic nucleus
(nuclide) into radioactive nucleus (radionuclide) due to
irradiation with neutrons, photons or active particles. The
radionuclide (radioisotope) decay model is used in quali-
tative analysis of a given trace element and emitted ra-
diation is proportional to the initial analyte concentration
in the sample. From among different types of radiation
which can be emitted, it is gamma (y) radiation that has
the best parameters for selective and parallel determina-
tions of PGE.

The two variants of NAA- instrumental NAA (INAA,
Instrumental Neutron Activation) and radiochemical NAA4
(RNAA, Radiochemical Neutron Activation), score over
other techniques because of their accuracy, sensitivity and
freedom from interference. The interference-free INAA
of Pt gamma-peak at 538.9 keV suffers from low sen-
sitivity for most environmental and biological samples
due to the low natural abundance (0.01%) of Pt [79]. The
measurement of “Pt is limited by its short half-life of
30.8 min, therefore Pt is often determined via '?’Pt, or via
the Au daughter of ’Pt. However, in a variety of envi-
ronmental and biological samples, 2*Na interference with
the 7Pt permits analysis only after long decay times. 7Pt
also suffers from “”Hg interference [98]. For RNAA, al-
most all investigation of platinum are done using 199Au
as the indicator nuclide. The main disadvantages of RNAA
is that it is time-consuming [98].

The NAA method has been utilized for the determination
of Pt in rock samples after nickel sulphide fire assay precon-
centration [99]. The technique also has been used in conjunc-
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tion with a preirradiation concentration/separation procedure
employing a Dowex ion exchange chromatographic column
for the determination of low levels of platinum in road dust
samples. NAA detection has been employed for the estimation
of Pt in airborne dust samples. The spectral interferences of
platinum were removed by mathematical correction [100].

Electroanalytical Techniques

Techniques based on the electrochemical properties of
the analytes are selectively used for PGE determination.
Among numerous electroanalytical techniques used for
the determination of PGM, voltametric methods are the
most popular ones. The technique is extremely sensitive
to the presence of organic matrix constituens. To mini-
mize interference it is preferable to destroy organic matrix
to limit the carbon content of the sample solution to under
0.5% and avoid nitric acid prior to analysis. Moreover, an
important aspects of ASV (Adsorptive Stripping Voltam-
metry) analysis is the deposition time, for which cautious
optimization prevents interference from H, bubbling. A
reduced deposition time is a prerequisite for the measure-
ment of higher concentrations of Pt [79, 101].

Due to its high sensitivity for this metal, ASV meth-
ods have been widely used for the analysis of Pt in vari-
ous matrices, including biological materials [92]. With
this technique trace levels of Pt in hospital sewage water
[5, 34] plant material [102], animal tissues [103] and an-
other selected environmental and biological samples (soil
and garden mould, vegetables, foodstuffs, fertilizers, fuels
[104] were analysed. This method has also been applied for
assessment of occupational exposure by selective determi-
nation of platinum in workroom air and in blood and urine
samples from medical staff nursing cancer patients [105].

Summary

Despite increasing knowledge about the concentrations
of Platinum Group Elements in environmental samples it is
still difficult to estimate what effects can be caused by them
in the environment. Although present emissions of PGE do
not pose a serious threat, the growing number of motor ve-
hicles equipped with catalytic converters and accumulation
of Platinum Group Metals in the environment may become
a problem in the near future. Therefore, it is important to
conduct ongoing monitoring of these elements in environ-
mental as well as biological samples. Analyzing PGE in such
sample types creates a serious challenge for scientists. In par-
ticular, PGM occur at very low concentrations and there are
no suitable reference materials, which makes validation of
the existing analytical procedures very difficult.

Acknowledgements

This scientific work was financially supported as a re-
search project (1T09D 098 30).

10.

11.

12.

13.

14.

15.

16.

. MORCELLI C.P.R., FIGUEIREDO AM.G.,

References

. RAVINDRA K., BENCS L., VAN GRIEKEN R. Platinum

group elements in the environment and their health risk. Sci.
Total Environ. 318, 1, 2004.

. Platinum 2006 Interim Review, Johnson M., http://www.

platinum.matthey.com/publications/1132062873.html

. BAREFOOT R.R. Distribution and speciation of platinum

group elements in environmental matrices. Trends Anal.
Chem. 18 (11), 702, 1999.

. ARTELT S., KOCK H.,. KONIG H.P, LEVSEN K., ROS-

NER G. Engine dynamometer experiments: platinum emis-
sions from differently aged three-way catalytic converters.
Atmos. Environ., 33, 3559, 1999.

. KUMMERER K. Drugs in the environment: emission of

drugs, diagnostic aids and disinfectants into wastewater by
hospital in relation to other sources- a review. Chemosphere
45,957, 2001.

. RYCZKOWSKI J. Automotive catalytic converter (in Pol-

ish). Laboratoria, Aparatura, Badania. 4, 13, 2003.

. FRITSCHE J., MEISEL T. Determination of anthropogenic

input of Ru, Rh, Pd, Re, Os, Ir and Pt in soils along Austrian
motorways by isotope dilution ICP-MS. Sci. Total Environ.
325, 145, 2004.

SARKIS
J.E.S., ENZWEILER J., KAKAZU M., SIGOLO J.B. PGEs
and other traffic-related elements in roadside soils from Sao
Paulo, Brazil. Sci. Total Environ. 345, 81, 2005.

. LESNIEWSKA B. A., GODLEWSKA-ZYLKIEWICZ B.,

BOCCA B., CAIMI S., CAROLI S., HULANICKI A. Plati-
num, palladium and rhodium content in road dust, tunnel
dust and common grass in Bialystok area (Poland): a pilot
study. Sci. Total Environ. 321, 93, 2004.

WARD N. I., DUDDING L. M. Platinum emissions and lev-
els in motorway dust samples: influence of traffic character-
istics. Sci. Total Environ. 334-335, 457, 2004.

KAN S.F., TANNER P.A., Platinum concentrations in ambi-
ent aerosol at a coastal site in South China. Atmos. Environ.
39, 2625, 2005.

BOCCA B., PETRUCCI F., ALIMONTI A., CAROLI S.
Traffic-related platinum and rhodium concentrations in the
atmosphere of Rome. J. Environ. Monit. 5, 563, 2003.
MOLDOVAN M., GOMEZ M. M., PALACIOS M. A. De-
termination of platinum, rhodium and palladium in car ex-
haust fumes. J. Anal. At. Spectrom. 14, 1163, 1999.
Nuclear Analytical Methods for Platinum Group Elements
(Hann, S., Helmers, E., Kollensperger, G., Hoppstock, K.,
Parry, S., Rauch, S., Rossbach, M, editors); IAEA-TEC-
DOC-1443: Wien, 2005.

JARVIS K. E., PARRY S.J., PIPER J. M. Temporal and
spatial studies of autocatalyst-derived platinum, rhodium
and palladium and selected vehicle-derived trace elements
in the environment. Environ. Sci. Technol. 35, 1031,
2001.

WHITELEY J.D., MURRAY F. Anthropogenic platinum
group element (Pt, Pd and Rh) concentrations in road dusts
and roadside soils from Perth, Western Australia. Sci. Total
Environ. 317, 121, 2003.



342

Dubiella-Jackowska A. et al.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

GOMEZ B., GOMEZ M., SANCHEZ J. L., FERNANDEZ
R., PALACIOS M. A. Platinum and rhodium distribution in
airborne particulate matter and road dust. Sci. Total. Envi-
ron. 269, 131, 2001.

ZEREINI, F., WISEMAN, C., ALT, F., MESSERCHMIDT,
I, MULLER, J., URBAN, H., Platinum and Rhodium con-
centrations in airborne particulate matter in Germany from
1988-1998. Environ. Sci. Technol. 35, 1996, 2001.
GOMEZ B.,PALACIOS M.A., GOMEZ M., SANCHEZJ.L.,
MORRISON G., RAUCH S., MCLEOD C., MA R., CARO-
LI S., ALIMONTI A., PETRUCCI F., BOCCA B., SCHRA-
MEL P., ZISCHKA M., PETTERSON C., WASS U. Levels
and risk assessment for humans and ecosystems of platinum-
group elements in the airborne particles and road dust of some
European cities. Sci. Total Environ. 299, 1, 2002.
BAREFOOT R. R., VAN LOON J.C. Recent advances in
the determination of the platinum group elements and gold
Talanta 49, 1, 1999.

PALACIOS M. A., GOMEZ M., MOLDOVAN M., GO-
MEZ B. Assessment of environmental contamination risk
by Pt, Rh and Pd from automobile catalyst. Microchem. J.
67, 105, 2000.

SCHIERL R., FRUHMANN G. Airborne platinum concen-
trations in Munich city buses. Sci. Total Environ. 182, 21,
1996.

ECKHARDT J.-D., SCHAFER J, PUCHELT H., STUBEN
D., Anthropogenic Platinum Group Element Emissions,
(Zereini F., Alt F., editors); Springer Verlag: Berlin, 47,
1999.

HEES T, WENCLAWIAK B, LUSTIG S, SCHRAMEL
P, SCHWARZER M, SCHUSTER M, VERSTRAETE D,
DAMS R, HELMERS E. Distribution of platinum group el-
ements (Pt, Pd, Rh) in environmental and clinical matrices.
Envrion. Sci. Pollut. Res. 5, 105, 1998.

SCHAFER J., PUCHELT H. Platinum-group-metals (PGM)
emitted from automobile catalytic converters and their dis-
tribution in roadside soils. J. Geochem. Explor. 64, 307,
1998.

CICCHELLA D., DE VIVO B., LIMA A. Palladium and
platinum concentration in soils from the Napoli metropoli-
tan area, [taly: possible effects of catalytic exhausts. Sci. To-
tal Environ. 308, 121, 2003.

KYLANDER M. E., RAUCH S., MORRISON G. M., AN-
DAM K. Impact of automobile emissions on the levels of
platinum and lead in Accra, Ghana. J. Environ. Monit. 5, 91,
2003.

MOLDOVAN M., PALACIOS M.A., GOMEZ M.M., MOR-
RISON G., RAUCH S., MCLEOD C., MAR., CAROLIS.,
ALIMONTI A., PETRUCCI F., BOCCA B., SCHRAMEL
P., ZISCHKA M., PETTERSSON C., WASS U., LUNA M.,
SAENZ J.C., SANTAMARIA J. Environmental risk of par-
ticulate and soluble platinum group elements released from
gasoline and diesel engine catalytic converters. Sci. Total
Environ. 296, 199, 2002.

MALTBY L., FORROW D.M., BOXALLA.B.A., CALOW
P, BETTON C.I., The effects of motorway runoff on fresh-
water ecosystems, 1. Field study. Environ. Toxicol. Chem.
14, 1079, 1995.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

HAUS N., ZIMMERMANN S., WIEGAND J., SURES B.,
Occurrence of platinum and additional traffic related heavy
metals in sediments and biota. Chemosphere 66, 619, 2007.
NAMIESNIK J., LUKASIK J., JAMROGIEWICZ Z., Col-
lection of environmental samples for analysis (in Polish).
WN PWN: Warszawa, 1995.

McCONNELL J.W. Lake-sediment and soil surveysfor
platinum group metals in central Labrador and the Voisey’s
Bay area, Current Research; Newfoundland Department of
Mines and Energy, Geological Survey, Report 03-1: pp 179-
192, 2003 .

OJEDA C. B., ROJAS F. S., PAVON J. M. C., DE TOR-
RES A. G., Automated on-line separation—preconcentration
system for platinum determination by electrothermal atomic
absorption spectrometry. Anal. Chim. Acta 494, 97, 2003.
KUMMERER K., HELMERS E. Hospital effluents as a
source for platinum in the environment, Sci. Total Environ.
193, 179, 1997.

IAVICOLI 1., BOCCA B., PETRUCCI F., SENOFONTE
O., CARELLI G., ALIMONTI A., CAROLI S. Biomonitor-
ing of traffic police officers exposed to airborne platinum.
Occup. Environ. Med. 61, 636, 2004.

LANJWANI S. N., ZHUA R., KHUHAWAR M. Y., DING
Z. High performance liquid chromatographic determination
of platinum in blood and urine samples of cancer patients
after administration of cisplatin drug using solvent extrac-
tion and N,N’-bis(salicylidene)-1.2-propanediamine as
complexation reagent. J. Pharmaceut. Biomed Analysis 40,
833, 2006.

SURES B., ZIMMERMANN S., MESSERSCHMIDT 1J.,
VON BOHLEN A., ALT F. First report on the uptake of
automobile catalyst emitted palladium by European eels
(Anguilla anguilla) following experimental exposure to road
dust. Environ Pollut. 113, 341, 2001.
GODLEWSKA-ZYLKIEWICZ B. Hazards of errors in the
palladium storage in determination by GFAAS. Anal. Bio-
anal. Chem. 372, 593, 2002.

BALCERZAK M. Analytical methods for the determination
of Platinum of biological and environmental materials Ana-
lyst 122, 67R, 1997.

HELMERS E., MERGEL R., FRESNIUS J. Platinum and
rhodium in polluted environment: studying the emissions of
automobile catalysts: studying the emissions of automobile
catalyst with emphasis on the application of CVS rhodium
analysis. ANAL. CHEM. 362, 522, 1998.

GOMEZ B.,PALACIOS M.A., GOMEZ M., SANCHEZJ.L.,
MORRISON G., RAUCH S., MCLEOD C., MA R., CARO-
LI S., ALIMONTI A., PETRUCCI F., BOCCA B., SCHRA-
MEL P., ZISCHKA M., PETTERSON C., WASS U. Levels
and risk assessment for humans and ecosystems of platinum-
group elements in the airborne particles and road dust of some
European cities. Sci. Total Environ. 299, 1, 2002.

SCHIERL R. Environmental monitoring of platinum in air
and urine. Microchem. J. 67, 245, 2000.

HIGNEY E., OLIVE V., MACKENZIE A.B., PULFORD
I.D. Isotope dilution ICP—MS analysis of platinum in road
dusts from west central Scotland. Appl. Geochem. 17, 1123,
2002.



Platinum Group...

343

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

WHITELEY J.D., MURRAY F. Autocatalyst-derived plati-
num, palladium and rhodium (PGE) in infiltration basin and
wetland sediments receiving urban runoff. Sci. Total Envi-
ron. 341, 199, 2005.

SCHAFER J., PUCHELT H. Platinum Group Metals (PGM)
emitted from automobile catalytic converters and their dis-
tribution in roadside soils. J. Geochem. Explor. 64, 307,
1998.

CINTI D., ANGELONE M., MASI U., CREMISINI C.
Platinum levels in natural and urban soils from Rome and
Latium (Italy): significance for pollution by automobile cat-
alytic converter. Sci. Total Environ. 293, 47, 2002.
MORTON O., PUCHELT H., HERNANDEZ E., LOUNE-
JEVA E. Traffic-related platinum group elements (PGE) in
soils from Mexico City. J. Geochem. Explor. 72, 223, 2001.
LASCHKA D., NACHTWEY M. Platinum in municipal
sewage treatment plants. Chemosphere 34 (8), 1803, 1997.
KUMMERER K., HELMERS E., HUBNER P., MASCART
G., MILANDRI M, REINTHALER F., ZWAKENBERG
M., European hospitals as a source for platinum in the envi-
ronment in comparison with other sources. Sci. Total Envi-
ron. 225, 155, 1999.

OJEDA C. B., SANCHEZ ROJAS F., CANO PAVON
J.M., GARCIA DE TORRES A. Automated on-line separa-
tion—preconcentration system for platinum determination by
electrothermal atomic absorption spectrometry. Anal. Chim.
Acta 494, 97, 2003.

GREGUREK D., MELCHER F., NISKAVAARA H., PAV-
LOV V. A., REIMANN C., STUMPFL E. F. Platinum-group
elements (Rh, Pt, Pd) and Au distribution in snow samples
from the Kola Peninsula, NW Russia. Atmos. Environ. 33,
3281, 1999.

GODLEWSKA-ZYELKIEWICZ B. Preconcentration and
Separation Procedures for the spectrochemical determination
of platinum and palladium. Microchim. Acta 147, 189, 2004.
TERASHIMA S. Determination of platinum and palladium in
sixty-eight geochemical reference samples by flameless atomic
absorption spectrometry. Geostand. Newsl. 15, 125, 1991.
TOLG G. Problems and trends in extreme trace analysis for
the elements. Anal. Chim. Acta 283, 3, 1993.

SHUKLA J. P, SINGH R. K., SAWANT S. R., VARADA-
RAJAN N. Liquid-liquid extraction of palladium (IT) from
nitric acid by bis-2-ethylheksyl sulphoxide, Anal. Chim.
Acta 276, 181, 1993.

HOSSAIN K.Z., HONJO T. Separation of Trace Amounts
of Rhodium (IIT) with Tri-n-Butyl Phosphate from Nitric
Acid and Sodium Trichloroacetate Media. Fresenius J. Anal.
Chem. 368, 480, 2000.

BANDEKAR S. V., DHADKE P. M. Solvent extraction sep-
aration of platinum (IV) and palladium (II) by 2-ethylheksyl
phosphonic acid mono-2-ethylheksyl ester (PC-88A). Sep.
Purif. Technol. 13, 129, 1998.

QU Y. B. Recent developments in the determination of pre-
cious metals. A review. Analyst 121, 139, 1996.
BERNARDIS F. L., GRANT R. A., SHERRINGTON D. C.
A review of methods of separation of the platinum-group
metals through their chloro-complexes. React. Funct. Polym.
65, 205, 2005.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

ELY, J.C., NEAL, C.R.,, O'NEILL JR., J.A., JAIN, J.C.
Quantifying the platinum group elements (PGEs) and gold
in geological samples using cation exchange pretreatment
and ultrasonic nebulization inductively coupled plasma mass
spectrometry (USNICP- MS). Chem. Geol. 157, 219, 1999.
JARVIS 1., TOTLAND M. M., JARVIS K. E. Assessment
of Dowex 1-X8-based anion-exchange procedures for the
separation and determination of ruthenium, rhodium, palla-
dium, iridium, platinum and gold in geological materials by
inductively coupled plasma mass spectrometry. Analyst 122,
19, 1997.

PERRY, B.J., SPELLER, D.V., BAREFOOT, R.R. AND VAN
LOON, J.C. A large sample, dry chlorination, ICP-MS analyti-
cal method for the determination of platinum group elements
and gold in rocks. Can. J. Appl. Spectrosc. 38, 131, 1993.
KOVACHEVA P, DJINGOVAR. Ion-exchange method for sep-
aration and concentration of platinum and palladium for analysis
of environmental samples by inductively coupled plasma atomic
emission spectrometry. Anal. Chim. Acta 464, 7, 2002.
PEARSON D. G., WOODLAND 8. J. Solvent extraction/
anion exchange separation and determination of PGEs (Os,
Ir, Pt, Pd, Ru) and Re-Os isotopes in geological samples by
isotope dilution ICP-MS. Chem. Geol. 165, 87, 2000.
REHKAMPER M., HALLIDAY A. N. Development and
application of new ion-exchange techniques for the separa-
tion of the platinum-group and other siderophile elements
from geological samples. Talanta 44, 663, 1997.
DJINGOVA R., KOVACHEVA P., WAGNER G., MARK-
ERT B. Distribution of platinum group elements and other
traffic related elements among different plants along some
highways in Germany. Sci. Total Environ. 308, 235, 2003.
ENZWEILER J., POTTS P. J., JARVIS K. E. Determination
Of Platinum, Palladium, Ruthenium and Iridium in Geological
Samples By Isotopic Dilution ICP-Ms using a Sodium Peroxide
fusion and Tellurium Coprecipitation. Analyst 120, 1391, 1995.
MESSERSCHMIDT J.,, VON BOHLEN A., ALT F,
KLOCKENKAMPER R. Separation and enrichment of pal-
ladium and gold in biological and environmental samples,
adapted to the determination by total reflection X-ray fluo-
rescence. Analyst 125, 397, 2000.

FUJIMORI E., MINAMOTO K., HARAGUCHI H. Com-
parative study on the distributions of precious metals (Ru,
Rh, Pd, Ir, Pt, and Au in industrial waste incineration ashes
as determined by tellurium coprecipitation and ICP-MS.
Bull. Chem. Soc. Jpn. 78, 1963, 2005.

BULSKA E. Analytical advantages of using electrochemis-
try for atomic spectrometry. Pure Appl. Chem. 73, 1, 2001.

. BEINROHR E., LEE M. L., TSCHOPEL P, TOLG G. De-

termination of platinum in biotic and environmental samples
by graphite furnace atomic absorption spectrometry after its
electrodeposition into a graphite tube packed with reticulated
vitreous carbon. Fresenius J. Anal. Chem. 346, 689, 1993.
EL-SHAHAWI M. S., FARAG A. B. lodometric determina-
tionof gold and platinum by 168- and 126- fold chemical am-
plification reactions. Analytica Chimica Acta 307, 139, 1995.
DEMKIN A. M. Gravimetric preparation of synthetic mix-
tures of platinum isotopes. Internat. J. Mass Spectrom. 202,
9, 2000.



344

Dubiella-Jackowska A. et al.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

EZERSKAYA N. A., TOROPCHENOVA E. S., KAPRI-
ELOV V. B, KISELEVAL N., BELOV S. F.J. Anal. Chem.
59, 1097, 2004.

BALCERZAK M., KACZMARCZYK M. Rapid derivative
spectrophotometric method for the determination of plati-
num I Pt-Ru/C cayalyst using iodide media. Anal. Sci. 17,
1321, 2001.

GEORGIEVA M., ANDONOVSKI B. Determination of
platinum (IV) by UV spectrophotometry. Anal. Bioanal.
Chem., 375, 836, 2003.

WU'Y., JIANG Z., HU B., DUAN J. Electrothermal vapor-
ization inductively coupled plasma atomic emission spec-
trometry determination of gold, palladium, and platinum
using chelating resin YPA4 as both extractant and chemical
modifier. Talanta 63, 585, 2004.

LIN S., ZHENG CH. YUN G. Determination of palladium
by flame atomic absorption spectrometry combined on-line
with flow injection preconcentration using a micro-column
packed with activated carbon fibre. Talanta 42, 921, 1995.
BENCS L., RAVINDRA K., VAN GRIEKEN R. Methods
for the determination of platinum group elements originat-
ing from the abrasion of automotive catalytic converters.
Spectrochim. Acta B 58, 1723, 2003.
GODLEWSKA-ZYLKIEWICZ B., ZALESKA M. Precon-
centration of palladium in a flow-through electrochemical
cell for determination by graphite furnace atomic absorption
spectrometry. Anal. Chim. Acta 462, 305, 2002.
GODLEWSKA-ZYEKIEWICZ B. Biosorption of platinum
and palladium for their separation preconcentration prior to
graphite furnace atomic absorption spectrometric determi-
nation. Spectrochim. Acta B 58 1531, 2003.
GODLEWSKA-ZYLKIEWICZ B., KOZLOWSKA M. Sol-
id phase extraction using immobilized yeast Saccharomyces
cerevisiae for determination of palladium in road dust. Anal.
Chim. Acta 539, 61, 2005.

LESNIEWSKA B. A., GODLEWSKA I., GODLEWSKA—
ZYEKIEWICZ B. The study of applicability of dithiocar-
bamate-coated fullerene C60 for preconcentration of palla-
dium for graphite furnace atomic absorption spectrometric
determination in environmental samples. Spectrochim. Acta
B 60, 377, 2005.

ZEREINI F., SKERSTUPP B., ALT F., HELMERS E., UR-
BAN H. Geochemical behavior of platinum-group elements
(PGE) in particulate emissions by automobile exhaust cata-
lysts: experimental results and environmental investigations.
Sci. Total Environ. 206, 137, 1997.

SEIFERT JR. W. E., STEWART D. J., BENJAMIN R. S.,
CAPRIOLI R. M. Energy-dispersive X-ray fluorescence de-
termination of platinum in plasma, urine, and cerebrospinal
fluid of patients administered cis-dichlorodiammineplatinu
m(II). Cancer Chemoth. Pharm. 11, 120, 1983.

EDDY B. T., BALAES A. M. E., HASTY R. A., FARRER
H. N. The determination by X-ray-fluorescence spectrosco-
py, of platinum-group elements, iron, and chromium in spe-
cial corrosion-resistant steels. Appl. Spectrosc., 41, 1442,
1987.

LENZK.,HANN S., KOELLENSPERGER G., STEFANKA
Z., STINGEDER G., WEISSENBACHER N., MAHNIK S.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97

98

N., FUERHACKER M. Presence of cancerostatic platinum
compounds in hospital wastewater and possible elimination
by adsorption to activated sludge. Sci. Total Environ. 345,
141, 2005.

LEE C.-T. A., WASSERBURG G. J., KYTE F. T. Platinum-
group elements (PGE) and rhenium in marine sediments
across the Cretaceous— Tertiary boundary: Constraints on
Re-PGE transport in the marine environment. Geochim.
Cosmochim. Acta 67, 655, 2003.

BARBANTE C. VEYSSEYRE A., FERRARI CH., VAN DE
VELDE K., MOREL CH., CAPODAGLIO G., CESCON P.,
SCARPONI G., BOUTRON C. Greenland Snow Evidence of
Large Scale Atmospheric Contamination for Platinum, Pal-
ladium, and, Rhodium. Environ. Sci. Technol. 35, 835, 2001.
ARTELT S., KOCK H., NACHTIGALL D., HEINRICH
U. Bioavailability of platinum emitted from automobile ex-
haust. Toxicology Letters 96, 97, 163, 1998.

SURES B., ZIMMERMANN S., SONNTAG C., STUBEN
D., TARASCHEWSKI H. The acanthocephalan Paratenui-
sentis ambiguus as a sensitive indicator of the precious met-
als Pt and Rh from automobile catalytic converters. Environ.
Pollut. 122, 401, 2003.

ZIMMERMANN S., MENZEL CH. M., BERNER Z., ECK-
HARDT J.-D., STUBEN D., ALT F., MESSERSCHMIDT
J., TARASCHEWSKI H., SURES B. Trace analysis of
platinum in biological samples: a comparison between sec-
tor field ICP-MS and adsorptive cathodic stripping voltam-
metry following different digestion procedures. Anal. Chim.
Acta 439, 203, 2001.

MORRISON J. G., WHITE P., MCDOUGALLS., FIRTH J.
W., WOOLFREY S. G., GRAHAM M. A., GREENSLADE
D. Validation of a highly sensitive ICP-MS method for the
determination of platinum in biofluids: application to clini-
cal pharmacokinetic studies with oxaliplatin, Journal of
Pharmaceutical and Biomedical Analysis. 24, 1, 2000.
MULLER M., HEUMANN K. G. Isotope dilution induc-
tively coupled plasma quadrupole mass spectrometry in
connection with a chromatographic separation for ultra trace
determinations of platinum group elements (Pt, Pd, Ru, Ir) in
environmental samples. Fresenius J. Anal. Chem. 368, 109,
2000.

BECKER J. S., BELLIS D., STATON 1., MCLEOD C. W.,
DOMBOVARI J., BECKER J. S. Determination of trace
elements including platinum in tree bark by ICP mass spec-
trometry. Fresenius J. Anal. Chem. 368, 490, 2000.

WARD N. 1., DUDDING L. M. Platinum emissions and lev-
els in motorway dust samples: influence of traffic character-
istics. Sci. Total Environ. 334/335, 457, 2004.
LESNIEWSKA B. A., GODLEWSKA- ZYLKIEWICZ B.,
RUSZCZYNSKA A., BULSKA E., HULANICKI A. Elimi-
nation of interferences in determination of platinum and palla-
dium in environmental samples by inductively coupled plasma
mass spectrometry. Anal. Chim. Acta 564, 236, 2006.
ALFASSI Z.B., PROBST T.U., RIETZ B. Platinum deter-
mination by instrumental neutron activation analysis with
special reference to the spectral interference of Sc-47 on the
platinum indicator nuclide Au-199. Anal. Chim. Acta 360,
243, 1998.



Platinum Group... 345

99 XIAOLIN L., CHUNHAN T., JIEQING Z., JIAOHUA Z. 102.ALT F., MESSERSCHMIDT J. WEBER G. Investigation
Interference by neutron induced second order nuclear reac- of low molecular weight platinum species in grass. Anal.
tion in activation analysis of platinum group elements after Chim. Acta 359, 65, 1998.

a nickel sulphide fire assay preconcentration. J. Radioanal. 103.RAUCH S., MORRISON G. M. Platinum uptake by the
Nuclear Chemistry 198, 385, 1995. freshwater isopod Asellus Aquaticus in urban rivers. Sci.
100. PROBST T.U., RIETZ B., ALFASSI Z. B. Platinum con- Total Environ. 235, 261, 1999.
centrations in Danish air samples determined by instrumen- 104.ALT F., ESCHNAUER H.R., MERGLER B., MESSER-
tal neutron activation analysis. J. Environ. Monit. 3, 217, SCHMIDT J., TOLG G. A contribution to the ecology and en-
2001. cology of platinum. Fresenius J. Anal. Chem. 357, 1013, 1997.
101.NYGREN O., VAUGHAN G. T., FLORENCE T. M., MOR- 105.NYGREN O., LUNDGREN C., Determination of platinum
RISON G. M. P, WARNER I. M., DALE L. S. Determina- in workroom air and in blood and urine from nursing staff
tion of platinum in blood by adsorptive voltammetry. Anal. attending patients receiving cisplatin chemotherapy. Int.

Chem. 62, 1637, 1990. Arch. Occup. Environ. Health 70, 209, 1997.



