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Abstract

A joint study with the Federal Environment Agency of Austria was carried out to determine the distribution of Ru,
Rh, Pd, Os, Ir and P(PGE) and Re in soils along major motorways. Emphasis was put on Ir as to date little is
known about its anthropogenic input as this metal is how also used in automobile catalytic converters. Soil samples
were analysed by ICP-MS through online-coupling of a chromatographic column to separate the PGEs from interfering
matrix constituents. At all sampled sites not only Rh, Pd and Pt but also Ir and Re significantly exceed natural
background values; concentrations reached 18ng5 ng'g, 134 ngg, 1.1 ng'g and 9.8 ndg, respectively. The
analytical procedure proved to be very selective and sensitive, and therefore applicable to routine soil analysis.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Platinum group elements; Rhenium; Catalytic converter; Soil; Isotope dilution

1. Introduction 2000 approximately 52% of all registered cars
have been fitted with catalytic converte(gBA,

In order to abate the ever increasing emissions 2001).
from automobiles, legislation in many countries Even though the catalytic converter has played
has set limit values for the main exhaust pollutants a vital role in reducing the emissions of noxious
HC, CO and NQ . These values are revised con- substances, it has also gained attention due to the
tinually and reflect the state of the art in emission emission of platinum, palladium and rhodium —
abatement technology. The only way to meet the elements of the platinum groupPGE which
limit values in cars equipped with gasoline engines catalyse the conversion of HC, CO and NO to
is through the installation of catalytic converters. H,O, CO, and N . Platinum, Pd and Rh have
In Austria the application of this technology has triggered concern as the increasing release of these
been mandatory since 1987 and as of the yearelements may pose a future health riggebel,
—_— _ 1999; Gomez et al.,, 2002; Merget and Rosner,
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verter has gone through several phases of devel-and that metallic Pd can cause contact dermatitis.
opment. Initially only HC and CO were treated in There is no evidence that Pt and Pd as well as Rh
the Pt-based oxidation catalyst. Now widely used and Ir pose any health risk to the general popula-
are the three-way catalysts based on Pt and Rhtion (Gebel, 1999; Merget and Rosner, 2001

with a ratio of 5:1 and the high temperature three-  Various studies have been carried out to inves-
way catalyst with variable combinations of Pt, Pd tigate the abundance of Pt, Pd and Rh in roadside
and Rh(e.g. 5:1 in a PdRh catalyst or 1:14:1 in  soils, but information is sparse about any Ir accu-
a PYPd/Rh catalyst; (Amatayakul and Ramnas, mulation. Results of the most investigations con-
2001; Heck and Farrauto, 2001; Zereini et al., firmed significant accumulations of Pt, Pd and Rh
1997a. These catalytic converters contain 1-3 g and showed characteristic distribution patterns.
of precious metals, depending on the size of the Concentrations decreased to natural background
vehicle engindZereini et al., 1998 More recently levels within a few metres from the edge of the
Ir is also applied as active metal by some auto- traffic lane and within a few centimetres from the
mobile manufactureréRao and Reddi, 2000 To soil surface. Furthermore, concentrations of Pt, Pd
meet stringent standards of future emission regu- and Rh clearly correlate with traffic density, vehi-
lations, new technologies for low and ultra low cle speed and concentrations of other traffic borne
emission vehicledLEV and ULEV) are tested. heavy metals accumulated in roadside séésy.
Catalytic converters for such vehicles work at Cu, Zn, Ph. To date in Austria no information is
temperatures up to 105 and contain a higher available about the distribution of PGEs in any
precious metal loading at an increased converter environmental compartment.

volume. Progress has also been made in the devel- Abundance of PGEs in the immediate vicinity
opment of applications for diesel engines. Catalytic of heavily travelled roads may exceed natural
converters in diesel engines have to deal with high background levels by a factor of 100 or more but
loads of soot, unburned fuel and sulfates and mostly lie below 100 ngg. Moreover, constituents
therefore require sophisticated technologies to con- of the complex soil matrix may cause severe

vert exhaust emissiongarrauto and Heck, 1999;
Heck and Farrauto, 2001; Rabl, 200Zurrently,

interferences during PGE-determination. There-
fore, a highly selective and sensitive analytical

the diesel oxidation catalyst based on Pt and Pd is method is required.

used to oxidise CO and HC in the engine exhaust

gas(Moldovan et al., 2002

A survey in cooperation with the Federal Envi-
ronment Agency of Austria was carried out to

Through chemical and thermal processes, PGEsdetermine the distribution of traffic borne PGEs in

bound to aluminium oxide particles are abraded

roadside soils. The results will set a base of

from the converter surface and released into the knowledge for further investigations of other envi-

environment at a rate of approximately Qug of

Pt per kilometre (Helmers, 1997; Merget and

Rosner, 200L Recent studies indicate that a minor

fraction of the PGEs is not emitted in elemental

form but in compounds of various solubility, e.qg.

palladium nitrate(Amosse and Delbos, 2002
Generally PGEs show little mobility in soils

under natural conditions. However, evidence sug-

ronmental compartments. The use of iridium as a
novel active metal in catalytic converters ought to
be reflected in elevated concentrations in roadside
soils. By application of a new analytical procedure,
essential information will be obtained for routine
PGE-analysis of soils. Last but not least, the whole
procedure would be greatly simplified if sufficient-
ly accurate PGE-concentrations could be deter-

gests that certain PGE-species bound to soil par-mined by means of microwave digestion.

ticles could be remobilised and thus enter the food

chain through uptake by plantsiees et al., 1998;

2. Experimental

Lustig and Schramel, 2000; Zereini et al., 19970 5 ; o5 and sampling

Few data are available to evaluate the health

risk of automotive PGE-emissions. It is known

In order to determine the distribution of PGEs

that certain Pt species have a sensitising potentialand Re, roadside soil samples from five major
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accessibility of the sites the subsamples represent-
ed a road section between 50 and 100 m.

Two samples in those depth ranges already
mentioned were taken from the reference site in
Lungau, again with 20 subsamples each, spread
over an area of approximately 200?m . All the 32
samples with 4—6 kg of soil per sample were
collected.

Germany

2.1.1. Reagents and standards

Hydrochloric and nitric acid used for sample
digestion as well as diluted hydrochloric acid
required as eluent were subboiled before use. Water
for all acid dilutions was of ultrapure gradfilli-
traffic routes across Austria were analysed. Their Q, Millipore Cooperatioi.
location is shown in Fig. 1. The sites were selected  For the determination of Re- and PGE-concen-
upon several criteria such as traffic density, accesstrations — except Rh — by isotope dilution a multi-
to roadside, elevation and gradient of the traffic element-spike enriched i Rui®® Pd** Re,
line. Only grass-covered sites without any barriers **°Os, ***Ir and **®Pt was calibrated with single
that could intercept airborne particles were consid- element  standards (High-Purity ~ Standards,
ered. Table 1 lists all sampled sites with their Charleston, SC, USA Separate ‘PGE(Ru, Rh,
corresponding characteristics. All motorway sec- Pd, Re, Ir and Bt and Os-standards were diluted
tions, except the one on the A9, were opened prior to 5 ng/ml from 10 pg/ml and 1000 wg/ml,
to 1987, so the respective soil samples mirror the respectively, —single  standards (High-Purity
complete PGE accumulation since the introduction Standards
of the catalytic converter. In addition to roadside  To evaluate the applied analytical procedure the
soils, samples were taken from Lungau, an alpine certified reference materials BCR-723, WGB-1 and
region with negligible traffic, which represented TDB-1 were analysed. The road dust BCR-723
an ideal, unpolluted reference site. (available at IRMM, GeeglBelgum was selected

At each site a transect of six samples was set because its PGE-concentrations were of the same
up. Each sample consisted of 20 subsamples,level, which were expected in the soil samples.
which were taken along parallel lines at three Low concentrations of Rh and Pt were validated

Fig. 1. Soil sampling sites of roadsides along major Austrian
motorways.

different distances from the edge of the rd@d2,
2 and 10 m and in two depth range€0-5 and
5-10 cm from the soil surfageDepending on the

by analysis of the geological reference materials
WGB-1 (gabbrg and TDB-1 (basal), both dis-
tributed by CCRMP-CANMET, Ottawa.

Table 1
Sampling sites and their characteristics
Site Opened to Vehicles per Speed limit Precipitation Comment
traffic day (km/h) (mm/yean
Al4, Rankweil 1972 22 072 130 1270 -
A13, Brennersee 1971 22 212 130 1066 Elevation 1300 m
A9, Liesingtal 1993 15 011 130 956 -
S36, Knittelfeld 1985 20 182 130 781 -
A23, Sudost-Tangente 1970 56 679 130 514 -
Lungau - - - 838 Reference site




148 J. Fritsche, T. Meisel / Science of the Total Environment 325 (2004) 145—154

trated acid. The residue was then dissolved in

Hgg' s - approximately 2 ml of 0.1 mgl HCI and the

g 25' g 5 5 xf\' 5 & resulting sample so_Iution separated fr_om any solids

£.>20: g T %E H T § using a syringe f!lter(0.45.me). Finally, the

= 5] 3 E% 3'2 \’ 3 samples were fed into a cation exchange column,

§ 10 weisean  E %f ie { E e which was directly coupled to the ICP-MS. Thus,

£ 5] A @ S* the PGEs and Re were separated on-line from
3 L_AW_LY }PA ‘\._.I*_Wr : other matrix constituents and the measurement

0 10 20 30 40 50 60 could be monitored for any interfering species of
time [min] these constituents. A chromatogram recorded in
the described manner by the ICP-MS is shown in
Fig. 2. Chromatogram ofgs_ Pt, recorded by the ICP-MS. It Fig. 2.
shows the sequence by which every sample was analysed. Concentrations of Re and PGEs — except Rh —
were calculated from the following isotope ratios:
2.2. Sample preparation and analysis 101RY/ *Ru, PRy °Ru, Py Pd, Pd P,
106Pd/10@d, 187Re/ 18R61 19ﬁ/ l?ll, 1%/ :Lp%
The collected soil samples were dried at ambient and*°*Py 1°%t. Background intensities and isobar-
air temperature and then sieved to obtain th2 ic interferences ot°? Pd oA%? RU°® Cd o#f® Pd,
mm soil fraction. In order to take the site specific °%Cd on °®Pd and®® Hg on'®® Pt were corrected
soil characteristics into account the soil-pH, elec- prior to the calculation of the ratios. Rhodium was
trical conductivity as well as total carboTC), determined through its peak area, which was set
total organic and total inorganic carbémOC and into relation to the area of another PGE - a
TIC, respectively of each sample were deter- technique by which the other PGEs are functioning
mined. The samples were then dried at 2G5and as internal standards. Fig. 3 illustrates the integra-
ground in an agate mortar and pestle for further tion ranges in a chromatogram of Rh. Details on
analysis. the calculation method can be found in Meisel et
PGE- and Re-concentrations were determined al. (2003.
by ICP-MS through application of the isotope Total procedural blanks and one reference mate-
dilution technique. Precise results throughout the rials (BCR-723, WGB-1 or TDB-1 were included
entire concentration range were aimed at by use in every set of five to seven samples. Their analysis
of a novel analytical procedure described by Mei- was performed concurrently with the soil samples.
sel et al. (2003. This procedure, which was In addition to the PGEs and Re other traffic
originally developed for the analysis of geological borne heavy metals were analysed. Their correla-
materials, requires only few sample preparation
steps: First, to the sample of approximately 1 g a
corresponding amount of the multi-element spike _
solution was added. The samples in quartz glass & 200
vessels were then mixed with 2 ml conc. HCl and = 459
5 ml conc. HNQ , sealed and digested in a high 100
pressure ashdHPA-S, Anton Paar, Graz, Austjia
at 300°C and 120 bar for 3 h. Upon cooling the ~ 50
isotope ratios of Os was measured by sparging 0 : . : —
volatile OsQ directly into the ICP-M$HP4500 0 <0 tim:?min] 60 80
Agilent Technologies For more details see Meisel
et al. _(ZOOD' In the following stgps, l_md'geSted Fig. 3. Chromatogram of a Rh-measurement. The marked areas
material was removed by centrifugation and the jjustrate the integration ranges for the subsequent calculation
samples were dried to remove most of the concen- of the Rh-concentrations.

250

' integrated area of Rh-peak

standard t

intensity [k
standard
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tion would confirm, that catalytic converters are 3. Results and discussion
the prime source of PGE-emissions. For this pur- . .
pose, 0.3 g of soil were microwave digested and -1+ Roadside soils
analysed by element-s.pecific methods. ICP-OES Ag only acids of subboiled quality were used
(Optima 3000 DV, Perkin Elmer Instrumedt®as  for the digestion of the samples and the elution of
applied for V, Cr, Co, Ni, Cu, Zn and Pb; GF- the sample solutions, very low limits of determi-
AAS (SIMAA 6000, Perkin Elmer Instruments  nation could be achieved. Table 2 shows the
for Cd; FI-FU-AAS (AA800 with FIMS 400,  statistical data of eight total procedural blanks,
Perkin Elmer Instrumenjsfor Sb and HG-AAS  \which were analysed during this study. The highest
(FIMS 400, Perkin Elmer Instrumentdor Hg. individual values were determined for Pt with 52
Details can be found in FritscH@003). pg, which resulted in a limit of determination of
Finally, three soil samples and the reference 0.18 ng.
materials BCR-723 and WGB-1 were digested by ~ Table 2 also summarizes the results of the
microwave and analysed for PGEs in the afore- analysed reference materials BCR-723, WGB-1
mentioned manner. The results were then com- and TDB-1. BCR-723 showed good reproducibility
pared with the determined PGE-concentrations for Pd, Re, Os and Pt with R.S.3x$%. Concen-
obtained by application of the high pressure asher. trations of the certified elements were within the
Sufficiently, precise results would qualify micro- uncertainty range, except Pd in TDB-1, which
wave digestion for routine PGE-analysis by the reached a mean value marginally above the upper
Federal Environment Agency of Austria. limit.

Table 2
PGE- and Re-concentrations in total procedural blafi®3B) and certified reference materials BCR-723, WGB-1 and TDB-1 in

(ng/@)

Sample Ru Rh Pd Re Os Ir Pt

TPB Mean —0.005 - 0.001 0.000 0.001 —0.008 0.017
S.D. 0.006 - 0.005 0.003 0.001 0.006 0.016
R.S.D.(%) 135 - 450 826 185 75 95
Limit of detection 0.014 - 0.015 0.009 0.004 0.010 0.064
Limit of determination 0.058 - 0.046 0.031 0.012 0.050 0.176

BCR-723 Mean 0.85 11.8 452 6.65 0.46 0.53 82.4
S.D. 0.29 1.4 0.23 0.09 0.01 0.58 1.0
R.S.D.(%) 35 11 5.2 1.3 2.3 109 1.2
Certified value — 12.8 6.0 - - - 81.3
Uncertainty - +1.2 +18 - - - +3.3

WGB-1 Mean 0.14 0.20 12.2 1.18 0.59 0.20 4.75
S.D. 0.02 0.03 1.70 0.04 0.08 0.01 1.06
R.S.D.(%) 15 16 14 3.4 13 7.2 22
Certified (*informational value 0.30* 0.32* 13.90 - - 0.33* 6.10
value
Uncertainty - - +2.10 - - - +1.60

TDB-1 Mean 0.18 0.48 24.2 0.80 0.11 0.07 4.98
S.D. 0.003 0.06 2.47 0.03 0.01 0.01 0.25
R.S.D.(%) 2.0 13 10 3.1 14 18 5.0
Certified (*informational value 0.3* 0.7* 22.4 - - 0.15* 5.8

value

Uncertainty — - +1.4 - — _ +11
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Table 3

Summary of PGE- and Re-concentrations of roadside soil samplewyiiy)

Sample Distance from Depth n Ru Rh Pd Re Os Ir Pt
edge of road (cm)
(m)

Natural backgrourttd - - 0.1 0.06 0.4 0.4 0.05 0.05 0.4

Sa-Lun-1 - 0-5 1 0.02 0.03 0.36 0.13 0.04 0.04 0.28
Sa-Lun-2 - 5-10 1 0.03 0.05 0.29 0.24 0.09 0.03 0.16
St-Kni-00-1 0.45 0-5 1 0.79 3.11 6.77 0.96 - 0.44 324
St-Kni-00-2 0.45 5-10 1 5.77 1.17 1.97 0.53 2.36 0.89 25.6
St-Kni-02-1 2.55 0-5 1 0.15 1.96 154 0.23 0.14 0.09 12.7
St-Kni-02-2 2.55 5-10 1 0.79 0.19 2.28 0.22 1.03 0.29 1.57
St-Kni-10-1 10.50 0-5 1 0.12 0.17 0.90 0.05 0.08 0.12 1.13
Vo-Ran-00-1 0.20 0-5 2 0.89 13.2 212 9.80 0.25 11 134
Vo-Ran-00-2 0.20 5-10 2 0.29 12.6 24.5 541 0.07 0.15 102
Vo-Ran-02-1 2.20 0-5 1 0.07 1.05 1.57 2.18 - 0.11 9.14
Vo-Ran-02-2 2.20 5-10 1 0.01 0.40 0.91 1.35 0.03 0.04 3.62
Vo-Ran-10-1 10.20 0-5 1 0.02 0.48 0.79 0.28 0.03 - 2.89
Wi-Sot-00-1 0.65 0-5 2 0.55 3.39 6.00 0.88 0.04 0.09 38.9
Wi-Sot-00-2 0.65 5-10 2 0.10 0.15 1.13 0.65 0.04 0.24 2.01
Wi-Sot-02-1 2.65 0-5 2 0.23 1.52 6.41 0.71 0.04 0.18 27.2
Wi-Sot-02-2 2.65 5-10 2 0.23 0.36 0.86 1.22 0.08 0.11 6.78
Wi-Sot-10-1 6.50 0-5 1 0.07 0.74 1.75 0.78 0.06 0.10 7.04

aConcentrations in the continental cri$vedepohl, 199h
b Below limit of determination.

At all sampled sites along traffic routes, PGEs at the sampling sites along the A9 and Al3.
and Re are significantly accumulated and exceed However, these two sites were excluded from
natural background values more than 100-fold. further consideration, as their selection turned out
Concentrations at the reference site in Lungau to be erroneous since recent alterations through
correspond with average values for the continental road construction had occurred that was over-
crust published by Wedepofil995. PGE-concen-  looked when selecting the sampling sites.
trations of all samples are listed in Table 3. The  Characteristic distribution patterns shown in Fig.
highest concentrations of the classical catalytic 4 were encountered in the soils along the Al4,
converter metals — Rh, Pd and Pt — were found S36 and A23. Rhodium-, Pd- and Pt-concentrations
in the immediate vicinity(0.2 m) of the Al4 at decreased to natural background values within the
Rankweil with values of 13 ngg, 25 ng/g and first 12 m from the edge of the road. The vertical
134 ng/g, respectively. Corresponding concentra- decrease was less dramatic — concentrations in the
tions along the S36 and A23 were below these second depth rangés—10 cnm next to the road
values despite the 2.5-fold traffic density on the edge were still significantly elevated.

A23 (more than 50 000 vehicles per daylhese Besides Rh, Pd and Pt a similar distribution
lower concentration-levels could be attributed to pattern was evident for Ir at the site along the A14
less precipitation in eastern Austria, which would (Fig. 5). At a distance of 0.2 m from the road Ir
result in less infiltration of road runoff and, there- reached 1.1 n{g — more than 20 times the natural
fore, less accumulation of PGEs in roadside soils. background value. Elevated concentrations were
Moreover, frequent traffic jams due to excessive also determined for the samples of the S36 and
winter tourism may contribute to the high abun- the A23, although the results of the S36 seem to
dance of Rh, Pd and Pt along the Al4. Minor be influenced by the composition of the regional
accumulations of Rh, Pd and Pt were also found bedrock(serpentinitg.
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Fig. 4. Concentrations of Rh, Pd and Pt in roadside soils along

the A14, S36 and A23. Fig. 5. Concentrations of Ru, Os and Ir in roadside soils along

the A14, S36 and A23.

Accumulations of Ru and Os at the Al14 and to the road edge were considered. Th/éFRt., PI/
S36 are minor and in the case of the S36 to some Rh- and PgRh-ratios, which are listed in Table 4,
extent due to the bedrock as indicated above. yary little around their averages of 6.3, 10.9 and
However, the distribution patterns suggest that 1.7, respectively. These results do not mirror PGE-
these metals were emltted from automobiles. ratios found in any particular type of catalytic

Notable concentrations were found for Re, espe-
cially along the A14 with up to 10 nfy. Remark- Table 4
able in this respect is the high Re-concentration in Ratios of Rh, Pd and Pt in soil samples taken within 0.7 m
the road dust reference material BCR-723 with 6.7 from the edge of the road. Values are background-corrected
ng/g. The origin of this significant accumulation —
is yet unknown although input from car traffic Stte PYPd PYRN Pd/Rh
seems to be apparent. Al4, Rankwell 6.5 10.2 1.6

: S36, Knittelfeld 5.2 10.7 2.1

In a further step ratios of Rh, Pd and Pt were 23, SudostTangente 7.3 18 6

calculated. For this task only the samples closest
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Fig. 6. Chromatogram d® Pd of a roadside soil sampté.
was recorded to correéf® Pd for the interferencd®$f Cd.

Cd

converter but seem to reflect the variety of PGE-
combinations applied during the last decade.

The analytical results of the various soil para-
meters showed no abnormalities. Neither soil-pH,
electrical conductivity nor TC, TOC or TIC cor-
related with PGE- or Re-concentrations. It can be
concluded, that the characteristics of the soils
investigated in this study have no influence on the
mobility of PGEs.
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Fig. 8. Comparison of high pressure askiiPA) and micro-
wave digestion procedures: concentratiomg/g) and standard
deviations of Rh, Pd and Pt in reference materials BCR-723
(above and WGB-1(below).

Inconsistent results were obtained by correlating
concentrations of PGEs with other traffic borne
heavy metals. The samples from the S36 showed
good correlation of Rh, Pd and Pt with Cr, Co, Ni,
Cu, Pb, Sb and Zn. Along the A14 Rh, Pd, Ir and
Pt correlated only with Co, Zn and Sb. For the
samples from the A23 no correlation could be
determined. It has to be considered that the A23
runs through industrial areas along the periphery
of Vienna — industrial emissions may, therefore,
mix with traffic borne emissions.

Although correlations of Rh, Pd, Pt and also Ir
with the aforementioned heavy metals are ambig-
uous, their high abundances and distinctive distri-
bution patterns indicate their origin of the catalytic
converter.

3.2. Analytical procedure
The on-line coupling of the cationic exchange

column to the ICP-MS proved to be a very
selective and sensitive method. However, as in any
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other analytical method, interferences from matrix the monitoring of PGE-concentrations, in particu-
constituents occurred and had to be identified and lar with regard to their potential health risk. Such
corrected where possible. Isobaric and polyatomic a monitoring will be especially important for Ir
interferences were detected frequently on Ru, Pd, and Re since to date virtually nothing is known
Ir and Pt but were not systematic in any way. about their behaviour in the environment and its
Cadmium and Hg were responsible for the most risk for humans.
important isobaric interferences on Pd and Pt. As  This study has demonstrated that the analytical
isotopes of these elements were eluted towards theprocedure of Meisel et al2003 is applicable to
end of the PGE-peak&Fig. 6 gives an example routine PGE-analysis in soils. The results also
their effect on the PGE-ratios was minor. More- suggest that sample digestion by microwave is
over, isobaric interferences from Cd and Hg were sufficient for the purpose of PGE-determination in
corrected by measuring the abundance'df Cd the proposed monitoring programme.
and **Hg. More challenging appeared the occur-
rence of polyatomic interferences. Species of Zr, Acknowledgments
Y and Sr interfered primarily with Pd by affecting
the plateaus of the calculated Pd-ratios. Fig. 7 This study was carried out in cooperation with
compares the®® Pd°Pd-ratio of a sample seri- and financed by the Federal Environment Agency
ously affected by thé® 3$f OH-interference with of Austria (UBA). The support of Mag. Alarich
another sample free of such an interference. The Riss and Dr Andrea Hanus-llinar, both UBA, was
88Sr180H-interference in this example has altered greatly appreciated. We would like to thank Mr
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and correction of the aforementioned interferences thanked for their helpful comments.
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