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Development and application of an in-situ applicable method to provide rapid determination of platinum
group metals (platinum, palladium, and rhodium) elemental concentration in automobile catalyst scrap is
reported. Application is based on laser-induced breakdown spectroscopy (LIBS). Actual automobile catalyst
slurry in powder form was used to develop the application. With a method requiring approximately 1.5 min
of examination per sample, calibration curves are presented with linear regression coefficients close to 0.99
and stability better than 3.0%.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Theplatinumgroupofmetals (PGM) comprises platinum,palladium,
rhodium, iridium, osmium, and ruthenium, of which platinum is the
most important. Automobile catalyst manufacturing is today the largest
sector of demand of PGMs. Automotive catalysts used inmotor emission
control devices consist of platinum, palladium, or rhodium deposited
onto Al2O3 substrate in concentrations typically below 1 wt.%. The
presence of PGMs enables significant conversion of nitrogen oxides
(NOx) to molecular nitrogen and improved oxidation of hydrocarbons
(HC) and carbon monoxide (CO). With planned production increase for
diesel-powered cars and trucks in both the European (EU) and US
markets in response to increasing fuel prices, demand is expected to
continue to expand.

Unlike gold and silver, which can be readily isolated in a fairly pure
state by simple fire refining, isolation and identification of the
platinum group metals require specialized aqueous chemical proces-
sing. Nearly 60% of newly-mined platinum has been consumed by the
automobile industry in 2006, along with 65% of new palladium
supplies. Auto catalyst demand for rhodiumwill likely exceed available
mine output for the next years, given the enactment of increasingly
more stringent emissions regulations [1]. Platinum and rhodium
consumption from the auto catalyst sector is projected to grow by

some 8–10% annually. On the contrary, primary supplies of PGMs are
expected to expand by only 5–6%.

The significant value of these precious metals, as well as the supply
limitations indicate the need for recycling from vehicles for recovery
and re-use. The need for efficient recycling has become even more
important with the EU end-of-life vehicle legislation. Specifically, the
Directive on End of Life Vehicles (2000/53/EC) [2] is both seeking to
drastically reduce the amount of overall waste dumped in landfills and
step up the proportion in produced cars made of recycled or recovered
materials. Since the Directive places the responsibility on manufac-
turers to take back and scrap cars, with the obligation having started
for all cars from January 2007, as well as calls for the proportion, by
weight, of a car which is recycled and reused to reach 85% and the
reused/recovered proportion to reach a minimum of 95%, the EU Car
Industry is forced to act accordingly.

Valuable quantities of platinum, palladium and rhodium can be
recovered from auto catalysts with complex processing techniques [3].
The need for fast and reliable sorting on recovered materials so that
they can be confidently re-used is a fundamental prerequisite for
meeting recycling targets. Fast, accurate, and inexpensive quantitative
determination of the PGM elemental concentration in catalyst scrap is
thus significant part in any process aiming to a cost-effective recovery
and recycling.

For this specific application, established quantitative analytical
techniques require significant sample pre-processing (including
sample dissolution prior to analysis) and do not provide real-time
analysis. Such techniques include biamperometric [4] and differential
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spectrophotometry [5], direct-current [6] and inductively-coupled
plasma emission spectrometry [7], flame [8], electrothermal atomiza-
tion [9], glow-discharge [10], graphite furnace [11] atomic absorption
spectrophotometry, and liquid chromatography [12]. Refs. [13] and
[14] discuss PGM concentration determination in road dust samples.

Auto catalyst scrap includes production residue, spent converters
removed from vehicles, and catalyst scrap decanned from such con-
verters prior to delivery for refining. When spent, rather than fresh,
catalysts are to be analyzed, dissolution, a complicated and expensive
step (because of the refractory alumina support material) is necessary,
since used catalytic material often includes insoluble contaminants.

LIBS is particularly suitable for rapid determination of the PGM
elemental concentration by providing real-time analytical data of Pt,
Pd, and Rh concentration. The non-contact nature of the technique, its
ability to yield a high throughput of results in almost real time, as well
as the limited-to none required sample preparation are special advan-
tages of the method.

The experimental realization of LIBS ([15], and references therein) is
simple: a laser pulse is focused on the sample surface. Breakdown
occurswith irradiances in the range of 1–10MW/cm2, causing localized
material ablation, because the electric field at the focus exceeds the
dielectric strength of the surrounding environment. Via further absorp-
tion, atoms and ions are created in a hot (many 1000 K) plasma. After
ion–electron recombination, subsequent radiative decay leads to
emission of specific atomic lines. This optical signal is spectroscopically
analyzed and thus the sample elemental composition can be identified.

LIBS has beenwidely used for direct real-time and in-situ elemental
analysis of a variety of materials [16–21]. Due to its particular ad-
vantages, LIBS is suitable in quality control applications where fast,
non-contact analysis is required [22–24] and specifically, in minerals
[25–29]. So far, LIBS detection on platinum, palladium, and rhodium
has been reported [30] on membranes, in determining spatial distri-
bution of these elements in automotive exhausts [31–34], as well as
in exhaust fumes [35], but not in bulk slurry from the recycling process,
to the best of our knowledge.

2. Experimental

2.1. Experimental setup

For method development a simple laboratory LIBS setup was used.
The schematics of the setup is identical to published Fig. 1 in Ref. [36],
with the exception that all experiments were carried out under
atmospheric conditions. The fundamental (1.06 μm) of a Nd:YAG
pulsed laser (YG 981, Quantel, France), operating between 5 and
0.5 Hz, with pulse energy 26 mJ and pulse duration of 7 ns was used
for sample ablation (estimated irradiance of the focused laser beam
0.84 GW/cm2.) The laser beam was delivered by free-path optics,
leading to a converging quartz lens (f=150 mm) that focused the laser
beam just below (≈1 mm) the sample surface. A fast photodiode (rise
time 1 ns) responding to the laser pulse via a beam splitter provided
the triggering signal. Plasma emission was collected by a 2 m long
quartz optical fiber located close to the plume (CVI Laser Corp., core Ø
0.4 mm, and N.A. 0.22). Light exiting the fiber was directed on the
entrance slit of a 600 mm focal length Czerny–Turner type Jobin-Yvon
HRP spectrometer with a 1200 lines/mm holographic grating and an
entrance slit whose width was varied from 80 to 200 μm. A gated
intensified CCD camera (GEN II, Andor Technologies, Belfast, UK) with
15% quantum efficiency (average) was used for optical signal
detection. A servo-controlled, sample positioning stage was used to
position the sample on the desired location relative to the incident
laser beam, allowing the required number of shots to be fired at each
spot, before it could be moved to the next spot or next specimen.

2.2. Samples and preparation

Method development was based on samples originally provided by
Engelhard, Iselin, NJ (acquired by BASF, June 2006). Samples were in
the form of ground powder (Fig. 1), extracted from slurry samples.
Selected elemental concentrations, as provided by Engelhard, are
presented in Table 1. All samples contained significant amounts of Al,

Fig. 1. Recycled auto catalysts and slurry powder produced from processing.

Table 1
Sample elemental concentrations, supplied by Engelhard (wt.%=mg/kg×10−4, 1000 ppm by wt=0.1 wt.%)

Element Sample

3865 3862 5598 6307 6309 6825 6828 9093 10437 11365 11372 12163

Concentration (wt.%)

Ce 7.990 7.820 7.750 5.570 7.890 0.780 0.005 16.740
La 0.018 2.090 0.018 1.120 – 0.510 0.005 0.420
Nd 0.033 2.760 0.031 1.390 – 0.240 0.005 1.260
Sr 5.400 – 5.290 10.480 5.040 0.250 0.009 0.010
Zr 4.150 39.230 3.980 10.370 4.130 4.500 2.590 15.910
Pd 0.6203 n.d. n.d. 0.010 2.482 0.0127 1.297 0.001 5.438 1.694 0.001 0.001
Pt 0.002 n.d. 1.4774 0.0102 0.002 0.0003 0.0004 4.217 0.0044 0.0980 0.5844 0.7731
Rh 0.791 0.566 0.0018 0.001 0.001 0.2889 0.0004 0.0009 0.001 0.101 0.193 0.001

n.d. = not detected.
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Zr, and Sr. Of the elements of interest, Pt and Pd concentration ranged
from 5 wt.% to a few ppm (1 ppm by wt=0.0001 wt.%) and Rh
concentration ranged from 0.8 wt.% to a few ppm.

To ensure that data were representative of the bulk volume co-
ntent, each supplied sample was subjected to further grounding and
homogenization. Sample preparation involved microbalance weight-
ing, mortar and pestle mixing, grounding and homogenization, and
then high-pressure processing (10 atm, 5 min) of ≈1 g mix to produce
13mmØ, 4mm thick pellets. Given that Al is the dominant element in
actual material, reference samples (pellets) were prepared by mixing
chemically pure (Aldrich) Al2O3 powder (200 mesh) with chemically
pure Pt, Pd, and Rh powders, to produce 5% reference pellets respec-
tively, to be used in the definite determination of probe lines in the
spectra.

2.3. Method development

The objectivewas to identify the specific probe line atomic emission
lines, as well as experimental parameters, that simultaneously provide
both precision and accuracy. Precision is achieved by high-quality
calibration curves, as determined by trendline linear regression
coefficients (R2, dimensionless) being as close to unity as possible. A
value of R2 close to 0.97 or better is considered satisfactory. A measure

for accuracy is provided by relative standard deviation (RSD, dimen-
sionless), where 3% or less is considered adequate. We investigated the
experimental conditions that provided both a good RSD value
(precision) as well as a successful calibration curve (accuracy).

The next step in method development involved experimental
determination of the optimumparameters that provided interference-
free peaks, and with adequate signal-to-baseline ratio. LIBS spectra
from all available samples were examined from 200 to 600 nm, and
their spectral profiles were compared with those of the reference
samples. Optimal detection parameters were gate delay D (time
between plasma formation and emission detection) of 10 μs and gate
width W (time duration for emission detection) of 5 μs. Other
parameters that affected precision and analysis time, such as laser
beam focus distance, set by sample height, laser power, by activating
the Q-switching 200 μs after the start of the flash lamp, shot repetition
rate, etc, were also determined experimentally. Each sample was shot
with 3 cleaning laser pulses before taking any data. To ensure data
stability—mainly due to the need that ablation debris be blown away

Fig. 2. Pt spectra comparison with Al2O3 in the vicinity of 270 nm.

Table 2
Pt calibration data

Sample Pt (ppm) Counts average Counts ± (%)

6309 20 32,534 3.2%
6307 20 38,724 2.6%
10437 44 41,157 2.0%
11365 980 65,356 3.0%
11372 5844 98,802 3.3%
12163 7731 113,695 2.1%
5598 14,774 151,593 3.2%
9093 42,170 321,243 2.6%

Counts average and counts ± correspond to average of 270.24, 270.59, 271.90 and
273.39 nm line intensities.

Fig. 3. Pt calibration curve. Data correspond to the average of the 270.24, 270.59, 271.90
and 273.39 nm line intensities and correspond to Table 2.
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before the next shot— sampleswere shot at frequency of 0.5Hz, and 15
shots were taken at a time. Three series of data were taken from each
sample spot. Thus at a minimum 1.5 min were needed for accurate
concentration determination. Four outfitters (two from either end
away from the mean) were disregarded from the data series. Statistics
thenwere performed on the remaining 13 data series. The average RSD
from all such series from a sample is the total reported average RSD.

3. Results and discussion

3.1. Platinum determination

Comparative examination of a pure Al2O3 pressed powder pellet
with an Al2O3 pellet containing 5% Pt sample (Fig. 2) revealed that the
following interference-free platinum lines can be considered for
analysis: 270.24, 270.59, 271.90 and 273.39 nm. The spectral width of
the examination window was approximately 30 nm [37]. Albeit often
used in the analyses of most automobile catalyst materials, in most of
our samples the Pt 214.42 nm showed poor signal with noisy inter-
ference, and could not be considered a good candidate for analysis. The
poor signal could be attributed to the fact that the 210 nm region is near
the beginning of the absorption of the optics used (silica-fiber and
quartz lens), aswell as close to the end of the useful quantum-efficiency
span of the detector used. In addition, we opted to employ the average
of line intensities of four interference-free Pt lines, as opposed to using
only one.

Two other intense Pt lines, namely the Pt 262.80 and 267.46 nm
lines were not considered, because of their strong interference with

the dominant Al2O3 matrix. The average of the 270.24, 270.59, 271.90
and 273.39 nm Pt line intensities, measured as peak-to-baseline
difference, formed the Pt data array for each sample.

Calibration data using the parameters D 10 μs and W 5 μs are
presented in Table 2. The ± counts column corresponds to the series
RSD, which is, on average 3.00%. The corresponding calibration curve
(Fig. 3), extending over four orders of magnitude has an R value of
0.9527.

3.2. Palladium determination

With a similar fashion as platinum, the following Pd lines in the
spectral data array of Fig. 4 provided good candidates for method de-
velopment. These included the 340.46, 342.12, 343.34, 344.14, 346.07,
and 348.98 nm. Particularly when compared with actual sample data
(sample 11372 shown), the Pd 340.46 nm demonstrated the least
interference and thus was selected for method development.

Of the samples having enough Pd concentration to provide for
meaningful calibration, calibration data using the parameters D 10 μs

Fig. 4. Pd spectra comparison with Al2O3 and sample 6828 in the vicinity of 340 nm.

Table 3
Pd Line 340.46 nm calibration data

Sample Pd (ppm) Counts ± (%)

6825 127 98,599 3.60%
3865 6203 182,377 2.00%
6828 12,970 245,455 1.66%
11365 16,940 296,433 1.64%
6309 24,820 356,455 1.69%
10437 54,380 596,788 1.75%

Fig. 5. Pd line 340.46 nm calibration curve. Data correspond to Table 3.
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andW 5 μs are presented in Table 3. The ± counts column corresponds
to the series RSD, which is, on average 2.05%. The corresponding
calibration curve (Fig. 5) has an R of 0.908.

The calibration curve for Pd (and to a lesser degree for Pt as well as
the ensuing calibration curves for Rh) does not pass through the
origin. Unfortunately, this effect was not fully investigated. A zero-
crossing, known also as ‘zero background equivalent concentration’,
zero-BEC, would have occurred in the case in the complete absence of
a background, i.e. no interference or radiation continuum. BEC is equal
to the value of the calibration curve for vanishing relative concentra-
tion of the probe element, as has been reported by many authors
[38,39].

3.3. Rhodium determination

The rhodium determination was a bit more challenging, for two
reasons. First, the supplied samples had a maximum of 0.7 wt.%
content, and, second, the Rh lines had the larger interference with the
samplematrix. Examination of the comparative spectral profile (Fig. 6)
indicates that the Rh 369.24 nm linewas the best candidate to develop
the application. Of the samples having enough Rh concentration to
provide for meaningful calibration, calibration data using the para-
meters D 10 μs and W 5 μs are presented in Table 4. The ± counts

column corresponds to the series RSD. The total RSD, including
samples 9093 and 12163, was 5.12%. If we consider samples of 10 ppm
or better, however, the total RSD falls to 2.65%, which is acceptable.
The corresponding calibration curve (Fig. 7) has a value of R=0.921.

4. Conclusions

A fast and accurate optical-based method for near-real time
analysis of platinum (several lines around 270 nm), palladium
(340.46 nm), and rhodium (369.24 nm) concentration in actual slurry
pellet samples from auto catalyst scrap has been presented. Good
precision and high accuracy is demonstrated on calibration curves
ranging from 5 wt.% to a few ppm. The samples were homogenized
and pressurized to ensure a representative bulk volume concentration
representation, however method does not require sample preparation
other than a few cleaning shots. Such application can be particularly
useful in the auto catalyst recycling industry.

Fig. 6. Rh spectra comparison with Al2O3 and sample 11372 in the vicinity of 370 nm.

Table 4
Rh line 369 nm calibration data

Sample Rh (ppm) Counts ± (%)

6828 4 n.d.
9093 9 2123 14.32%
12163 10 2355 10.30%
5598 18 4465 3.00%
11365 1010 9912 3.08%
11372 1930 13,765 2.50%
6825 2889 20,799 2.53%
3862 5660 33,379 2.63%
3865 7910 47,366 2.00%

n.d. = not detected. Fig. 7. Rh line 369.24 nm calibration curve. Data correspond to Table 4.
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