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Abstract

Anew analytical procedure has been developed for the determination of Pu in urine at the low egrmoéntration level by double-focusing
sector field inductively coupled plasma mass spectrometry (ICP-SFMS). One liter of urine doped wi’Bpgvas analyzed after
co-precipitation with CgP0O,), followed by extraction chromatography on TEVA resin in order to enrich the Pu and remove uranium
and matrix elements. Figures of merit of ICP-SFMS for the determination of Pu were studied using two nebulizers, PFA-100 and direct
injection high-efficiency nebulizer (DIHEN), for solution introduction with uptake rates of 0.58 and 0.06 mi,méspectively. The sensi-
tivity for Pu in ICP-SFMS was determined to be 2000 and 1380 MHz Ppior the PFA-100 and DIHEN nebulizers, respectively. Due to
the low solution uptake rate of DIHEN the absolute sensitivity was about seven times better and yielded 1380 Countsfgparison to
207 counts fg* measured with the PFA-100 nebulizer. Recovery uéifigu tracer was about 70%. The limits of detection?8Pu in 11 of
urine, based on an enrichment factor of 100 for PFA-100 nebulizer and 1000 for DIHEN, wé@ & and 102x 1018 gml~?, respectively.

Measurements of*°Pu/2*°Pu isotopic ratio in synthetically prepared urine standard solution yielded a precision of 1.8 and 1.9% and
accuracy of 1.5 and 1.8% for the PFA-100 and DIHEN nebulizers, respectively.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction elements, and the probable Pu contamination source was the
global fallout after nuclear weapons tests in the 1960s.
Determination of the concentration and isotope ratios of  In addition, plutonium is considered to be the most ra-
actinides is required in environmental monitoring of nuclear diotoxic elemen{9]. Determination of its concentration in
contamination in nuclear safeguards and nuclear forensicbody fluids, especially in urine and faeces, is of increasing
studies[1,2]. In particular, plutonium isotopes are used for interest in order to investigate the potential health impact
this purpose so that knowledge of their natural and artifi- on military personne[10,11] and occupational exposure
cial isotopic composition is of great interest for evaluating [2,12,13] Studies of plutonium in humangl4] suggest
the source of contamination (nuclear power plant accidentsthat the expected Pu concentration in the human body is
[3,4], nuclear weapon tes{§] or weapons with depleted above 101*gg! and therefore the determination of its
uranium[6,7]). The 2*%Pu/23%Pu isotopic ratio distribution  concentration is extremely important.
of plutonium in moss samples collected from a bog in the  The most widely used analytical techniques for the deter-
eastern ltalian Alps was recently studied in our laboratory mination of Pu isotopes are radioanalytical techniques, such
[8]. It was demonstrated that the environment at the sites an-as a-spectrometry or liquid scintillation radiometf§,15].
alyzed had been contaminated with artificial transuranium However, with respect ta-spectrometry determination very
large sample volumes, typically 10-251, are processed, and
for the final measurement step plutonium in the concentrate
mpon ding author. Tel:49-2461-612698: !s electrodgpqsited onto st_ainless steel (;iisks prior to count-
fax: +49-2461-612560. ing, which is time-consuming and labor-intensive. A major
E-mail address: s.becker@fz-juelich.de (J.S. Becker). disadvantage ofi-spectrometry relates to the counting pe-
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riod, which can take from days to several weeks dependinglation ICP-MS (LA-ICP-MS) has also been studied for the
on the sensitivity and precision requir¢8]. In addition, determination of Pu at the ultratrace le\y8l32]. For the
239 and?*%u isotopes are difficult to analyze due to the solid sample, where the uranium concentration is usually
similar o energies 0£3°Pu and?*%Pu (5.24 and 5.25MeV,  significantly higher than that of plutonium by more than 7
respectively). Implanted passivated junction silicon detec- orders of magnitude, this method has the advantage for Pu
tors and special spectra deconvolution software were pro-analysis of direct analysis without sample digestion. This,
posed two decades ago to imprespectrometry resolution  therefore, leads to a significant decrease in the formation of
[16]. However, this method did not find wide application for 238U1H+ molecular ions, and a limit of detection fé#°Pu
the measurement 3%Pu/23%Pu activity ratios because of in the sub-fg g range can be achievé8]. However, inho-
its complexity. mogeneous distribution of analyte on the investigated sam-
Accelerator mass spectrometry (AMB)7,18] and ther- ple, instability of the laser ablation rate and lack of certified
mal ionization mass spectrometry (TIMBP,20]have been materials restrict the widespread usage of LA-ICP-MS for
used as ultrasensitive mass spectrometric techniques for PUPu analysis in solid samples.
isotope analysis in different samples. However, AMS is  For Pu determination in urine, seawater, waste water
very expensive and is not widely used. As an alternative to samples, etc., mostly chemical separation of ultratrace
AMS, high-selective resonance ionization mass spectrome-plutonium from U as well as matrix elements has been
try (RIMS) was also established for determination of Pu at proposed. lon-exchange and extraction chromatography on
ultratrace level[21-23] but at present RIMS instruments the resin have been widely used in different labs for this
are not available on the analytical market. purpose[5,8,33] Muramatsu et al[34] investigated?3°Pu
Inductively coupled plasma mass spectrometry is one of and 2*%Pu in environmental samples using Dowexx18
the most suitable methods for the ultratrace isotope anal-and Eichrom’s TEVA chromatographic resins for the sep-
ysis of actinides, in particular Pu, due to its high sensi- aration of Pu. A decontamination factor of up to*1f@r
tivity, good accuracy and precision, and generally simple many matrix elements, including U, was observed for both
sample preparation procedyi,25] A number of papers  resins.
devoted to the determination of Pu by ICP-MS in differ- In urine, where the concentration of actinides is usually
ent samples have been published in recent yga6—29] lower than in the human body, further enrichment of Pu in
that prove the capability of ICP-MS for the study of Pu the sample is required for accurate analysis. Recently, a com-
at ultratrace concentration level. However, uranium hydride bination of co-precipitation with extraction chromatography
ion formation £38UIH*) and peak tailing from?38U are separation has been successfully established in order to con-
the limiting factors for the determination of Pu at a very centrate and separate Pu prior to analysis{spectrometry
low concentration level. Moreover, depending on the matrix [35-37]or by ICP-MS[29] in different samples.
of the analyzed sample, other molecular ions, e.g., lead or The aim of the present work is to develop an analytical
rare earth elements, which can be expected in the actinidetechnique for ultrasensitive Pu determination in urine and Pu
mass range (sekable 1), will disturb the accurate determi- isotope analysis at the ultratrace level by ICP-SFMS after
nation of Pu. Therefore, special solution introduction sys- co-precipitation and trace matrix separation.
tems, such as a micronebulizer with desolvator, are neces-
sary to reduce molecular ions formation and improve the
limits of detection for actinide isotopg80,31] Laser ab- 2. Experimental

2.1. ICP-MSinstrumentation
Table 1

:Dcos_séli:h:/lisnterferences for Pu isotopes and required mass resolution on A double-focusing sector-field ICP-MS (ICP-SFMS,
ELEMENT, Finnigan MAT, Bremen, Germany) was used

Nuclide Molecular ions rez%‘;‘&::)endn?z;s for the determination of Pu and the plutonium isotopic
238, 238,+ 103665 : ratio in urine sa_mples. The ICP torch was shielded_ with
206 HOOMNH,+ 3874 a grounded platinum electrode (GuardElectfd8leFinni-
208pL601 H, 120+ 3818 gan MAT). Solution introduction into the ICP-SFMS was
208p LN, 1H,* 4654 performed using a Microflow nebulizer PFA-100 (Ele-
2%Pu zszl'j)*M ) 36885 mental Scientific, Inc., Omaha, NE, USA) and a direct
zosigegmmlgf gi;g injection high-efficiency nebulizer (DIHEN, JE, Meinhard
240py, 23814, + 19116 Associates, Inc., Santa Ana, CA, USA). Samples were in-
208p6O4NLH, *+ 3774 troduced in the continuous flow mode using a peristaltic
241py 207Ppt6 O, tH, 3193 pump (Perimax 12, Spetec GmbH, Erding, Germany)
iiipu zgszfOzin 3159 and high-precision syringe pump (CMA-100, Carnegie
Pu 2 PbCs Ho ! 3293 Medicine, Solna, Sweden) for the PFA-100 and DIHEN
PB203tH* 3031

nebulizers, respectively.
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2.2. Quality control materials

Because of the lack of certified plutonium isotopic stan-

2.5. Chemical separation of plutonium

219

Plutonium was separated from thez(RQy)> precipitate

dards with urine matrix three quality control test solutions by extraction chromatography using Eichrom’s TEVA resin
were prepared to evaluate the precision, accuracy and limit of (particle size 50-10@m, active component: aliphatic qua-
detection (LOD) of the new analytical method. Firstly, fresh ternary amine). The residue of the filtrate was redissolved in
urine was subjected to the same co-precipitation and separa25 ml of 3M HNGs. To be retained on TEVA resin Pu must
tion steps as the samples in order to obtain the solution for be present in a Pu(lV) form so that 1 ml 3M Nap®@as

the blank values of Pu in urine (called “blank urine” solution added, mixed well and left to stand for 5 min to ensure that

in the following). Then, 10t 1 pg mit 242Py (Pu-1) and

Pu(lll) and Pu(VI) are converted to Pu(lV). After that 4 ml of

100+ 11 fg mi-t 23%u (Pu-2) were prepared by volumetric  0.5M AI(NO3)3 and 0.2 g of TEVA resin were added to the
dilutions of24Pu (SRM 4334F) from NIST (Gaithersburg, sample. The sample was shaken for 120 min at a rotational
MD, USA) and aqueous solution with known plutonium iso- speed of 300 mint and loaded into the appropriate cartridge

topic ratio @4%Pu/23%Pu = 0.014230+ 0.0003) respectively,
that were added to the “blank urine” solutidfi2Pu isotopic

tubes. After rinsing the resin with:310 ml 3M HNG;s plu-
tonium was eluted with 3 5ml 0.05 M HF+0.05 M HNO3

standard (SRM 4334F) was also used for optimization of into a Teflon beaker. The separated sample was then evapo-
the experimental parameters and to control the recovery ofrated to a volume of 10 ml and divided into two equal parts

the developed procedure.

(2 x 5ml). The first 5ml was applied for measurements of

Calibration standards were prepared by dilution of Pu concentration by ICP-SFMS using the PFA-100 nebu-

1ngmit aqueous®*?Pu into “blank urine” solution. Five

lizer. The second 5ml was further evaporated to a volume

urine laboratory standards solutions were prepared at theof 0.5ml and introduced into ICP-SFMS via the DIHEN

following concentrations of4?Pu: 50, 100, 200, 500 and nebulizer.

1000 fgmi1.

In order to study the uranium hydride formation rate 26 Optimization of experimental parameters in ICP-MS

UH™/U and peak tailing effect frorA®8U+ a stock solution
of U with natural isotopic composition was used.
All acids used were of supragrade (Merck, Darmstadt,

and measurement procedure

Optimization of the experimental parameters of ICP-MS

Germany). Nitric acid was further purified by subboiling jnhstruments was performed with respect to the maximum

distillation. High-purity deionized water (18) was ob-
tained from a millipore Milli-Q-Plus water purifier (Milli-
pore Bedford, MA, USA).

ion intensity of24?Put and minimum background atvz
239u using a*?Pu standard solution. Instrument opera-
tion conditions are summarized Fable 2 Further details

about the instrumentation and measurement procedure are

2.3. Samples and sample preparation

described elsewhell@8,39] The measured plutonium ion

intensity was corrected taking into account the dead time of
The urine sample was collected from healthy adult vol- the ion dletector that was found to be 45ns using 1, 2 and
unteers in containers previously washed repeatedly with 29510 ngmi™ solutions of NIST U020 standard reference ma-

(v/v) nitric acid in 18 M2 cm water. A schematic diagram
of the sample preparation procedure is showhim 1 Table 2

Optimized operation conditions of double-focusing ICP-SFMS for deter-

2.4. Co-precipitation Pu with Cag(POg)2

for solution introduction

mination of Pu in urine samples using PFA-100 and DIHEN nebulizers

The 11 of fresh urine was acidified with nitric acid to pH

2. In order to determine the recovery procedure the urine Solution uptake rate, mimirt
was spiked with 4 pg ot*?Pu and thoroughly mixed. 0.5 ml
of 1.25M Ca(NQ@)2 and 0.2 ml of 3.2 M (NH)>2HPO, was
added and the urine was heated to a temperature of apwebulizer gas flow rate, I mirt
proximately 40-50C. After that concentrated N¢OH was
added (very slowly) up to the point where the formation of Sampler cone
Cag(POy)2 precipitate was observed. The sample was then
stirred with a glass rod, heated for 20 min and allowed to set-
tle overnight. After settling the precipitate was transferred to pass window, %
a centrifuge tube and centrifuged for approximately 10 min Runs

at 4000 rpm. The supernatant was decanted and discarded tBasses

waste, the precipitate was filtered by gravity over the filter Scanning mode
paper. Mass resolutionmyAm

Peak hopping
300

PFA-100 DIHEN
0.58 0.06
RF power, W 1199 1199
Cooling gas flow rate, I mint 18 18
Auxiliary gas flow rate, |mimt 0.75 1.07
0.935 0.2
Extraction lens potential, V 2000
Nickel, 1.1 mm
orifice diameter
Skimmer cone Nickel, 0.9 mm
orifice diameter
20
7
100
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1l urine
spiked with 4ng 2?Pu

v

Ca3(PO,), - co-precipitation

| Add05miof 125M CaNOy, |
I

| Add0.2ml of 32M (NH,HPO, |

’ Heat 40-50°C ‘

I

’ Add NH,OH to precipitate Cag(PO,) ‘
I

’ Stir and settle overnight ‘

’ Centrifugation 10 min at 4000 rpm, ‘
|

’ Filter precipitate
A 4

Separation of Puon TEVA resin

’ Dissolvein 25 ml of 3M HNO; ‘

Add 1 ml 3M NaNO,+
0.4 ml 0.5M Al (NOy),

Add 0.2 g of TEVA resin ‘

Send sample through the column ‘
I

|

’ Shake 120 min 300 min™ \
| :

|

Wash 3x10ml 3M HNOs ‘

Elution Pu
15 ml 0.05M HF+ 0.05M HNOj3

A4

Evaporation to 10 ml

A 4

PFA 100-ICP-SFMS
measur ement of Pu

5ml —¢—5ml

v

’ Evaporate to 0.5 ml ‘

v
DIHEN-ICP-SFM S
measur ement of Pu

Fig. 1. Sample preparation procedure for Pu separation from urine.

terial. Because the uranium concentration after the separa-
tion of the sample on TEVA resin did not exceed 5pgmi—1,
the influences of hydride uranium molecular ions as well as
of the peak tailing effect from 238U on the background of
m/z 239 u were considered negligible.

3. Results and discussion
3.1. Precision and accuracy of Pu measurement
Precision and accuracy of the devel oped method was stud-

ied on “blank urine’ solution spiked with 23°Pu (Pu-2). A
precision assessment was based on 10 repeated measure-

ments of this synthetically prepared standard with a concen-
tration of 239Pu 100fgml—1, achieving an accuracy of 2.5%.
Short-term stability (n = 10) of this measurement (Fig. 2)
was determined to be 7% (R.S.D.). For further proof of the
accuracy of the developed analytical method, measurements
of the“blank urine” sol ution spiked with 2*2Pu isotopic stan-
dard (Pu-1) were performed. For the 10 pg ml—1 of 2%2Pu the
accuracy was determined to be 1.1%. The calibration curve
for 22puy at the ultratrace level, measured using prepared
calibration standards, is shown in Fig. 3 (correlation coeffi-
cient: 0.9985). 2*0Pu/23%Py isotopic ratio measurements in
urine using the new method were studied in ICP-SFM S with
PFA-100 and DIHEN nebulizers. The results of these mea-
surements (see Table 3) show good agreement between the
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Fig. 2. Short-term stability of 23°Pu in synthetically prepared standard solution.
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Fig. 3. Calibration curve for 2*2Pu* measured by ICP-SFMS.

expected and measured values of 2%0Pu/23%pu isotopic ra-
tio in the synthetically prepared urine standard solution. A
precision (R.S.D.%, n = 10) of 1.8 and 1.9% and an accu-
racy of 1.5 and 1.8% were determined for the PFA-100 and
DIHEN nebulizers, respectively.

3.2. Co-precipitation and separation of plutonium

242py tracer was used to indicate the efficiency of the
co-precipitation and separation of the plutonium in the new
method. A concentration of dissolved plutonium in 11 of
mixed urine was estimated to be approximately 4fgml—1.
Recently reported LODs for 23°Pu were in the sub-fgml—1
range (e.g., 30fgml—L, measured in high-purity deionized
water by MC-ICP-MS [40]). Ting et al. [13] studied 23°Pu
in urine using ICP-SFMS and a microconcentric nebulizer

Table 3
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Fig. 4. Influence of U concentration on the background signal on m/z
239u.

with desolvator “Aridus’ for sample introduction. An LOD
for 229Py in urine of 4.7 fgml—1 was achieved. For the deter-
mination of Pu at lower concentrations a further preconcen-
tration step is required, in which the matrix elements were
removed, thus avoiding clogging effects of the solution in-
troduction system and cones, matrix effects, etc.

A co-precipitation procedure based on Cag(PO4), and
originaly utilized for «-spectrometry was adapted for
ICP-MS (schematic, see Fig. 1), where enrichment factors
of 100 and 1000 were achieved for measurements with
the PFA-100 and DIHEN nebulizer, respectively. The main
problem in the determination of 23°Pu by ICP-MS is the
presence of U in the analyzed sample, due to interferences
from 238UIH* jon formation and the peak tailing effect
from 238U+ that lead to an increase in the background signal
of m'z239u (see Fig. 4). In the present work, concentration

240py/239py sotopic ratio measurements in synthetically prepared urine laboratory standard solution using PFA-100 and DIHEN nebulizers for solution

introduction into double focusing ICP-SFMS

Nebulizer 240py /239py jsotopic ratio Precision, % Accuracy, %
Measured Expected

PFA-100 0.1445 + 0.004 0.1423 + 0.0003 1.85 1.55

DIHEN 0.1448 + 0.004 1.78 1.78
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Table 4

Concentration of minor matrix elements and uranium in urine before calcium phosphate co-precipitation and after separation on TEVA resin

Element Concentration, pgml—1
Before co-precipitation After separation Decontamination factor
Na 382+ 19 0.72 £ 0.1 53
Mg 31+ 14 0.75 +£ 0.5 41
K 163 + 28 26+ 0.1 63
Ca 770 £ 70 124 + 0.05 620
Fe 0.222 + 0.002 0.09 £+ 0.01 25
u (41+£01) + 1075 (0.2 £ 0.05) + 10~ 200
Table 5

Figures of merit of double-focusing ICP-SFMS for Pu determination using PFA-100 and DIHEN nebulizers for sample introduction

Nebulizer ~ Solution uptake Sensitivity for Absolute Uranium hydride Abundance LOD (30), 10~ 8gml—1
Ny 1 o ! e
rate, ml min Pu, MHz ppm sensitivity for_ . formation rate, sengitivity opy 22py
Pu, countsfg UH*/UT (m+1)/m
PFA-100 0.58 2000 207 13 x 104 201 x 1075 9 8
DIHEN®? 0.06 1380 1380 12 x 1074 202 x 107° 1.02 0.9

aCalculated LODs for 239Pu and 242Pu assumed concentration of the sample after evaporation from 5 to 0.5ml.

of U in the precipitate was about 40pgml—1, therefore,
necessitating the removal of U from the analyzed sample.

To further separate plutonium from the uranium and ma-
trix element of the precipitate (mainly Ca, and Na) extrac-
tion chromatography by means of Eichrom’'s TEVA resin
was applied.

The efficiency of the co-precipitation and separation pro-
cedure in terms of the removal of matrix ions, as well as
U, is shown in Table 4. The concentrations of minor ele-
ments in the sample after pre-concentration and separation
were significantly lower (2 orders order of magnitude) than
in the original urine. U concentration was determined to be
0.2pgml~1, and, no increase of the background on Mz 239 u
was observed.

3.3. Figures of merits of ICP-MS

Sensitivity, abundance sensitivity and limit of detection
in ICP-SFMS for Pu determination were studied using the
PFA-100 and DIHEN nebulizers for sample introduction. A
dightly higher sensitivity (1.4-fold) was observed with the
PFA-100 nebulizer in comparison to the DIHEN nebulizer,

whereas the absolute sensitivity was 6.6-fold better with the
DIHEN nebulizer (see Table 5) and thus demonstrating the
significance of applying this nebulizer for small or hazardous
samples. The uranium hydride formation rate and abundance
sensitivity remained the same for two selected nebulizers,
hence ensuring a negligible increase of the background on
m/z 239u.

3.4. Pu recovery by the method developed and Pu
measurements

In order to investigate the Pu recovery of the method
developed, comparative measurements of 5ml of the sep-
arated sample and 5ml of the spiked “blank uring” using
the PFA-100 and DIHEN nebulizers were performed. All
the data from the measurements are summarized in Table
6. Because the solution uptake rate of the DIHEN nebu-
lizer (0.06ml min~1) is about 10 times lower than in the
PFA-100 nebulizer (0.58 ml min—1) for the DIHEN measure-
ments 5ml of the analyzed sample was evaporated to the
volume of 0.5ml. By applying this approach, the analysis
time of the measurements with the PFA-100 and DIHEN

Table 6
Intensities measured by ICP-SFMS in spiked urine and “blank uring” solution on nVz 238, mvz 239 and m/z 242
Intensities, cps Recovery, %
m/z 238 m/z 239 m'z 242
PFA-100
“Blank urine” solution 484 + 16 05+ 04 761.1 + 31 70.8
Urine 451 + 26 0.6 + 05 533.8 + 29
DIHEN
“Blank urine” solution 3760 + 42 0.6 + 0.3 5120 + 92 715
Urine 3741 + 53 0.7+ 04 3662 + 80

For measurements with DIHEN 5ml of analyzed sample was evaporated to a volume of 0.5ml. 11 of urine and “blank urine” solution were spiked with
4pgml—1 of 22py before and after the co-precipitation/separation steps, respectively.
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nebulizers as well as the consumption of the original sam-
ple remained the same. The recovery of 2%2Pu by the new
method was about 71% for both nebulizers.

Using the intensity values on the m/z 239 u and m/z 242 u
measured in “blank urine” solution and the sensitivity for
Pu in ICP-SFMS, the LODs (3o-criterion) for 22°Pu and
242py in urine were calculated for two selected nebulizers
(see Table 5). In the case of the DIHEN nebulizer, the calcu-
lation assumed the 10-fold concentration of the sample due
to evaporation. Limits of detection for 23°Pu in urine with
the PFA-100 and DIHEN nebulizers were 9 x 10~ and
1.02 x 10~ 18 gml—1, respectively, whereby for 2*2Pu values
of 8 x 10718 and 0.9 x 10~ 18 gml—1 were achieved.

4, Conclusion

This study demonstrates that ICP-SFMS, combined with
co-precipitation and extraction chromatography, represents
a useful analytical technique suitable for the analysis of
plutonium in urine at the low agml~! level. Disturbing
interferences affecting accurate determination of the Pu
that arise from the presence of U in the analyzed sam-
ple as well as matrix elements were successfully removed
by means of co-precipitation and separation of the sam-
ple on Eichrom's TEVA resin. Recovery of Pu in the
new method was 70%. In comparison to a-spectrometry,
ICP mass spectrometry offers significant advantages, in-
cluding isotopic information (as distinct from 239Pu and
240py), short analysis time and substantial reduction in
sample size. The last becomes more significant if the DI-
HEN nebulizer is applied for sample introduction into
ICP-MS. In this case, separation of the sample from the
matrix, additional increase of the LOD (1 order of magni-
tude in comparison to the nebulizers with solution uptake
rate >0.6mimin~! and sensitivity about 2GHzppm™1)
can be achieved by concentrating the sample (e.g., by
evaporation) and introducing it into the plasma via the
DIHEN nebulizer. Using the method presented in this
study, the limit of detection for 2%°Pu in 11 of urine ob-
tained on the ICP-SFMS with the DIHEN nebulizer was
1.02 x 108 gml-1,

Measurements of the 2%0Pu/23°Py isotopic ratio in syn-
thetically prepared urine standard solution yielded a good
precision and accuracy that, therefore, proves that it is pos-
sible to assess the source of contamination in urine samples
in the case of ultra-low concentrations of Pu by determining
the 240py/239py jsotopic ratio using the method developed
by us.

In future work, the application of multiple collector ICP
mass spectrometry with multi-ion countersfor Puisotopera-
tio measurements at the ultratrace level in urine would be of
interest. Further improvement of the LODs for Pu isotopes
in urine is expected due to the better abundance sensitivity
of available MC-ICP-MS instruments. In addition, because
of the simultaneous determination of several Pu isotopes by

MC-ICP-MS, a high precision of isotopic ratio measure-
ments would be possible.

Acknowledgements

The author gratefully acknowledge H.-J. Dietze (Julich)
for the helpful discussion.

References

[1] J.S. Becker, J. Anal. At. Spectrom. 17 (2002) 1172.

[2] J.S. Becker, Spectrochim. Acta Part B 58 (2003) 1757.

[3] M. Rodriguez, J.L. Gascon, Radiochim. Acta 90 (2002) 7.

[4] SF. Boulyga, M.V. Zoriy, M.E. Ketterer, J.S. Becker, J. Environ.
Monit. 5 (2003) 661.

[5] E. Hrnecek, L. Aldave, L. Heras, M. Betti, Radiochim. Acta 90
(2002) 721.

[6] A. Bleise, PR. Danesi, W. Burkart, J. Environ. Radioact. 64 (2003)
93.

[7] PR. Danesi, A. Blaise, W. Burkart, T. Cabianca, M.J. Campbell, M.
Makarewicz, J. Moreno, C. Tuniz, M. Hotchkis, J. Environ. Radioact.
64 (2003) 121.

[8] SF. Boulyga, D. Desideri, M.A. Méli, C. Testa, J.S. Becker, Int. J.
Mass. Spectrom. 226 (2003) 329.

[9] R. Pietrzak, H. Doty, C. FInfrock, A. Moorthy, E. Kaplan, K. Thind,
239py in urine by ICP-MS and FTA methods and their application to
occupational exposure measurements, Presented at the 44th BAER
Conference, Albuquerque, NM, USA, 1998.

[10] K.G.W. Inn, D. McCurdy, L. Kuruvilla, B.N.M.R. Pietrzak, E. Ka
plan, W. Inkret, W. Efurd, D. Rokop, D. Lewis, P. Gautier, R.T. Bell,
J. Radioanal. Nucl. Chem. 249 (2001) 121.

[11] A.C. James, R.E. Filipy, JJ. Russell, JF. Mclnroy, Health Phys. 84
(2003) 2.

[12] N. Baglan, C. Cossonnet, P. Pitet, D. Cavadore, L. Exmelin, P
Berard, J. Radioanal. Nucl. Chem. 243 (2000) 397.

[13] B.G. Ting, R.S. Pappas, D.C. Paschal, J. Anal. At. Spectrom. 18
(2003) 795.

[14] D.M. Taylor, Appl. Radiat. Isot. 46 (1995) 1245.

[15] C. Testa, G. Jia, S. Degetto, D. Desideri, F. Guerra, M.A. Mdli, C.
Roselli, Sci. Total Environ. 232 (1999) 27.

[16] F. Amoudry, P. Burger, Nucl. Instrum. Methods 223 (1984) 360.

[17] C. Vockenhuber, I. Ahmad, R. Golser, W. Kutschera, V. Liechtenstein,
A. Priller, P. Steier, S. Winkler, Int. J. Mass. Spectrom. 223 (2003)
713.

[18] S.H. Lee, J. Gastaud, JJ. La Rosa, L.L.W. Kwong, PP. Povinec, E.
Wyse, L.K. Fifield, PA. Hausladen, L.M. Di Tada, G.M. Santos, J.
Radioanal. Nucl. Chem. 248 (2001) 757.

[19] PW. Krey, K.W. Nicholson, J. Radioanal. Nucl. Chem. 248 (2001)
605.

[20] D. Lewis, G. Miller, C.J. Duffy, D.W. Efurd, W.C. Inkret, S.E.
Wagner, J. Radioanal. Nucl. Chem. 249 (2001) 115.

[21] K. Wendt, N. Trautmann, B.A. Bushaw, Nucl. Instrum. Method.
Phys. Res. B 172 (2000) 162.

[22] M. Nunnemann, N. Erdmann, H.U. Hasse, G. Huber, J.V. Kratz, P
Kunz, A. Mansel, G. Passler, O. Stetzer, N. Trautmann, A. Waldek,
J. Alloys Comp. 271 (1998) 45.

[23] N. Erdmann, M. Nunnemann, K. Eberhardt, H.G.G. Huber, S. Kohler,
JV. Kratz, G. Passler, JR. Peterson, N. Trautmann, A. Waldek, J.
Alloys Comp. 271 (1998) 837.

[24] J.S. Becker, H.-J. Dietze, in: R.AA. Meyers (Ed.), Mass Spectrometry
of Long-Lived Radionuclides. In Encyclopedia of Analytical Chem-
istry, Wiley, 2000.

[25] A. Montaser, in: Inductively Coupled Plasma Mass Spectrometry,
Wiley-VCH, New York, 1998.



224 M.V. Zoriy et al./International Journal of Mass Spectrometry 232 (2004) 217-224

[26] D. Desideri, M.A. Méli, C. Rosdli, C. Testa, SF. Boulyga, J.S.
Becker, Anal. Bioanal. Chem. 376 (2002) 1091.

[27] SF. Boulyga, C. Testa, D. Desideri, J.S. Becker, J. Anal. At. Spec-
trom. 16 (2001) 1283.

[28] T.C. Kenna, J. Anal. At. Spectrom. 17 (2002) 1471.

[29] A.E. Eroglu, C.W. McLeod, K.S. Lenard, D. McCubbin, Spectrochim.
Acta Part B 53 (1998) 1221.

[30] S.F. Boulyga, J.S. Becker, J.L. Matusevich, H.-J. Dietze, Int. J. Mass.
Spectrom. 203 (2000) 143.

[31] R.N. Taylor, T. Warneke, J.A. Milton, |.W. Croudace, PE. Warwick,
R.W. Neshitt, J. Anal. At. Spectrom. 16 (2001) 279.

[32] S.F. Boulyga, M. Tibi, K.G. Heumann, Anal. Bioanal. Chem. 378
(2004) 342.

[33] C.S. Kim, C.K. Kim, Anal. Chem. 74 (2002) 3824.

[34] Y. Muramatsu, S. Uchida, K. Tagami, S. Yoshida, T. Fujikawa, J.
Anal. At. Spectrom. 14 (1999) 859.

[35] D. Solatie, P. Carbol, E. Hrnecek, T. Jaakkola, M. Betti, Radiochim.
Acta 90 (2002) 447.

[36] JH. Kaye, R.S. Strebin, R.D. Orr, J. Radioanal. Nucl. Chem. 194
(1995) 191.

[37] A. Comosa, S. Chibowski, J. Radioanal. Nucl. Chem. 251 (2002)
113.

[38] J.S. Becker, H.-J. Dietze, J. Anal. At. Spectrom. 14 (1999) 1493.

[39] J.S. Becker, H.-J. Dietze, Fresenius J. Anal. Chem. 368 (2000) 23.

[40] R.N. Taylor, T. Warneke, JA. Milton, I.W. Croudace, PE. Warwick,
R.W. Neshitt, J. Anal. At. Spectrom. 18 (2003) 480.



	Determination of Pu in urine at ultratrace level by sector field inductively coupled plasma mass spectrometry
	Introduction
	Experimental
	ICP-MS instrumentation
	Quality control materials
	Samples and sample preparation
	Co-precipitation Pu with Ca3(PO4)2
	Chemical separation of plutonium
	Optimization of experimental parameters in ICP-MS and measurement procedure

	Results and discussion
	Precision and accuracy of Pu measurement
	Co-precipitation and separation of plutonium
	Figures of merits of ICP-MS
	Pu recovery by the method developed and Pu measurements

	Conclusion
	Acknowledgements
	References


