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Abstract

Laser ablation ICP-MS (inductively coupled plasma mass spectrometry) is becoming one of the most important analytical techniques for fast
determination of trace impurities in solid samples. Quantification of analytical results requires matrix-matched standards, which are in some cases
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e.g., high-purity metals, proteins separated by 2D gel electrophoresis) difficult to obtain or prepare. In order to overcome the qua
roblem a special arrangement for on-line solution-based calibration has been proposed in laser ablation ICP-MS by the insertion of
ebulizer in the laser ablation chamber. This arrangement allows an easy, accurate and precise quantification by on-line isotope dilu
efined standard solution with an isotope enriched tracer nebulized to the laser-ablated sample material. An ideal matrix matching in L

s therefore obtained during the measurement. The figures of merit of this arrangement with a microflow nebulizer inserted in the las
hamber and applications of on-line isotope dilution in LA-ICP-MS on two different types of sample material (NIST glass SRM 612 a
pple leaves SRM 1515) will be described.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Laser ablation inductively coupled plasma mass spectrome-
ry (LA-ICP-MS) has been established in analytical chemistry
or sensitive and powerful multi-element analysis at the trace
nd ultratrace level[1,2] as well as for direct isotope ratio
easurements on solid samples[3,4]. Fields of applications of
A-ICP-MS are geological research[5,6], materials research

7–9], environmental monitoring[10–14], characterization of
adioactive waste[15,16] or biological research and life sci-
nces[17–21]. Nowadays, LA-ICP-MS is attracting increased

nterest as a microlocal analytical technique for element deter-
ination (P, S and metals) in protein spots separated by 2D
el electrophoresis[22–25] and for imaging of elements, e.g.,

n thin sections of brain samples[26,27]where LA-ICP-MS is
uccessfully employed.

∗ Corresponding author. Tel.: +49 2461 612698; fax: +49 2461 612560.
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A limitation in LA-ICP-MS analysis of solid samples is t
quantification of analytical results, which is mainly due to a
of suitable certified reference materials (CRM) with a ma
composition similar to that of the sample. Different quan
cation strategies have been investigated in order to solv
problem. Matrix matching as one way to overcome matrix eff
was achieved, for example, by the preparation of homogen
fused lithium borate targets of geological samples and geolo
reference materials. In this case, geological SRMs with a m
composition different to those of the sample can be used fo
ibration[28,29]. Jochum et al.[30] prepared and characteriz
geological MPI-DING reference glasses for in situ microlo
analysis[30,40]. It has been demonstrated for trace elem
determination in geological glasses that the use of a geolo
reference glass in comparison to NIST glass standard refe
material (NIST SRM 612) for quantification of analytical res
gives more accurate data due to a better agreement for the
composition of standard and sample[31]. Synthetic laborator
standards have also been prepared and successfully emplo
quantitative analysis in the LA-ICP-MS of e.g., concrete ma
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[15], ceramics[9], carbonates[11,14], tree rings[12], graphite
[32], airborne particulate matter collected on PTFE-membrane
filters [13] or thin sections of brain samples[26,27]. In the case
of powdered samples, it is possible to apply the isotope dilu-
tion method by adding an isotope-enriched tracer solution to the
sample powder followed by pressing targets[33,34]. However,
preparation of synthetic laboratory standards or pressed sam-
ple targets is time consuming and not easy to perform for all
kind of samples, e.g., high-purity metals, platinum nanoclus-
ters or protein spots separated by 2D gel electrophoresis. An
easy and rapid quantification procedure, especially if no suit-
able reference materials are available or preparation of synthetic
laboratory standards is difficult or impossible, is solution-based
calibration in LA-ICP-MS whereby a dual gas[35–37] and a
mono gas sample introduction system[38,39] have been pro-
posed. In the case of the mono gas sample introduction system,
a nebulizer (e.g., ultrasonic[23,32,38,39], microconcentric[8],
microflow [26] or Meinhard[41] nebulizer) is directly coupled
to the laser ablation cell. By this means, the nebulizer gas flow
coming from the nebulizer is used as the carrier gas flow for
laser ablation. Using these arrangement measurements can be
performed with optimized carrier and nebulizer gas flow rates
[32]. However, during the measurement of the standard solu-
tions matrix matching is necessary and can be performed by
either laser ablation of a high-purity blank target[32,38]or by
using the standard addition mode in solution-based calibration
[ the
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with nano-volume flow injection in ICP-SFMS provides detec-
tion limits of 1.6 and 0.3 pg ml−1 in 54 nl sample volume for
uranium and plutonium, respectively[44].

Applications of on-line isotope dilution in laser ablation
ICP-MS using a special arrangement with microflow total con-
sumption nebulizer DS-5 directly coupled to the laser ablation
chamber (mono gas sample introduction)[45] will be presented
in this work.

2. Experimental

2.1. Instrumentation

For on-line isotope dilution in laser ablation ICP-MS the
microflow total consumption nebulizer DS-5 (CETAC Tech-
nologies, Omaha, NE, USA) was inserted in the laser ablation
chamber as described elsewhere[26]. In brief, the microflow
nebulizer was fitted into the laser ablation chamber on the oppo-
site side of the outlet and transfer line to the ICP (seeFig. 1). A
low and constant nebulizer solution uptake rate of 7�l min−1

was provided by a high precision syringe pump (CMA-100,
Carnegie Medicine, Solna, Sweden). In order to investigate
this new arrangement for on-line isotope dilution two different
combinations of laser ablation system and inductively coupled
plasma mass spectrometer (ICP-MS) were employed. A pho-
tograph of the micronebulizer inserted in cooled laser ablation
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26,39]. Neither method of matrix matching is applicable in
ase of samples where no blank material exists or wher
ample amount available (only a few mg) is not enough fo
umber of measurements required in the case of the sta
ddition mode. In order to overcome this problem a new s
gy of solution-based calibration by performing on-line isot
ilution analysis (IDA) in LA-ICP-MS (on-line LA-ID-ICP
S) combined with a microconcentric nebulizer was develo

or the determination of Ag, Tl and Pb in a few milligrams
latinum nanoclusters[8]. Beside matrix effects also elemen

ractionation has to be considered when performing solu
ased calibration in LA-ICP-MS. The most important criter

n order to avoid fractionation effects in laser ablation ICP-
s the laser power density, whereby elemental fractionation
e minimized at a laser power density of about 109 W cm−2 and
igher[29,38,42,43]. Furthermore, different element sensit

ies in ICP-MS and LA-ICP-MS have to be taken into con
ration by applying a correction factor which is defined as
ertified concentration of internal standard element divide
he measured concentration of internal standard element[32,38].
hese differences in sensitivity depend on the nebulizer use
olution-based calibration in LA-ICP-MS and the sample t
nalyzed (e.g., 15,000 for ultrasonic nebulizer, graphite sam

32]; 5000 for ultrasonic nebulizer, fused lithium borate tar
38]; 20,000 for ultrasonic nebulizer, high-purity platinum[32]).
t would be advantageous to use a nebulizer with a low solu
ptake rate in order to fit the nebulized solution to a small am
f ablated sample so that differences in element sensitiviti

CP-MS and LA-ICP-MS can be reduced. The microflow t
onsumption nebulizer DS-5 operates at solution uptake
ignificantly below the 10�l min−1 level and in combinatio
e
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hamber is shown inFig. 1. Determination of uranium in NIS
lass standard reference material (SRM) 612 was perfo
sing the laser ablation system Ablascope (Bioptic, Berlin,
any) coupled to a double-focusing sector field ICP-MS (I
FMS, ELEMENT 1, Thermo Electron Corp., Bremen, G
any)[20,22,26]. The ICP torch was shielded with a ground
latinum electrode (GuardElectrode, Thermo Electron Co

n order to determine the doped uranium concentration in N
RM 1515 (apple leaves) the laser ablation system CETAC
00 (CETAC, Technologies, Omaha, NE, USA) was comb
ith a quadrupole-based ICP-MS with collision cell (ICP-C
S, Platform, Micromass Ltd., Manchester, UK). Both la
blation systems operate with a Nd:YAG laser, whereby in
ase of the Ablascope a frequency quintupled laser wavel
f 213 nm is used (repetition frequency 20 Hz, spot diam
0�m, laser power density 3.5× 109 W cm−2) and the CETAC
SX 200 system is run with 266 nm (repetition frequency 20
pot diameter 300�m, laser power density 1.1× 109 W cm−2).
blation of sample material was performed by scanning

ocused laser beam over the sample surface (single line
odus). Experimental parameters of both laser ablation

ems are summarized inTable 1. Experimental parameters
CP-MS were optimized with respect to maximum ion int
ity of 238U+ using a 1�g l−1 uranium solution nebulized wi
S-5 directly coupled to the laser ablation chamber. This q
nd easy way of optimizing ICP-MS parameters in LA-IC
S is possible using the mono gas sample introduction sy
ecause the optimized conditions (rf power, carrier or nebu
as flow rate) were found to be the same for nebulized solu
nd ablated solid samples[32,38]. Furthermore, the mono g
ample introduction system offers optimum mixing of nebul
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Fig. 1. Experimental set-up of laser ablation chamber with microflow total consumption nebulizer DS-5 for on-line isotope dilution analysis.

isotope-enriched tracer solution and laser-ablated solid sample
directly in the ablation chamber, which is of importance in the
case of isotope dilution analysis. Optimized ICP-MS parame-
ters are given inTable 1. Replicates (given inFigs. 2 and 3as
measurements) in case of measurements using the ICP-QMS
Elan 6000 and the ICP-SFMS Element 1, respectively, has been
choosen according to the time needed for the measurement.

2.2. Samples, sample preparation and isotope-enriched
tracer solution

Investigated samples were NIST glass standard reference
materials (SRM) 612 (NIST, National Institute of Standards and
Technology, Gaithersburg, MD, USA) and NIST apple leaves
SRM 1515 with a certified uranium concentration of 37.4 and
0.006�g g−1, respectively. NIST glass SRM 612 was cleaned
with 2% nitric acid and ethanol prior to measurements. In the
case of apple leaves, uranium standard solution was added to
the sample material in order to obtain a doped uranium con-
centration of 10�g g−1. The mixture was then homogenized,
dried and placed on high-purity carbon ribbon for direct laser

ablation measurements. A solution of isotope-enriched tracer
(235U/238U: 0.5465) in 2% nitric acid was prepared from NIST
U350 standard solution by diluting with high-purity deionized
water (18 M� cm−1, Millipore Milli-Q-Plus water purifier, Mil-
lipore Bedford, MA, USA) and acidifying with sub-boiled nitric
acid. Isotope-enriched tracer concentration in solution was cho-
sen so as to obtain an isotope ratio in the mixture of sample
and tracer solution as near as possible to one. For the investi-
gation of NIST apple leaves SRM 1515 doped with uranium
and NIST glass SRM 612, the U-concentration in the isotope-
enriched tracer solution was 6 mg l−1 and 1�g l−1, respectively.

2.3. On-line isotope dilution analysis in LA-ICP-MS

On-line isotope dilution in LA-ICP-MS as described in detail
elsewhere[8] consists of three measurements one after the other:

1. Laser ablation of the sample and nebulization of 2% nitric
acid in order to determine235U/238U isotope ratio in the sam-
ple (S).

Table 1
Experimental parameters for on-line isotope dilution analysis in LA-ICP-SFMS and LA-ICP-CC-MS

ICP-SFMS “Element” Laser ablation system “Ablascope”

r
C
A
C
D

I

r
C
A
C
H
D

f Power (W) 1200
oolant gas flow rate (l min−1) 18
uxiliary gas flow rate (l min−1) 1.25
arrier gas flow rate (l min−1) 1.20
well time (ms) 100

CP-CC-MS “Platform”

f Power (W) 1200
oolant gas flow rate (l min−1) 13.55
uxiliary gas flow rate (l min−1) 1.09
arrier gas flow rate (l min−1) 0.85
e gas flow rate (ml min−1) 10
well time (ms) 200
Wavelength (nm) 213
Pulse energy (mJ) 6
Laser power density (W cm−2) 3.5× 109

Repetition frequency (Hz) 20
Spot diameter (�m) 50

Laser ablation system “LSX 200”

Wavelength (nm) 266
Pulse energy (mJ) 4
Laser power density (W cm−2) 1.1× 109

Repetition frequency (Hz) 20
Spot diameter (�m) 300
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Fig. 2. Measurement of235U/238U isotope ratios in (a) NIST glass SRM 612 (b)
mixture of sample and isotope-enriched tracer solution and (c) isotope-enriche
tracer solution by double-focusing sector field LA-ICP-SFMS (ELEMENT).

2. Nebulization of isotope-enriched tracer solution NIST U350
and simultaneous laser ablation of the sample for the
determination of235U/238U isotope ratio in the mixture
(X).

3. Nebulization of isotope-enriched tracer solution NIST U350
while the laser is not operating thus allowing the measure-
ment of235U/238U isotope ratio in the isotope-enriched tracer
solution (T).

For blank correction 2% nitric acid is nebulized and measured
before and after this procedure.

Determination of element concentration is performed using
the formula for isotope dilution analysis(1):

QS = QT(T − X)

(X − S)mS/mT
(1)

QS = element concentration in the sample;QT = element con-
centration in the highly enriched tracer;X = isotopic ratio of
the two selected isotopes in the mixture;T = isotopic ratio of
the two selected isotopes in the tracer;S = isotopic ratio of the
two selected isotopes in the sample;mS, mT = atomic mass of
the element in nature and of the isotopically enriched element,
respectively.

In addition, the isotope ratio of two selected isotopes of an
internal standard element is measured during this procedure and
concentration of the internal standard element is calculated as
described for the element of interest. Using the internal standard
element differences of sensitivity in LA-ICP-MS and ICP-MS
can be considered by employing a correction factor which is
defined as the true concentration of internal standard element in
t -line
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Fig. 3. Results of235U/238U isotope ratio measurements for quantitative uranium
on-line isotope dilution technique in quadrupole-based LA-ICP-CC-MS (platfo
d

he sample divided by the concentration determined via on
sotope dilution in LA-ICP-MS. In order to demonstrate that
erent elements can be applied for this correction Ba (in the
f NIST apple leaves SRM 1515) and Th (in the case of N
lass SRM 612) were used as internal standard elements.
lements concentrations are known in the samples investig

In case of employing this quantification procedure for
ent mapping the internal standard element has to be hom
eous distributed within the sample. Th and U were found
omogeneous distributed in thin section of human brain
les and were therefore employed as internal standard ele

analysis in NIST apple leaves SRM 1515 (doped U-concentration: 10�g g−1) via
rm).
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Table 2
Results of uranium determination in NIST glass SRM 612 and NIST apple leaves SRM 1515 doped with uranium by on-line LA-ID-ICP-MS

Uranium concentration (�g g−1)

Certified value Doped U On-line LA-ID-ICP-MS

NIST glass SRM 612 37.4± 0.1 – 36.2± 1.1a

NIST SRM 1515 apple leaves (0.006)b 10± 0.5 11.19± 1.11a

a Mean± 1 S.D. (n = 3).
b Information value.

for solution based calibration using standard addition mode[26].
Blank correction has been performed by subtraction of intensi-
ties determined for 2% nitric acid nebulized prior to and after
measurement procedure shown inFigs. 2 and 3.

3. Results and discussion

On-line isotope dilution in LA-ICP-MS using this special
arrangement with the microflow total consumption nebulizer
DS-5 inserted in the laser ablation chamber (seeFig. 1) was
applied for the determination of U concentration in NIST glass
SRM 612 and NIST apple leaves SRM 1515 doped with ura-
nium. The results of measured235U/238U isotope ratios for the
analysis of NIST glass SRM 612 are given inFig. 2a (mea-
sured isotope ratio in the sample),Fig. 2b (measured isotope
ratio of the mixture) andFig. 2c (measured isotope ratio of
the isotope-enriched tracer solution NIST U350). An interest-
ing finding is that the U-isotope ratio was determined to be
235U/238U = 0.00264± 0.00005 in this sample versus the isotope
ratio of 0.00725 in natural samples[46]. The235U/238U isotope
ratio obtained for the isotope standard reference material NIST
U350 differs slightly from the certified value of 0.5465 because
no correction for mass discrimination effects has been performed
in the case of these measurements. This is not necessary due to
the fact that the235U/238U isotope ratio was measured for the
s
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lization of isotope-enriched tracer solution) than in LA-ICP-CC-
MS (1.41% R.S.D. for laser ablation of apple leaves). Further-
more, good precision for235U/238U isotope ratio measurements
performed during nebulization of NIST U350 tracer solution
and laser ablation of NIST apple leaves SRM 1515 again indi-
cates that solution and ablated sample are well mixed in the laser
ablation chamber. Differences of uranium isotope ratios deter-
mined for laser-ablated sample from the isotope ratio in nature
(235U/238U = 0.00725) and for the nebulized tracer solution from
the certified isotope ratio in NIST U350 (235U/238U = 0.5465)
are again due to the fact that no mass bias correction had to be
performed for this kind of quantification procedure. As shown
in Table 2, a concentration of 11.19± 1.11�g g−1 was deter-
mined in the apple leaves sample investigated, which is in good
agreement with the doped uranium concentration of 10�g g−1.

In future work, on-line LA-ID-ICP-MS will be applied for
the quantitative element mapping of, for example, thin sections
of brain samples.

4. Conclusions

The microflow total consumption nebulizer DS-5 inserted in
the laser ablation chamber is a handy and low cost all-in-one
arrangement for solution-based calibration in LA-ICP-MS. The
low solution uptake rate of 7�l min−1 for DS-5 reduces the
amount of isotope-enriched tracer solution needed for on-line
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ample (S), the mixture (X) and the tracer solution (T) and can
herefore be applied uncorrected in the formula for isotope
ion analysis [see Eq.(1)]. Precision of measured isotope rat
as about 1.9% R.S.D. in the case of LA-ICP-MS of the g
ample and 0.18% R.S.D. for the nebulized tracer solutio
recision of 2.4% R.S.D. was observed for the determinati

he235U/238U isotope ratio in the mixture of laser-ablated s
le and nebulized isotope-enriched tracer solution. This r

ndicates that the precision of the isotope ratio measurem
his case is mainly caused due to the laser ablation proces
hat an optimum mixture of ablated sample material and n
ized tracer solution in the laser ablation chamber is obta
he application of on-line LA-ID-ICP-SFMS yielded a conc

ration of 36.2± 1.1�g g−1 for uranium in NIST glass SRM
12, which agrees with the certified value (seeTable 2).

In Fig. 3, the results of the measured235U/238U isotope ratio
btained by quadrupole-based LA-ICP-CC-MS for the qu

ative analysis of uranium via on-line isotope dilution in NI
pple leaves SRM 1515 (doped U-concentration: 10�g g−1) are
ummarized. In agreement with the measurements in LA-
FMS for NIST glass SRM 612, the precision for isotope r
etermination is better in ICP-CC-MS (0.82% R.S.D. for ne
f

lt
n
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-
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sotope dilution in LA-ICP-MS. Furthermore, the low solut
ptake rate allows a better fitting of small amounts of abl
aterial and nebulized solution. It was demonstrated that on

sotope dilution analysis using this special arrangement a
uantitative uranium determination in different kind of sam
ith good accuracy.
On-line LA-ID-ICP-MS will be also applicable for singl

hot analysis whereby isotope-enriched tracer solution is
lized and the sample is ablated with a single laser shot.
rocedure will allow quantitative analysis in the case of elem
apping and imaging, e.g., in materials science or in biom

al applications. On-line LA-ID-ICP-MS is proposed to be
ethod of choice for quantitative element mapping and ima

ven if reference materials are available. It is more conve
o use solution-based calibration because calibration can b
ormed easily, quickly and in any concentration range for alm
ll elements.
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