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ass spectrometry for radioactive
waste characterisation in support of nuclear
decommissioning: a review

Ian W. Croudace,*a Ben C. Russellab and Phil W. Warwicka

The efficient characterization of nuclear waste materials represents a significant challenge during

nuclear site decommissioning, with a range of radionuclides requiring measurement in varied and

often complex sample matrices. Of the available measurement techniques, inductively coupled

plasma mass spectrometry (ICP-MS) has traditionally been applied to long-lived radionuclides,

particularly in the actinide series. With recent advances in the technique, both the sensitivities

achievable and number of radionuclides potentially measurable has expanded, with the reduced

procedural time offering significant economic benefits to nuclear site waste characterization

compared with traditional radiometric (typically alpha and beta spectrometry) techniques. This review

provides a broad assessment of recent developments, improvements in capability and describes the

advantages and drawbacks of ICP-MS with regards to sample introduction and instrument design.

The review will be of interest to international agencies concerned with nuclear decommissioning as

well as nuclear site laboratories, project managers and sites involved in environmental monitoring

and nuclear forensics.
1 Introduction

Over the last 30 years, the application of ICP-MS for radionu-
clide quantication has grown signicantly. Initially, ICP-MS
techniques focused on longer lived radionuclides where
their low specic activities favored atom-counting over radio-
metric techniques (typically alpha and beta spectrometry). For
example, U, Th, Pu, 99Tc, and 237Np have been measured using
ICP-MS since its early days. With the shi to decommissioning,
other long lived but less abundant radionuclides such as 93Zr
have also been quantied using ICP-MS. In addition, improve-
ments in instrument sensitivity achieved through advances in
sample introduction, mass spectrometry conguration and
design and vacuum pump technologies, has opened up the
possibility of using ICP-MS for quantication of shorter-lived
radionuclides such as 90Sr, signicantly reducing the analytical
time for such analyses (Fig. 1).

Historically, radionuclide analysis within the nuclear sector
has supported environmental monitoring programs, health
physics, process control, effluent and waste characterization
and personnel monitoring. Analytical programs tended to
focus on relatively short-lived radionuclides that were likely
to contribute signicantly to personnel and public doses or
contamination of the workplace, or which provided
mpton, NOCS, Southampton, SO14 3ZH,

TW11 0LW, UK

94–526
information on reactor performance. However, in recent years,
many rst and second generation nuclear facilities worldwide
have either entered or are approaching shutdown and
decommissioning phases. This has led to a rapidly increasing
demand for radionuclide analysis to characterize the wastes
arising from site decommissioning programs (e.g. plant
contamination assessments, radioactively contaminated
land etc.)

As well as focusing on radionuclides that contribute to
radiological worker dose and waste activity inventories in the
short term, analytical strategies are now also required to
quantify the low-abundance long lived radionuclides that will
impact on waste repository safety cases over 103 to 106 years.
The change in emphasis to decommissioning has resulted in
a number of analytical challenges. These include the need
for rapid radionuclide characterization of wastes prior to
sentencing, the provision of techniques capable of measuring
low-abundance long-lived radionuclides in the presence of
other signicantly higher abundance radionuclides and the
requirement to analyze diverse and complex matrices. In all
these cases, mass spectrometric techniques, and particularly
ICP-MS, offer some unique capabilities, which help to address
these challenges. Given the increasing expectations facing
radioanalytical science arising from decommissioning and the
expanding programme of decommissioning worldwide, it is
timely to review the state-of-the-art regarding ICP-MS analysis of
radionuclides and to explore how the technique could be more
widely applied in the future.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Half-life versus minimum detectable activity (activity that gives count rate that is >3 times standard deviation of the background count
rate) and concentration of selected radionuclides, labelled according to their method of production. Adapted from Russell et al. (2014).1
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2 History

There have been numerous developments in the eld of mass
spectrometry.2–20 In 1983 a signicant advance was the
introduction of the rst commercial ICP-QMS,21,22 an
instrument that allowed elements and isotope rations to be
Fig. 2 Recent detection limits achieved for multiple radionuclides as a f

This journal is © The Royal Society of Chemistry 2017
measured at high sensitivity. The ICP-QMS uses an induc-
tively coupled argon plasma as an excitation source to ionize
the sample and a quadrupole mass spectrometer as an ana-
lyser to separate and selectively transmit analyte ions of
a single mass-to-charge ratio (m/z) to the detector. During
this process, sample ions rapidly undergo large temperature
unction of their half-life.
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(6000 K-to-room temp.) and pressure (760 to 10�6 Torr)
reductions. In essence, ions are systematically transferred
from the plasma to the detector in a highly controlled elec-
trostatic eld within a dynamically increasing vacuum which
was followed several years later by early measurements of
radionuclides.22–27 The rapidity of ICP-QMS and ability to
simultaneously measure multiple radionuclides were estab-
lished as major advantages compared to alpha and beta
counting techniques,28–30 whilst the robustness of the tech-
nique better-suited to routine analysis compared to alterna-
tive mass spectrometric techniques, specically thermal
ionization mass spectrometry (TIMS).30,31 Additionally,
sample introduction into ICP-QMS could be achieved from
a solid, liquid or gas.32

Early studies were critical in establishing the uncertainties
associated with radionuclide detection by ICP-QMS and
considerations for instrumental setup. This included sample
pre-treatment prior to sample introduction to improve detec-
tion limits,23 the impact of sample introduction on sensitivity
and interference removal,27,29,33–35 the importance of abundance
sensitivity in removing peak tailing,26 and the use of internal
standardization to account for matrix effects.36 As well as
advances in quadrupole instrument design, the development of
other ICP-MS setups including sector eld (ICP-SFMS), colli-
sion/reaction cell instruments and multiple detector systems
(MC-ICP-MS) has increased the sensitivity, interference-removal
capability, and the number of nuclides measurable (Fig. 2). This
has signicantly expanded the toolbox for the radioanalytical
chemist with regards to nuclear waste characterization and
decommissioning.
Fig. 3 Formation route of medium to long-lived radionuclides in a nucl

496 | J. Anal. At. Spectrom., 2017, 32, 494–526
3 Mass spectrometry vs. radiometric
analysis

The specic activity (the rate of radioactive decay for a given
mass of isotope) for a radionuclide is inversely proportional to
the half-life and hence, for long lived radionuclides, more
sensitive measurements can potentially be achieved by deter-
mining the concentration rather than the activity of the radio-
nuclide (Fig. 1). More recently, there has been a growing interest
in quantifying long-lived, low abundance radionuclides (e.g.
41Ca, 59Ni, 63Ni, 93Zr, 135Cs, 151Sm) formed through ssion or
neutron activation. These radionuclides were not considered
signicant during operational phases as their contribution to
operator dose was signicantly lower than for the short lived
radionuclides such as 90Sr and 137Cs (Fig. 3). However, such
radionuclides contribute signicantly to the long-term nuclear
waste repository dose estimates. Measurement of these radio-
nuclides radiometrically is challenging as their emissions are
oen masked by the more abundant short-lived isotopes. For
example, in fresh ssion wastes the 135Cs : 137Cs atomic ratio is
approximately 1 : 1 whereas the activity ratio is 1 : 80 000. In
such instances, mass spectrometric techniques are the best
analytical approach and bring signicant benets through
analytical cost saving and sample throughput.

In some cases, radiometric techniques are limited to
measurement of radionuclides with relatively short half-lives.
Consequently, isotope ratio measurements are limited to moni-
toring of nuclear incidents shortly aer the event (e.g. 134Cs/137Cs
measurements at Fukushima), and are no longer applicable to
samples affected by atmospheric weapons test fallout or
ear reactor.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Summary of sample introduction techniques for ICP-MS

Technique Comments Radionuclide applications ref.

Solution nebulization � Range of designs, some with high tolerance to solid content 45–52
� Sample uptake rate as low as 50 mL min�1

� Relatively high oxide and hydride formation
� Sample to plasma transfer efficiency can be 1–2%

Desolvating sample introduction � Reduced solvent loading, low oxide and hydride formation 53–57
� Ultrasonic nebulisers have high sample uptake rate (�1 mL min�1)

Direct injection � 100% sample to plasma efficiency 34, 41, 48 and 58
� Increased solvent loading into plasma increases oxide and
hydride formation

Flow injection (FI) � Direct, real-time measurements 59–62
� Reduced sample preparation compared to offline separation
� 100% sample to plasma efficiency
� High maintenance
� Ultra-trace measurement difficult

Sequential injection (SI) � Evolution of ow injection 63
� Delivery of eluents, washing solutions and standards without
reconguring the manifold

� Potential cross-contamination using a single manifold
Lab on chip � Downscaling of sequential injection 64

� Reagent-based assay to sub-mL levels
Laser ablation (LA-ICP-MS) � Direct measurement of solid samples 65–76

� Surface and depth proling, or measurement of single particles
� Reduced hydride and oxide formation because of ‘dry’ plasma
� Solution nebulization preferable for bulk sample composition
� Lack of reference materials

Electro thermal vaporization (ETV) � High analyte transport efficiency (20–80%) 77–81
� Low oxide and hydride formation
� Can handle complex sample matrices
� Inferior detection limit compared to solution nebulization

Glow discharge � Complete material characterization 82 and 83
� Interferences can arise from discharge gas and sample matrix
� Isobaric interferences prevents direct determination of radionuclides

High performance liquid
chromatography (HPLC)

� Rapid separation compared to offline chemical separation 48, 74, 84 and 85
� Separation and detection of multiple radionuclides from
the same sample

Cold plasma � Rapid isobaric interference separation compared to offline
chemical separation

86 and 87

� Sensitivity dependent on sample matrix
� Several potential applications e.g. 79Se/79Br, 126Sn/126Te, 129I/129Xe

Capillary electrophoresis � Low sample volumes (nL to mL) 88–90
� Rapid separation compared to offline chemical separation
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Chernobyl. Advances in ICP-MS have put this technique in
a position where 135Cs (2.3 million year half-life) is measurable,
enabling determination of the 135Cs/137Cs ratio, expanding
measurement options over longer timescales. In other cases,
radiometric techniques are unable to separate isotopes with
similar decay energies e.g. 239Pu and 240Pu, whereas ICP-MS is
capable of accurate measurement of the 239Pu/240Pu ratio, which
can vary signicantly depending on the source of contamination,
and therefore represents a signicant advance with regards to
routine monitoring and nuclear forensics.

The signicant reduction in counting time compared to
radiometric techniques was identied as an early advantage of
ICP-MS for particular radionuclides. As the technique has
advanced, there has been a focus on reducing the sample
preparation time using techniques such as online chemical
separation coupled directly to the instrument, interference
separation using an integrated collision or reaction cell, and
This journal is © The Royal Society of Chemistry 2017
improvements in sensitivity and isotope ratio accuracies using
sector-eld and multi-collector instruments, respectively.

Accurate and low uncertainty measurements of the decay
properties of radionuclides is of importance in numerous elds
including decay heat calculations in the nuclear industry and
calibration of instruments.37,38 ICP-MS can achieve low uncer-
tainty measurement of the number of atoms in a sample, which
combined with radiometric activity measurements allow
determination of the decay constant and half-life. This infor-
mation is used as part of development of technical standards,
which improves measurement with regards to measurement
quality, reproducibility and comparison between studies39,40
4 Sample introduction

Development of high sensitivity sample introduction has been
a vital part of improving detection limits, and is potentially a key
J. Anal. At. Spectrom., 2017, 32, 494–526 | 497
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factor in reducing isobaric, polyatomic and tailing interferences
depending on the instrumental setup.41,42 A number of studies
have compared the performance of different sample introduc-
tion techniques41,43,44 and these are summarised in Table 1.
5 Quadrupole ICP-MS (ICP-QMS)

ICP-QMS achieved the rst successful measurements of radio-
nuclides by ICP-MS. Early instruments were unable to achieve
separation of isobaric and polyatomic interferences because of
their limited abundance sensitivity. Their use was originally
focused on higher mass radionuclides such as 238U that do not
suffer from the same number of interferences as lower mass
radionuclides. However, advances in instrumental sensitivity,
versatility with regards to sample introduction, and equipping
certain instruments with a collision/reaction cell has improved
detection limits and expanded applications over time.

MicroMass Ltd. (Wilmslow, UK) introduced an early version
of a collision cell instrument (Platform ICP-MS), with the aim of
thermalizing ions and dissociating disturbing molecular ions
such as argides. Compared to operating without a collision cell,
ion transmission, sensitivity and isotope ratio precision can be
improved.74 However, there are conicting views on the impact
of ICP-CC-MS on abundance sensitivity. On the one hand,
collisions in the cell can reduce the ion kinetic energy, poten-
tially improving the abundance sensitivity by increasing the
residence time of ions in the mass analyser which results in
better mass separation.49 However, the collision gas increases
pressure in the mass analyser, with residual gas ions leading to
scattering of ions in the quadrupole, which at higher gas ow
rates can have a negative impact on the abundance sensitivity.

The Perkin Elmer Elan 6100 Dynamic Reaction Cell (DRC)
(based on Elan 6000 ICP-QMS) is an early example of a reaction
cell instrument, capable of operating with multiple gases
including NH3, CH4, H2 and He. DRC instruments are equipped
with a Bandpass Tuning feature, which offers mass discrimi-
nation against interfering by-products formed in the cell, whilst
allowing analyte transmission. This compares to a collision cell
setup that oen operates with an energy lter to prevent newly
formed interferences from leaving the cell. This can lead to an
energy overlap between the analyte and interferences that
may ultimately increase instrument backgrounds, decrease
analyte signal and adversely impact detection limits.91 Bandura
et al. (2005) extensively studied cell-based separation of
Table 2 Summary of main commercially available ICP-MS instruments

Instrument type Thermo Scientic Agilent

Collision/reaction cell iCap Q 7800
7900
8900

Sector eld Element 2
Element XR

Multi-collector Neptune Plus

498 | J. Anal. At. Spectrom., 2017, 32, 494–526
radionuclides from overlapping isotopes using a Perkin Elmer
Elan DRC, with the results outlining the cell gas used and the
likelihood of the reaction occurring.92 The DRC series has been
updated with the NexION series, which is equipped with
a quadrupole ion deector that turns the ion beam 900 prior to
the entrance to the collision/reaction cell. The NexION series is
also equipped with an additional hyper skimmer cone to
improve the removal of unionized material.

The Agilent 8800 Triple Quadrupole ICP-MS (ICP-QQQ-MS)
consists of two quadrupoles positioned either side of a colli-
sion–reaction cell (termed the Octopole Reaction System, ORS).
It is in effect an ICP-MS/MS or tandem mass spectrometer.
Positioning a quadrupole before the entrance to the cell means
the ion beam can be mass ltered prior to the cell entrance,
enabling greater control over the ions entering the cell, pre-
venting undesirable secondary polyatomic ions from forming in
the cell. Secondly, the additional quadrupole improves the
abundance sensitivity, with a theoretical value of 10�14. This is
advantageous for radionuclides affected by tailing from a stable
isotope of the same element e.g. 88Sr on 90Sr, and 127I on 129I.
The 8800 has recently been superseded by the 8900, offering
improvements including more rapid sample acquisition,
measurement at higher masses (benecial for actinide-based
cell products) and introduction of samples with up to 25% total
dissolved solid content.
6 Sector field ICP-MS (ICP-SFMS)

The introduction of ICP-SFMS offered lower background and
higher sensitivity compared with ICP-QMS, enabling lower
limits of detection for radionuclide measurement. The counting
efficiency of ICP-SFMS is generally on the order of �0.1%, with
low background signals of <1 counts per second, compared to
typical ICP-QMS values of 0.01% counting efficiency and several
counts per second background.93,94 ICP-SFMS can therefore
theoretically analyze smaller bulk samples with lower analyte
concentrations.95 Operating at higher mass resolution can be
used to reduce or remove isobaric and polyatomic interferences,
however, this is at the expense of ion transmission and there-
fore sensitivity.94 Reproducibility can also be affected, with
typical values at low resolution of <0.02%, compared to <0.1% at
medium and high resolution.96 Additionally, overlapping peaks
from stable isobars affecting radionuclide detection cannot
be resolved, even at high resolution. Therefore, ICP-SFMS is
Perkin Elmer Nu Spectro

NexION 300 series

Attom Spectro MS

Plasma II
Plasma 1700

This journal is © The Royal Society of Chemistry 2017
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Table 3 Summary of atmospheric pressure ionization sources

Abbreviation Full name

DBDI Dielectric barrier discharge ion source
DESI Desorption electrospray ionization
DART Direct analysis in real time
LEMS Laser electrospray mass spectrometry
FAPA Flowing atmospheric pressure aerglow
LTP Low temperature plasma
LP-DBDI Low pressure dielectric barrier discharge ionization
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generally operated at low mass resolution to maximize instru-
mental sensitivity,97,98 with interference removal dependent on
sample introduction and/or chemical separation.

Multi-collector instruments (MC-ICP-MS) are tted with
multiple ion counting detectors, which eliminates the need to
cycle a number of small ion beams through a single detector. In
addition, the effects of ion beam instability are eliminated, and
at-topped peaks and high precision isotope ratios (�0.001%)
are achievable, which is not possible using single detector
instruments.51,54,99 For example, the Thermo Neptune (equipped
with eight Faraday cups that are interchangeable with ion
counting detectors) are capable of at-topped peaks at medium
mass resolution (4000), unlike single detector ICP-SFMS
instruments. Multiple collectors also increase the signal in
proportion to the number of available ion counting channels.
For example, Taylor et al. (2003) demonstrated that with two
ion-counting channels, the dwell time of 240Pu/239Pu is doubled,
or only half the amount of plutonium is needed to give similar
counting statistics to the peak jumping method.51

Finally, the Spectro-MS is a fully simultaneous, double
focusing ICP-SFMS consisting of an entrance slit, ESA, energy
slit, magnetic sector eld and a solid state detector split into
4800 channels, which is capable of measuring the entire mass
system.100 For every analysis, the entire mass spectrum is
captured, rather than focusing over a single mass unit. A
summary of commercially available ICP-MS is given in Table 2.
7 Future developments in hardware
7.1 Miniaturization

Current applications of miniature instruments include drug
screening of people, packages, luggage and vehicles, as well as
forensics and environmental analysis.101–103 The instruments
developed can be self-contained with volumes of approximately
50 cm3, although this may exclude ionization sources and
compressed gas cylinders.103 There are a number of ionization
techniques (Table 3) and commercially available instruments.104

The pump and sample introduction system have a signicant
inuence on instrument size and weight, whilst miniaturization
can lead to a reduction in performance. Instruments typically
have detection limits in the ppm to ppb range,105,106 and to date
there have been no applications for nuclear decommissioning.
However, this approach potentially offers no sample prepara-
tion, and on-site, real-time analysis without having to return
samples to an off-site laboratory.
7.2 Extreme environments

There have been a limited number of studies into instrument
contamination following handling of active samples. Oak Ridge
National Laboratory investigated contamination of ICP-QMS
from 90Sr and 137Cs in the pump oil, and swabs of solid
components.107 No activity was measured on the detector, with
the majority in the interface region. Whilst any activity on the
sample cone was burned off by the torch, some was detected on
the skimmer cone. Two separate studies found contamination
on the quadrupoles.108,109
This journal is © The Royal Society of Chemistry 2017
There are a number of variables that must be considered,
including the ion transmission, which is likely to vary depending
on the age of the instrument. Contamination is also likely to vary
with sample introduction system, instrument design, radionu-
clide and activity analyzed, and the sample throughput.110 It is
therefore good practice to monitor solid components such as
cones, detectors and quadrupoles when they are replaced, prior
to disposal. Some instruments have been modied in order to
handle higher activity samples, with the nebulizer, torch and
sliding interface situated inside a glovebox.97,111–116

8 Application to radionuclide
measurement

The following radionuclides, of direct interest to the nuclear
decommissioning, waste characterisation and repository safety
cases, have been considered as part of this review: 36Cl, 41Ca,
59Ni and 63Ni, 79Se, 90Sr, 93Zr, 99Tc, 107Pd, 129I, 135Cs and 137Cs,
151Sm, 210Pb, 226Ra and 228Ra, 231Pa, Th and U isotopes, 237Np,
Pu isotopes, 241Am, and isotopes of Cm and Cf. The generalised
origin of these radionuclides is indicated in Fig. 3.

8.1 Sample preparation

A range of possible dissolution methods exist (Table 4), with the
choice of technique guided by the sample matrix and radionu-
clide(s) of interest. Somematerials that will dissolve easily or with
persistence in mineral acids (or in some cases using microwave-
induced heating in pressurised vessels) followed that approach.
Up to the mid-1990s, radioanalytical practitioners encountering
samples that contained components resistant to acid digestion
procedures would have followed a fusion-based approach where
the sample matrix was completely opened-out using uxes
such as alkali carbonates and uorides. In 1996, Croudace and
co-workers,117 effectively demonstrated the signicant benets of
using lithium borate fusion as a rapid and effective digestion
method to the radioanalytical community. Prior to this, borate
fusion was almost exclusively employed for elemental analysis
(X-ray uorescence analysis and ICP-OES) where it was estab-
lished for its broad sample dissolution capability in an effective,
safe, rapidmanner andwhere the glasses formed could be readily
dissolved in mineral acids. Up to the 1996 study referred to,
radioanalytical practitioners tended to use classical (and less
effective) methods such as mineral acid leaching or fusions with
alkali carbonates, uorides or hydroxides. Croudace et al. (1998)
noted that the chemical nature of the radionuclides and their
J. Anal. At. Spectrom., 2017, 32, 494–526 | 499
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location (lattice-bound or adsorbed) needed to be considered and
that some actinides such as Pu can oen be digested using
mineral acids, whereas high red Pu was more intransigent and
required a total dissolution techniques e.g. borate fusion.51,117

Similarly, whilst 135Cs and 137Cs have been recovered by acid
leaching for a range of sample matrices, it was proven that
complete recovery in clay-rich sediments was only achievable
using lithium borate fusion.1 Additionally, certain radionuclides
(99Tc and 129I) suffer from losses due to volatility, which must be
considered during sample preparation. A summary of sample
digestion methods available for radionuclides has recently been
published.119

8.2 Chlorine-36

Chlorine-36 (half-life 3.02 � 105 years) is formed by neutron
activation of stable 35Cl, which is present as an impurity in
concrete and other reactor components.130,131 Concrete and
graphite wastes generated from decommissioning are the main
samplematrices of interest, withmg kg�1 concentrations of 35Cl
in concrete, combined with the high neutron capture cross-
section (43 barns) and high volume of waste concrete that must
be characterised.130 Chlorine-36 is sometimes measured along-
side 129I, and the volatility of both nuclides must be considered
during sample preparation. Past separation techniques include
leaching from concrete, followed by addition of oxidants to
convert Cl and I to halides, which are then trapped in sodium
hydroxide.130 Alternatively, precipitation of Cl as AgCl followed
by ion exchange chromatography has been applied to concrete,
aluminium and graphite samples,132 whilst an extraction chro-
matographic material (CL resin) was developed by Triskem
International that is applicable to separation of 36Cl and 129I
from decommissioning samples.133

Chlorine-36 is a beta emitting radionuclide (Emax ¼ 0.71 MeV)
that can be measured by liquid scintillation counting (LSC),
with Ashton et al. (1999) achieving a minimum detectable
activity of 9.7 mBq g�1 in concrete samples when measured in
combination with 129I.130 In a separate study, Hou et al. (2007)
achieved a LOD of 14 mBq in various decommissioning
samples, with the Cl chemical yield assessed by ICP-SFMS
(MicroMass Plasma Trace 2).132 The LOD for ICP-MS measure-
ment for stable Cl was 0.01 mg kg�1, equivalent to 12.2 Bq kg�1

36Cl. The specic activity of 36Cl (1.07 � 109 Bq g�1) makes it
well suited to mass spectrometric measurement, however, there
is no known ICP-MS procedure for measurement of 36Cl. Aside
from isobaric 36S (36.0% abundance), peak tailing from 35Cl,
and isobaric overlap 36Ar in the plasma gas must be overcome,
which will be dependent on the abundance sensitivity of the
instrument and the use of a collision or reaction cell, respec-
tively. AMS is capable of separating 36Cl from the 36S isobar, and
has achieved a detection limit of 0.1 Bq kg�1 in food for sample
sizes of 3–4 g,131 with good reproducibility (<2%) for samples
with a 36Cl/Cl ratio >10�12.134

8.3 Calcium-41

Calcium-41 (t1/2 ¼ 1.03 � 105 years) is formed through thermal
neutron capture of stable 40Ca (natural abundance 96.94%), and
J. Anal. At. Spectrom., 2017, 32, 494–526 | 501
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also naturally through cosmic ray spallation. The latter has led to
interest in measurement in the elds of cosmochemistry and
geomorphology, whilst the high bioavailability is of interest in
biomedical tracing in the progress of bone disease.135–141Calcium-
41 is present in reactor shield concrete, and is therefore a key
radionuclide with regards to high-volume low and intermediate
level waste originating from decommissioning, as well as in long-
term monitoring of nuclear waste repositories.140,142–144

Decay of 41Ca to 41K ground state by electron capture emits
low energy X-rays and Auger electrons (0.3–0.6 keV), and is
therefore measurable by X-ray spectrometry or LSC.139,142 X-ray
spectrometry is straightforward but the low counting efficiency
and low abundance of X-rays (11.4% for 3.31 keV) results in low
sensitivity.142 This also impacts measurement by LSC, which
requires separation of other radionuclides prior to measure-
ment.142,143 A detection limit of 0.02 Bq g�1 was achieved for a 5 g
concrete sample following a 60 minute count time.142 Calcium-
41 has been successfully separated from the bulk matrix and
radiometric interferences by numerous techniques including
ion exchange, liquid–liquid extraction, liquid membrane sepa-
ration, and precipitations including calcium uoride, carbonate
and oxalate.139,143,145

The long half-life of 41Ca and low energy X-ray and Auger
electrons makes it well-suited to mass spectrometric determi-
nation, with an additional interest in measurement of the
41Ca : 40Ca ratio in nuclear samples. There is no known ICP-MS
application for detection of 41Ca, due to signicant tailing
effects from 40Ca, as well as 40Ar (99.60% natural abundance) in
the plasma gas, with additional interferences from isobaric 41K
(natural abundance 6.73%) and instrument-generated 40CaH.136

Even in highly contaminated samples, a 41Ca isotopic abun-
dance of 10�9 relative to 40Ca must be determined118 (compared
to natural terrestrial ratios of �10�14 to 10�15).137,139 A half-life
value of 9.94 � 0.15 � 104 years was recently determined using
multiple techniques including TIMS.144 A 42Ca–48Ca double
spike as well as two NIST reference materials of known isotopic
composition were used to correct for isotopic fractionation. A
mathematical correction was applied to account for tailing from
40Ca, and isobaric 40K using 39K (natural abundance 93.26%) by
monitoring at mass 41 when processing natural Ca samples.

RIMS is a highly sensitive technique for isotopic 41Ca/40Ca
measurements in the 10�10 to 10�11 range,136,139 whilst AMS is
capable of isotope ratio measurements as low as 10�15.139,145

Given the difficulty in routinely measuring 41Ca, Nottoli et al.
(2013) estimated the activity from measurement of 60Co in ion
exchange resins used for primary uid purication in pressur-
ized water reactors (PWR's).145 AMS has been compared to LSC
for detection of 41Ca in concrete and other solid samples
including sediment and soil.139,143 Given the fundamental
difference in the two techniques, there was good agreement
between results in both studies, however Hampe et al. noted
signicant deviations at lower activities.139
8.4 Nickel-59 and nickel-63

Neutron irradiation of Ni, Ni alloys and stainless steels result
in the formation of two long-lived Ni radioisotopes, 59Ni
502 | J. Anal. At. Spectrom., 2017, 32, 494–526
(t1/2 ¼ 7.6 � 104 years) and 63Ni (t1/2 ¼ 99 years). Irradiation of
63Cu can also result in the formation of 63Ni via 63Cu(n,p)63Ni
reaction. Typical 59Ni/63Ni activity ratios are �1 : 100 and most
published methodologies have focused on the quantication of
63Ni as the dominant radionuclide in recently irradiated mate-
rials. However, the long-lived 59Ni will have a more long-term
impact on waste radionuclide inventories and its characteriza-
tion is becoming of greater interest. Measurement of 63Ni
is relatively straightforward through measurement of the
66.95 keV beta emissions by liquid scintillation analysis, with
detection limits of typically 14 mBq.146 Thin window beta
counting has also been used, achieving limits of detection of
1 mBq for a 3000 min count time.147 Measurement of 59Ni is
more complicated. Theoretically, it should be possible to detect
the associated X-ray emissions (5.88–6.49 keV) using liquid
scintillation analysis, but in practice these emissions are
indistinguishable from the more abundant beta emissions
arising from the associated 63Ni. X-ray spectrometry using LEGe
of Si(Li) detectors has therefore typically been employed for 59Ni
measurement although such approaches are relatively insensi-
tive with detection limits of 1–2 Bq being reported.148 In all
cases, chemical purication of the Ni fraction is required prior
to measurement of the Ni radioisotopes. Purication of Ni is
most commonly achieved using dimethylglyoxime (DMG) at pH
8–9, either via precipitation or solvent extraction of the Ni–DMG
complex, or via adsorption of Ni onto an extraction chromato-
graphic material incorporating DMG loaded onto an inert
support. Co-adsorption of other transition metals (notably Co,
Fe and Cu) can be prevented by including ammonium acetate in
the load solution. Ni/Co decontamination factors of 103 have
been reported using such separations.146 Further purication of
Ni from Co can be achieved using anion exchange chromatog-
raphy, with Co being retained from 9 M HCl solutions, with
Ni/Co decontamination factors approaching 104.149 Purication
of Ni prior to AMS measurement through the formation of
volatile Ni(CO)4 has also been described and this could have
signicance in the development of robust Ni/Co separation
procedures prior to ICP-MS measurement.150

Given the long half-life of 59Ni, the radionuclide should be
measurable with reasonable sensitivity using mass spectro-
metric techniques. In practice, 59Ni is always associated with
stable Ni with a maximum 59Ni/Ni ratio of 10�7. In addition,
mass spectrometric measurement of 59Ni is impacted by an
isobaric interference from the only stable isotope of Co, 59Co.
Measurement of 59Ni and 63Ni by AMS following chemical
separation of the Co interference has been reported.150,151 AMS
was considered in preference to ICP-MS for the measurement of
59Ni to detect nuclear waste container leaks in the Kara Sea152

with proposed detection limits of 2–5 fg (6–15 mBq). Although
less sensitive, ICP-MS should still be of use for general waste
characterization, yet application of ICP-MS to 59Ni measure-
ment has not been reported to date. This most likely reects
the challenges in measuring the low abundance 59Ni in the
presence of a signicantly higher signal of 58Ni and the asso-
ciated abundance sensitivity interference along with the
isobaric interference from 59Co. The extremely low abundance
sensitivities (theoretically 10�10) associated with ICP-QQQ-MS
This journal is © The Royal Society of Chemistry 2017
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may ultimately permit measurement of 59Ni by ICP-MS. Isobaric
interference from 59Co cannot be resolved using high resolution
mass spectrometry as a resolution of >50 000 would be required
to achieve this. Effective separation of Ni and Co must therefore
be achieved either through chemical separation prior to ICP-MS
measurement or via reaction gas technologies to remove the
59Co interference. To date, effective separation of Ni and Co
using dynamic reaction cell-based techniques has not been
extensively investigated. Bandura et al. (2006) suggested N2O as
a reaction gas for Co/Ni separation. Co+ reacts at a faster rate
with N2O compared with Ni+.92 However, formation of NiO+ was
still observed and a Co/Ni separation factor of only 6 was
determined. Efficient off-line chemical separation of Ni and Co
therefore appears critical to the application of ICP-MS for 59Ni
determination.

8.5 Selenium-79

Selenium-79 is a long lived (t1/2 ¼ 6.0 � 105 years) ssion
product with a low energy beta emission (Emax ¼ 0.151 MeV).
The radionuclide is of interest for post-closure repository
performance assessments given its potentially mobile nature.
Measurement of 79Se is potentially well suited to ICP-MS,
however this is problematic given its low abundance in nuclear
wastes, its relatively high ionisation potential (9.75 eV) and
isobaric interference arising from 79Br (50.6% abundance), as
well as polyatomic interferences arising from 39K40Ar and
38Ar40ArH. Aguerre and Frechou (2006) developed a scheme to
effectively separate Se from Br and associated ssion products
(although 125Sb was co-extracted with the Se) with nal Se
measurement by ICP-QMS (Perkin Elmer Elan 6000).153 Plasma
power was increased to 1300 W to maximise sensitivity, with
a detection limit of 0.15 mg L�1, equivalent to 50 Bq L�1 79Se.
There is also the potential to use cold plasma conditions
(reduced RF power) in combination with chemical separation to
separate 79Se from 79Br, although there is no known application
of this approach. Compte et al. (1995) developed a method for
determination of 79Se in high activity ssion product solutions
(1010 Bq L�1) using ETV-ICP-MS, following single stage chemical
separation, with 79Se measured at a concentration of 0.43 mg
L�1 (120.01 Bq L�1).154 ETV-ICP-MS has also been used in
combination with LSC for determining the half-life of 79Se,
following separation from a reprocessing solution using liquid–
liquid extraction and ion exchange chromatography.155

8.6 Strontium-90

Strontium-90 is a beta-emitting radionuclide (decay energy
0.546 MeV) with a half-life of 28.8 years that decays to 90Y (half-
life 2.67 days) and then on to stable 90Zr. Strontium-90 is of
critical importance in nuclear waste management, environ-
mental monitoring and radiation protection. Additionally, 90Sr
is a mobile element that can accumulate in soils and plants via
precipitation and ion exchange mechanisms,62,77,86 as well as in
bones and teeth if inhaled or ingested, because of its similar
chemical properties to calcium. This increases the risk of
leukemia and bone cancer.86,87,156 An extensive review of sample
preparation and measurement techniques for 90Sr is presented
This journal is © The Royal Society of Chemistry 2017
elsewhere,62 with a recent review paper focusing on mass
spectrometric measurement of 90Sr, along with 135Cs and
137Cs.157

The primary limitation affecting ICP-MS measurement of
90Sr is an isobaric interference from stable 90Zr (natural abun-
dance 51.45%). The similarity in mass requires a resolution of
�30 000 for effective separation, which is beyond the capabil-
ities of ICP-SFMS.86 Even in highly 90Sr-contaminated soils
surrounding the Chernobyl Nuclear Power Plant, a 90Zr decon-
tamination factor of �106 is still required.77,158 An additional
interference is peak tailing from stable 88Sr (natural abundance
82.6%), which is present at high concentrations in environ-
mental samples (20–300 mg kg�1 in soils, 7–9 mg L�1 in
seawater).87 Finally, multiple polyatomic interferences can arise
from reactions of elements in the plasma.54

Beta-counting techniques are applicable to highly sensitive
detection of 90Sr, either through direct measurement of 90Sr, or
via 90Y.62 The overlapping spectra of these two radionuclides can
be resolved by calculating an ingrowth of 90Y, or more
commonly waiting for 2–3 weeks for the establishment of
secular equilibrium, followed by long count times, depending
on the detection limits required. The short measurement time
for ICP-MS means the concentration of 90Y daughter product is
negligible (�0.02% of the total intensity at m/z ¼ 90 in nuclear
fuel samples) and will not interfere with 90Sr determination.158

Chemical separation is commonly based on extraction
chromatography using commercially available Sr-resin (Tris-
kem International). For more complex sample matrices, this is
commonly preceded by a pre-concentration stage such as
calcium oxalate precipitation.77,86,158–160 Online chemical sepa-
ration is advantageous when a rapid response is required, for
example in the prompt assessment of contamination following
the Fukushima accident in 2011.160,161 A lab-on-valve based
setup successfully removed 99.8% Zr using Sr-resin prior to
measurement with a Perkin Elmer Elan II DRC-ICP-MS, whilst
an automated solid phase elution (SPE) system coupled to the
same instrument reduced the chemical separation and analysis
time by �50% compared to offline separation.160 Grinberg et al.
(2007) investigated ETV-based separation of Sr from Zr and
Y using a commercial graphite tube in combination with
DRC-ICP-MS.77 In Zr-free samples, ETV using a graphite tube
achieved a Sr detection limit of 1.8 ng kg�1 (9.2 � 103 Bq kg�1),
compared to 0.1 ng kg�1 (513.2 Bq kg�1) using solution nebu-
lization. However, in the presence of 100 mg kg�1 Zr, the
detection limit for solution nebulization increased to 89 ng kg�1

(4.5 � 105 Bq kg�1) compared to 2.9 ng kg�1 (1.4 � 104 Bq kg�1)
using ETV.

A Perkin Elmer Elan II DRC-ICP-MS is the most commonly
applied instrument to 90Sr measurement (Table 5). With O2 as
the reaction gas, 90Zr is oxidized to 90Zr16O, while the same
oxidation reaction with 90Sr is not energetically favorable and
would require a stronger oxidant such as N2O, or a higher O2

ow rate.87,160 DRC-ICP-MS has been applied to detection of 90Sr
in soil samples in the vicinity of the Chernobyl nuclear power
plant.158 A Zr decontamination factor of >107 was achieved by
a combination of Sr-resin and DRC-ICP-MS. The abundance
sensitivity was calculated as �3 � 10�9, with a detection limit
J. Anal. At. Spectrom., 2017, 32, 494–526 | 503
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of 4 pg L�1 in Zr-free solutions, increasing to 200 pg L�1

(1026.5 Bq L�1) in digested soils. Strontium-90 has also been
measured in soil contaminated by the accident at the Fukush-
ima nuclear power plant, using on-line Sr-resin separation
combined with DRC-ICP-MS, with a detection limit of
0.77 pg L�1 (4.0 Bq L�1).160 Taylor et al. (2007) measured 90Sr by
DRC-ICP-MS in samples collected from Perch Lake, Ontario,
with detection limits of 0.1 ng kg�1 (513.2 Bq kg�1) 0.04 ng kg�1

(205.3 Bq kg�1) and 0.003 ng L�1 (15.4 Bq L�1) for sediments,
plants and water, respectively.159 There was a good agreement in
the values measured for a standard reference material by Cer-
enkov counting and DRC-ICP-MS, with detection limits for the
two techniques of 13.7 pg kg�1 (70.3 Bq kg�1) and 97.7 pg kg�1

(501.4 Bq kg�1), respectively. A recent study by Amr et al. (2016)
measured 90Sr (along with 137Cs and Pu isotopes) by triple
quadrupole ICP-MS (Agilent 8800) in Qatar soils and sedi-
ments.162 Following acid leaching and extraction chromatog-
raphy using Sr-resin (Triskem International), 90Sr was separated
from 90Zr using oxygen in the collision–reaction cell, with
90Sr measured at an average concentration of 0.61 fg g�1

(3.1 Bq g�1).
A less common approach to 90Sr measurement is ICP-SFMS

operating with cold plasma conditions (forward power ¼ 650–
750 W) and medium mass resolution (R ¼ 4000–4500).86,87 Cold
plasma conditions are applicable to separation of Sr from Zr
based on the difference in ionization potential (5.7 eV and
6.8 eV, respectively), although sensitivity becomes more
dependent on the sample matrix under these conditions.
Medium mass resolution reduces instrument sensitivity
compared to low resolution, but also reduces tailing from stable
88Sr.132 When a combination of medium mass resolution and
cold plasma are applied, peak tailing of 88Sr is considered the
critical factor affecting accurate detection of 90Sr. Abundance
sensitivity values of 6� 10�7 and 0.8� 10�7 have been recorded
at medium resolution, which is an improvement of 2 orders of
magnitude compared to lowmass resolution,76 but is lower than
that of DRC-ICP-MS. A detection limit of 0.4 pg L�1 (2.1 Bq L�1)
was achieved for urine samples by ICP-SFMS, compared to 2 ng
L�1 (10.5 Bq L�1) for ICP-QMS operating with a collision cell
(Platform, Micromass Ltd).86
8.7 Zirconium-93

Zirconium-93 is a ssion product (6.35% thermal neutron
ssion yield) and is also produced via the neutron irradiation of
92Zr (natural abundance 17.1% stherm – 0.2 barns). Although
theoretically predicted previously, 93Zr was rst positively
identied in irradiated uranium by Steinberg and Glendenin in
1950.163 The long half-life (t1/2 ¼ 1.53 � 106 years) and corre-
sponding low specic activity (9.3 � 107 Bq g�1) means that the
nuclide is ideally suited to mass spectrometric detection. In
addition, the low beta energy (Emax¼ 56 keV) and lack of gamma
emission and, in recently irradiated materials, potential inter-
ference from 95Zr makes radiometric detection less attractive.
Given the low ionisation efficiency of Zr, ICP-MS-based tech-
niques are preferable to TIMS-based approaches. Measurement
of atomic percentages of a range of ssion products, including
504 | J. Anal. At. Spectrom., 2017, 32, 494–526
93Zr, in spent nuclear fuel dissolver solutions by direct
measurement has been reported using a Perkin Elmer Elan
250 ICP-MS,164 although isobaric interferences were identied
as an issue. In general, isobaric interferences arising from 93Nb
(100% abundance), 93mNb and 93Mo (both activation products)
and polyatomic 92MoH+ must be mitigated by chemically
separating the interfering species from 93Zr prior to measure-
ment. Chemical separations of 93Zr/93Nb have been reported
based on solvent extraction into benzoylphenylhydroxylamine–
trichloromethane–HCl165 and ion-exchange chromatography in
HCl/HF media.166 Isobaric interference suppression on-line
using ICP-DRC-MS has not been employed. Bandura et al.
(2006) noted that no reactions had been identied that would
permit separation of 93Nb/93Mo interferences in a reaction
cell.92

Chartier et al. (2008) reported an isotope-dilution MC-ICP-
MS (Isoprobe) approach using a 96Zr spike.165 A mass bias of 3%
amu�1 was observed for Zr and corrected for through
measurement of 94Zr/90Zr ratios (reference value 0.3378 �
0.0002) in a natural Zr standard.165 The relative uncertainty of
measured [93Zr] was estimated as 0.6% (k ¼ 2). The procedure
was subsequently applied to the determination of the half-life of
93Zr.167
8.8 Technetium-99

Technetium-99 is a pure-beta emitting radionuclide with a half-
life of 2.13 � 105 years, and is a high yield ssion product (6.1%
and 5.9% ssion yield from thermal neutron ssion of 235U and
239Pu, respectively) of signicant interest with regards to
nuclear waste characterization and decommissioning. The
relatively high mobility is a concern with regards to waste
storage and disposal, whilst the high solubility in seawater (as
TcO4

�) makes it an important seawater tracer.168 A compre-
hensive review of analytical methods for 99Tc is published
elsewhere.169

Low level gas ow GM counter or LSC are applicable to 99Tc
measurement. The long half-life and low decay energy (Emax ¼
292 keV) means long count times for LSC if detection limits in
the pg g�1 range are required,169 whilst interferences from
103Ru, 106Ru and 90Sr must be removed prior to measurement.
ICP-MS measurement of 99Tc is impacted by an isobaric inter-
ference from stable 99Ru (natural abundance 12.76%), which
can be corrected for by chemical separation, or monitoring
101Ru (natural abundance 17.06%). Several isotopes have been
used for dri correction, including 103Rh and 115In. Issues with
103Rh are memory effects, and instability in dilute HNO3 for
long analytical runs.168,170 By comparison, 115In does not suffer
from memory effects and has minimal disturbance from
99Tc16O.169 There are no stable isotopes of Tc, although long-
lived 97Tc and 98Tc (both with 4.2 � 106 year half-lives) can be
used as both a yield tracer and internal standard.169

Solvent extraction, ion exchange chromatography and
extraction chromatography are all effective approaches to
separation of 99Tc, with extraction chromatography using TEVA
resin the most commonly used.169 The volatility of Tc must be
considered during sample preparation, with losses noted when
This journal is © The Royal Society of Chemistry 2017
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Table 5 Summary of recent procedures for 90Sr measured by ICP-MS

Reference Instrument Model Matrix Chemical separation LOD, pg L�1 (Bq L�1)

86 SFMS Element Urine CaPO4 pptate, Sr-resin, medium res, cold
plasma

0.4 (2.1)

64 SFMS Element Groundwater Medium res, cold plasma 11 (56.5)
161 DRC-MS Perkin Elmer Elan DRC II Soils On-line solid phase elution, reaction cell 600 (3079.4)
160 DRC-MS Perkin Elmer Elan DRC II Soils Sr resin, reaction cell 0.8 (3.9)
77 DRC-MS Environmental samples Sr resin, ETV sample introduction,

reaction cell
1800 (9238.3)

158 DRC-MS Perkin Elmer Elan DRC II Soils Sr resin, reaction cell 200 (1026.5)
CC-QMS Collision cell 900 (4619.1)

86 CC-QMS Platform, Micromass Ltd Urine CaPO4 pptate, Sr-resin, collision cell 2000 (1.0 � 104)
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the temperature of a HNO3 solution (up to 8 M concentration)
increased from 100 �C to 150 �C.169 Such losses must also be
considered when dry ashing samples to decompose organic
matter in solid samples.171 No signicant losses were observed
when ashing at 800 �C for less than 6 hours for a seaweed
sample. Technetium-99 has been measured in a range of envi-
ronmental and biological samples by ETV-ICP-MS (Perkin
Elmer HGA-600 MS), using NH4OH as matrix modier to form
an alkaline solution and minimize loss of Tc during drying and
ashing. Depending on the daily performance, the detection
limit ranged from 0.5–1.0 pg mL�1 (3.2 � 10�4 to 6.3 � 10�4

Bq mL�1) compared to 5–50 pg mL�1 (3.2 � 10�4 to 3.2 � 10�2

Bq mL�1) using radiochemical techniques.
A modular automated separator (MARS Tc-99; Northstar

Technologies, Madison WI, USA) was developed for rapid
analysis of groundwater samples from boreholes at a low and
intermediate waste repository. The system was coupled to
ICP-QMS (Varian 810), with an activity of 1658 � 7 mBq L�1

(2.6 ng mL�1) measured for a method standard, which was in
good agreement with the certied value of 1598 � 40 mBq L�1

(2.5 ng mL�1).172 The detection limit of the procedure developed
was 0.12mBqmL�1 (0.19 pgmL�1), whilst the system developed
was potentially applicable to other radionuclides. In a separate
study, large volume water samples were measured by ICP-QMS
(Thermo X-series II) following chemical separation by ferrous
hydroxide co-precipitation, and online SI using 2 TEVA
columns.168 Decontamination factors of 1 � 106 and 5 � 105

were achieved for Ru and Mo, with a detection limit of
11.5 pg m�3 (7.5 mBq m�3) for a 200 L sample. Slightly lower
decontamination factors of 4 � 104 and 1 � 105 for Mo and Ru,
respectively, were recorded following 2 TEVA column-separa-
tions of environmental samples prior to ICP-QMS (Thermo
X-series II) measurement, with a detection limit of 0.15 mBq g�1

(0.24 pg mL�1).171 Samples were le for 1 week following sepa-
ration to allow for decay of 99mTc (half-life 6.0 hours).

Measurement of 99Tc in waste stream samples was carried
out at the Lan-Yu low level waste storage site, Taiwan, where Tc
was previously estimated from a scaling factor based on the
activity of 137Cs.173 Following acid digestion and TEVA resin
separation, samples were measured by ICP-QMS (Agilent
7500a), with a detection limit of 0.021 ng g�1 (0.013 Bq g�1).
Accurate quantication meant a revision of the scaling factors
This journal is © The Royal Society of Chemistry 2017
being used was recommended, to the extent that reclassication
of historical waste should also be carried out. The performance
of ICP-QMS (Thermo X-series II) and ICP-SFMS (Thermo
Element 2) was compared for low-level radioactive waste
following digestion and separation using TEVA extraction
chromatography resin.170 Instrumental detection limits of 0.024
ng L�1 (0.015 Bq L�1) and 0.015 ng L�1 (0.0095 Bq L�1) were
measured for ICP-QMS and ICP-SFMS, respectively. The
minimum detectable activity for LLW samples was <8.5 mBq
g�1 (13.4 pg g�1) for ICP-QMS, <5.9 mBq g�1 (9.3 pg g�1) for
ICP-SFMS and <414–511 mBq g�1 (806.8 pg g�1) for a gas
proportional counter, whilst the method detection limit (for
a 0.1 g waste sample) was 13.6 ng L�1 (8.5 Bq L�1) for ICP-QMS,
and 1.19 ng g�1 (745 mBq g�1) for LSC (no value was given for
ICP-SFMS).

8.9 Palladium-107

Palladium-107 is a long lived (t1/2 ¼ 6.5 � 106 years) low energy
beta emitting radionuclide (Emax ¼ 33 keV). The radionuclide is
produced with a thermal neutron ssion yield of 0.15%. The
specic activity of 1.9 � 107 Bq g�1 indicates that mass spec-
trometric measurement would be favorable. Isobaric interfer-
ences would arise from natural 107Ag (51.8% abundance), as
well as a potential polyatomic interference from 91ZrO+. There
are few published procedures based on ICP-MS for measure-
ment of 107Pd. Bibler et al. (1997) used a ICP-QMS (Fisons/VG
Plasmaquad) to measure ssion products including 107Pd in
HLW sludge's and glass.174 It was noted that direct measure-
ment of 107Pd was not possible due to isobaric interference from
silver which is used to scavenge iodine and is therefore present
in the waste stream. Bannochie et al. (2009) noted a similar
problem and calculated 107Pd activities via measurement of
105Pd and correcting for the relative ssion yield of the two
isotopes.175 Interference from Ag could also be overcome
through chemical separation, with Bienvenu et al. (1998) noting
that Pd could be separated from Ag using liquid–liquid extrac-
tion into triphenyl phosphine in nitro-2-phenylpentyl ether
from 2 M HNO3 with Pd being back-extracted into 4 M
ammonia.176 However, decontamination factors were not suffi-
cient for high Ag containing samples, and an electrothermal
vaporization approach was subsequently developed whereby Ag
was volatilized at <1000 �C and Pd volatilized at 1500 �C.
J. Anal. At. Spectrom., 2017, 32, 494–526 | 505
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8.10 Iodine-129

Iodine-129 is a ssion product (0.6% yield), and is also
produced naturally via cosmic-ray-induced spallation of Xe,
spontaneous ssion of 238U, neutron bombardment of Te in the
geosphere, and via thermal neutron-induced ssion of stable I
in the lithosphere.177–180 Iodine-129 decays with a half-life of
1.57 � 107 years to stable 129Xe, and is a weak beta-gamma
emitter with maximum beta decay energy of 29.78 keV (37.2%)
and gamma energy of 39.58 keV (7.42%).

Iodine is a redox-sensitive element, which controls specia-
tion and exchange between the ocean/atmosphere terrestrial
environment.177,181 The high concentration and solubility in
water makes 129I a useful oceanographic tracer,179,182 and has
also been used in distinguishing the discharge pathways from
European reprocessing facilities at Sellaeld and La Hague,182

and more recently following the Fukushima accident.183

Measurement of 129I in Fukushima-contaminated samples
has also been applied as an analogue for reconstruction of
the distribution and activity of shorter-lived 131I (half-life
8.02 days).184

Traditionally, radiochemical neutron activation analysis
(RNAA) was the only method applied to 129I detection in envi-
ronmental samples for a number of years.185 Beta, gamma and
X-ray-based techniques are limited by interferences and shielding
issues, as well as long count times for low activity samples.191 For
mass spectrometric determination, the primary concern is
accurate detection of 129I in the presence of high concentrations
of stable 127I (natural abundance 100%). Isotopic 129I/127I ratios
range from 10�13 to 10�12 prior to anthropogenic nuclear activ-
ities, compared to 10�11 to 10�9 in the marine and terrestrial
environment, with ratios as high as 10�8 to 10�3 at reprocessing
sites.178,180,182,186–188 The 129I/127I ratio measurable by the instru-
ment is therefore a critical factor. Decomposition of solid
samples and chemical separation prior to quantication are
additional challenges, with losses due to volatization and/or
transformation to an undesirable chemical form.197 Separation
techniques include ion chromatography, and phyrohydrolysis
and solvent extraction for soil samples.179,184,189

Until recently, ICP-MS was generally used for detection of
stable 127I, while AMS was the favored technique for 129I
detection, because it can achieve instrumental background
ratios of 10�15 to 10�13 (Table 6).181,182,184–186 ICP-MS was
considered not to be capable of distinguishing between iodine
isotopes, with applications limited to more contaminated
samples with 129I/127I ratios greater than �1010.177,180,187,189

Additional interferences include the low ionization efficiency of
I (33.9%) owing to its high rst ionization energy (10.45 eV),190

isobaric 129Xe (natural abundance 26.40%) present as an
impurity in the plasma gas, and polyatomic interferences
(particularly from collision or reaction cell instruments)
including 127IH2,

97MoO2,
113CdO, 115In14N and 89Y40Ar.179,191 An

additional challenge is selection of an appropriate internal
standard, with possible options including Cs, Re and Te.179 One
study selected Te owing to the similarity in ionization energy
with I (9.01 eV),190 whilst another did not use an internal stan-
dard owing to limitations with the elements listed.179
506 | J. Anal. At. Spectrom., 2017, 32, 494–526
Iodine-129 was detected in vegetation to a detection limit
of 1.4 ng kg�1 (9.2 mBq kg�1) using a Plasma Quad PQ2
ICP-QMS,191 with the 129Xe interference corrected for using
131Xe (natural abundance 21.23%). The volatility of iodine was
seen as an advantage that partially overcame the low transport
efficiency (2–4% with pneumatic nebulization), as the forma-
tion of droplets in the spray chamber increased surface area and
rate of vaporization, with vapors then taken up into the ICP.
More recently, a Perkin Elmer Elan DRCe was applied to
measurement of soils in land surrounding a fuel reprocessing
site in Tokai, Japan.187 Using oxygen as a reactive gas, the 129Xe
interference was reduced, however ion transport was generally
suppressed, and the instrument 129I/127I background of �10�8

was not improved in DRC mode due to 127IH2 formation with
trace impurities in the reaction gas. The background was
improved to 10�10 using Axial Field Technology, which applies
an accelerating axial eld to ions in the DRC, improving
instrument stability and reducing matrix effects. Fukushima-
contaminated soil samples were measured using an Agilent
8800 ICP-QQQ-MS,189 with O2 used for 129Xe removal, and in-cell
polyatomic interferences reduced by the additional quadrupole
mass lter positioned before the entrance to the cell. A sample
standard bracketing technique was used to correct for mass
discrimination and improve reproducibility, with good agree-
ment between ICP-MS and AMS.

ICP-SFMS (Thermo Element 2) detection of 129I was achieved
in Fukushima-contaminated Greenland snow samples.179 Clean
laboratory conditions (class 10–100) were used for sample
preparation, whilst separation of Mo, In and Cd using online
ion chromatography reduced polyatomic interference forma-
tion. A desolvating sample introduction system (Apex-Q (ESI))
tripled the sensitivity compared a cyclonic Peltier-cooled spray
chamber, however the nitrogen carrier gas increased Xe back-
ground by an order of magnitude. The formation of 127I2H was
controlled by the instrumental setup e.g. sample uptake and gas
ow rate, and plasma temperature. This is compared to an
‘on-peak’ baseline subtraction by Ohno et al. (2013) when using
ICP-QQQ-MS, with a 127IH2/

127I ratio of 3 � 10�8 calculated
from aspiration of a 100 mg L�1 stable I solution.189 The
inability of ICP-SFMS to eliminate 129Xe was resolved by moni-
toring changes in the background Xe signal in Ar plasma gas to
determine whether a background correction was necessary.
8.11 Caesium 135 and 137

High yield ssion products 135Cs and 137Cs (6.58% and 6.22%,
respectively) are present in environmental samples as a result of
releases from nuclear power plants and reprocessing sites,
nuclear accidents, and fallout from atmospheric weapons
testing. Caesium-137 (t1/2 ¼ 30.07 years) is established as an
important radionuclide in radiation protection, environmental
monitoring and waste disposal. By comparison, 135Cs is a long-
lived radioisotope (t1/2 ¼ 2.3 � 106 years) with a comparatively
low radiation risk; however it is a signicant contributor to the
long term radiological risk associated with deep geological
disposal. Furthermore, the 135Cs/137Cs ratio varies with reactor,
weapon and fuel type, and recent studies have achieved precise
This journal is © The Royal Society of Chemistry 2017
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determination of 135Cs/137Cs ratios as a forensic tool to identify
the source of radioactive contamination.195–200

Caesium-137 decays by beta emission to short-lived meta-
stable isomer 137mBa, with maximum energies of 514 keV
(94.4% yield) and 1175 keV (5.4% yield). This is immediately
accompanied by gamma ray emission of 661.7 keV (85.1% yield)
to form 137Ba. Gamma spectrometry is generally favored
because it exploits the good gamma yield of the 661.6 keV
energy that is not susceptible to signicant absorption, whilst
the ability to directly count most samples without any chemical
separation is also benecial. Caesium-135 decays with
a maximum beta particle energy of 269 keV, however,
measurement by beta counting is restricted by any 137Cs also
present in the sample with a radioactivity concentration that is
typically 5 orders of magnitude higher. Measurement of 135Cs by
mass spectrometry offers a considerable advantage because of
the larger atom population compared with radioactive decays. A
review of measurement of 135Cs and 137Cs and 135Cs/137Cs
isotope ratios in environmental samples has been published
recently,201 and Table 7 gives a summary of recent procedures
for 135Cs/137Cs measurement.
Table 6 Summary of recent procedures for measurement of 127I/129I

Reference Iodine isotope Instrument Model Matrix

192 127 QMS X series II Lake sediments
129 AMS

181 127 AMS Aerosol particles
129

193 127 AMS Environmental sa
129

177 127 QMS X series II Scandinavian soil
sediment129 AMS

178 127 QMS X series II Baltic sea seawate
129 AMS

187 127 DRC-MS Elan DRCe Soil
129

188 127 CC-QMS Agilent
7500ce/cx

Baltic sea, lake an
waters from Finla129 AMS

182 127 QMS Seawater and aero
129 AMS

194 127 AMS Pacic ocean and
seawater129

190 127 SFMS Element 2 Japanese coastal s
(pre-Fukushima)129

183 127 QMS X series II Fukushima seawa
129 AMS

189 127 QQQ-MS Agilent 8800 Fukushima soil s
129

189 127 ORS-QMS Agilent
7700X

Fukushima soil s
129

179 127 SFMS Element 2 Snow samples fro
(Fukushima conta129

184 127 ORS-QMS Agilent 7700 Fukushima soil s
QQQ-MS Agilent 8800

129 AMS
180 127 AMS Woodward iodine

129

This journal is © The Royal Society of Chemistry 2017
A key challenge for mass spectrometric measurement is
removal of isobaric interferences from naturally occurring 135Ba
and 137Ba (isotopic abundances 6.6% and 11.2%, respectively),
peak tailing from stable 133Cs (isotopic abundance 100%),
and polyatomic interferences including 95Mo40Ar, 97Mo40Ar,
119Sn16O and 121Sb16O. For mass spectrometric measurement,
Cs separation has commonly been achieved using ammonium
molybdophosphate (AMP) followed by anion exchange and/or
cation exchange chromatography, most commonly Dowex AG1
and Dowex AG50W (both Bio-Rad, USA), respec-
tively.1,195,197,198,200,202 Other techniques include extraction chro-
matography using calixarenes,203 and potassium nickel
hexacyanoferrate (KNiFC).200 Barium-138 (natural abundance
71.7%) has been used to assess the effectiveness of separation at
masses 135 and 137, however any interference correction will
reduce the accuracy of 135Cs/137Cs values. Caesium-137 values
can be veried by gamma spectrometry, however if a signicant
correction is required this will not validate the 135Cs result.204–206

Online separation has been applied to Cs and Ba separation
prior to ICP-MS analysis. For example, Isnard et al. (2009) ach-
ieved a 135Cs and 137Cs detection limit of 2 pg L�1 (8.2� 10�8 Bq L�1)
Chemical separation
LOD, pg L�1

(Bq L�1)

mples

and Sequential extraction into
soil/sediment fractions

r

O2-based extraction with heating,
extraction from activated carbon

d rain
nd

Anion exchange, solvent extraction

sol lters Liquid–liquid exchange for air lters
Seawater samples anion exchange
Matrix adjustment for I-127, but no
matrix separation

Japan Solvent extraction

eawater 2300 (0.015)

ter samples Anion exchange

amples Pyrohydrolysis and solvent
extraction

amples Pyrohydrolysis and solvent
extraction

1500 (0.0098)

m Greenland
minated)

Online IC separation
(anion exchange)

700 (0.0046)

amples Pyrohydrolysis

corporation
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and 1 pg L�1 (3.2 � 10�3 Bq L�1), respectively, using on-line
chromatographic separation with a CG3 IonPac guard column
(Dionex, USA) for a spiked groundwater matrix.207 Following
AMP and anion exchange separation, Taylor et al. (2008) ach-
ieved online Cs/Ba separation in sediment samples by attaching
a Dionex CS12A 3 � 150 mm cation exchange column onto
a high performance liquid chromatography (HPLC) module,
and coupling this system with ICP-MS.195

Sample introduction-based separation has also been applied to
Cs/Ba separation. Song et al. used ETV with potassium thiocya-
nate (KSCN) as a chemical modier.79 At a volatilization temper-
ature of 1100 �C, Cs was vaporized in a 104 excess of Ba, with a Ba
signal increase at mass 135 of only 1%. The detection limit of
135Cs using QMS (Perkin Elmer Elan 5000) was calculated as
0.2 ng L�1 (0.01 Bq L�1) An alternative online separation tech-
nique is capillary electrophoresis (CE-ICP-MS), which was effec-
tively applied to 135Cs/137Cs measurement in plutonium uranium
redox extraction (PUREX) and mixed oxide fuel (MOX) samples.208

The procedure achieved 133Cs detection limits of 6000 ng L�1

(245.0 Bq L�1) and 4 ng L�1 (0.2 Bq L�1) in ICP-QMS (Perkin Elmer
Elan 5000) and ICP-SFMS (Thermo Element 2), respectively.

A reaction cell has been applied to Cs separation, with N2O,
and CH3Cl both effectively used as reactive gases.195,209 For
example, kinetic data from Lavrov et al. (2004) indicates the
reaction for Ba with N2O has an efficiency of 32%, compared to
0.01% for Cs.210 An Agilent 8800 ICP-QQQ-MS has been used for
135Cs/137Cs detection in rainwater and environmental samples
contaminated following the accident at the Fukushima Daiichi
NPP.198–200 Using N2O as a reactive gas, a 135Cs and 137Cs
detection limit of 10 pg L�1 (equivalent to 4.1� 10�7 Bq L�1 and
3.2 � 10�2 Bq L�1, respectively) was achieved in a Ba-free
solution, compared to 100 pg L�1 (4.1 � 10�6 Bq L�1) and
270 pg L�1 (8.6 � 10�1 Bq L�1) for 135Cs and 137Cs, respectively,
in solutions containing 100 mg L�1 Ba. These values are higher
than the instrumental and method detection limits achievable
using ICP-SFMS.1 However, the ICP-QQQ-MS offers the combi-
nation of chemical and instrument-based separation, whilst the
two quadrupoles have measured a 133Cs/135Cs abundance
sensitivity of �10�10.

A procedure using a Thermo Element 2XR ICP-SFMS ach-
ieved an instrumental detection limit of 1 pg L�1 for stable
133Cs. The absence of instrument-based separation meant
highly efficient chemical separation techniques using high
purity reagents and clean laboratory conditions was required to
minimize Ba contamination prior to sample introduction.
Following chemical separation, a higher method detection limit
of 20 pg L�1 was calculated (equivalent to 8.2� 10�7 Bq L�1 and
6.4 � 10�2 Bq L�1 for 135Cs and 137Cs, respectively).1 Time
independent fractionation is an issue affecting accurate isotope
ratio measurements by ICP-MS. One cause of this is space
charge effects, as lighter ions are deected to a greater extent
than heavier ions during ion extraction.207 The absence of
a 135Cs/137Cs certied reference material makes accurate mass
bias correction challenging, and limits the ability to compare
results between studies. Isnard et al. (2009) applied a sample
standard bracketing technique using natural 121Sb, 123Sb and
151Eu, 153Eu to correct for mass bias, as the average mass of
508 | J. Anal. At. Spectrom., 2017, 32, 494–526
these isotopes is close to that of 137Cs.207 The isotopic frac-
tionation affecting TIMS and ICP-MS, as well as the absence of
a certied reference material to verify accuracy of 135Cs/137Cs
measurements, led to a comparison of the two techniques for
uranium oxide and mixed oxide fuel samples.

Of the alternative mass spectrometric techniques, Lee et al.
(1993) were the rst to develop a procedure for measuring
135Cs/137Cs in environmental samples using TIMS.211 There
have been multiple recent TIMS applications including sedi-
ment core samples to highlight fractionation of 135Cs and 137Cs
following aboveground nuclear tests at the Nevada Nuclear test
site,196 and environmental samples contaminated by the
Fukushima Daiichi accident.202 TIMS is affected by time-
dependent isotopic fractionation, as lighter isotopes are pref-
erentially evaporated from the lament. The lack of an available
certied Cs isotopic standardmakes it difficult tomeasure mass
fractionation, however has been anticipated to be small relative
to estimated uncertainties.196 Alternatively, mass fractionation
can be corrected by measuring 133Cs/137Cs and 135Cs/137Cs
ratios during the analysis.207

Pibida et al. used both RIMS and TIMS to determine the
chronological age of nuclear fuel burn up samples through
measurement of 135Cs/137Cs.212 For low-level detection in envi-
ronmental samples, improvements in overall efficiency and
chemical separation were required, whilst the absence of
a commercially available instrument and time-consuming
optimization of instrument efficiency and chemical preparation
are the main limitations to this approach. AMS measurement is
limited by the high energies required to separate Cs and Ba
isobars, which makes separation a complex and costly
process.206 A method to produce a beam of Cs anions, and
production of suitable yield tracers to determine the efficiency
of the process are also required.213
8.12 Samarium-151

Samarium-151 is a lanthanide element ssion product, with
a 235U thermal neutron ssion yield of 0.53%. The radionuclide
has a half-life of 94.7 years giving a specic activity of 9.25� 1011

Bq g�1. Quantication of 151Sm is typically required in deter-
mining nuclear fuel burn up and in nuclear waste characteriza-
tion. Samarium-151 is a pure beta emitting radionuclide (Emax ¼
76 keV), which is typically analyzed using liquid scintillation
counting following separation of 151Sm from other rare earth
radionuclides and 241Am. Separation of Sm from other lantha-
nides is usually achieved using either extraction chromato-
graphic materials such as HDEHP-based resins,218 ion exchange
chromatography, or HPLC219,220 based techniques. More recently,
isotachophoretic separation coupled with ICP-MS has been
developed for lanthanide quantication of spent nuclear fuel.221

There are only a limited number of papers relating to
measurement of 151Sm by ICP-MS, although ICP-MS has also
been used in nuclear fuel burn up assessments to measure the
variation in stable Sm isotopic composition.85 Isobaric inter-
ferences arise from stable 151Eu (47.81%) and polyatomic
species 119Sn 16O2,

133Cs 18O, 134Ba 17O, 135Ba 16O and 150Nd 1H.
Due to the potential for interference from Eu and Nd and their
This journal is © The Royal Society of Chemistry 2017
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Table 7 Summary of recent procedures for measurement of 135Cs/137Cs

Reference Instrument Model Matrix Chemical separation
LOD, pg L�1

(Bq L�1 135Cs/137Cs)

214 QMS Spent fuel pellets and
solutions

Cation exchange

215 QMS VG Elemental Plasma
Quad 2

Waste tank sludge and
supernatants

Ba(OH)2 precipitation 209 000 (8.53/6.7 � 105)

216 QMS Perkin Elmer Elan 5000 High activity waste Cation exchange 16 000 (0.65/5.12 � 105)
79 QMS Perkin Elmer Elan 5000 Cs-137 standard ETV sample introduction 200 (0.01/640.1)
217 QMS PQ Excell Groundwater On-line cation exchange 2 (8.2 � 10�5/6.4)
207 and
209

MC-ICP-MS GV Isoprobe Spent fuel pellets Anion exchange and HPLC,
reaction cell

1 SFMS Element 2XR Fission product standard AMP, cation exchange,
extraction chromatography

50 (2.0 � 10�3/160.0)

208 SFMS Perkin Elmer Elan 5000 Simulated spent fuel Capillary electrophoresis 4000 (0.16/1.3 � 104)
195 DRC-MS Perkin Elmer Elan DRC II Soil and sediment AMP, anion exchange, online

cation exchange, reaction cell
200 (0.01/640.1)

198 QQQ-MS Agilent 8800 Rainwater Reaction cell 270 (0.01/864.2)
199 QQQ-MS Agilent 8800 Environmental samples AMP, anion exchange,

cation exchange, reaction cell
200 QQQ-MS Agilent 8800 Environmental samples AMP, anion exchange,

cation exchange, reaction cell
10/6 (4.1 � 10�4/19.2)
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chemical similarity to Sm, reliable 151Sm measurements by
ICP-MS rely on robust chemical separation of the rare earth
elements.

Alonso et al. (1995) measured actinides and ssion products
in spent nuclear fuel using HPLC coupled to an Elan 5000
ICP-QMS.214 Lanthanide separation was performed using
CG5/CS5 guard/separation columns and isocratic elution with
0.1 M oxalic acid and 0.19 M LiOH. The HPLC eluent was
introduced into the ICP-MS via a cross ow nebulizer and Scott
type, double pass spray chamber. Plasma RF power was opti-
mized at 1050 W. Spent nuclear fuel 151Sm/150Sm values of
0.0119–0.0175 were reported. The same experimental set-up was
used to measure ssion products, including 151Sm, in UO2 and
MOX fuel pellets.204

Wolf et al. (2004) coupled HPLC and ICP-MS to separate rare
earth elements prior to measurement.84 HPLC separation was
achieved using an Amberlite CG50 (2 � 50 mm2) guard column
coupled with a Dionex CS5A (2 � 250 mm2) analytical column,
a linear gradient elution of 0.040.0.26 M hydroxyisobutyric acid
(HIBA) with a 0.30 mL min�1

ow rate. The eluent from the
HPLC was introduced directly into the ICP-MS via a CETAC
MCN-100, Model M-2 pneumatic microconcentric nebulizer.
Measurements were performed using a Fison PlasmaQuad 2+
quadrupole ICP-MS. The within-sample precision of 151Sm
measurement was quoted as 6%.

Isnard et al. (2005) separated Sm and Gd off-line using HPLC,
followed by MC-ICP-MSmeasurement of Sm isotopes, including
151Sm, using a GV Isoprobe-N MC-ICP-MS.222 Sample introduc-
tion was via a microconcentric nebulizer and cyclonic spray
chamber. Plasma RF power was set at 1350 W, with measure-
ments performed via static Faraday detectors. Analysis of MOX
spent nuclear fuel gave mean 151Sm/150Sm atom ratios of
0.04319 with a standard deviation of 0.2%. Pitois et al. (2008)
coupled capillary electrophoretic separation with both ICP-QMS
This journal is © The Royal Society of Chemistry 2017
(PerkinElmer ELAN 5000) and ICP-SFMS (Thermo Element 2)
to measure rare earth ssion products although not 151Sm.208

Detection limits of 8 ng mL�1 (ICP-QMS) and 7 pg mL�1

(ICP-SFMS) were reported for rare earth elements, which would
be equivalent to 6500 Bq mL�1 and 6.5 Bq mL�1 of 151Sm.
8.13 Lead-210

The longest lived radioisotopes of Pb are 202Pb (t1/2 ¼ 5.3 � 104

years), 205Pb (t1/2¼ 1.5� 107 years), and 210Pb (t1/2¼ 22.23 years).
Lead-210 is naturally occurring as part of the 238U decay series,
and has been measured in the elds of geochronology, air ux
measurements of radon223,224 radiation protection associated with
uranium mining, and environmental contamination from the
iron and steel industry.225 Lead-210 is a beta emitting radionu-
clide (Emax 63.5 keV, 100% intensity), and is also a weak alpha
(decay energy 3.72 MeV, 1.9 � 10�6% intensity) and gamma
emitter (12.56 keV, 22.0% intensity). Measurement is therefore
potentially achievable by multiple radiometric techniques.
Gamma spectrometry measurement is affected by limited
sample throughput, and prior knowledge of the sample geometry
and composition is required. The low energy gamma ray, self-
absorption and interferences from other gamma emitters and
X-raysmust also be considered.224 Lead-210measurement by beta
counting using a GM counter is achieved through measuring the
210Bi daughter (1.2 MeV Emax), following an ingrowth period of
8–9 days. Finally, measurement by alpha spectrometry is
achievable through measurement of 210Po, however an ingrowth
time of greater than 3 months is required.224

Mass spectrometric measurement of 210Pb is affected by
peak tailing from stable 208Pb (52.4% abundance), and poly-
atomic interferences associated with Pt, Hg, Bi and Pb.226

Polyatomic interferences combined with the relatively short
half-life of 210Pb have been highlighted as the causes for
measurement precision being inferior to that of alpha
J. Anal. At. Spectrom., 2017, 32, 494–526 | 509
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spectrometry.223 Pre-concentration of 210Pb prior to measure-
ment is achievable by co-precipitation with cobalt-ammonium
pyrrolidine dithiocarbonate,226 or as lead sulphate,225 whilst
chemical separation from interferences can be performed by
extraction chromatography using Sr-resin.226 Given the Pt-based
interferences, Pt sampler and skimmer cones should be avoi-
ded, as high backgrounds have been reported at m/z ¼ 210.225

Larivìere et al. compared ICP-QMS (Perkin Elmer Elan 5000),
ICP-DRC-MS (Perkin Elmer Elan 6100) and ICP-SFMS (Thermo
Element 2) for measurement of 210Pb in water.226 All instruments
were equipped with an Apex-Q sample introduction system, and
a detection limit of 90 mBq L�1 (0.03 pg L�1) was recorded for
nal measurements. The tailing removal was greatest using
ICP-DRC-MS (>3 � 109), compared to >2 � 106 for QMS, and
1� 105 for SFMS. In a separate study, CC-ICP-MS (Agilent 7500ce)
was applied to measurement of standards and solutions spiked
with 210Pb, and sediment samples from waste associated with an
on oil and gas production eld in Egypt.224 The recovery was
assessed using isotope dilution with 206Pb. The results showed
good agreement with those obtained by gamma spectrometry,
with a detection limit of 0.21 ng L�1 (593.24 Bq L�1). The
formation of polyatomic interferences was reduced using krypton
as a collision gas at a ow rate of 0.4 mL min�1, which was
determined by assessing the 208Pb/206Pb ratio with the change in
gas ow rate. It was also noted that potential lead hydride
formation could be removed using a desolvating sample intro-
duction system. Technologically enhanced 210Pb as a result of
iron and steel manufacture has been measured along with 210Po
using a combination of ICP-QMS (Perkin Elmer Elan 9000),
gamma spectrometry and alpha spectrometry,225with a Pb activity
range of <7 Bq kg�1 (2.5 pg kg�1) to 4240 Bq kg�1 (1.5 ng kg�1).
8.14 Radium-226 and 228

Radium-226 and 228 are naturally occurring radioactive mate-
rials, with large amounts produced from mining and extraction
of fossil fuels, as well as from the phosphate industry and
uranium mine tailings.227,228 Radium-228 is also continually
produced from the decay of 232Th in shelf sediments.229 The
natural occurrence of these nuclides has led to application as
a tracer for ocean circulation, seawater sediment uxes and
particulate residence times.229 Radium-226 decays with a half-
life of 1599 years, with maximum alpha decay energy of
4.79 MeV (94.6%) and gamma emission of 186 keV (32.8%). The
half-life of 228Ra is comparatively short (5.76 years), with
a maximum beta decay energy of 39 keV.

Radiometric detection is achievable by alpha or gamma
spectrometry, however both require a lengthy ingrowth period
for secular equilibrium to be established between 228Ra and
228Th.229,230 Whilst ICP-MS measurement needs lengthy sample
treatment to remove multiple potential polyatomic interfer-
ences prior to sample introduction (including 88Sr138Ba,
87Sr139La, 86Sr140Ce, 208Pb18O, and 186W40Ar), no ingrowth time
is required, and the sample analysis time is also signicantly
lower than radiometric measurements.228,229 Chemical separa-
tion is generally achieved by diffusive gradients in thin lms
510 | J. Anal. At. Spectrom., 2017, 32, 494–526
(DGT) or manganese dioxide (MnO2) combined with ion
exchange and/or extraction chromatography.227,230–233

Measurement of the 228Ra is challenging given the signi-
cantly shorter half-life and lower concentration in environ-
mental samples compared to 226Ra. Recent applications
have taken advantage of the high instrumental sensitivity of
ICP-SFMS for 226Ra/228Ra detection, using either single227,231–233

or multi-collector instruments229,230,233 (Table 8). Instruments
have been successfully operated at both low resolution,231–233

and medium resolution,227 with the latter setup improving
polyatomic interference removal at the expense of one order of
magnitude sensitivity loss when analysing seawater samples
(1200 cps per ng L�1 at low resolution compared to 100 cps per
ng L�1 at medium resolution). A recent study of 226Ra in high
salinity seawater using a Perkin Elmer NexION 300x achieved
a detection limit of 100 pg L�1 (3.7 Bq L�1),228 which is several
orders of magnitude higher than that of ICP-SFMS. Multiple
elements have been applied for mass bias correction, given the
absence of a certied 226Ra/228Ra reference material, including
207Pb/208Pb, 238U/235U, and 229Th/232Th.229,230
8.15 Protactinium-231

Protactinium-231 is the longest lived intermediate daughter of
235U, with a half-life of 3.28 � 104 years, and can also be
produced as a by-product in the thorium fuel cycle via a fast
neutron reaction with 232Th or 232U. Protactinium-231 is an
alpha emitting radionuclide (5.149 MeV), decaying to 227Ac. A
major application of 231Pa is in precise isotope ratio calcula-
tions for uranium-series age dating, and as an indicator of
climate change, and is commonly measured in combination
with Th and U isotopes. This required high precision
measurements of isotopic ratios, which can be achieved using
TIMS (typically 2–3% precision).234–236However, extensive matrix
separation, and challenges associated with sample loading limit
sample throughput.234 Alpha spectrometry has been used for
measurement of 231Pa in seawater samples, however cubic-
metre levels of sample are required, followed by extensive
chemical separation, with low nal measurement precision
(5–10%).234 ICP-MS measurement can rival the precision of
TIMS, whilst achieving a signicant improvement in sample
throughput. The main interference is peak tailing from 232Th,
which can be removed by chemical separation prior to
measurement if necessary. Protactinium-234 (t1/2 ¼ 26.97 days)
has been used a spike in some studies,234,237 however, consid-
eration must be given to decay to 233U, leading to changes in the
231Pa/233Pa ratio over time, with losses of Pa to beaker walls also
highlighted as an issue.

Applications include a fossil coral fragment measured by
MC-ICP-MS (FISONS PLASMA 54), with samples introduced by a
CETAC MCN6000 desolvating nebulizer.238 The reduced sample
handling, sample size and increased throughput compared to
TIMS were highlighted as advantages. Choi et al. (2001)
measured 231Pa along with 230Th in seawater by ICP-SFMS
(Element) equippedwith a desolvating nebulizer (CetacMCN-6000),
with a detection limit of 0.4 fg, corresponding to 0.02 fg g�1

(3.5 � 10�8 Bq g�1) in 20 L seawater samples.234 In a separate
This journal is © The Royal Society of Chemistry 2017
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Table 8 Summary of recent procedures for measurement of 226Ra

Reference Instrument Model Matrix Chemical separation LOD pg L�1 (Bq L�1)

228 CC-QMS Perkin Elmer
NexION 300x

High salinity wastewater AG50 (IE) 100 (3.7)

227 SFMS Element II Seawater
231 SFMS Element II Water and sediment pore water DGT 0.5 (0.02)
232 SFMS Element II Water and sediments DGT, MnO2 pptate, Sr resin (EC) 0.5 (0.02)
233 MC-ICP-MS Nu plasma Natural waters MnO2, AG50 (IE), Sr resin (EC) 0.05 (0.002)

0.05 (0.002)
230 MC-ICP-MS Neptune Seawater and suspended particles MnO2, AG50, AG1, Sr resin 0.091 (0.003)
229 MC-ICP-MS Nu instruments Seawater
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study, silicate rock samples were measured following anion
exchange and extraction chromatography (TRU (Triskem
International)) separation by MC-ICP-MS (Thermo Neptune)
equipped with a desolvating nebulizer (Cetac Aridus), with
a detection limit of 200 fg L�1 (3.5 � 10�6 Bq L�1).237
8.16 Thorium isotopes

Thorium is a naturally occurring element, with an abundance in
the earth's crust 3–4 times higher than uranium, and has also
been used as an alternative fuel for nuclear ssion. The most
abundant isotope is 232Th with a half-life of 14.02 � 109 years,
and undergoes alpha decay to 228Ra. Additional radioisotopes with
long half-lives measurable by ICP-MS are 229Th (t1/2 ¼ 7340 years)
and 230Th (t1/2 ¼ 7.5 � 104 years). Thorium is commonly
measured as 232Th along with isotopes of U and Pu in bioassay
samples, as well as with uranium in chronology, paleoclima-
tology, archaeology, hydrology, geochemistry and oceanog-
raphy.239,240 Alternative mass spectrometric measurement
techniques include TIMS and SIMS.241 When Th is measured by
ICP-MS in combination with U, the 232Th tailing can impact
measurement of 233U, as can the formation of 232Th1H.242 A
summary of recent measurement of Th isotopes by ICP-MS is
given in Table 9, with a review of mass spectrometric determi-
nation of Th published elsewhere.243

As instrument sensitivity has improved, the low-level
measurement of Th is potentially impacted by environmental
contamination during sample preparation. The concentrations
of Th, U and their progenies in the reagents and labware used
has become an increasingly important issue, with clean labo-
ratory conditions and cleaning of materials prior to use
required for some applications. Hoppe et al. (2013) investigated
the use of low background materials and maintenance of low
background levels of Th and U.244 It was concluded that sample
preparation is the limiting factor affecting sensitivity for very
low level measurements, and thorough cleaning and acid
leaching of these materials has made very sensitive measure-
ments possible.

Several studies have measured Th in combination with U
and/or Pu in urine.242,245,246 Becker et al. (2004) measured Th and
U using LA-ICP-MS, which minimized sample preparation,
whilst quantication issues associated with laser ablation were
resolved with matrix-matched standards.245 Measurements were
performed by both ICP-QMS (Perkin Elmer Elan 6000) and
This journal is © The Royal Society of Chemistry 2017
ICP-SFMS (Thermo Element) coupled to laser ablation (CETAC
LSX 200). The Th recovery ranged from 97–104% at doping
concentrations of 0.52–2.49 ng L�1 (2.1 � 10�6 Bq L�1 to
1.0� 10�5 Bq L�1) with detection limits of 0.4 ng L�1 (3.5� 10�8

Bq g�1) and 0.2 ng L�1 (8.1 � 10�7 Bq g�1) for ICP-QMS and
ICP-SFMS, respectively. The study highlighted the advantages of
ICP-MS for actinide measurement over alpha spectrometry,
which was a less sensitive approach that required more exten-
sive sample preparation. In a separate study, Shi et al. (2013)
measured Th, U and Pu in urine samples with regards to dose
assessment, as well as measuring decommissioning samples
including tape and paint.242 Samples were measured by ICP-
SFMS (Thermo Element XR) with an Elemental Scientic Apex
desolvating sample introduction system, which reduced the
232Th1H formation rate to 1.3 � 10�5, compared to 6.6 � 10�5

for solution nebulization using a Micromist nebulizer. Cozzella
and Pelttirossi (2013) measured Th, U and Pu in urine by
ICP-MS rather than alpha spectrometry, highlighting the
ability to process a large number of samples whilst maintaining
an acceptable measurement uncertainty.246 Samples were
measured by ICP-QMS (Thermo X-series) with a Burgener
nebulizer. Prior to sample introduction, Th was stabilized in
urine with Triton X-100 and then mixed with MICROTENE-
TOPO, shaken vigorously and then loaded onto a column prior
to elution. Thorium recovery ranged from 93 � 0.2% to
120 � 1.2% over a spiked concentration range of 0.5–2 mg L�1

(2.0 � 10�3 to 8.1 � 10�3 Bq g�1).
Thorium and U were measured along with multiple rare earth

elements in natural spring water samples in Brazil, in relation to
supplying safe potable water to nearby towns.247 Water samples
were measured by ICP-DRC-MS (Perkin Elmer ELAN DRC-e)
equipped with a sea spray nebulizer and cyclonic spray chamber.
The method detection limit was 0.5 ng L�1 (2.0 � 10�6 Bq g�1)
Avivar et al. (2011)measured Th and U inmultiple environmental
samples (different water samples, a phosphogypsum sample, and
a channel sediment reference material) using multi-syringe FIA
(MSFIA), using UTEVA resin (Triskem International) for online
separation and pre-concentration.248 The system was coupled
to ICP-DRC-MS (Perkin Elmer Elan DRC-e) equipped with a Scott
spray chamber and cross-ow nebulizer. Combination of
LOV with MSFIA achieved a 232Th detection limit of 2.8 ng L�1

(1.1� 10�5 Bq L�1), compared to 120 ng L�1 (4.9 � 10�4 Bq L�1)
using FIA only. Tuovinen (2015) compared ICP-MS to XRF, ERD,
J. Anal. At. Spectrom., 2017, 32, 494–526 | 511

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ja00334f


JAAS Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 3
:1

6:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
EPMA, gamma spectrometry and alpha spectrometry for deter-
mination of Th and U in ore andmill tailing samples collected in
Finland.249 Thorium was measured over a concentration range of
7–157mg L�1 (2.8–637.2 Bq L�1) by ICP-QMS (Agilent 7500 ce/cx),
with the results showing generally good agreement with other
techniques. The lowest values were measured by ICP-MS
compared to other techniques, which was the result of challenges
with sample preparation.
8.17 Uranium isotopes

Uranium is naturally occurring, with an average concentration
of �4 mg g�1 in the terrestrial crust, 3 mg L�1 in seawater
(uniformly distributed in the world's oceans) and ranging from
0.5–500 mg L�1 in surface freshwater depending on the extent of
contamination.78 The environmental occurrence of uranium is
mostly in hexavalent form, associated with oxygen in nature as
the uranyl ion UO2

2+. Under strongly reducing conditions,
uranium is present in tetravalent form in strongly reducing
medium such as high organic material (UO2). Uranium-238 is
the major isotope (99.27%), with additional minor isotopes of
234U (0.006%) and 235U (0.72%).

Uranium was one of the early nuclides to be measured by
ICP-MS, with studies initially focusing on the elemental
concentration of 238U. As instrumental performance improved,
there was an increasing focus on isotopic ratio measurements,
initially 235U/238U, and more recently 234U/238U, and 236U/238U,
with isotopic analysis enabling distinction between exposure to
natural and anthropogenic U sources. Reviews of uranium
determination using atomic spectrometric techniques, and in
environmental samples, are published elsewhere,78,251 and
Table 10 gives a summary of recent ICP-MS procedures for U
isotopic measurements.

Several spectral interferences must be considered for
uranium analysis, with Ir, Bi, Th or Ru effectively used for
interference correction.78 Potential platinum-argide interfer-
ences from the use of platinum cones can be avoided by using
nickel cones,252 whilst chloride-based interferences with
Table 9 Summary of recent procedures for measurement of Th isotope

Reference Instrument Model Matrix

246 QMS X-series Urine

250 QMS X-series II River water

249 QMS Agilent 7500 ce/cx Ores and mill tailings
245 QMS Perkin Elmer

Elan 6000
Urine

SFMS Element
242 SFMS Element 2XR Urine, decommissioning

including paint and tape
247 DRC-MS Perkin Elmer DRC-e Natural waters
248 DRC-MS Perkin Elmer DRC-e Environmental samples

a LOD for 232Th unless indicated otherwise.
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elements including Au and Hg must also be considered.78

Uranium-236 detection is potentially affected by both 235U1H
formation, and tailing from 238U. Sector eld instruments are
a popular choice for uranium determination due to low back-
ground, high sensitivity at low resolution, and ability to remove
interferences at high resolution.78 Additionally, the simulta-
neous data acquisition of MC-ICP-MS combined with sector
eld sensitivity leads to more precise isotope ratio determina-
tion.253 Determination of uranium concentration and/or
isotopic ratios in bioassay samples is commonly carried out
through measurement of urine samples, as it is non-invasive,
whilst the complexity of the sample matrix represents a chal-
lenge for isotope ratio determination.252–254 For example,
uranium was measured as part of the Baltimore VA Depleted
Uranium Clinical Follow-up Program by ICP-SFMS (Thermo
Element 2).252 Measurement of 235U/238U and 236U/238U was
compared for a quartz concentric nebulizer with a cyclonic
spray chamber, and APEX Q (Elemental Scientic) sample
introduction system. Superior sensitivity was recorded using
the Apex Q, which was preferable for low U concentrations,
whilst the concentric nebulizer and cyclonic spray chamber was
more robust and suitable for higher U concentrations. The
limited abundance sensitivity and 235UH formation meant the
background equivalent concentration of 236U was 25 times
higher than for 235U and 238U, with more scattered 236U/238U
ratios at total uranium concentrations <10 ng L�1. Additionally,
the accuracy of 235U measurements was poor when total U
concentrations were less than 5 ng L�1.

In a separate study, Arnason et al. (2015) carried out an inter-
laboratory comparison for uranium concentration and multiple
isotope ratio values in urine, with results from sites using ICP-
QMS or ICP-SFMS.254 As the total uranium concentration
decreased, the concentration measured by isotope dilution only
were higher than those that used chemical separation or
digestion prior to measurement. At a concentration of 50 ng
L�1, the predicted 234U/238U value was 0.000053. Sites that
carried out digestion and chemical separation prior to
measurement yielded values from 5.2 � 10�5 to 7.2 � 10�5,
s

Chemical separation LODa, pg L�1 (Bq L�1)

MICROTENE-TOPO
chromatography
Stacked TEVA and DGA 229Th: 4490 (34.9)

230Th: 4490 (3.4)
232Th: 694 000 (2.8 � 10�3)

TiCl4 precipitation
and Dowex 1-x8

QMS-400 (1.6 � 10�6)

SFMS-200 (8.1 � 10�7)
samples

500 (2.0 � 10�6)
FIA, UTEVA 2800 (1.1 � 10�5)

This journal is © The Royal Society of Chemistry 2017
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compared to 1.5 � 10�3 to 1.8 � 10�2 for isotope-dilution-only
methods. A signicant positive bias was also seen for 235U/238U
for dilution only-methods, accounted for by polyatomic inter-
ference at m/z ¼ 235. Finally, for 236U/238U, only studies that
applied chemical separation were considered, and, of these ve
studies, four either did not report a result or reported a non-
detect result. The conclusion from this study was that accurate
and precise isotope ratio measurements was more dependent
on the analytical methodology and instrument capability than
measurement of total U concentration. Arnason et al. also
measured uranium isotopes in urine samples at volumes from
1–8 mL by ICP-SFMS (Element 2) equipped with a Cetac Aridus
desolvating sample introduction system, following chemical
separation using UTEVA extraction chromatography separa-
tion.253 At spike concentrations of 2.5–25 ng L�1, 235U/238U was
successfully detected, with an improvement in precision as U
concentration increased. By comparison, 234U/238U was only
detected in samples spiked with 25 ng L�1. It was also realized
that whilst a higher urine volume achieved better precision, the
uranium recovery was lower.

Liu et al. (2011) applied extractive electrospray ionization
mass spectrometry (EESI-MS) to determination of 235U/238U in
uranyl nitrate solutions, prepared from samples including
natural water, uranium ore and soil.255 EESI-MS is typically used
for organic compounds, and in this study samples were directly
measured without pre-concentration or separation. The result-
ing mass spectrum looked for detection of uranyl nitrate at m/z
456 [238UO2(NO3)3

�], as well as peaks for 234 and 235. There
was a relative error in isotope ratios of 0.21–0.25%, and RSD of
1.54–1.81%. This approach overcomes the extensive sample
preparation that can lead to U losses, and also offers fast
analysis speed (�5 minutes per sample). Results were compa-
rable between EESI-MS and ICP-QMS (Agilent 7500ce) over a U
concentration range of �2.6 mg L�1 to �3.1 mg L�1. Results
from EESI-MS returned a RSD of 1.25–3.26%, compared to
0.71–1.46% for ICP-MS. The EESI used in this study was home-
made, and it was suggested that improvements in RSD would be
realized using a commercial EESI source.

Uranium-236 was measured in soil samples in the vicinity of
Chernobyl by ICP-SFMS (Thermo Element), ICP-QMS (Perkin
Elmer Elan 6000) and ICP-CC-MS (Micromass Platform ICP),
with high precision isotope ratio measurements were per-
formed using a MC-ICP-MS (Nu Instruments).256 Multiple
sample introduction systems (micro-concentric Micromist
nebulizer, Q-DIHEN or MCN equipped with an Aridus des-
olvating sample introduction (CETAC)) were investigated. An
abundance sensitivity for 236U/238U of 5 � 10�6, 3 � 10�7,
6� 10�7 and 3� 10�7 was measured for ICP-SFMS, MC-ICP-MS,
ICP-QMS and ICP-CC-MS, respectively. The precision ranged
from 0.28–0.34% for 236U/238U for single collector instruments,
improving to up to 0.07% for MC-ICP-MS equipped with USN or
MCN with an Aridus. Ultra-low 236U/238U ratios were recently
measured at isotopic ratios of <10�7 by ICP-QQQ-MS (Agilent
8800).257 The two mass lters effectively removed tailing from
the peak at 238U, whilst the 235U1H interference was removed by
reacting UH with O2 in the collision–reaction cell. The inter-
ference-removal capability meant that accurate isotopic ratios
This journal is © The Royal Society of Chemistry 2017
could be measured without the need for spectral interference
correction.
8.18 Neptunium-237

Neptunium-237 is an alpha emitting radionuclide (maximum
decay energy 4.78 MeV (47.6%) with a half-life of 2.1 million
years. Neptunium is present in the environment as a result of
atmospheric weapons test fallout and nuclear fuel reprocessing.
A review of 237Np measurement in nuclear and environmental
samples was recently published.266 Samples investigated
include soils, sediment, groundwater, seawater and various
other environmental samples.82,267–277

Neptunium occurs in both tetra- and pentavalent states, and
the variation in oxidation state depending on the reagents and
conditions used makes sample preparation challenging.278 Bulk
separation from the sample matrix has been achieved by tech-
niques including iron hydroxide precipitation272 and
lanthanum hydroxide precipitation,275 followed by ion exchange
or extraction chromatography.82,268–272,275,278 Neptunium is oen
measured along with Pu following chemical separation, given
the similar chemical behavior of the two elements in HNO3 and
HCl on anion exchange and extraction chromatography
resins.63,268–271,274–276,279 A micro-ow injection sample introduc-
tion system combined with membrane desolvation improved
the instrument sensitivity, and the detection limit by concen-
trating the analyte into a smaller volume.276 In a separate study,
Qiao et al. incorporated TEVA resin into a sequential injection
(SI) system for simultaneous Np and Pu measurement in envi-
ronmental samples, or Bio-RAD AG MP-1M for soil, sediment
and seaweed.279

The major interference impacting 237Np detection is tailing
from 238U, which must be removed by chemical separation, or
by the instrument if abundance sensitivity is sufficient.276 The
237Np detection limit has been noted to increase with increasing
U concentration (0.32 fg (8.3 � 10�9 Bq) with no uranium,
compared to 10 fg (2.6 � 10�7 Bq) with 2500 pg of U, with
a negative impact on detection limit once the U concentration
exceeded 30 pg).

The lack of a suitable tracer for 237Np has been identied as
a limitation,266,276 particularly for isotope dilution applica-
tions.274,280 Neptunium-236 (154 000 year half-life) is potentially
suitable,269,274 but suffers from a lack of commercial availability
and production difficulties.280,281 Alternative isotopes of neptu-
nium (239Np and 235Np) are less well suited given their short
half-lives (2.35 days and 396 days, respectively) and suffer from
potential isobaric interferences from 239Pu and 235U, respec-
tively.63 Plutonium-242 (half-life 3.75� 105 years) has been used
as a tracer for determination of both 237Np and Pu isotopes,276

given its similar chemical behavior and commercial avail-
ability.269,270,274,275,280 An issue with this is variation in chemical
fractionation between Np and Pu during analysis, which will
increase uncertainty,280 and an isotope of the same element is
desirable.

Neptunium-237 has frequently been determined using
ICP-SFMS268,270–274 (Table 11). Kim et al. (2004) simultaneously
measured 237Np with 239Pu and 240Pu in environmental samples
J. Anal. At. Spectrom., 2017, 32, 494–526 | 513
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by ICP-SF-MS (Micromass Plasma Trace 2) equipped with an
Aridus desolvating sample introduction system and T1-Hmicro-
concentric nebulizer.270 Chemical separation of Np and Pu was
achieved using an automated SI system using TEVA extraction
chromatography resin, with a 237Np detection limit of 2.5 pg L�1

(6.5 � 10�5 Bq L�1). In a separate study, an Agilent 7500 QMS
equipped with an Octopole Reaction System was operated in ‘no
gas’mode for Np measurement.275 However, there was evidence
that Np would behave similarly to Pu with CO2 as the reactive
gas, which could be used as a basis for separation of Np and Pu
from U.282 It was noted that applying chemical separation prior
to ICP-SFMS measurement could lower the detection limit.

Sediments have been measured by glow discharge mass
spectrometry.82 The instrument was operated at a mass resolu-
tion of around 6000, resulting in high transmission (>75%) and
removal of tailing interferences, as well as reduced sample
preparation time compared to chemical separation. Irish Sea
sediment samples were measured aer being compacted into
pellets. Neptunium was determined in groundwater at the
Nevada National Security Site (NNSS) by ICP-SFMS (NuPlasma)
at concentrations ranging from <4 � 10�4 to 2.6 mBq L�1

(0.015–99.7 pg L�1) with all values below the US Environment
Protection Agency drinking limits of 560 mBq L�1.277 The
outcome was used to evaluate retardation of Np relative to other
radionuclides in NNSS groundwater.
8.19 Plutonium isotopes

Plutonium is present in the environment as a result of nuclear
weapons tests, reactor accidents, and discharges from reproc-
essing facilities, and is arguably the most frequently studied
transuranic element. Isotopes of particular interest with regards
to ICP-MS measurement are 238Pu (t1/2 ¼ 87.7 years), 239Pu
(t1/2 ¼ 24 110 years) and 240Pu (t1/2 ¼ 6561 years) (Table 13).
Several reviews on the determination of plutonium isotopes are
given elsewhere.95,120,285

Isotope ratio measurements by ICP-MS (most commonly
240Pu/239Pu) have been effectively used to determine the source
of nuclear contamination286 (Table 12). This is a signicant
advance over traditional alpha spectrometry detection, which is
unable to resolve the similar alpha energies of 239Pu and 240Pu
(5.24 and 5.25 MeV, respectively). Measurement of Pu isotopes
by alpha spectrometry also requires extensive chemical sepa-
ration and counting times on the order of days to weeks.

Measurement of 239Pu is affected by tailing from 238U, with
decontamination factors of 108 or higher required depending
on the sample matrix.285,286 A detection limit of 1.0 fg (2.3� 10�6

Bq) was achieved for 239Pu at U concentrations from 0–30 pg
using ICP-SFMS (Thermo Element XR), compared to 8.6 fg
(2.0 � 10�5 Bq) when U concentration was increased to
2500 pg.276 There is an additional polyatomic interference from
238U1H, which can be removed by U/Pu separation, or by
reducing hydride formation using a desolvating sample intro-
duction system. Plutonium-238 measurement is challenging
owing to low concentrations, and an isobaric interference from
238U, whilst 241Pu can be affected by isobaric 241Am. Chemical
separation of Pu prior to sample introduction is generally a 2
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Table 12 240Pu : 239Pu atom ratios for different sources286,299

Source 240Pu/239Pu

Integrated weapon test fallout 0.18
Weapon production 0.01–0.07
Chernobyl accident 0.40
MAGNOX reactor 0.23a

Pressurized heavy water reactor 0.41a

Advanced gas-cooled reactor (AGR) 0.57a

Pressure tube boiling water reactor 0.67a

Boiling water reactor (BWR) 0.40a

Pressurized water reactor (PWR) 0.43a

Fukushima prefecture coast
sediments

0.19–0.26

a Aer fuel burn up (the amount of energy extracted from the primary
fuel source).48,287
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stage process-bulk matrix co-precipitation, followed by actinide
pre-concentration and separation using extraction chromatog-
raphy.63,275,282,288–290 More rapid FI or SI techniques have been
effectively applied to urine,291 soils,275,289 and environmental
samples.63 A number of Pu isotopes including 236Pu, 242Pu and
244Pu have been effectively used as tracers,63 with isotope dilu-
tion a common technique that can also address issues with
plasma instability and ion intensity dri.95

Carbon dioxide has been used as a reactive gas for U sepa-
ration from Pu for a 235U target using CC-ICP-MS (GV Isoprobe
MC-ICP-MS).282 At CO2 gas ow rates >0.5 mL min�1, U is
present as UO+ (�95%) and UO2

+ (�5%), compared to Pu, which
was present as Pu+ (40%), PuO+ (�60%), and PuO2

+ (�2%). A
recent study used lab-on-valve separation of Pu using bead
injection extraction chromatography micro-ow system was
coupled to ICP-QMS (Thermo X-series II) equipped with Xs
skimmer cone and Burgener nebulizer.292 The design enabled
processing of large urine volumes (1 L), Pu chemical yields
>90%, and completion of the analytical procedure in less
than 3 hours, compared to 1–2 days for manual processing.
A detection limit of 1.0–1.5 pg L�1 (equivalent to 2.3 � 10�3 to
3.4 � 10�3 Bq L�1 for 239Pu and 1.5 � 10�4 to 2.2 � 10�4 Bq L�1

for 242Pu) was achieved for 239Pu and 242Pu, however, potential
improvements to the procedure were suggested, including
overcoming the limited ow rate (<1 mL min�1) due to back-
pressure build up and settling of beads within the system,
which could lead to leakage and/or malfunctioning for long-
term operations.

Plutonium isotope ratios (239Pu/240Pu) were determined
from alpha planchettes originally prepared from samples from
the Mayak nuclear facility, Russia.293 The aim was to show that
direct analysis of samples was possible without the time-
consuming dissolution and chemical separation associated
with solution ICP-MS. A potential advantage is that this
approach can be applied to planchette samples round the
world, to generate a large amount of new data from existing
samples. Samples had previously been separated from the
sample matrix, and were measured by ICP-QMS (Agilent 7700X).
If the 239+240Pu activity on the planchette was <1 Bq, the
516 | J. Anal. At. Spectrom., 2017, 32, 494–526
statistical variation in isotope ratios was too high and reliable
determination of 240Pu was not possible. It was noted that the
likelihood of distinguishing between sources of Pu could be
improved by chemical separation to remove U from the sample
prior to measurement.

Varga et al. investigated rapid and direct measurement of U
and Pu, 235U/239Pu and 236U/240Pu chronometers without
chemical separation using a Thermo Element 2 ICP-SFMS
equipped in a glovebox.294 The instrument was run in low
resolution mode with a low-ow micro concentric nebulizer,
and a quartz glass spray chamber. A second method incorpo-
rating extraction chromatography prior to measurement was
also tested, with multiple U/Pu ratios measured. Results from
two Pu CRM's were in good agreement with archive purication
dates.

Bu et al. measured Pu isotopes in lichen, kelp, moss and
horse mussel collected from Alaska by ICP-SF-MS (Thermo
Element XR).295 The instrument was operated in low resolution,
equipped with an Apex (Elemental Scientic) sample introduc-
tion system and PFA nebulizer. A 242Pu tracer was used, and
a correction factor was applied to correct for uranium hydride
interference, however this was expected to be low as chemical
separation was applied prior to sample introduction. Mass
discrimination was determined frommeasurement of 235U/238U
in a natural U solution, with the overall procedure validated by
measuring 239+240Pu in a CRM. A measured value of 5.18 �
0.10 Bq kg�1 was in good agreement with the certied value of
5.30 � 0.16 Bq kg�1. The total 239+240Pu content in sample
measured ranged from 3.8 to 573 Bq kg�1 dry weight. The
difference in isotope ratio values measured showed isotopically
heavier 240Pu/239Pu values in marine samples compared to
terrestrial samples, accounted for as being a large input of Pu
into the Pacic Ocean, most likely Marshall Islands high yield
tests.

A comparison of liquid scintillation and ICP-SFMS for 241Pu
measurement in nuclear waste slurries was reported by Jäggi
et al. (2012).296 ICP-MS measurements were performed using
a double focusing ICP-SFMS (Thermo Element 2). Samples were
introduced via an Apex nebulizing system connected to an ACM
desolvation system and a self-aspirating PFA-ST nebulizer.
Correction for tailing and hydride formation were performed
following measurement of a 238U standard. Correction factors
for mass 239, 240 and 241 arising from 238U were typically
9� 10�6, 1� 10�6 and 3� 10�7. A detection limit of 0.27 Bq g�1

(117.6 pg g�1) for a 0.1 g slurry sample was achieved.
Isotope ratios were measured from multiple environmental

samples collected in Finland by ICP-SFMS (Thermo Element 2)
operating in low resolution, tted with a coaxial nebulizer and
cyclonic spray chamber.297 Instrument performance was carried
out using a certied reference material containing natural U,
and quality of 240Pu/239Pu measurements was validated from
a CRM. For surface air samples collected in 1963, values mostly
fell in the range 0.15–0.25, indicative of global weapons fallout.
Results from environmental samples showed a wider range in
values from 0.13 � 0.1 to 0.53 � 0.03, indicative of both global
fallout and the Chernobyl accident. As well as digestion and
This journal is © The Royal Society of Chemistry 2017
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chemical separation, old alpha planchettes were wet-ashed and
puried by extraction chromatography prior to measurement.

Both airborne Pu and U originating from the Fukushima
Daiichi NPP were identied in the atmosphere 120 km from the
site through measurement of aerosol samples, with a sam-
pling time of approximately one week.298 Following ashing and
chemical separation, samples were analyzed by a combination
of AMS and ICP-SFMS. Whilst the amount of environmental U
and Pu increased, the dose from airborne Pu was negligible.
ICP-SFMS was used for analysis of 234U/238U and 235U/238U,
however AMS was advantageous for Pu measurement due to
excellent suppression of hydride interferences. No Pu spike was
added because of the low levels being investigated, and the
potential negative impact on detection limit that adding a spike
could have. Zheng et al. presented the rst data on distribution
of Pu isotopes in surface sediments 30 km off Fukushima.287

The 240Pu/239Pu ratios were measured using ICP-SFMS with
Apex (Elemental Scientic) sample introduction. Chemical
separation was performed using anion exchange chromatog-
raphy, and several reference materials were used for method
validation. Isotope ratio results were compared to background
data in Japanese estuaries and the western North Pacic, and it
was found that no Pu contamination was detected outside the
30 km zone around the plant. A more comprehensive assess-
ment of Pu isotope measurements in seawater and sediments
within the 30 km zone was recommended, to improve under-
standing of marine environmental behavior.

Detection limits in the attogram range in sediment and
seaweed reference materials was achieved using ICP-SFMS
(Element XR) equipped with the Jet interface,56 comparable to
sensitivities achievable by AMS. Despite the larger orice of the
Jet sample cone, the Jet interface did not increase the hydride
formation rate when operating with a desolvating sample
introduction system. Without the Jet interface, the precision of
240Pu/239Pu was 20.5% and accuracy �3.3%, compared to 5.0%
and 0.83% when equipped with the Jet interface and Cetac
Aridus II desolvating sample introduction system. Plutonium
has also been determined in urine samples by multiple tech-
niques-alpha spectrometry, ICP-SFMS (Thermo Element XR)
and AMS.299 The minimum detectable activity for SF-ICP-MS
(23 fg) was two times better than alpha spectrometry (50 fg), but
inferior to AMS (0.44 fg).
8.20 Americium-241

Americium-241 is produced as an activation product, and from
beta decay of 241Pu, with a half-life of 432.2 years. Americium-
241 is an alpha emitter (5.44 MeV, 12.8% yield and 5.49 MeV,
85.2% yield), and gamma emitter (59.5 keV, 36% abundance),
with gamma spectrometry considered inadequate for low-level
241Am determination.62 Alpha spectrometry is themost sensitive
and frequently used approach, and measurement is generally
combined with chemical yield tracer 243Am (t1/2 ¼ 7.4 �
103 years), which decays by alpha emission (5.28 MeV, 87.4%
yield and 5.23 MeV, 11% yield), and gamma emission (74.7 keV,
62.8% abundance). A comprehensive review of analytical
518 | J. Anal. At. Spectrom., 2017, 32, 494–526
methods for americium determination is published
elsewhere.62,305

Measurement of 241Am is affected by an isobaric interference
from 241Pu, and from 240PuH+, with Pu typically present at
comparable or higher concentrations than that of 241Am in
materials of reactor origin. There are also multiple polyatomic
interferences, and 243Am (half-life 3730 years) has been applied
as an internal standard,57,306 with 242Pu used to assess 241Pu
contamination.98 Alternatively, a mixed elemental standard can
be used for external calibration of the instrument.116 Chemical
separation techniques prior to sample introduction include
precipitation/co-precipitation and/or liquid–liquid extraction,
ion exchange chromatography and extraction chromatog-
raphy.57,306 Providing these interferences can be effectively
removed, ICP-SFMS can match the detection limits of alpha
spectrometry.62

Krachler et al. (2014) noted the absence of matrix-matched
reference materials, leading to determination of Am in spent
nuclear fuels using both high resolution ICP-OES and ICP-SFMS
(Thermo Element 2) installed in a glovebox.116 The absence of
a certied reference material meant instrumental mass bias was
estimated based on the difference in sensitivity between 232Th
and 238U in the internal standard, and assuming the same
instrument sensitivity for all actinides. The mean concentration
differed by a maximum of 4% between ICP-OES and ICP-MS.

Isotope-dilution ICP-SFMS has been used for the determi-
nation of pg kg�1 concentrations of 241Am in sediments (Agar-
ande et al., 2001).307 Measurements of 241Am relative to a 243Am
spike were performed using a VG Elemental Axiom ICP-MS with
single collector and MCN6000 desolvating microconcentric
nebulizer. Plutonium-242 was also added to conrm effective
separation of Pu and Am prior to measurement. Measurements
were performed in low resolution mode and mass bias was
corrected using the U isotopic standard IRMM-72/1. Limits of
detection of 0.2 Bq kg�1 (1.6 pg kg�1) were reported. Americium
was analyzed along with Pu in Chernobyl-contaminated
samples by ICP-SFMS (Thermo Element 2) in comparison to
alpha spectrometry.62 Good agreement was observed between
the two techniques for Certied Reference Materials (IAEA-384
and IAEA-385). The measurement time for ICP-SFMS was
several minutes, compared to count times of days by alpha
spectrometry. ICP-SFMS achieved a detection limit of 13.2 mBq g�1

(0.1 fg g�1) for ICP-SFMS, with a precision of 0.8–3%, compared
to 4 mBq g�1 (0.03 fg g�1) and a precision of 1–5% by alpha
spectrometry. Mass discrimination was again determined by
applying a linear correction using a natural uranium solution.
The combined measurement of Pu and Am allowed calculation
of date of contamination based on the 241Pu/241Am ratio,
assuming release of radionuclides was over a short time rather
than continuous, as 241Am is also produced by decay of 241Pu. In
a separate study, Varga measured 241Am in two environmental
reference materials (sediment and seaweed) by ICP-SFMS
(Thermo Element),98 with alpha spectrometry used to validate
the procedure. The removal of polyatomic interferences was
tested using stable element standards of Bi, Pb, Hg and Tl,
whilst isobaric 241Pu removal was monitored using a 242Pu
isotopic tracer. A detection limit of 0.86 fg g�1 (0.11 mBq g�1)
This journal is © The Royal Society of Chemistry 2017
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was achieved, which was comparable to that of alpha spec-
trometry 0.79 fg (0.10 mBq).

A method for 241Am determination in urine was developed
and validated at the Centre for Disease Control and Prevention
(CDC).306 Measurements were performed using ICP-SFMS
(Thermo Element XR) equipped with a CETAC Aridus des-
olvating sample introduction system, with a detection limit of
0.22 pg L�1 (0.028 Bq L�1). These values were in good agreement
with liquid scintillation counting (LSC), and NIST CRM target
values. The analytical bias from �0.3 to 1.7% for observed
values compared to target values, and 2.1–3% for samples run
in an internal comparison with LSC. The previous procedure
using LSC returned a detection limit of 32.3 pg L�1 (4.2 Bq L�1),
higher than the CDC action level of 0.73 pg L�1 (0.09 Bq L�1). It
was noted that if U concentrations exceeded 10 mg L�1, more
aggressive rinsing was required to eliminate U from solution,
with analytical bias increasing to between �0.62 and �5.61%
compared to NIST target values.

On-line extraction chromatographic separation of actinides,
including 241Am, from urine matrices coupled with ICP-QMS
has also been evaluated (Hang et al., 2004).308Detection limits of
0.15 pg mL�1 (0.02 Bq mL�1) were reported for a 25 mL urine
sample volume. Coupling of ow injection analysis with ICP-
SFMS has also been reported for the analysis of environmental
samples, with detection limits down to 0.6 fg being reported.268

Wang et al. recently developed a method for 241Am
measurement in large (2–20 g) soil samples using ICP-SFMS
(Thermo Element XR) equipped with a high efficiency nebulizer
(HEN).309 Multiple chemical separation techniques were inves-
tigated for separation of Am from soil matrix components, rare
earth elements, and ICP-MS interferences (Bi, Tl, Hg, Pb, Hf and
Pt). A good chemical recovery of Am (76–82%) and detection
limit of 0.012 mBq g�1 was achieved, whilst decontamination
factors of 7 � 105 for Pu was the highest reported for 241Am
studies, enabling measurement in Fukushima sourced soils
contaminated with 241Pu.
8.21 Curium/californium

Curium isotopes are produced via successive neutron capture
by Am and subsequent beta decay. The main Cm isotopes
produced in nuclear reactors are 242Cm (t1/2 ¼ 162.9 days),
243Cm (t1/2 ¼ 28.9 years), 244Cm (t1/2 ¼ 18.2 years), 245Cm
(t1/2 ¼ 8480 years), 246Cm (t1/2 ¼ 4760 years) and 248Cm
(t1/2 ¼ 3.48 � 105 years). For Cf, the main isotopes are 249Cf
(t1/2 ¼ 351 years), 250Cf (t1/2 ¼ 13.1 years), 251Cf (t1/2 ¼ 898 years)
and 252Cf (t1/2 ¼ 2.6 years). To date, there are no reported
applications of ICP-MS for Cm or Cf measurement in nuclear
wastes. Kurosaki et al. (2014) reported the measurement of
243Cm, 244Cm, 245Cm, 246Cm and 240Pu using a Thermo Finigan
Element 2 for nuclear forensics applications.310 Gourgiotis et al.
(2010) used ICP-QMS (Thermo Electron X-series) for Cm and Cf
isotope measurement in transmutation studies.311 Sample
introduction was via a quartz Peltier-cooled impact bead spray
chamber (natural aspiration) and micro concentric nebulizer.
Two peak jump routines were employed to separately measure
high abundance (248Cm/246Cm) and low abundance
This journal is © The Royal Society of Chemistry 2017
(245Cm/246Cm, 247Cm/246Cm, 249(Bk + Cf)/251Cf, 250Cf/251Cf, and
252Cf/251Cf) isotope ratios. High precision isotope ratio
measurement was achieved using corrected peak centering
(3 points per peak with the central point associated with the
maximum count rate). Dead time and mass bias corrections
(using sample standard bracketing) were also applied. Peak
tailing and hydride interferences were corrected by measuring
the 237/238U ratio and 238UH/238U: ratio for a U010 standard.
Abundance sensitivities of 1.97 � 0.02 ppm and hydride
formation of (35.7 � 0.1) � 10�6 were reported. Chromato-
graphic separation of 249Bk and 249Cf using Dionex HPLC was
developed to permit separate determination of 249Bk/248Cm and
249Cf/248Cm ratios.312

9 Conclusions

Advances in the capability and sensitivity of recent ICP-MS
instruments have stimulated new interest from the nuclear
sector. This stems from the potential of these instruments to
routinely and swily measure a range of key radionuclides
considered important in nuclear decommissioning pro-
grammes. ICP-MS has proven itself as a versatile technique with
regards to sample introduction and instrument setup, both of
which can be used to improve sensitivity and/or interference
removal. For the majority of radionuclides suitable for ICP-MS
measurement, interference removal is the critical aspect
affecting optimised detection limits. Effective measurement
must be combined with robust, effective sample digestion and
chemical separation (either through wet chemistry techniques,
sample introduction and/or using an instrument with collision/
reaction cell capabilities).

For long-lived radionuclides, ICP-MS offers signicant
benets in sample throughput compared to the traditional
radiometric methods (alpha and beta counting techniques).
These benets arise from reduced measurement time per
sample, and reduced preparation time with the use of on-line
separation and collision/reaction cell instruments and provide
signicant potential economic benets to nuclear sites. The
improvements in ICP-MS means that a number of long-lived
radionuclides are now measureable that are very challenging or
even not measurable by radiometric techniques e.g. 93Zr, 107Pd,
135Cs, 41Ca and 59Ni. These radionuclides are of increasing
interest to regulatory agencies concerned with long-term
nuclear waste storage and disposal. Additionally, ICP-MS
(particularly multi-collector instruments) offers the ability to
accurately measure isotopic ratios e.g. 239Pu/240Pu and
236U/238U, enabling the determination of the source of
contamination, rather than the activity concentration alone.
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57 Z. Varga, G. Surányi, N. Vajda and Z. Stefánka,Microchem. J.,
2006, 85, 39–45.

58 J. S. Becker, Spectrochim. Acta, Part B, 2003, 58, 1757–1784.
59 M. Hollenbach, J. Grohs, S. Mamich and M. Kro, J. Anal.

At. Spectrom., 1994, 9, 927–933.
60 J. H. Aldstadt, J. M. Kuo, L. L. Smith and M. D. Erickson,

Anal. Chim. Acta, 1996, 319, 135–143.
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X. Mao and R. E. Russo, Spectrochim. Acta,Part B, 2015,
109, 44–50.

128 K. Subedi, T. Trjos and J. Almirall, Spectrochim. Acta, Part B,
2015, 103–104, 76–83.

129 Y. Lee, S.-H. Nam, K.-S. Ham, J. Gonzalez, D. Oropeza,
D. Quarles Jr, J. Yoo and R. E. Rosso, Spectrochim. Acta,
Part B, 2016, 118, 102–111.

130 L. Ashton, P. Warwick and D. Giddings, Analyst, 1999, 124,
627–632.

131 M. Baxter, L. Castle, H. M. Crews, M. Rose, C. Garner,
G. Lappin and D. Leong, Food Addit. Contam., Part A,
2009, 26, 139–144.

132 X. Hou, L. F. Ostergaard and S. P. Nielsen, Anal. Chem.,
2007, 79, 3126–3134.

133 A. Zulaf, S. Happel, P. Warwick, B. M. Mokili, A. Bombard
and H. Junglas, http://www.triskem-international.com/
fr/iso_album/poster_rrmc_2011_cl_resin.pdf, accessed
17/08/16.
522 | J. Anal. At. Spectrom., 2017, 32, 494–526
134 M. Martschini, P. Andersson, O. Fortsner, R. Golser,
D. Hanstorp, A. O. Lindahl, W. Kutschera, S. Pavetich,
A. Priller, J. Rohlén, P. Steier, M. Suter and A. Wallner,
Nucl. Instrum. Methods Phys. Res., Sect. B, 2013, 294, 115–
120.

135 P. W. Kubik, D. Elmore, N. J. Conard, K. Nishiizumi and
J. R. Arnold, Nature, 1986, 319, 568–570.

136 P. Müller, B. A. Bushaw, K. Blaum, S. Diel, C. Geppert,
A. Nähler, N. Trautmann, W. Nörtershäuser and
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and M.-C. Lépy, Appl. Radiat. Isot., 2007, 65(3), 355–364.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ja00334f


Critical Review JAAS

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
16

. D
ow

nl
oa

de
d 

on
 1

1/
7/

20
25

 3
:1

6:
52

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
156 S. Brun, S. Bessac, D. Uridat and B. Boursier, J. Radioanal.
Nucl. Chem., 2002, 253(2), 191–197.

157 W. Bu, J. Zheng, X. Liu, K. Long, S. Hu and S. Uchida,
Spectrochim. Acta, Part B, 2016, 119, 65–75.

158 J. Feuerstein, S. F. Boulyga, P. Galler, G. Stingeder and
T. Prohaska, J. Environ. Radioact., 2008, 99(11), 1764–1769.

159 V. Taylor, R. D. Evans and R. J. Cornett, Anal. Bioanal.
Chem., 2007, 387(1), 343–350.

160 Y. Takagai, M. Furukawa, Y. Kameo and K. Suzuki, Anal.
Methods, 2014, 6(2), 355–362.

161 M. Sakama, Y. Nagano, T. Saze, S. Higaki, T. Kitade,
N. Izawa, O. Shikino and S. Nakayama, Appl. Radiat. Isot.,
2013, 81, 201–207.

162 M. A. Amr, A.-F. I. Helal, A. T. Al-Kinani and
P. Balakrishnan, J. Environ. Radioact., 2016, 153, 73–87.

163 E. P. Steinberg and L. E. Glendenin, Phys. Rev., 1950, 78,
624.

164 J. I. G. Alonso, D. Thoby-Schultzendorff, B. Giovanonne,
J.-P. Glatz, G. Pagliosa and L. Koch, J. Anal. At. Spectrom.,
1994, 9, 1209–1215.

165 F. Chartier, H. Isnard, J. P. Degros, A. L. Faure and
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A. Gagnè and D. Larivière, Appl. Radiat. Isot., 2010, 68,
2132–2139.

279 J. Qiao, X. Hou, P. Roos and M. Miró, Anal. Chem., 2011, 83,
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