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The development of novel analytical methods for the determination of radioelements in diverse
environmental samples using state-of-the-art ICPTQMS system started in the early 2010’s with
the introduction of the Agilent 8800 ICP-MS/MS system in 2012. A similar instrument, developed
by Thermofisher (iCAP TQ ICP-MS) was used here for the first time for measuring a selection of
radioelements in diverse marine matrices. This system is uniquely equipped with a 90° cylindrical
ion lens named as Right Angular Positive lon Deflection (‘RAPID’) ion optics that provides ion
transmission across the entire mass range. By way of independent case studies, several
instrumental parameters were tested, in particular the plasma condition, lens voltages and gas
flow rates as well as the use of an additional desolvation system, manufactured by Teledyne Cetac

Technologies - Aridus 3) and connected upstream to the ICAP TQMS system.

First, these parameters were optimised for measuring low levels of *°Sr in milk and seawater
samples. A significant reduction in dihydrate formation from the natural content of strontium
(88Sr'H'H - peak tail) was observed after successfully removing the main isobaric interferences
(i.e., °°Y, °°Zr) using a recent chromatographic Sr-resin manufactured by Triskem International. To
achieve an even lower limit of detection, samples were firstintroduced in the Aridus 3 desolvation
system, using tested and optimised He, N, gas flow rates. A good agreement was observed
between the results obtained from ICPTQMS analysis and liquid scintillation counting. This novel
radioanalytical method was found to be suitable for food and environmental samples presenting
a ®°Sr concentration of at least 50 Bq L (equivalent to 0.01 pg g approximately) and therefore for
monitoring °°Sr more efficiently following an emergency incident or as part of ongoing nuclear

decommissioning operations.

Instrumental optimisation tests were also undertaken for measuring '*°l in seawater and seaweed
materials. The two European nuclear fuel reprocessing facilities, Sellafield and La Hague, are

known to be the largest sources of iodine-129 is known to be mainly discharged from in the UK



marine environment. The main challenge associated with its measurement by mass is related to
the presence of *°Xe impurities in the argon plasma gas and the tailing effect from stable '?’I. To
remove this isobaric interference, different O, gas flow rates were tested in the collision/reaction
cell of the ICPTQMS instrument. Once optimised parameters were retained, this technique was
found to be approaching the performance that can be achieved via traditional LSC. A detection
limit of 1.53x10° Bqg g" (equivalent to 2.34 pg g') was achieved for '*°I, which would be suitable for

environmental monitoring purposes.

Finally, the performance of the instrument was also investigated for direct analysis of **Ra in
seawater samples and solid certified reference materials provided by the IAEA (two marine
sediments and one NORM waste). The same operating parameters were evaluated. A
chromatographic separation, an anion exchange resin and Sr-resin, were also used prior to the
ICPTQMS to attempt the removal of potential interferences prior to analysis. Although the
sensitivity for measuring ?*Ra was improved by using the desolvating system — Aridus 3. The
retained chromatographic separative approach could not remove the main polyatomic
interference composed of *®Ba and ®Sr, two chemical analogues of elemental radium. Further
chemical work would then be required to validate the use of this analytical tool for measuring low

levels of #?°Ra in diverse marine matrices.
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Definitions and Abbreviations

ICP-MS - Inductively Coupled Plasma Mass Spectrometry
MS/MS - Tandem Mass Spectrometry

QQQ - Triple Quadrupole

ICP - Inductively Coupled Plasma

RF — Radio Frequency

MHz - Megahertz Frequency

CRC - Collision/Reaction Cell

TQ ICP-MS -Triple Quadrupole Inductively Coupled Plasma Mass Spectrometry
W - Watt Unit

Bg - Becquerel

m/z — Mass to-charge ratio

amu — Atomic Mass Unit

LOD - Limit of Detection

LSC - Liquid Scintillation Counting

CRM - Certified Reference Material

ppq - parts per quadrillion

ppt — parts per trillion

ppb - part per billion

ppm - parts per million

IAEA - International Atomic Energy Agency
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Chapter1 Introduction

Radioactivity in the environment presents a risk to humans and the environment that requires
attention and accurate evaluation. When assessing a radiological risk and dose received from
exposure situations, it is essential to be able to determine accurately the concentration of the
most radiologically significant elements in diverse matrices of interest, in particular food
matrices routinely consumed when dealing with general public exposure investigations. In
addition, the use of some of these radioelements can also be a powerful tool for studying
environmental processes or mechanisms. For example, in environmental tracing applications,
the radiochemical analyses combined with precise detection and data interpretation can
determine a sample’s origin, aga and transformation history. This information not only clarifies
the pathways and rates of radionuclide transport in natural system, such as soil, groundwater,
and the atmosphere, but also helps assess their potential uptake, accumulation, and effects

within the human body.

Over the last decades, several methodologies using radiation counting instruments have been
developed and utilised to characterise a wide range of matrices. Many of these traditional
radiometric methodologies suffer from lengthy counting times, especially when dealing with
matrices that contain very low or low level of radioactivity. This procedural limitation can
indirectly affect the commercial viability of important routine radiological and environmental

monitoring programmes in the long term.

In the last thirty years!', the inductively coupled plasma mass spectrometry (ICP-MS) has
emerged as a highly promising analytical technique for the detection and quantification of
radioelements. One of the key advantages of ICP-MS lies in its ability to significantly reduce
counting times compared to traditional radiometric methods, making it an efficient tool for
routine and high-throughput analysis. Initially, ICP-MS was primary applied to long-lived heavy
radionuclides, which typically exhibit low specific activities and are challenging to quantify
accurately using conventional techniques. However, recent advantages in ICP-MS
instrumentation —such asimprovements in sensitivity, signal stability, and interference reduction
- combined with the development of novel engineering materials, have greatly expanded its
analytical capabilities. These innovations now allow for the measurement of a broader spectrum
of radionuclides, including those present at trace levels, with much greater precision and
sensitivity than previously possible.

As a result, ICP-MS now offers significant potential for the development of more efficient and

innovative radioanalytical methodologies capable of detecting very low levels of radioactivity.
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These advanced methods enable rapid and accurate radiological risk assessment which are
essential for ensuring public safety and informing evidence-based regulatory decisions.
Moreover, the versality of ICP-MS based approaches allows their application across a wide
spectrum of environmental studies, including the monitoring of radionuclide transport and
distribution within soil, water, and atmospheric systems.

Beyond environmental monitoring, these advancements in ICP-MS methodologies also play
crucial role in supporting nuclear and industrial decommissioning activities. They facilitate the
precise characterisation and clearance of contamination materials, thereby contributing to safer
and more cost-effective decontamination and waste management processes. Furthermore, ICP-
MS serves a s a powerful analytical tool in nuclear emergency response scenarios, where rapid,
sensitive, and accurate measurements are vital for effective intervention and mitigation
strategies.

In addition, the high specificity and sensitivity of ICP-MS for tracing radioelements provide
valuable insights into environmental tracing studies. These capabilities enhance the
understanding of fundamental processes such as pollutant migration, sedimentation, and the
biogeochemical cycling radionuclides®”.,

The integration of modern ICP-MS technology with emerging analytical and preparatory
techniques s revolutionizing the field of radiochemistry. This synergy enables scientist to achieve
unprecedented levels of sensitivity, precision, and isotopic resolution in the detection and
quantification of radioactive and trace elements. As a result, research can now explore complex
nuclear processes with greater accuracy, enhance environmental monitoring of radionuclide,
and improve safety protocols within the nuclear industry. Collectively, these advancements are
reshaping the landscape of radiochemical analysis, paving the way for innovative applications in

research, environmental protection, and nuclear safety applications.

1.1 Inductively Coupled Plasma Mass Spectrometry - ICP-MS

Over the past three decades, ICP-MS equipped with collision/reaction cell has become the
preferred technique for the rapid and accurate determination of many radioisotopes in several
matrices because of low sample consumption, high sensitivity, excellent precision, and potential
for multi-elemental analysis®®°. In 2012, Triple Quadrupole ICP-MS (ICPQQQ) technology was
first introduced in the market. This novel system is also equipped with a collision/reaction cell,
but two additional quadrupole mass filters are also present before and after the collision cell
(Figure 1). This new configuration with quadrupole in front and back of collision/reaction cell

(instrument operating in MS/MS mode) has significantly expanded the scope of application and
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improved the performance. This front quadrupole can be used to accurately controls the analytes
that enter the cell before reactions occur, resulted into precise control of the reaction chemistry
in collision/reaction cell. The use of MS/MS mode with ICP-QQQ enables the reaction chemistry
to be applied to the most complex and challenging interference problems in comparison to single
quadrupole mode. The Triple Quadrupole it is powerful tool and starts to play a significant role in
radiological analysis, and it has now the potential for replacing traditional radiometric
instruments in some applications. For example, for trace detection of actinides (uranium,
plutonium) in environmental samples!'® "], rapid screening of radionuclides in food and water('>

'3, and monitoring radionuclides in biological fluids!.

Modern inductively coupled plasma mass spectrometers are at the leading edge of the analytical
instrumentation market, driven by their exceptional sensitivity, multielement detection
capabilities, and their ability to perform ultra-trace analysis across a variety of industries.
Improvements in hardware design, collision/reaction technology (CRC), and software
automation have made contemporary ICP-MS systems faster, more reliable, and easy to use.
Their applications range from environmental monitoring, food and pharmaceutical safety testing
to semiconductor manufacturing, clinical research, and geochemical analysis, contributing to a

steady global demand.

Major manufactures such as ThermoScientific, Agilent Technologies, and PerkinElmer are firmly
established as leaders in the global ICP-MS market. The ThermoScientific iCAP TQ ICP-MS,
Agilent 8900 ICP-MS, and PerkinElmer NexION 2000 represent three prominent systems in
inductively coupled plasma mass spectrometry. Each one specifically designed to meet various

analytical requirements.

The iCAP TQ is a triple quadrupole device engineered for superior interference elimination using
reaction gases, making it well suited for regulatory testing, environmental monitoring, and

speciation studies [ThermoScientific]

The Agilent 8900 is recognized as the most sophisticated ICP-MS available, integrating dual
quadrupoles with highly efficient collision/reaction cell to achieve ultra-trace detection limits and
exceptional durability, which is especially appreciated in the semiconductor, geochemical, and

nUClea r sector [Agilent Technologies]

The PerkinElmer NexION 2000 is quadrupole system equipped with Universal Cell Technology
(UCT), enabling flexible modes; standard, collision, and reaction to adeptly handle diverse
matrices and interferences, ideal for routine applications such as environmental, food safety,

and clinical testing [PerinEimer]
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Collectively, these three instruments have unique strengths and is designed for different

application, from high-throughput routine analyses to the most rigorous ultra-trace research.

Summary of technical specification of these three instruments collected in Table 1.

Table 1. Technical specifications of ICP-MS systems
System iCAPTQ ICP-MS Agilent 8900 ICP-MS | NexION 2000 ICP-MS
Triple Quadrupole (Q1 Triple Quadrupole (Q1 Triple Quadrupole (Q0
Mass Analyser mass analyser; Q2 mass analyser; Q2 ion deflector (QID); Q1

Collision/Reaction Cell;
Q3 mass analyser)

Collision/Reaction Cell;
Q3 mass analyser)

collision/reaction cell;
Q2 mass analyser)

lon Deflection
System

90 degrees ion beam via
cylindricalion optic

Omega lens system
deflects the ion beam off
the central axis

90 degrees ion beam via
quadrupole fields

lon Detection

Electron multiplier with
pulse/analog switching

Electron multiplier with
pulse/analog auto-switch

Electron multiplier with
fast switching
pulse/analog

Cell (CRC)

Collision/Reaction Cell

Q1:2-240 amu Q1:2-260amu
Mass Range Q2:1-285 amu
Q3:2-290 amu Q3:2-275amu
Mass Resolution ~0.7 amu ~0.7 amu <0.7 amu
Abundance 10" 10 10" to10™
Sensitivity
- Hexapole
Collision/Reaction Flatapole Octopole Collision/ Collision/Reaction cell

Reaction Cell with axial
acceleration

with dynamic bandpass
tuning

Gas Switching
(CRC)

Moderate (30 seconds)

Ultra-fast (<5 seconds)

Dynamic on-the-fly gas
mixing and blending

Gass Lines

4 gas lines, extendable up
to 15 additional gases

4 gas lines, extendable up
to 12 additional gases

3 gas lines, extendable
up to 5 additional gases

Dynamic Range

10 orders of magnitude

11 orders of magnitude

Up to 14 orders of
magnitude (extended
dynamic range)

Detection Limits

Sub-ppt (parts per trillion)

Sub-ppt

Low ppt to sub-ppt
depending on element

These instruments are primarily designed to analyse samples in liquid form, however solid
samples can be also analysed. Indeed, solid matrices can be diluted in solvent or can be analysed

directly using an electrothermal vaporisation or laser-ablation technique!'>®,
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lon
Detection
Vacuum
Interface
lon Optics
and Mass Plasma
Analyzer

(lonization)

Sample
Introduction

Figure 1.  Schematic representation of iCAP TQ ICP-MS [ThermoScientific]

There are five fundamental compartments of ICP-MS system: 1) the sample introduction
(nebuliser and spay chamber); 2) plasma (ionisation); 3) the vacuum interface (sample cone and

skimmer cone); 4) the ion optics and mass analyser; and 5) the ion detection.

1.1.1 The sample introduction system

The sample induction system serves two purposes: the conversion of the sample into an aerosol
and guiding a representative part of the sample into plasma. But first, the liquid samples are
aerosolised by a nebuliser. The most used in inductively coupled plasma spectrometry is the
pneumatic nebuliser'™®. However, a number of different nebulisers are available such as
ultrasonic, the thermospray (superheated liquid), electrostatic, and jet impact, have also been
used®® 2" After being aerosolised by the nebuliser, the sample enters the spray chamber. The
spray chamber has a simple design but serves a few important purposes; it selectively filters out
the larger aerosol droplets that are generated by the nebuliser and acts to smooth out
nebulisation ‘pulses’ produced by the peristaltic pump?2. In the baffled cyclonic spray chamber
(Figure 2), the larger droplets are efficiently filtered out by turbulent deposition on the inner walls
of the spray chamber, and by gravity. In addition, the spray chambers are externally cooled for
thermal stability of the sample, minimise the amount of solvent going into the plasma and the

formation of oxides.
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\
i

O ™

Figure 2. Baffled cyclonic spray chamber with attached pneumatic nebuliser
[ThermoScientific]

1.1.2 Plasma (ionisation) — Inductively coupled plasma (ICP)

A plasma is an ionised gas that contains electron, ions, and neutral atoms/molecules. All
particles acquire or lose energy through collisions with one another or through contact with solid
objects. This energy is in the form of kinetic energy (Ey), related to the mass (M) and velocity (v)

of the molecule by the expression (Eq.1):
1 2
Ex = EMU (1)

The energy distribution of such a collection of molecules is statistical and is described by a
function known as a Maxwell-Boltzmann distribution. The mean kinetic energy of molecules, and

mean square speed c?, for a Maxwell-Boltzmann distribution is expressed as Eq. 2:

o2 = 3KT
== (2)

therefore, the mean kinetic energy of the molecules is related to the gas temperature by the

expression (Eq. 3):
—lyz_3
EK—ZMC —sz (3)
where:

k is Boltzmann’s constant,

T is temperature in Kelvin,
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M is the mass of the molecule in kg.

Thus, as the temperature increases, the particle velocity increases and therefore increasing the

collision frequency.

The inductively coupled plasma is generated at the end of plasma torch, manufactured from
quartz. The instrument use an argon plasma, although helium plasmas have been described!?® 24,
When argon gas passes through a quartz torch placed in an induction coil, radio frequency (RF)
power between 500 and 1600 W is applied, an alternating current oscillates within the field (the
frequency of oscillation is governed by the type of RF generator used, usually 27 or 40 MHz,
megahertz or million cycles per second). These oscillations set up electrical and magnetic fields
at the top of the torch. If a spark is then applied to the argon gas via a Tesla coil®, then electrons
are stripped from some of the argon atoms. These electrons then become trapped in the
magnetic field and are accelerated in closed circular paths. As these rapidly moving electrons
collide with neutral argon atoms, further electrons are stripped from the atoms and hence a chain
reaction is established. Because of their kinetic energy and collisions with other atoms, a large
amount of heat is generated, that is sufficient to generate and sustain a plasma at temperatures

up to 10,000 K.

The amount of energy required to generate argon ions in this process is approximately 15.8 eV
(first ionisation potential, i.e. the energy required to remove a single electron from an atom),
which is high enough to ionise the majority of the elements in the periodic table. In an argon
inductively coupled plasma, the degree of ionization (the fraction of atoms that are ionized)
depends strongly on the element’s ionization potential and the plasma temperature. Energy
transfer from plasma to sample aerosol results in the dissolution of the aerosol, followed by the
atomisation of the molecules and ionisation/excitation of the atoms!?®.. The latter process can
occur via different mechanisms, the most important mechanisms being®’:
e Thermalionisation/excitation; collisions between atoms, ions and electrons as shown in
Egs. 4 and 5:
M+ e” » Mt +2e” (4)
M+Ar - MT +Ar+ e~ (5)
e Penning ionisation/excitation; collisions between atoms in ground state and metastable
argon species shown in Egs. 6 and 7:
Arm+ M - Ar+ Mt + e~ (6)
Ar™+ M - Ar+ Mt + e~ (7)
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e |onisation/excitation by charge transfer; charge transfer between atoms and ions, as
shown in Egs. 8 and 9:
Art + M - Ar+ Mt (8)
Arf + M - 24r + M** (9)
where:

Ar is the argon atom; M is molecule; e is electron; * is the exited state!®l,

The level of ionisation is proportional to the plasma temperature and is described by the Saha
equation (Eq. 10)[%30;
[X_"’] . (2mekT;m)3/2 2Z y+ ,f—fi

£(%) = x] negh3 Zx © (10)

where:

([X*]/X) is the degree of ionisation of the atoms of element X,
1, is the electron density,

m, is the electron mass,

@x is the ionisation potential of an atom of element X,

k is Boltzmann’s constant,

his Plank’s constant,

T is the ionisation temperature,

Zyx+ and Zy are defined as the statistical weights weight of ions and atoms, respectively (assumed

to be 0.5)B",
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Table 2. lonisation potential, ionisation energy and degree of ionisation in the plasma for
some selected radioisotopes at 7500 K&

Element lonisation potential lonisation Energy Degree of ionisation
(Ei,eV) (¢, 10718)) (e, %)
Se 9.75238 1.563 30
Sr 5.69484 0.9124 100
Zr 6.63390 1.063 98
Tc 7.28 1.166 95
I 10.45126 1.674 13
Cs 3.89390 0.624 100
Pb 7.41666 1.188 94
Ra 5.27842 0.846 100
Th 6.3067 1.010 99
Pa 5.89 0.943 99
u 6.19405 0.992 99
Np 6.2657 1.004 99
Pu 6.0260 0.965 99
Am 5.9738 0.957 99
Cm 5.9914 0.959 99

From equation 21, it is possible to calculate the degree of ionisation for all the isotopes (stable or
radioactive) of a specific element (Table 2). Also, the level of ionisation is proportional to the
plasma temperature. Elevated plasma temperature facilitates a greater level of ionization for the

elements of interest, thereby increasing analyte sensitivity and enhancing detection efficiency.

Nevertheless, in situation where analytical sensitivity is not the primary concern, colder plasma
condition may be utilized. Reduced plasma temperatures lead to decrease matrix effect (signal
suppression) or analyte volatilization, providing a balance between performance and operation
stability for routine or less rigorous analyses. Colder plasma stabilizes the sample introduction

and ionization process®* %I,

1.1.3 Vacuum Interface

lons, photons and neutral atoms or molecules are extracted from the plasma into the interface
region via a small orifice at the tip of the sample cone (Figure 3). A mechanical roughing pump is
used to maintain an interface pressure between the cones. As ions enter this interface region, the

dramatic reduction in pressure causes a supersonic expansion of the ions, generating a so-called
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free jet’®, lons are subsequently extracted through an even smaller orifice in the skimmer cone
and into the main vacuum chamber which is held under high vacuum by a turbomolecular

pump. lons can be subsequently be guided effectively by charged surfaces called electrostatic

lenses.
Sampler Cone
Skimmer Cone
j Load Coil
[ 1 ICP Torch
i \ lon Beam Boundary OOO
Skimmer Cone R
Insert \'-IW .
| 5Ny |
Plasma Boundary OOO
Barrel Shockwave
Mach Disc Boundary
Position
Figure 3. Interface region [ThermoScientific]
1.1.4 lon optics and mass analyser

Anion lens system is used to transfer positive ions from the supersonic jet of sampled gas while
neutral particles were pumped away and guide the ions beam toward the reaction/collision cell.
Also prevent photons from reaching the detector. The ion optic system then separates electrons
from analyte ions, resulting in a positive ion beam that is then transmitted into the mass
spectrometer where ions are separated according to their mass-to-charge ratios (m/z) and then

counted®®®,

The iCAP TQ ICP-MS is equipped with 90° cylindrical ion lens (Figure 4) —the RAPID (Right Angular

Positive lon Deflection). Providing ion transmission across the mass rage — Table 1.
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Unique 90° cylindrical deflection lens for total elimination of neutral species

Figure 4. lon optics — Right Angular Positive lon Deflection (RAPID) [ThermoScientific]

While the ion beam progresses through the skimmer positive ions are drawn toward the ion lenses
while the electrons are repelled. The electrostatic repulsion between ions result in a radial
expansion or defocussing of the ions. This defocusing phenomenon is referred to as the space
charge effect. lon transmission under the space charge is also a function of ion kinetic energy
(Equation 12). lons with higher masses, i.e. higher kinetic energies, tend to stay more focused and
are transmitted more efficiently through the defocusing space charge than lighter ions. Thus, the

electrostatic field applied to ion lenses guiding the ion beam off-axis.

1.1.5 Collision/reaction cell (CRC)

Over the past decades, collision/reaction cells have been developed and applied in analytical
plasma mass spectrometry®®%7, A gas filled multipole (quadrupole, hexapole or octopole —more
information in the next section) is located before the mass analyser and the gas phase
ion/molecule interactions are responsible for the removal of polyatomic interfering ions!®®l.
Choosing an appropriate reaction gas is critical and is dictated by whether or not the gas reacts
efficiently enough with either the overlapping ion by removing it or with the analyte ion to move

the analyte to a new mass that does not suffer from an overlap®.
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. A

Figure 5. QCell collision/reaction cell (CRC) - flatapole

[ThermoScientific]

ICP-MS

The most useful reagent gases for ICP-MS can be classified as collision gas (e.g. He — inert gas),

charge-exchange reagent gases (e.g. Hz, NHs, Xe, CH4, and N,), oxidation gas reagents (e.g. O,,

N,O, NO, and COy,), relatively few adduction gases (e.g. H, and CO), and other reagent gases (e.g.

CHa, C,Hs, CoH4, CH3F, SFs, and CH3;OH). Several reaction mechanisms have been described in

literature and these are:

e Charge transfer reactions®”, for example (Eq. 11):

M*+ H, »> Hf + M
e Proton transfer®", for example (Eq.12):

MH* + H, -> Hf + M
e Hydrogen atom transfer“?, for example (Eq.13):

M*+ H, > MH*+H
e Atom transfert®], for example (Eq. 14):

M*+ 0, » MOt +0

(14)

Also, collision/reaction cell can selectively attenuate all polyatomic interferences based on their

size by use of a potential barrier between the cell and mass analyser. Kinetic energy

discrimination exploits the fact that all polyatomic ions are larger than analyte ions of the same

mass, so they collide with the cell gas more often as they pass through the cell, emerging with

lower residual energy. The lower energy ions formed in the cell are unable to overcome the

potential barrier and are thus prevented from passing through. For example, the monatomic ion

(¥'°Pb) and polyatomic ion (***PbHH) enter the cell with the same energy and collide with the inert

gas (He) (Figure 6). The molecular ion (**®PbHH) has a larger cross section than the analyte at the

same mass to charge (*'°Pb) and experiences more frequent collisions with He. Consequently,
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28pphHH undergoes a significant reduction in kinetic energy relative to the analyte (?'°Pb). Energy

filtering can be used to ensure only the analyte of interest pass through collision/reaction cell.

i
| @

S

= Quadruple potential =-12V
1 % ‘1
P ' \ A Kinetic energy discrimination =
® ® ® A @ —H 5 (12)=3V

Cell porential=-15V

Figure 6. Energy discrimination between 210Pb and 208PbHH in the collision/reaction cell
when He is used as the collision gas™¥

1.1.6 Mass analyser — quadrupole mass filter

Quadrupole mass filter are made up of four rods (e.g. circular, hyperbolic). The rods must be
perfectly parallel positioned at the corners of a squarel®!. The diagonally opposed rods are
electrically connected, so that two pairs of electrodes are formed. Each pair is supplied with a

combination of a direct current (DC) and a radio-frequency (RF) voltage (active current).

+ve RF & DC Voltage

ve RF & DC Voltage

Figure 7. Quadrupole mass filter [ThermoScientific]

The RF voltage on both electrode pairs is the same. lons entering the quadrupole can either

traverse according to a stable trajectory and finally reach the detector, or they can follow an
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unstable trajectory and be removed from the quadrupole prior to arrival at the detector (Figure 7).
The operation of quadrupole mass filter is best visualised by trajectory of a charge particle after

applied potential in the X-Z and Y-Z planes separately®® (Figure 8).

b)

SS5ION

3
)
=4
<
[+ 4
b=

SION

TRANSMIS

Figure 8. The quadrupole acts as: a) a high pass mass filter in the in x-z plane, b) a low pass
mass filter in the y-z plane, c) operation of the quadrupole as a bandpass mass filter
results from overlap of the high pass mass filter and the low pass mass filter/*

In the X-Z plane, combined direct current and active current have mass dependent effect on
trajectories ofions. If anionis very heavy and/or the RF of the active current potentialis very rapid,
then anionis influenced by the mean potential applied to the electrode structure. Thus, are only
influenced by the DC component, leading to focusing of the ion towards the central axis of the
quadrupole. The small period of time when electrodes have a negative potential (rapid RF) the
effect on the trajectories of heavy ions are negligible. In the Y-Z plane, DC potential applied to
lying electrodes is negative, whereas in the X-Z plane, DC potential is positive. As the heavy ion
tend to be influenced by mean value of the applied potential and in this scenario heavy ions with
negative charge are eliminated. Combining the effect of both the X-Z and Y-Z planes results in a
mass bandpass filter; only ions with an m/z within a narrow range will pass through the
quadrupole. These specific dynamics of this process will be governed by a number of factors;
magnitude of the negative potential applied to the electrodes, the period of time during which the
electrodes are held at a negative potential (e.g. the frequency of the ac waveform - RF), position,
velocity, and mass-to charge ratio (m/z) of the particle®®.. lons travelling along the z axis are

subjected to the influence of a total electric field made up of a quadrupole field (Figure 9).
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-

= X

Figure 9. The quadrupole potential. The shaded regions are the ends of hyperbolic shaped
rods. Lines are equipotentials (same potential) in the x, y plane. A potential +¢,, is
applied to the electrodes in the x direction and a potential —¢, to the electrodes in
the y direction. Equipotential contours have hyperbolic shapes. The potential at the
centre is zero®

The electric potential within the rods, ®(x, ), is described (Eq. 15):
2_.2
(x,y) =g, (15)

where:

x,y is the distance to from the centreline, 7 is the distance from centreline to an electrode (rod),

¢, - the potential applied to electrode.

The x direction corresponds to the positive electrode and the y direction corresponds to the
negative electrode for a positive ion™®. The applied potential ¢, has both a radiofrequency (RF)

voltage, V cos wt, and DC voltage, U, and is describe by (Eq. 27):

¢o =U —V coswt (16)
where:
V is the amplitude of RF voltage, w is the RF frequency, t is time, U is the DC voltage.

lon motion is determined by Newton’s second law and the force by electrostatic field (Eq. 17):

2 -
m%: —eF (17)

where:

e is anionthat carries an electric charge (in coulombs), E is the electrostatic field as a unit vector

(Figure 10).

32



Chapter 1

Figure 10. Electric field vector. Modified from reference!’..

Because, the electrostatic field is related to the potential and linked by Eq.18 147

(18)

The full equations (Egs. 20, 21, 22) of motion along the x, y and z axes of the quadrupole are:

2
% — rj:g [U+Vcos(wt)]x =0 (20)
d? 2
d—tjz/ - m—:g [U+Vcos(wt)]ly=0 (21)
d2
d—tf =0 (22)
By the substitution (Eq. 23):
wt = 2¢ (23)

And the introduction of the Mathieu parameters a and q (Egs. 24, 25) where!*®:

8eU

a=ax=—y=m (24)
4eV

q=qx = —qy = mw?re (25)

the Mathieu equation becomes (Eq. 26):
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Z% —[a+ 2qcos(2&)Jlu =0 (26)

where:u = x ory.

The solutions of the Mathieu equation are classified in two categories:
e The ‘stable’ ion trajectories describe the paths of ions passing along the full length of the
quadrupoles filter without hitting the rods;
e The ‘unstable’ ion trajectories represent the path of ions that hit the quadrupole rods and

are therefore lost from the system.
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Figure 11. Stability diagramme in terms of parameters a and q. The three inset diagrammes
show X and Y trajectories form/z = 202, m/z = 199 and, m/z = 197 amu (atomic
mass unit) in the regions exhibiting (4) Y instability, (B) no instability and (C) X
instability™®

Aline representing the ratioa/q = 2U/V can be drawn on the stability diagramme (Figure 11). The
line represents the ratio of the amplitudes of the RF and DC components is held constant, while
their absolute values are increased. Line is known as a mass scan line and consists of all the
values of a and q occurring in the scan. When the parameters e, w, 1y, U,V are kept constant, the
mass scan line can be considered as a line of points, each representing a certain mass. The slope
of the mass scan line can be adjusted by appropriate parameter settings so that only a small
segment of the mass scan line intersects the stable region. As a consequence, only ions with an
m/z corresponding to the masses in the stable region of the mass scan line will travel a stable
trajectory through the quadrupole (Figure 12). Amass scan can be performed by a linear increase
of the DC and RF components while their ratio is kept constant. When one point of the mass scan
line, inside the stable region, is considered when U and V are increased, this point corresponds
to an increasing m/z. The a versus g stability diagramme can be replaced by a U versus V

diagramme (Figure 13).
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Figure 13.
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Stability diagrammes in U, V space for ions in order of increasing mass/charge ratio.
By ramping the DC and RF potentials appropriately, only the peak of each individual
stability diagramme will be intersected. Therefore, the ions will be transmitted
selectively from the quadrupole mass filter, with the ions of lowest mass/charge ratio
being transmitted first’®”

Detector

The ion beam must be detected and measured by an appropriate system. The magnitude of the

signal to be detected is in the range of a few ions per second (sec.) for ultra-trace concentration

up to 10" ions/sec. for high concentration®". There are two mainly categories of detectors:

electron multiplayer (continuous dynode electron multiplayer or discrete dynode electron

multiplayer) and Faraday cup. —where eachion’s charge produces a small electrical current. This

current is then enhanced by high-gain electrometer, resulting in a measurable signal that

corresponds to the number of ions.
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Electron multipliers are capable of quantitatively measuring, with a very good reliability, a small
ion current (<107 A), corresponding to a trace element and even a single-ion current from a small
stream of ions. They, work on the principal of secondary electron emission. The electrons are

multiplied using either continuous or discrete dynodes (Figure 14).

(b)

first dynode

-- multiplication . I/\:—/UWIU
ion ;

electron multiplication

(a)

ion ---1-- electron

e
ignal

Figure 14. Electron multiplayer with (a) a continuous dynode and (b) several discrete dynodes

The multiplier can be operated in pulse counting mode, its most sensitive mode of operation, in
which an exponential cascade of electrons caused by successive impacts against the dynodes
coating results in a large electron pulse and a consequent gain of 10’-10® over the original ion
collision. Alternatively, the multiplier can be operated in analog mode with a gain of only 103-10%.
The pulsing counting mode is used for analytes present in low concentrations or a trace levels,
where individual ions on the detector results in discrete pulses that are counted, thus ensuring
high sensitivity. Nevertheless, when the analyte concentration is high, the ion flux may exceed the
capacity for pulse counting, which can lead to pulse overlap. In these cases, the analog mode is
preferred, as it allow the detector to measure the continuous current generated by ions. Through
the integration of these detection modes, ICP-MS instruments achieved a wide dynamic range
(Table 1), which supports the simultaneous quantification of trace and major concentration of
elements in complex samples with high accuracy and linearity. This capability is a primary
advantage of ICP-MS, facilitating thorough elemental analysis without the necessity for multiple

sample dilution.

Alternatively, the ion beam may be directed into a Faraday collector (Faraday cup) (Figure 15). The
Faraday cup detector is used for the measurement an analyte with an ion concentration of >10*
ions/s where ultra-trace element analysis is not required®?. With high ion’s flux (>10*ions/s), the
generated current is sufficiently robust to allow for precise measurement with minimal electric
noise. The accurate Faraday cup detector must neutralize the incoming singly charged particle
with exactly one electron. The Faraday cup is connected to ground via a high-ohm resistor (108 -
10129). Current signal is created when a potential drop is created because of the ion current
striking the metal electrode, which is balanced by electrons flowing from the ground - ions

produce a current (I) resulting in a voltage drop (V) across the resistor (R) proportional to the
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ion current incident at the collector by Ohm’s law (V =1 * R). Thus, measuring a single ion
current is particularly beneficial for analyses that demand high precision. This approach provides
stable and reproducible signals, which are crucial for accurate quantification and for determining
isotope ratios with high accuracy. As such, it is well-suited for investigations related to isotopic
composition, tracer experiments, or any other applications requiring precise isotopic

measurements.

Faraday cup collector

Secondary electron supressor

lon beam ———————"""

/ ! Deep Faraday cup
Exit slit

Figure 15. Schematic layout of a Faraday cup assembly. The cups are deep and have secondary
electron suppression in order to precisely record one charge per incoming singly
charged ion. Different resistor values are used depending on the ion current®¥

1.2 ICP-MS performance and challenges

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is widely acknowledged as one of the
most effective methods for elemental and isotopic analysis due to remarkable sensitivity,
accuracy, and capability to analyse multiple elements simultaneously. This technique can detect
elements at trace and ultra-trace concentrations, with detection limits reaching the parts-per-
trillion (ppt) level. A key advantage of ICP-MS is its extensive dynamic range (Table 1) which allow
for the concurrent quantification of trace elements alongside major constituents within a single

sample.

Additionally, ICP-MS delivers high throughput and rapid analysis, making it suitable for a range of
application including environmental monitoring, clinical analysis, food safety, and geochemistry.
Another significant benefit is its capacity to perform isotopic ratio measurements with high
precision, which is crucial for tracer studies, radiogenic isotope analysis, and nuclear

applications.

Although ICP-MS has notable strengths, it also faces several analytical challenges that can
influence its curacy and reliability. There are four basic types of mass spectrometric
interferences: isobaric spectral overlap; polyatomic molecular ion overlap; multiple charged

species (usually doubly charged ions); and background contribution to the measurement of
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analyte. To mitigate this issue, modern instruments often incorporate collision/reaction cell
(CRC) or triple quadrupole technology, which utilize inert or reactive gases to reduce or eliminate
these interferences. Another challenge is the matrix effects, where elements of the sample matrix
can either suppress or enhance the signals of analytes, resulting in inaccurate quantification. To
address these effects, sample preparation, extraction of element of interest, the use of internal

standard(s), and optimised plasma condition are required.

The challenges outlined here focus on the optimisation process, which involves the careful
adjustment of plasma parameters, ion optics and the use of collision/reaction cell to remove

isobaric overlaps, polyatomic formation, and matrix signal suppression.

Complementing these instrumental strategies, rigorous sample clean-up procedures are
implemented to reduce matrix load and eliminate any potential contaminants before the analysis

takes place.

1.21 lon-counting versus radiation counting

In mass spectrometry, the conventional unit of analyte quantity is the gram, whereas it quantity
of radiation emitted reported in Becquerel (Bq) (number of nuclear rearrangements per unit of
time) when using traditional radiometric techniques. Both units are related to each other, and
the conversion is detailed below. Radioactive decay occurs at a contestant decay rate (4),
specific for each radionuclide. The decay rate is a measure of the number of disintegrations per

unit of time (t) and can be expressed as (Eq. 27):
A=N2A (27)

where N represents the number of radioactive atoms and A is the decay constant (t™1), or

fraction of atoms undergoing rearrangements per unit time.

The number of radioactive atoms (N) is proportional to the mass of analyte (m) with respect to

molar mass (M) and Avogadro’s number (Vy), thus can be expressed as (Eq.28):

N = Narm (28)
M

The decay constant (1) is specific to a radionuclide and can be expressed as (Eq. 29):

t1/2

where ty /, is half-life of radionuclide.
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By substituting (Eq. 28) into (Eq. 27), using information from (Eq.29) and rearranging the

equations, the result) in grams can be calculated following (Eq.30):

m = 212 (30)

In2 *N 4

In mass spectrometry methods, the atom numbers of the radioelement of interest are directly
measured. As the half-life of the radionuclide decreases, the specific radioactivity (Bg/g) of the
radionuclides increases in a clearly linear fashion (Figure 16). As such, relative to the mass
spectrometric method, the shorter the half-life of the radionuclide, the more sensitive is the
radiometric method. In the other words, radiometric methods are generally sensitive for short-
lived radionuclides, whereas mass spectrometric methods are sensitive for long-lived

radionuclides.

In addition, improvements in instrument sensitivity achieved through advances in sample
introduction, mass spectrometry configuration and design, has opened up the possibility of using
ICP-MS for quantification of shorter-lived radionuclides such as *°Sr, significantly reducing the

analytical time for such analyses®*.
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Figure 16. Relationship between the half-life and the mass equivalence for a specific activity (1
Bq) for the radioisotopes®”
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1.2.2 Isobaric and polyatomic spectral interferences

Spectral interference is a serious challenge to ICP-MS because it leads to inaccurate
determination of the analyte concentration. Spectral interference refers to the signals generated
by isobaric and polyatomic species which overlap with the mass to-charge (m/z) ratio of the
analyte being monitored® ., These overlapping signals result in an overestimated value
compared to the analyte concentration. Isobaric overlap is because of the monoatomic species
that have the same m/z ratio as the target analyte, e.g. °°Sr and *°Y, °Zr. Polyatomic interfering
species may come from plasma gas, plasma-entrained atmospheric gas (forming the C, H, N, O,
and Ar-containing species), acids or solvents (generating the oxide, hydroxide, C, Cl or S-based
polyatomic species), or buffers and salts (yielding the S- and P-containing species) in the sample

solution.

The most straightforward approach to remove this spectralinterference is to monitor an element
which is free from spectral overlap. However, the solution to the problem may not be
advantageous because the interference-free element may have much lower abundance.
A second non-instrumental approach is mathematical correction. For example, a correction
factor can be used to the analyte of the interference-free isotope of the element®" ¢2, Also,
spectral interference can arise from the species present in the solution and thus reduce the
detection sensitivity. Different types of sample preparations could be used to isolate the
elements of interest prior to instrumental analysis, which is the third non-instrumental approach

to reduce interference.

Optimisation of instrumental parameters can also reduce spectral interferences. Changing the
temperature of the plasma by optimising the radio-frequency power would result into a reduction
in the interfering signall®® %1, Another approach to reduce interferences is introducing either
collision gas or reaction gas into a pressurized cell. Collision gases such as Helium (He) and
Hydrogen (H,) will collide with both the interfering polyatomic species and the target analytes.
However, the interfering elements are often larger in size than the target analytes, they will lose
kinetic energy more readily after collision with gas and be expelled in the mass analyser without
being detected. In case, when the reaction gas such as Oxygen (02)®572, Ammonia (NH3)E7- 7176,
Methane (CH.)"779, and Hydrogen (Hy)"" 728281 g introduced, the gas can either react with the

target analyte to form another species which is interference-free for detection or react with the
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interfering species and convert them to other species, such that they no longer overlap with the

analyte of interest.

1.2.3 Multiple charged species (double charge)

In mass spectra obtained from ICP-MS not only single charge ions appear, but also double charge
ions. These ions may lead to spectral overlap interferences. Doubly charged ions (M?*) are formed
from elements with a low second ionisation energy and for elements that have a high lon-oxygen
(MO) bond strength, oxide (MO*) and hydroxide ions (MOH") are formed. By settings of the

instrumental parameters the intensities of these species can be reduced®®,

1.2.4 Background

The background of the mass spectrum is the count rate in the absence of any specific species at
the m/z value where an analyte ion is to be measured quantitatively. True background count rates
generally result from unknow ions, which reach of the electron multiplier; photons, which result
from stray light inside the mass spectrometer; and random electronic noise generated in the
detector (usually as a function of temperature). Background measurements are often used in ICP-
MS as a diagnostic tool but also a way to correct the instrumentation is performing property or

requires maintenance to function reliably.

1.2.5 Chemical (matrix effect) interference and physical interference

High concentrations of a matrix constituent (chemical element) can cause a suppression of the
ion analyte. Furthermore, matrix-induced space charge effects could occur if the contribution of
a high concentration of matrix ions is significant. Based on space charge effects, heavy analyte
ions (which have higherion kinetic energies) should be less affected than light analyte ions (1.1.4.
lon optics and mass analyser). It means, the suppression is most severe for light analyte ions in
the presence of higher mass matrix elements as a result of the defocusing nature of ions under

the space charge effect. Matrix effects are the most challenging problem for ICP-MS analysis as
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matrices are likely to be unavoidable ingredients in the analysis of real samples. This interference
is not necessarily specific in nature and is usually not limited to a single interferent element.
Therefore, by reducing the absolute concentration of the matrix components (by dilution),

suppression effects can be reduced to an insignificant level #2 8,

Also, matrix effects can be eliminated with chemical or physical separation prior to analysis.
Precipitation and solvent extraction have been used successfully to remove the matrix from
samples prior to analysis by ICPMS. However, chromatography has been the most popular.
Chromatography using either ion-exchange or chelating resins for matrix removal has proved to

be a very successful technique in eliminating the matrix for the analysis of real samples®84-8¢],

One type of physical interference effect is that associated with a high dissolve solids content in
the sample. As the concentration of the total solids in the sample increases, the possibility of drift
in analyte ion current signals becomes more problematic. Internal standards can be used to
correct for the depression of analyte signal caused by this build up on the sampler cone. This
approach does not require sample dilution for correction of the drift. However, it can be used in
conjunction with sample dilution to achieve optimal correction. Also, matrix matching of the

calibration standards to the sample composition will improve this situation®-%%,

Other types of physical interference effects include those affecting the nebulization/sample
introduction process. These sample transport effects, which result from differences in viscosity,
surface tension, and volatility, can be minimized by dilution. The use of a delivery pump to

transport the sample solution to the nebulizer will normalize these effects to a limited extent.

A serious problem can result from contamination of the analytical system (i.e. sample transport,
nebulizer, spray chamber, plasma torch, and attendant tubing and fittings) by high
concentrations of analytes originating from sample solutions. If care is not exercised when
analysing multiple samples, then analyte carryover can mitigate the quality of the analytical
determinations. After the ion measurement is made (i.e. signal integration is performed), the

analytical system must be wash out before the next sample can be processed.
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1.3 Expected benefits of ICP-QQQMS technology for measuring of

radioisotopes in environmental matrices

Inductively coupled plasma mass spectrometry (ICP-MS) started to play wider role for measuring
medium and long-lived radionuclides and became alternative to traditional alpha and beta
counting techniques®'*%! |CP-MS s increasingly growing and becoming a recognised technique
for the measurement medium and long-lived radionuclides due to sensitivity, speed and sample
preparation compared to traditional radiometric techniques: alpha and beta counting. Many of

reviews, work have been published on the measurement of radionuclide by ICP-MSP4 71:72:91,

The determination of radionuclides in environmental samples is important in relation to the
protection of human health. Numerous sources of ionizing radiation can lead to human exposure:
natural resources, nuclear explosions, nuclear power generation, the use of radiation in medical

industrial and research purposes, and radiation-emitting consumer products®2,

The environmental samples, including biological, geological, and water samples, exhibit
significant complexity and contain a wide range of analytes at various concentration levels. The
biological samples consist of a complex mixture of carbohydrates, proteins, and lipids. The
geological samples may consist of a combination of different materials, e.g., clay, organic
material, silicanes, while water sample contain dissolved solids. Prior to analysis, it is necessary
to decompose the organic matter or otherwise remove the matrix to release the compound of
interest, e.g., radionuclide from the sample matrix. Sample pre-treatment is therefore a critical
step, and in many cases is effectively supported by microwave-assisted digestion techniques.
This technique involves a pressurised closed-vessel system where the sample (usually in acid) is
heated by microwave. The boiling point of acid is raised by the pressure produced inside the
vessel and the temperatures reached are higher than under normal pressure, thus the total
digestion (decomposition of the matrices: organic matter, clay, silicanes, other minerals etc.) is
completed in a shorter period of time. This technique is especially advantageous in emergency
contexts, such as following accidental releases of radionuclides, where environmental
concentrations are likely be high. In such scenarios, only minimal sample amounts are necessary
for analysis to achieve accurate and reliable outcomes. The ability to work with smaller sample
volumes is beneficial for several reasons. Firstly, it reduces the handing of radioactive materials,

thereby mitigating health risks to laboratory personnel.

Secondly, smaller sample sizes allow for quicker preparation and analysis, which is critical for
timely decision-making in emergency responses. Finally, minimizing sample sizes also decreases

the production of radioactive waste, which is essential for safe laboratory operations and
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subsequent waste management. Microwave-assisted digestion enhances this methodology by
allowing for the swift and effective breakdown of organic materials and the release of
radionuclides from complex matrices, ensuring precise quantification in a variety of
environmental samples.

The varied types of sample induction, e.g., laser ablation, desolvation system, allow for
customisation of techniques for specific sample matrix or form of analyte. Laser ablation (LA) is
a tool for direct analysis of solid samples combined with ICP-MS. It allows for macroscopic
analysis and/or mapping, with advantage of being fast and doable for routine analysis. With the
desolvation system where the solvent is removed from analyte, the sensitivity of ICP-MS is
improved by enhancing analyte transport efficiency, reducing solvent loading to the plasma and
significant reducing of hydride generation. Compared with conventional pneumatic nebulization,

injected water vapor causes oxide and hydride polyatomic ion interferences.

The Aridus 3 desolvating nebuliser system is a specialised liquid sample introduction for ICPMS
instruments. Principle of operation based on introduction the liquid sample by self-aspirating C-
Flow PFA (perfluoroalkoxy) nebulizer. The nebulizer aerosol is sprayed into heated PFA spray
chamberto maintain the sample aerosolin a vapor phase. The sample vapor then enters a heated
fluoropolymer membrane desolator module — Figure 17. Fluoropolymers such as perfluoroalkoxy

(PFA) is used for lowest trace metal blanks and maximum chemical resistance.

Aridus 3 Schematic

Liquid

Sample Heated PFA Ar Sweep Gas In —L J7 N2 Addition

[Spray Chamber
I

]— Heated Fluoropolymer Membrane

J L Ar Sweep Gas Out

Nebulizer

— To ICP-MS

C-Flow PFA Nebulizer -~

Pumped Drain

Figure 17. Schematic of Aridus 3 —desolvation nebuliser system [Teledyne Cetac Technologies]

The vapor from the spay chamber is transported to a heated fluoropolymer tubular membrane.
Solvent vapor passes through the membrane and is removed by an exterior flow of argon gas
(sweep gas) and additional nitrogen gas. The enhanced sensitivity reduced solvent loading to the
plasma and significant reduced of hydride generation are advantageous of this system which be
explore further in this work.

With introduction of triple quadrupole ICP-MS technology in 2012, the system has significantly
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expanded the scope of application. It is powerful tool and starts to play a significant role in
radiological analysis. With combination of different types of sample induction can be applied to

more complexes matrices.

1.4 Aim and objectives of the project

The main aim of this research project is to evaluate the potential benefits of using the
ThermoFisher iCAP Triple Quadrupole ICP Mass Spectrometer (iCAP TQ ICP-MS) for measuring a
selection of radioelements present at very low levels in food and other environmental matrices.
This system presents specific configurations in comparison to other ICP-TQMS technologies
available on the market, by integrating a distinctive orthogonal deflection lens, referred to as the
Right-Angle Positive-lon Deflection (RAPID) system. The RAPID configuration implements a right-
angle deflection that improves ion transmission efficiency while simultaneously minimizing the
transmission of neutrals atoms and molecules, and photons. By way of independent case
studies, several optimisation parameters will be tested included the use of an additional
desolvation system (Aridus 3) and new analytical applications will be developed for different
environmental matrices and three radioisotopes of high interest: strontium-90 (*°Sr), iodine-129
(**°l) and radium-226 (***Ra).
The objectives of this project are:
1. Optimisation of the plasma condition, extraction lens and first quadrupole entry lens
voltage for analysis of strontium-90 (*°Sr), iodine-129 ('*°l) and radium-226 (***Ra).
The ionisation efficiency, robustness of the plasma, and transmission of analyte ions into
mass spectrometer are strongly depended on these parameters. Utilizing the iCAP TQ
ICP-MS, optimisation of these parameters enhances efficiency and ion transmission into
the mass spectrometer while minimizing space-charge effect. Fine-tuning of the plasma
power, extraction lens potential, and quadrupole entry lens voltage is essential to
maximize sensitivity for target radionuclides and stable operation when analysing
complex environmental matrices.
2. Optimisation of oxygen flow as a reaction gas and helium as a collision gas to remove
interferences for qualitative and quantitative determination of ®*Srin milk and seawater.
In the iCAP TQ ICP-MS, oxygen gas can be used in the collision/reaction cell to convert
analyte ions to mass-shifted product ions, thereby separating them from isobaric and
polyatomic interferences. Helium used in collision mode, removes polyatomic species.
Optimisation of the oxygen and helium flows is crucial to suppress major interferences
such as %°Zr, 2°Y, "H'H®Sr, "H®Sr, ensuring accurate detection of ®Srin complex matrices

like milk and seawater.
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Development of novel method for quantifying low levels of *Sr in milk and seawater
samples.

Owing to the radiotoxicity of °Sr, achieving ultra-low detection limits is essential. This
objective focuses on combining optimised the iCAP TQ ICP-MS condition with matrix
separation/preconcentration strategies (e.g., extraction chromatography of Sr) to allow
for accurate and reproducible quantification of %°Sr at environmental relevant
concentration.

Optimisation of oxygen flow as a reaction gas in order to remove '**Xe interferences for
guantitative determination of '*°l in seaweed and seawater materials.

A major analytical challenge in I determination is the interference from '**Xe, which is
present in the plasma gas (Ar - Argon) and instrument background. By controlling oxygen
flow in the collision/reaction cell, selective ion-molecule reaction can be promoted to
suppress '*°Xe signal, thereby enhancing the signal to background ration for '*|.
Development of a novel method for the determination of ?*Ra in sediment and seawater
samples.

The accurate quantification of >?®Ra is analytically challenging due to isobaric overlaps
and matrix interferences from alkaline earth elements commonly presentin seawater and
sediments. This objective involves developing of the iCAP TQ ICP-MS method that
incorporates optimised reaction/collision cell conditions, as well as chemical separation
steps to achieve precise and interference free measurements of 2°Ra in environmental

matrices.
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Chapter2 Optimised removal of interferences for the

measurement of °*Sr in milk and seawater samples

2.1 Strontium in the environment

Strontium - symbol Sr, atomic no. 38; is a natural occurring alkaline earth metal (lying in group lla,
period 5, between calcium and barium in the periodic table). The mineral was discovered in 1790
by Adair Crawford and William Cruickshank at Strontian (Scotland) and was firstisolated in 1808.
Strontium occurs naturally as strontium sulfate (Celestine - SrSO,4) and strontium carbonate
(strontianite - SrCQO;3) and is mined from these minerals. Strontium concentrations and isotope
ratios in rock, groundwater, soil, plants, and animals thus depend on local geology % °4,
Strontium accounts for 0.02-0.03% of the Earth’s crust > ®, This element has four stable,
naturally occurring isotopes: #Sr (0.56%), %Sr (9.86%), ¥’Sr (7.0%) and 28Sr (82.58%). Only ¥’Sr is
radiogenic since it is produced by decay from the radioactive alkali metal #Rb, which has a half-

life of 48.8 billion years ],

The ratio ¥’Sr/®6Sr is the parameter typically reported in geological investigations (age of rocks -
older rocks will in general have higher ¥Sr/%Sr ratios than younger ones) ¥7:%8; to study migration
patterns of ancient populations (e.g., Vikings in Iceland, African slaves in colonial Mexico,
migrants in Roman London) ®%'%"; food authentication (origin of products, e.g., wine, olive oil,
cereals, mineral water, cheese, rice, honey) '°4'%] gnd forensic sciences (mostly narcotics, e.g.,

heroin) %7,

Strontium in the Earth’s crust/rocks is released into the atmosphere as a result of natural
weathering of rocks and soils, entrainment (lifting) of dust particles, resuspension of soil by wind
and sea spray — aerosol mechanically produced from the interaction of wind at the sea surface "
108,109 Human activities play a crucial role in the contamination of the environment with
strontium. The milling and processing of compounds that contain strontium, along with the
burning of coal, release strontium into the air. The quantity emitted from coal-fired power plants
is influenced by the strontium content in the coal, the amount of coal that is burned, and the
effectiveness of fly ash capture. During the combustion process, around 90% of the coal mass is
utilized, resulting in approximately 10% remaining as non-volatile material (fly-ash), which may
contain strontium levels ranging from 100-4,000 ppm (or mg/kg) of strontium!%. Other
contributors to atmospheric strontium include the application of phosphate fertilizers sourced
from rocks!"' and the use of pyrotechnic devices, such as fireworks and flares, which emit red

colour due to strontium compounds!''2"%l, Wet and dry deposition moves strontium into soil,
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groundwater, rivers, seas and into food chain ""® "7 Plants do not discriminate between
strontium and calcium during uptake and metabolic utilisation ''®'2%, [eading to its accumulation
in vegetation. Aquatic organisms, particularly fish, also strongly accumulate strontium !'2': 122,
which can pose a potential risk to human health through dietary ingestion. A study led by Bronner
et al. found that strontium and calcium followed the same metabolic pathway in human
qualitatively, but with significant quantitative differences in how the body handled these two
elements ['*], The major difference was in the urine, with the fraction of strontium excreted in the
urine three times that of calcium, on the average [''% 1241251 Although strontium is a bone-seeking

element, easily absorbed and incorporated into bone and tooth enamelin place of calcium #6126,

There are 35 known isotopes of strontium ['*”) — 4 stable, natural (3*Sr, ®Sr, ®’Sr, #8Sr) and 31
unstable, anthropogenic ("*Sr, 4Sr, 7*Sr, "®Sr, 7’Sr, 78Sr, 7°Sr, 8°Sr, ®Sr, 82Sr, 83Gr, 8°Gr, 89Gr, S, °'Sr,
98r, %8r, %Sr, %8r, %Sr, ¥Sr, %Sr, %Sy, 1°°Gr, 101Gy, 102Gy, 193Gy, 104Gy, 195Gy, 196Gy, 107Gr), Only four

radioactive isotopes of strontium, 82Sr, %Sr, #Sr and *°Sr, have found practical applications %],

Strontium-82 (2Sr) is used to produce rubidium-82 (¥2Rb) ['?° 3% which the main field of its
application is positron emission tomography (PET) of the cordial system 333 Rubidium
behaves like potassium in the body and very quickly transfer to the blood stream. The
radionuclide (®?Rb) decays by emission of positrons (positive charge particle). The positron is
emitted from the nucleus and rapidly loses kinetic energy before colliding with an electron
(negative charge particle). Both particles annihilate and emit 2 gamma rays with energies of 511
keV. The two gamma rays travel in opposite directions with an angle very close to 180 degrees.

Thus, a PET instrument detects a coincidence pair of 511 keV gamma rays !'34,

Strontium-85 (85Sr) and strontium-89 (¥°Sr) are used in medicine for palliative therapy of bone
tumours %142 Strontium is preferentially incorporated into bone at sites of increased disease!'**

44 This localisation focuses the radiation exposure on the cancerous lesion.

Strontium-90 (*°Sr) is not used in nuclear medicine because of its long half-life (28.8 years);
however, its short-lived daughter (half-life: 64.04 hours) Yttrium-90 (°°Y) is utilised in therapy of
various tumours - liver ['*], brain '“®!, breast cancer and prostate cancer ['*”], This radionuclide is
also used as a power source for radioisotope thermoelectric generators (RTG or RITEG) where
heat energy is transformed into electricity by the Seebeck effect. In the Seebeck effect, the
electromotive force is created in the presence of a temperature difference between two different
metals or semiconductors, which creates a continuous current in the conductors if they form a
complete loop. RTGs have been used as power sources in lighthouses and navigation systems
such as those built by the former USSR (Union of Soviet Socialist Republics) inside the Arctic

Circle '8 in space probes, and satellites ['4% 1%,
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However, °°Sr is one of the by-products generated from the nuclear fission of uranium-235 (>U)

in a nuclear reactor (see Figure 18). Its production yield is more than 5% ['5",

Neutron

Fast
neutrons

Fission
fragments

(A) (B) (C) (D)

Figure 18. The fission process. (A) A neutron approaches a U-235 nucleus; (B) the U-236
compound nucleus is formed in an excited state and elongated; (C) the nucleus
further distorts into the shape of a dumbbell; and (D) the nucleus separates into
fission fragments, fast neutrons, and gamma rays ['%%

The nuclear reaction equation for fission resulting from neutron absorption in 2°U may be written

in general form (1):

25U+ n > giFl + ZFZ + 9n + energy (1)
Where:
F,, F, —two fragments (fission products).

An example of fission products showed in equations 2 to 5:

233U + 3n > 9Kr + 1E2Ba + 23n + energy (2)
32.3 seconds 2.6 minutes 28.8 years 64 hours
20KT 29Rb EAY 2%r 2971 (stable) (3)
233U + 3n > §82Kr + 1E2Ba + 3%n + energy (4)
3.2 minutes 15.4 minutes 50.5 days
8Kr 8°Rb 8osr 8%Y (stable) (5)

Equations 3 and 5 showed decay of krypton nuclides and that strontium is the longest-live nuclide

in the chain. The decay processes of °*Sr and #Sr are shown Figures 19 and 20, respectively.
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Figure 19. Strontium-90 decay diagram
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Figure 20. Strontium-89 decay diagram

Radioactive strontium was mainly released into the atmosphere from aboveground testing of
nuclear weapons during the period in 1950 — 1963, a severe accident in 1957 at Sellafield,
formerly known as Windscale Works, and the nuclear power plant accident at Chernobylin 1986.

At that point, the determination of anthropogenic radionuclides, as e.g., ®Sr started to be studied

extensively.

%Sr is one of the most hazardous fission products due to its chemical similarity with calcium and
its relatively uniform distribution within the bone volume, where it exchanges with calcium in

hydroxyapatite ['*3 — a major component and an essential ingredient of bones and teeth. Its

accumulation to bone tissue may cause damages to the bone marrow [154 %%,

50



Chapter 2

The first measurements of *Sr in the environment has been routinely undertaken as part of the
Project Sunshine "*® in the United States following nuclear weapon tests "5 %€, The aim of this
project was to analyse samples of soil, plants, animals, dairy products, human bone, and other

materials from the United States and other parts of the world for levels of %°Sr ['%9],

AtWindscale (currently known as Sellafield, UK), two nuclear reactors were constructed between
1947 and 1951 to produce plutonium and other materials for the United Kingdom’s weapons
program. The reactors were cooled by air, that was supplied by blowers, filtered and discharged
to the atmosphere via 120m stacks "®?, From 1954 to 1957, particles of uranium oxide (fuel),
containing fission product activity (**'l, '*’Cs, °°Sr), were discharged and deposited in the vicinity
of the site '®"l. Monitoring of milk and other foodstuffs, and autopsy samples of human bone, were
analysed for °°Sr at Harwell (Radiobiological Research Unit) or Woolwich (Atomic Energy
Authority) from 1954 to 1957 ['®2'83]_|n October 1957, a fire at the nuclear reactor gave rise to the
largest accidental release of radioactive material in the history of the nuclear industry in the UK
[160-162,164-1701 The amount of radioactivity released during the accident is not known precisely, but
approximate estimates were made from the measurements of the radioactive iodine deposited
on the ground in UK, and from measurements on air filters obtained both in the United Kingdom

and continental Europe!'®®,

The catastrophe of the Chernobyl reactor on 26" April 1986 released a large quantity of many
radionuclides during a period of 10 days. The generally northward flow air across western Europe
brought detectable activity to eastern France, Belgium and the Netherlands on 1 May and to the
United Kingdom on 2" May. Contaminated air arrived in Greece on 2" May in the north and on 3™
May in the south """ 72, Airborne activity was also reported in Israel, Kuwait, and Turkey in early

May.

Long-range atmospheric transport spread the released activity throughout the northern
hemisphere. Reported initial arrival times were 2" May in Japan, 4" May in China, 5" May in India,
and 5-6" May in Canada and the United States ['377%]. The estimated release of radioactivity from

the destroyed reactor reached a total of about 13 Exa Bq (1 Exa Bg = 108 Bq) ['7¢-778l,

On the 11" March 2011, an earthquake and subsequent tsunami severely damaged the
Fukushima-Daiichi Nuclear Power Plant (FNPP), Japan. The damage to the plant resulted in

hydrogen explosions on 12" and 14™ March in the Unit 1 and 3 reactors, respectively. The
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atmospheric release of radioactive fission products started on 12" March 2011 with a maximum
release phase from 14" to 17" March. The radioactivity released was dominated by volatile fission
products including isotopes of the noble gases xenon ('*3*Xe) and krypton (¥Kr), iodine (**'l, *2|),
caesium ('%4Cs, "¥Cs, '¥’Cs) and tellurium ('*2Te) '7°183, All of them were transported across the
Pacific toward the North American continent and reached Europe despite dispersion and
deposition along the route of the contaminated air masses '®. Airborne fission products (e.g. '*'l,
87Cs) were detected in Seattle, USA !"®®; Krasnoyarsk, Russia ['%l; and more than 150 sampling
locations over Europe 84,

The FNPP accident also caused an additional *°Sr pollution. The total amount of *°Sr released into
the sea was estimated to be ranging between 0.09 and 9 PBq "®”!, 1 and 6.5 PBq !"®®. The*Sr
activity concentration in surface seawater near the harbour of FNPP was found to be ranging

between 0.2 and 400 kBg/m?3['88,

2.2 Determination of °°Sr

The determination of *Sr in environmental samples requires radiochemical separation, i.e., to
separate the nuclide of interest from other radioactive ions that are present using a precipitation
technique, solvent extraction, ion exchange techniques, extraction chromatography or mix of
them ['®], Also, it requires purification from some of the sample matrix as well as other interfering
radionuclides, particularly of the elements close in the periodic table, prior to radiometric
counting %192 For example, the analysis of °°Sr and ®Sr requires separation from calcium-45
(*°Ca), Yttrium-91 (°Y), Zirconium-95 (%Zr), Ruthenium-106 ('°°Ru), Barium-140 (*°Ba). These
radionuclides are fission products ['**'%7'and decay with the emission of beta particles which can

interfere during the instrument measurement with strontium [198 71991,

The traditional radioanalytical method is based on the precipitation of an acid leached sample in
concentrated fuming nitric acid ['92200.201 |t js a robust method and has the great advantage of
handling large amounts of sample 2°"2°21, However, this approach is also a time-consuming and
labour-intensive process, and uses fuming nitric acid, which is both hazardous and expensive.
This traditional procedure was improved by replacing fuming nitric acid with other chemicals to
separate strontium from the sample matrix, for example, sodium hydroxide 12°®, cation exchange
resin associated with cryptand 222 (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]-
hexacosane 24 (see Figure 21), tributyl phosphate (TBP) [2%! (see Figure 22), bis(2-ethylhexyl)
phosphoric acid (HDEHP) [2°°! (see Figure 23), strontium resin — 4,4’(5’)-bis(t-butylcyclohexano)-
18-crown-6 (see Figure 24) and many others. A review of analytical methods on determination of
%Sr has been published to give an overview about the development of both separative and

analytical methods "% 2°71, Specific preparative procedures were also developed such as sample
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decomposition, pre-concentration and selective separation of °°Sr using precipitation, ion

exchange extraction, solvent extraction and chromatographic extraction.

Figure 21. Structure of 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane
(Crypland 222)

Figure 22. Structure of tributyl phosphate (TBP)
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Figure 23. Structure of bis(2-ethylhexyl) phosphoric acid (HDEHP)

Figure 24. Structure of 4,4’(5’)-bis(t-butylcyclohexano)-18-crown-6 (strontium resin)
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The strontium resin (4,4°(5’)-bis(t-butylcyclohexano)-18-crown-6) is a selective extraction
chromatographic material that offered a new option in radiostrontium analysis in 1992 2°¢], As an
alternative separative method, the solution of 4,4’(5’)-bis(tert-butylcyclohexano)-18-crown-6 in
1-octanolis adsorbed on an inert polymeric substrate (Sr-resin, TrisKkem International), providing
a simple and effective method for the separation of strontium from nitric acid media. This resin
showed an excellent selectivity for strontium over a number of alkalis, alkaline earth, and other
metal cations e.g., calcium (see Equation 6). Many authors have reported methods using Sr-resin

for strontium separation in various environmental samples prior to radiometric measurement 2%

219]

Sty + Crowng,g + 2N03 44 < ST(N0O3),Crowne,g (6)

Scientists have used Sr-resin for °*Sr separation in soil, brown rice, tea and milk powder 2%,
radioactive waste 12'- 215 219 reference materials (milk powder, whey powder, clover, soil) #'%,
seawater 232" deer bones *'¥, meat and fish *'®!, milk and dairy products (yoghurt, curd cheese,
butter) [2°%217.218 The use of this particular Sr preparative resin is much simpler, safer, and faster

than the traditional fuming nitric acid method.

Usually, *°Sr concentration is determined indirectly by measuring its daughter product, Yttrium-
90 (*°Y), after ingrowth until secular equilibrium is reached (~15 days). This measuring technique
is called Cerenkov counting and is performed by liquid scintillation counting (LSC). Cerenkov
counting is a technique used for the determination of medium to high-energy beta emitters (>263
keV Emax - in water) in solution using a liquid scintillation counting instrument. Cerenkov radiation
is produced by a charged particle (e.g., beta particle) passing through a medium at a velocity
greater than the speed of light in that medium 22228, This particle can exchange its energy with
the molecules of the medium and produces polarisation of solvent molecules along the path of
the particle. After the particle has moved on, the energy of polarised molecules de-excites with
the emission of electromagnetic radiation. Cerenkov radiation is analogous to the sonic boom

produced by aircraft traveling faster than the speed of sound (see Figure 25).
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(A) (B)

charged particle

q
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Figure 25. Conical wave fronts produced by (A) a jet traveling at supersonic speed and (B) a
charged particle traveling at super-light speed in a transparent medium, i.e., a speed
exceeding the speed of light in the medium. The supersonic jet produces a conical
shock wave front while the charged particle produces a conical wave front of
Cherenkov radiation. The Cherenkov photons are emitted at an angle 8 to the particle
trajectory 224

As with sonic boom, the Cerenkov radiation is emitted in a cone with a half-angle, 6. The half-
angle is dependent on the velocity of the charge particle including the radiation and refractive

index of the medium and is given by the form of Equations (7) or (8):
Cc
cosf = — (7)

where:
¢ — speed of light; n — refractive index of medium; v —velocity of charge particle.
n —refractive index of is the ratio of the velocity of light of a specified wavelength in the air to its

velocity in the examined substance 2%,
cosO = B—ln (8)
where:
B- particle relative phase velocity (velocity of particle (v)/speed of light (n);
n - refractive index of medium.

The threshold can be calculated following Equation 9 228

-0.5

Epm = 0.511 [(1 -=) - 1]MeV 9)

where:

0.511 MeV -rest energy of an electron ?#7;
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n - refractive index of medium.

Cerenkov radiation consists of a continuous spectrum of wavelengths extending from the
ultraviolet region into the visible part of the spectrum (negligible in the infra-red region) peaking
at about 420 nm 22229 g0 it can be detected by the photomultipliers of the liquid scintillation
counter. As both *°Sr (Enmax = 545.9 keV, half-life = 28.80 years and ®Sr (Enax = 1495.1 keV, half-life
= 50.57 days) are fission products, they could be both released to the environment from
discharges from nuclear facilities or nuclear accident. The efficiency of detecting Cerenkov
radiation from %°Sr is around 1% #*%. In comparison, the typical detection efficiency for its
daughter product Y (Ema = 2278.7 keV, half-life = 64.04 hours — as shown in Figure 4 previously)
is usually ranging from 40% to 70% [23-2%71 The detection efficiency for 8°Sr is generally between
20% - 40% in various matrices: water, milk, soil [2°%231.23]_Thys, the Cerenkov counting method
is very often used to determination of *°Sr(°°Y) and ®Sr in environmental matrices. However, this
approach is limited by the requirement for secular equilibrium (~ 15 days), as described in Figure
26. Secular equilibrium is steady-state condition of equal activities between a long-lived parent
radionuclide and short-lived daughter — that is, negligible decay of the parent occurs during
numerous half-lives of the daughter. In other words, the daughter must have a relatively short

half-live in comparison to the parent radionuclide 2%,

200 D | Tota| activi

90gy
100 C dpcay

80

0
60 v | growth

40

20 /
/ A
9y dex
10 'y deqay

i [EEEIES]

Activity (dpm)

0 2 4 6 g 10 12 14 16 18 20 22 24 26 28
Time (days)

Figure 26. Growth and decay curves following the separation of *Sr(*°Y) in secular equilibrium.
(A) Decay of isolated *°Y; (B) Ingrowth of *°Y with *°Sr; (C) Decay of isolated *°Sr; (D)
Total activity from isolated °°Sr, representing both *°Sr decay and °°Y growth until
secular equilibrium is attained 239

The relative differences in half-lives of the parent and daughter nuclides may be expressed as

(Eq.10):
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where:

Ap, Ap — decay constant of parent and daughter, respectively.

Note: the decay constant is defined as (Eq. 11):

_0.693
ti/2

where:
t1/2 — half-life of nuclide.
For 2°Sr/?°Y the ratio of relative difference in half-lives is 2.54 x 10~%.

The measurements of °°Sr and 8°Sr can be performed using a proportional counter and liquid

scintillation counter.

A proportional counter work on the principle that as radiation passes through a gas. Radiation
ionises the gas as it enters into the chamber, creating free electrons and positively charged ions
both called ion pairs. The number of electrons and positively charged ions created is related to

the properties of radiation type 2%%! - B particles for °°Sr, 89Sy [241-243]

The technique of liquid scintillation counting is different and requires placing the sample
containing the radioactivity into a glass or plastic container, called a scintillation vial, and adding
a special scintillation cocktail containing organic compounds (fluors) dissolved into suitable
solvents ?*1, The beta particles dissipate its energy by collision in the medium (solvent). The
excited solvent molecules can transfer energy to another and also to organic compounds (fluors)
which raising it to a state of excitation. This molecule returns to the ground state with emission
of photon light which is detected by a photomultiplier tube (see Figure 27). Several examples of
liquid scintillation counting (LSC) applications for the determination of 8Sr and *°Sr can be found

in the literature 1206230, 245-247]

radioactive _ solvent fluor photomultiplier

molecule molecule molecule tube
0 — @) = oVoN\» il

Figure 27. Schematic overview of the scintillation process 2%
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The measurement of the number of events (in Cerenkov, gas proportional and liquid scintillation
counting) requires the acquisition of data over time. For environmental samples, where level of
contaminants (e.g., *°Sr, ®°Sr) are generally low or expected to be low, extended counting times —
ranging from hours to a full day - are required to accumulate sufficient decay events for statistical
measurements and reliable uncertainty estimates. Longer counting times increase the total
number of detected events, improving the signal to noise ratio and thereby the relative statistical
uncertainty., which ensures more reliable and reproducible quantification of low-level
radionuclides. Therefore, long counting times are required to obtain acceptable precision at the
environmental levels. However, it may not be totally appropriate in an emergency situation, where
a fast response is required, and time is priority in decision making (for consequence
management). Therefore, there is a need to develop faster separation method with good and

faster data acquisition.

The recent accident at the Fukushima Nuclear Power Plant in March 2011 highlighted the need to
develop more efficient analyses for radionuclides in environmental samples in the event of a
nuclear accident ?*®!, Development is essential for emergency response and further for potential
routine monitoring to provide quick delivery of analysis. This requirement can be addressed by
replacing the traditional separation methods and counting procedures with separation on Sr-

resin followed by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis.

2.3 Determination **Sr by ICP-MS

ICP-MS with collision/reaction cell is an alternative analytical solution to traditional radiometric
counting systems for the fast and sensitive determination of some radionuclides ¥, A few
papers and reviews have been published describing the detection of ®Srin various matrices such
as natural waters, sediments, plants etc. Detection limits ranging from 0.02 to 0.2 Bq g were
achieved "> 24%2%] These concentrations exceed typical levels in target matrices (natural waters,
sediments, plants, and aquatic organism) by three orders of magnitude, rendering this approach
less suitable for low level analyses compared with conventional radiometric techniques, which
offer greater sensitivity and precision for trace radionuclide determination. The use of mass
spectrometry techniques for measuring *°Sr suffers mainly from isobaric interferences due to the

presence of °°Y (decay product of ®Sr) and *°Zr (decay product of °°Y) in all types of samples. In

59



Chapter 2

addition, high concentrations of natural strontium (stable 28Sr) also present a challenge as it

creates a hydride in the *Sr signal 2% (see Figure 28).
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Figure 28. Mass spectra of strontium and strontium hydrides (SrH* and SrHH") (iCAP TQ ICP-MS,
500 ppb solution)

The observed tailing in the ®%Sr peak results from the formation of a double hydride species
(hydrogen adduct - SrHH", mass to charge ratio-m/z = 90)in plasma environment. Also, single
hydride is present (SrH*, m/z = 89). Therefore, these specific isobaric interferences should be
investigated as a part of research in optimisation of ICP-MS instrument. In Table 3 are
summarized isobaric interferences in determination of ®*Sr and the required mass resolution. The
primary interference originates from %°Zr, which is present both as a natural isotope in the
environment and as a radiogenic product on nuclear decay. Additional interference can arise
from molecular ions as a mentioned above as a decay product as well as natural occurrence in
environment. Resolving these interferences requires instrumentation with very high mass
resolving power (m/4Am). Separation of *Sr from *°Zr demands a resolution exceeding =30,000,
while molecular interferences (e.g., °V*Ar*, °Ti*°Ar*) needed higher resolving capability.
However, the need for high resolution introduces practical limitations to number of mass
spectrometers can achieve this level of performance and their operation is associated with high
cost (e.g., SF-ICPMS, TIMS, AMS). Consequently, accurate quantification of ®*Sr in environmental
and biological samples matrices relies on combination radiochemical purification to remove
zirconium and yttrium, with advanced high-resolution mass spectrometric techniques to achieve
the discrimination necessary for detection. As an alternative, triple quadrupole ICP-MS (ICP-

TQMS) has become increasingly attractive for ®°Sr determination, as its use of reaction/collision
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gases in tandem quadrupole mode allows effective suppression of isobaric and polyatomic
interferences without relying on extreme mass resolution. This approach significantly improves
accessibility to these instruments (e.g., lower costs compared to high resolution instruments)
and enable accurate quantification of °°Sr in environmental and biological matrices when

combined with rigorous radiochemical separation techniques.

Table 3. Potential polyatomic interferences impacting **Sr quantification by ICP-MS.

Required mass resolution

Radionuclide Interference
(m/4Am)
180 1,370
180 f2 1,372
BNi'®0," 2,315
74Ge’* 0" 10,765
0Sr S2Cr38Ar 19,987
SOV40Ar* 49,894
*4Fe®Ar 155,548
SOTi“oAr* 158,287
%07r 29,877
BYTH" 15,148
8Se’2C* 9392
78Kr12C+ 7106
8Ge’N* 5165
78Se™N* 6179
75Se’60" 9313
SMn*Cl* 107,416
®Cri’cl 76,000
SOCr4OAr* 78,522
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Several quadrupole ICPMS instruments used for the determination of *°Sr in environmental and

biological matrices and reported in the literature are summarised in Table 4.

Table 4. Comparison of some reported procedures for determination of *Sr by ICPMS.

A Limit of detection
. . Instrumentation/ A I Sample
Sample Separation/resin pg L or pg kg . Ref.
Measurement . . size
(BqL"orBqkg’)

Sr phosphate
. phosp ICPTQMS
Urine precipitation, TRU- ] N/A 1.2-1.6L [252]
. ) (Agilent 8800)
resin, Sr-resin
Soils X Quadrupole ICP-MS
Sr-resin ] 200 (2000) 0.001 kg [256]
(Chernobyl samples) (Perkin Elmer)
Soils -
. Sr-resin Quadrupole ICP-MS 0.8(3.9) N/A [257]
(Fukushima samples) (Perkin Elmer)
Sediments Quad 6 ICP-MS 100 (500) 0.002 kg
; uadrupole ICP-
Plants Sr-resin (Perkin Elmer) 40 (200) 0.002 kg [258]
Water 3(15) 1L
Soils ICPTQ MS
Sr-resin . 0.12 (0.6 0.001 k; 68
(Fukushima samples) (Agilent 8800) (0.6) & [68]

For example, the validation of ICP-TAMS in synthetic urine resulted in detection limit 1 Bq per
sample®®?, with a processing time of 10 hours, indicating satisfactory sensitivity and efficiency
for biomonitoring purposes. However, this level of performance is still inadequate for assessing
low-level exposures, where enhanced precision and lower detection limits are crucial. In similar
vein, for contaminated soils in proximity to Chernobyl?®®, ICP-MS has been proposed as a time-
and cost-efficient alternative to radiometric methods, achieving detection limits of 20 Bq kg'1
following a two-step purification process to reduce *Zr interference. Nonetheless, this method
is inherently less sensitive than radiometric techniques and is limited to samples with relatively
high contamination, thereby restricting its effectiveness for the long-term monitoring of
environmental contamination. Comparable challenges are observed in the research conducted
by Takagai et al. and Taylor et al. 8!, where detection limits exhibited significant variability across
different matrices, ranging from 513.2 Bq kg™ in sediments to 15.4 Bq L™" in water. This variability
highlights the deficiencies in robustness, reproducibility, and cross-matrix reliability of ICP-MS-
based methodologies. More recently, Ohno et al.®® documented a detection limit of 0.6 Bq kg™’
in soils from Fukushima, marking one of the most sensitive ICP-MS findings reported to date.
However, even this progress does not address the ongoing issue of spectral interference,
particularly the peak tailing from °Zr and isobaric overlap, both of which continue to undermine

precision and accuracy.
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When comparing ICP-MS to radiometric methods, the distinctions in strengths and weaknesses
become more apparent. Radiometric techniques, including liquid scintillation counting and
proportional counting, set the standard due to their unmatched sensitivity and precision,
frequently achieving detection limits significantly lower than those attainable by ICP-MS.
Nevertheless, these methods are characteristically slow, labor-intensive, and expensive, often

necessitating weeks for chemical separation and counting.

In contrast, ICP-MS techniques provide swift analysis and lower operational costs, rendering
them appealing for high-throughput screening or urgent monitoring. However, these benefits are
compromised by their inadequate performance in low-activity samples and their vulnerability to

spectral interferences, challenges that radiometric methods do not encounter.

Collectively, these observations underscore critical research deficiencies. Firstly, there is an
urgent requirement to devise more effective methods for mitigating or correcting Zr-related
interferences, which continue to be the main obstacle to accurate *Sr quantification via ICP-MS.
Secondly, enhanced standardization and validation across various sample types are necessary
to tackle the inconsistencies noted in different environmental matrices. Thirdly, methodological
advancements must focus on bridging the sensitivity gap with radiometric techniques, especially
for applications related to low-level contamination or long-term monitoring. Addressing these
issues will be crucial for ICP-MS-based methods to progress beyond mere rapid screening and
develop into dependable alternatives that can facilitate regulatory monitoring and public health

risk evaluations.

Spectral interference is a serious intrinsic limitation of ICP-MS because it leads to inaccurate
determination of the analyte concentration. Spectral interference refers to the signals generated
by isobaric and polyatomic species which overlap with the mass to charge (m/z) ratio of the
analyte being monitored. These overlapping signals result in an overestimated value compared
to the genuine analyte concentration. Isobaric overlap is due to the monoatomic species that
share the same m/z ratio as the target analyte (e.g. ®Fe* and *®Ni*). Polyatomic interfering species
may come from plasma gas, plasma-entrained atmospheric gas (forming the C (carbon adduct),
H (hydride adduct), N (nitrogen adduct), O (oxygen — oxides) and Ar (argon)-containing adduct),
acids or solvents (generating the oxide, hydroxide, C, Cl (chloride) or S (sulphur) based
polyatomic adduct), or buffers and salts (yielding the S (sulphur) and P (phosphorous) containing
adduct) in the sample matrix. Furthermore, formation of these interfering complex species can

also originate from a combination of some elements presentin the plasma gas, acids, or solvents
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with that from the sample matrix, which makes the situation more complicated and difficult to
predict %, Careful considerations must be given to every analysis in order to determine the most

appropriate method for accurate measurement.

The primary limitation affecting ICP-MS measurement of ®*Sr is an isobaric interference from the
presence of stable °°Zr as mentioned above - a naturally occurring radioisotope, and its decay
product, Y (see Figure 19). This interference can be selectively removed or shifted in m/z ratio
prior to mass spectral analysis by the addition of specific reagent gases to collision/reaction cell
- use of the oxygen (O,) in the reaction cell of ICP-MS for the resolution of the *°Y/?°Sr and °Zr/*°Sr
interferences ° — expressed in equations 37 to 39. Many experimental studies using oxygen
reaction with standard analytes have been published to show the efficiency of reaction with
yttrium and zirconium 228", Therefore, optimisation of collision/reaction cell for reaction of *°Y,

%Zr with O,, leaving *Sr free of interference, is essential for the determination of this radionuclide.

%Sr+0,=SrO0+ 0 slow (37)
Y +0,=YO+O fast (38)
0Zr+0,=72r0+ 0 fast (39)

In the study conducted by Eiden et al. 9, it was shown that Y and Zr reacted with O, over two
orders of magnitude faster than Sr. It was also reported that *°Sr could easily be detected in the
presence of a 100-fold excess of either *°Y or °°Zr (although *°Y arises from decay of *°Sr, so that
%Y cannot exceed the concentration of °Sr). Further details on these reactions can be found in
the studies undertaken by Tanner et al. 2, Favre et al. **3, Narukawa and Chiba 24, The
mechanism of oxygenation of ions was explained by using the theoretical calculation for
reactions between elemental ions and O,. However, the O, flow in collision/reaction cell is not
completely optimised in scientific literature for °*Sr analysis. Thus, this particular gap still needs

be explored and investigated.

Also, the lower ionisation potential of Sr in comparison to Zr (5.7eV and 6.8eV, respectively)

suggests the plasma condition could be further investigated and optimised.

2.4  °°Srin milk and seawater samples by ICP-MS

Milk is a widely consumed food product for adults and children. Furthermore, milk is used widely

in the food industry for the production of other foods e.g., cheese, powder milk, yogurt. Quantities
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of household purchase of milk in the UK per week was 1.635 litres in 2022 year (www.gov.uk).
Because of its nutritional importance and widespread consumption, analysis of milk plays an
important role in monitoring of radioactivity in food. In the UK, the Radioactivity in Food and
Environment (RIFE) programme monitors radioactivity in the environment and in the diet of
people. The report brings all the results of monitoring of radioactivity in food and the environment
(Radioactivity in food and the environment (RIFE) reports; www.gov.uk).

However, before any development of sample preparation and analysis of radiostrontium by
ICPMS, the determination of natural strontium in sample matrices is required. This analysis
provides an information for potentialinterferences coming from natural strontium content (Figure
28) and helps to design the extraction methodology using a strontium resin (4,4’(5’)-bis(t-
butylcyclohexano)-18-crown-6), with a reference uptake of 8 mg of strontium per 1 g of resin. In
this study, a batch of milk and sea water samples were analysed to determine the concentration

of natural strontium.

2.5 Aim

The assessment of *°Sr in both environmental and biological samples is an essential endeavour
within the realms of nuclear safety, environmental surveillance, and the evaluation of public
health risks. As a long-lived fission product characterized by high radiotoxicity, **Sr presents
considerable dangers due to its bioaccumulation in bone tissue and its potential transfer into the
food chain through contaminated soil, water, and agricultural products. Despite its significance,
the precise quantification of *°Sr continues to pose challenges. Traditional radiometric methods,
while exhibiting high sensitivity, are often labour-intensive, time-consuming, and expensive,
rendering them impractical for swift or extensive monitoring. Conversely, ICP-MS techniques
provide advantages in terms of speed and cost; however, they are hindered by notable analytical
drawbacks, particularly spectral interferences caused by isobaric overlap and peak tailing of *°Zr,

which significantly undermine accuracy at low activity levels.

The main goal of this research was to optimize essential instrumental parameters, such as
plasma conditions, extraction lens settings, and voltages for the first quadrupole entry lens, along
with the gas flow in the collision/reaction cell, to improve the precision of *°Sr measurement.
Special attention was given to tackling the interference issues that have previously obstructed
accurate quantification in ICP-MS studies. An additional objective was to assess and identify the
ideal gas flow for the desolvation system (He and N,), which significantly affects sensitivity,
background suppression, and the ability to handle complex sample matrices. These optimized

parameters were then utilized for the quantification of extremely low concentrations of
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radiostrontium in milk and seawater - two matrices of environmental and biological importance
that pose significant analytical challenges due to their elevated salt content and the presence of
interfering elements. By addressing these issues, this study aims to reconcile the rapid yet
interference-sensitive characteristics of ICP-MS with the sensitivity offered by radiometric
methods, thus enhancing ICP-MS as a more dependable and effective instrument for monitoring

%Sr in both environmental and biological settings.

Itis expected thatthe enhanced ICP-MS parameters will greatly enhance the accuracy, precision,
and sensitivity of ®*Sr measurements in complex matrices. This research seeks to illustrate that
ICP-MS can act as a swift, economical, and dependable substitute for radiometric techniques in
the determination of low-level *°Sr, representing a significant methodological progress for the

environmental and biological assessment of radiostrontium contamination.

2.6 Reagents

All standard solutions were prepared from elemental stock solutions in 1% HNO; (Aristar® VWR
Chemicals). Hight purity de-ionised water (resistivity higher than 18.2 MQ) produced from Q-Pod
Millipore System (Merck, York, UK). The standard solution (1000 mg L") of Sr, Y, Zr and Tb were

sourced from VWR Chemicals.

Other reagents such as oxalic acid (C,H.0.), ammonia (NH;) and hydrogen peroxide (H,O,) were
sourced from VWR Chemicals. The strontium resin (4,4’(5’)-bis(t-butylcyclohexano)-18-crown-6)

was provided by Triskem International (France).

The study utilized materials that comprised a standard of stable #Srin carbonate form, exhibiting
an isotopic enrichment of 82.81%, which was sourced from Isoflex (USA). Additionally, a certified
%Sr standard solution was obtained from Amersham PLC (UK). To ensure validation and facilitate
method development, a certified reference material (CRM) of milk powder (CRM 7512-a) was
utilized, imported from the National Metrology Institute of Japan and supplied by LGC Standards
(UK). These standards and reference materials were instrumental in providing a foundation for

precise calibration and quality assurance throughout the duration of the study.

2.7 Instrumentation

All measurements were performed using the Thermo Fisher iCAP ICP - Triple Quadrupole Mass
Spectrometer (iCAP ICP-TQMS) controlled by computer with the Qtegra software installed. The
instrument was equipped with a standard sample introduction system consisting of a MicroMist
nebulizer and baffled cyclonic spray chamber. However, some modifications were made to the

standard setup. Instead of a nickel sample cone and skimmer cone with high matrix skimmer
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cone insert, a platinum tip sample cone and skimmer cone with high sensitivity skimmer cone
insert were used. Samples were introduced directly into the ICP-MS using an ASX-520

autosampler with the standard peristaltic pump and tubing (internal diameter of 1.02 mm).

The Aridus 3 Desolvating Nebulizer System, equipped with a self-aspirating C-Flow PFA nebulizer
operating at a flow rate of 100 uL min~" (Teledyne Cetac Technologies), was integrated upstream
of the iCAP ICP-TQMS system and controlled via The Aridus Link software. This setup was
employed to enhance sample introduction efficiency, reduce solvent load, and improve signal
stability during %°Sr analysis. A key objective of this study was to evaluate and determine the
optimal gas flow for the desolvation system, using helium (He) and nitrogen (N,), as these
parameters critically influence instrument sensitivity, background suppression, and the
capability to accurately analyse complex sample matrices. Optimising these conditions was
essential to maximise detection performance while minimising matrix-related interferences,

particularly in challenging biological and environmental samples such as milk and seawater.

A multiwave 3000 microwave sample preparation system (Anton Paar, Graz, Austria) equipped
with a HF100 rotor was used to digest all milk and seawater samples. The system was equipped
with 16 high-pressure PTFE-TFM vessels, each with an internal volume of 100 ml and

manufactured to resist a maximum pressure and temperature of 40 bars and 240°C, respectively.

A Hidex 300 SL Super Low Level liquid scintillation counter controlled by MicroWin software was
also used to compare results obtained from the described ICP-TQMS method. This latter
instrument was equipped with three low level photomultipliers, an active guard for lower

background, an external source, a cooling system and a 40-position for 20 mL scintillation vials.

Hotplate with stirring, water bath, Millipore filtration apparatus with coarse porosity frit to
accommodate 47 mm filter, 10 mL plastic columns were also used for extracting *°Sr from milk

and seawater samples via oxalate precipitation.

2.8 Methodology

In this study, a thorough examination of essential instrumental parameters was performed to
enhance the efficacy of the ICP-TQMS system for °°Sr analysis. The parameters investigated
encompassed plasma conditions, which affect ionisation efficiency and overall sensitivity; optics
voltages, which influence ion focusing and transmission through the instrument; collision and
reaction cell gas flow rates, which are vital for reducing spectral interferences such as isobaric
overlap from ®Zr; and desolvation system gas flow, which is crucial for improving signal stability,
decreasing background noise, and increasing tolerance to complex sample matrices. By

meticulously assessing and refining these parameters, the research sought to optimise detection
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sensitivity, accuracy, and reproducibility in the quantification of low-level *°Sr in difficult

biological and environmental samples.

Radio frequency power generator, induction coil and gas are used to form Inductively Coupled
Plasma (ICP). Therefore, RF Power (W) of generator and nebulizer gas flow (L min™) are the main

parameters for optimising the plasma condition.

The extraction lens and first quadrupole extraction lens voltage are also very important
parameters for optimising a response from the instrument, as this is where separation of positive
ions from neutral species, photons, and electrons occurs and where these same ions are

transferred to the mass analyzer.

The collision/reaction cell gas are used to remove or react with interference(s). Oxygen was used
to react with yttrium, zirconium, and hydrogen for removing hydrogen adduct. Therefore,

optimised flow rates of these two collision/reaction gases were also important to establish.

Argon (Ar) and nitrogen (N,) gases were used in the Aridus 3 Desolvation Nebulizer System to
remove solvent from the sample analyte and improve analyte sensitivity. These additional gases

flow rates were also considered in this study.

First sets of experiments focused on the plasma optimisation conditions, by gradually increasing
the RF power between 1,000 and 1,600 W and assessing the m/z response at different nebulizer,

as described in Table 5.

Table 5. Set of experiments for optimisation
No. Nebulizer Gas Flow (L min™) RF Power (W)
1 0.90 1000 - 1600
2 0.95 1000 - 1600
3 1.00 1000 - 1600
4 1.05 1000 - 1600
5 1.10 1000 - 1600
6 1.15 1000 - 1600
7 1.20 1000 - 1600
8 1.25 1000 - 1600

The second set of experiments emphasised on the extraction lens and first quadrupole extraction
lens voltage and was performed using the voltage of both extraction lens and the first quadrupole

extraction lens as variables, to establish the highest m/z response of element.
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The extraction lens and first quadrupole extraction voltages were both increased in 10 volts step

and from the different m/z responses from #Sr were recorded.

The third set of experiments was concentrated on the collision/reaction cell gas flow rates,
looking at different oxygen and helium gas flow rates and efficiency for removing isobaric
interferences. The oxygen flow rate was increased from 0.01 to 0.50 mlmin™in 0.01 mlmin™ steps
and thereafter in 0.05 ml min™ steps until a maximum of 1.00 ml min™. The helium flow rate was

increased from 0.1 to 3.0 mlmin™in 0.1 ml min™" steps.

In the fourth set of experiments, different flow rates of argon (Ar) and next nitrogen (N) in the
desolvation system (Aridus 3) were also tested to establish the highest m/z response of the
ICPMS for 8Sr. The argon and nitrogen flow rates in the Aridus 3 desolvation system were

increased from 1.0t0 5.0 L min™ and from 0.2 t0 5.0 L min™", respectively.

A 0.5mg L™ (50ppb) solution of Sr nuclide in 1% nitric acid was used in the first and second sets
of experiments. A 0.5 mg L™ (50ppb) solution of Sr, Y, Zr nuclides in 1% nitric acid and a 0.05 mg
L' (5ppb) solution of Sr nuclide in 1% nitric acid were used in the third and fourth sets of
experiments, respectively. In each experiment, an additional 0.001 mg L (1ppb) solution of
terbium (Tb) nuclide in 1% nitric acid was used as instrumental internal standard. Solutions were
introduced into the plasma using an ASX-520 autosampler and data were collected for 60

seconds with 1,000 sweeps for each individual m/z value.

To establish the natural strontium level in milk and seawater, samples were digested using a
multiwave 3000 the microwave system prior to ICPMS using 5 g of material and 10 mL of HNOs.

The digestion program is described in Table 6.

Table 6. Microwave digestion program

Temperature [°C] | Ramp [minutes] | Hold [minutes]

120 10 10

200 10 20

In order to demonstrate the accuracy of the methodology, 0.5 g of milk powder (CRM 7512-a) from
the National Metrology Institute of Japan was also used. This material is certified for 13 elements

as shown in Table 7:
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Table 7. Certified values of CRM 7512-a

Element| Certified value [g/kg] | Uncertainty [g/kg]

Ca 8.65 0.38
Fe 0.104 0.007
K 8.41 0.33
Mg 0.819 0.024
Na 1.87 0.09
P 5.62 0.23

Element | Certified value [mg/kg] | Uncertainty [mg/kg]

Ba 0.449 0.013
Cu 4.66 0.23
Mn 0.931 0.032
Mo 0.223 0.012
Rb 8.93 0.31

Sr 5.88 0.20
Zn 41.3 1.4

After digestion, solutions were transferred from vessel to 50mL centrifuge tubes and added high
purity water up to 20mL of total volume. The solution were then diluted in 1% nitric acid prior to

analysis.

To assess the accuracy and reliability of the developed method, various sample matrices were
spiked with known quantities of ®°Sr. This strategy facilitated a direct evaluation of the method's
ability to recover and accurately measure radiostrontium under controlled conditions. By
contrasting the measured %°Sr concentrations with the known spiked quantities, the research
successfully validated both the sample preparation techniques and the optimized ICP-TQMS
instrumental parameters, which included plasma conditions, optics voltages, collision/reaction
gas flow, and desolvation gas flow. This spiking approach established a solid framework for
method validation, ensuring that the analytical protocol could consistently detect and quantify

very low concentrations of “*Srin complex matrices such as milk and seawater.

The standard solution at 1 ppb concentration of '**Tb was employed as an instrumental internal

standard in the ICP-MS analysis to account for potential signal fluctuations and matrix-induced
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variations during measurement. By introducing a known concentration of "°Tb into all samples
and standards, variations in sample introduction efficiency, plasma stability, and instrumental
sensitivity could be corrected, thereby improving the accuracy, precision, and reproducibility of
%Sr quantification. The choice of '*°Tb as the internal standard was based on its mass proximity
to strontium, its minimal natural abundance in the samples, and its chemical and ionisation
behaviourin the plasma, which ensures it effectively monitors and compensates for instrumental

drift without interfering with the analyte signal.

A standard solution of #3r, prepared at a concentration of 10 ppm, was employed as a recovery
standard throughout the analytical procedure in order to monitor method performance. The
recovery standard served to quantitatively evaluate the accuracy and precision of the

measurements.

Three hundred mL of raw milk from local farm (310 g, 1.033 g mL™") and 300 mL of seawater from
North Sea (308 g, 1.026 g mL™") were spiked with 10 ppm of 8Sr recovery standard. Two hundred
mL of concentrated HNO; and a known amount of **Sr were then added to the samples. The
different spiked quantities are detailed in Table 8. Each solution was then heated on a hot plate
for 2h, stirred continuously using a magnetic stirrer and then filtered through paper filter (0.45 pm
Whatman). One hundred mL of saturated C,H.O, was then added to the mixtures and the pH was
adjusted to 4, using concentrated NH; for oxalate precipitation (SrC.0,). Each solution was then
filtered again through a 0.45 pm Whatman filter paper and transferred to a 50 mL beaker. Ten mL
of concentrated HNO; was added along with drop-wise addition of concentrated H,O,, until the
oxalate precipitate redissolved in the solution. Each solution was then heated at 70 “C using a
water bath to remove any excess of H,0,. Each solution was then loaded onto a Sr column (4 mL
of resin~1gin 10 mL column), preconditioned with 8 M HNO3, washed with 100 mL of 8 M HNO;
and strontium was eluted from the column using 30 mL of 0.05 M HNO3?*®!, The concentration
factor was therefore considered to be equalto 10 (i.e., from an initial volume of 300 mL to 30mL).
Twenty mL of solution was finally transferred to a vial with 1 ppb '*°*Tb for ICPMS analysis. For
comparison purposes, the remaining 10 mL was transferred to a 20 mL plastic scintillation vial
and stored for 21 days to rich secular equilibrium prior to liquid scintillation counting using the
Cerenkov counting method. Each sample was counted for 3600 seconds using a Hidex 300SL

liquid scintillation counter.
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Table 8. %3r spiked levels tested

Spiked level | Activity concentration [Bq L™']| Concentration [pg g]

0 0 0

1 50 0.0098
2 100 0.0196
3 250 0.0491
4 500 0.0981
5 1000 0.1962
6 2000 0.3925
7 3000 0.5887

The set of ®°Sr standard concentrations used for the instrument calibration is detailed in Table 9.

Table9.  Setof *Sr calibration standard concentrations
Standard Level | *°Sr standard concentrations [Bq L] | Concentration [pg ]
1 25.11 0.0049
2 50.23 0.0099
3 125.56 0.0246
4 251.13 0.0493
5 502.26 0.0986
6 2511.29 0.4928
7 5022.57 0.9856
8 10045.14 1.9711
9 20090.28 3.9423

2.9 ICP-TQMS optimisation parameters for the detection of °°Sr

2.9.1 Plasma condition optimisation

The solution of strontium standard at concentration of 50 ppm introduce to instrument plasma.
The m/z signals from four natural isotopes of strontium: ®Sr, %Sr, #’Sr, #Sr as well as the m/z =
89 & 90 signals from hydrogen (3*SrH) and dihydrogen (*°*SrHH) formations of 88Sr were collected.

Average counts for the four natural strontium isotopes, using varying carrier gas flow rates and RF
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power, are presented in Table 10. The highest responses were observed when selecting 1.10 L

min™' carrier gas and a RF Power of 1600 W (shown in bold). A correlation between average counts

atm/z = 88 (%Sr) and nebuliser flow rates is also presented in Figure 29.

Table 10. Average counts obtained for the four natural isotopes of strontium using different
carrier gas flow rates and applying different RF power
No Carrier Gas | RF Power m/z=88 m/z=84 m/z=86 m/z=87
’ [L min™] [W] [Avg. Count] [Avg. Count] [Avg. Count] | [Avg. Count]
1 0.90 1000 4313731 31059 541950 387534
2 0.95 1050 5899183 41670 735324 531692
3 1.00 1200 6726313 47033 827528 598898
4 1.05 1350 7750227 53418 947780 683224
5 1.10 1600 8584904 58744 1038625 752079
6 1.15 1600 5941965 39872 710018 517002
7 1.20 1600 2714848 17834 327548 238406
8 1.25 1600 1374114 8394 156168 113860
Average Count [cps] vs Nebuliser Gas [L min'1]
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Figure 29. Correlation between average count for m/z = 88 (¥Sr) and nebuliser gas flow rate at
optimised RF Power of 1600W
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The individual abundance of the four natural strontium isotopes were calculated and compared

with reference values from the literature®” as a quality assurance. All results are shown in Table

11.
Table 11.

No.

84S [%]

853 [%]

87Sr [%]

8Sr [%]

-_—

0.59%

10.28%

7.35%

81.79%

0.58%

10.20%

7.38%

81.84%

0.57%

10.09%

7.30%

82.03%

0.57%

10.05%

7.24%

82.15%

0.56%

9.95%

7.21%

82.28%

0.55%

9.85%

7.17%

82.43%

0.54%

9.93%

7.23%

82.30%

0 I N O | 0o || wOwWN

0.51%

9.45%

6.89%

83.15%

Reference
Values (ref)

0.56

9.87

7.04

82.53

Calculated abundance of strontium isotopes at optimum plasma condition

Ratios of both hydro and dihydro formations of %Sr to %Sr were also assessed and results are

presented in Table 12.

Table 12. Average counts of hydrogen and dihydrogen formations of #Sr and ratios against
m/z =88 average counts
No. Cgr:ser Pc?vl\jer m/z =88 m/z =89 m/z =90 m/z - m/z _
L min"] [W] [Avg. Count] | [Avg. Count] | [Avg. count] |89/88 ratio| 90/88 ratio

1 0.90 1000 4313731 260 268 6.05E-05 | 6.21E-05
2 0.95 1050 5899183 234 330 3.97E-05 | 5.60E-05
3 1.00 1200 6726313 280 399 4.17E-05 | 5.94E-05
4 1.05 1350 7750227 320 469 4.13E-05 | 6.06E-05
5 1.10 1600 8584904 424 673 4.94E-05 | 7.85E-05
6 1.15 1600 5941965 255 343 4.30E-05 | 5.78E-05
7 1.20 1600 2714848 142 81 5.26E-05 3.01E-05
8 1.25 1600 1374114 98 11 7.13E-05 | 8.52E-06

As shown in Table 12, all ratios m/z 89/88 and 90/88 were found to be very low, ranging from

3.97E-05to 7.13E-05 and 3.01E-05 to 8.52E-06, respectively.
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Extraction lens voltage optimisation

In this second experiments, the optimised parameters obtained from experiment 1 were fixed

(i.e., 1.10 L min™ carrier gas and a RF Power of 1600W) and different voltages were applied to the

extraction lens to test the instrumental response at m/z = 88. The results are presented in Table

13 and showed an optimal response when setting the extraction lens voltage at -210V. A

correlation between average counts m/z = 88 (®8Sr) and the extraction lens voltage is also

displayed in Figure 30.

Table 13. Summary of average counts and extraction lens voltage for optimised values
No. Carrie.r ?as P(fvter Extl_r::csion m/z =88 m/z =89 m/z =90 m/z . m/z .
[L min™] W] V] [Avg. Count] | [Avg. Count] | [Avg. Count] | 89/88 ratio | 90/88 ratio
1 1.10 1600 -260 5331109 228 1074 4.28E-05 2.01E-04
2 1.10 1600 -250 5727111 240 1149 4.19E-05 2.01E-04
3 1.10 1600 -240 5600603 213 1163 3.80E-05 2.08E-04
4 1.10 1600 -230 5743455 205 1253 3.57E-05 2.18E-04
5 1.10 1600 -220 5813233 209 1312 3.60E-05 2.26E-04
6 1.10 1600 -210 5823415 199 1317 3.42E-05 2.26E-04
7 1.10 1600 -200 5686426 176 1250 3.10E-05 2.20E-04

5.9e+6

5.8e+6 -

Average Counts ®°Sr [cps]

5.3e+6

5.7e+6 -

5.6e+6 -

5.5e+6 -

5.4e+6 -

Extraction Lens [V] vs Average Counts ®Sr [cps]

-270 -260

-250 -240
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Extraction Lens [V]
—&— Extraction Lens [V] vs 88Sr [cps]
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-190

Figure 30. Correlation between average countat m/z = 88 (¥Sr) and extraction lens voltage
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Different voltages were also applied to the first quadrupole extraction lens, and the optimal

response was obtained when using -150V, as shown in bold in Table 14. A correlation between

average counts m/z = 88 (®8Sr) and first quadrupole extraction lens voltage is also displayed in

Figure 31.
Table 14. Summary of average counts and extraction lens voltage for optimised values
First
. Quadrupole
No. Carrier Gas | RF Power Extraction m/z =88 m/z =89 m/z =90 m/z m/z
[L min™] [W] Lens [Avg. Count] | [Avg. Count] | [Avg. Count] | 89/88 ratio | 90/88 ratio
[V]
1 1.10 1600 -210 5255623 166 821 3.16E-05 1.56E-04
2 1.10 1600 -200 5492360 181 962 3.30E-05 1.75E-04
3 1.10 1600 -190 5568546 185 867 3.32E-05 1.56E-04
4 1.10 1600 -180 5598428 181 887 3.23E-05 1.58E-04
5 1.10 1600 -170 5650020 189 911 3.35E-05 1.61E-04
6 1.10 1600 -160 5649473 191 923 3.38E-05 1.63E-04
7 1.10 1600 -150 5786485 203 1152 3.51E-05 1.99E-04
8 1.10 1600 -140 5439730 192 894 3.53E-05 1.64E-04
9 1.10 1600 -130 5237370 184 881 3.51E-05 1.68E-04
10 1.10 1600 -120 5157603 183 878 3.55E-05 1.70E-04
11 1.10 1600 -110 4840437 182 858 3.76E-05 1.77E-04
12 1.10 1600 -100 4432636 173 875 3.90E-05 1.97E-04
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Quadrupole Extraction Lens [V] vs Average Counts 8Bsr [cps]
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Figure 31. Correlation between average count for m/z = 88 (%¥Sr) and first quadrupole
extraction lens voltage

Table 13 and 14 show that the ratios m/z 89/88 decreased to 3.42E-05 and 3.51E-05,
respectively, after plasma optimisation (Table 12), indicating enhanced suppression of hydride
formation through further parameter refinement. Conversely, ratios m/z 90/88 increased by an
order of magnitude from 10E-05 (Table 12) to 10E-4 (Table 13 and 14), indicating a differential
effect of the optimisation on isotopic interference. This observation can be interpreted in two
ways: either the further parameter optimisation favoured dihydride formation under the optimal

conditions, or the optimisation enhanced the sensitivity of the measurements at m/z 90.

2.9.3 Oxygen gas flow rate optimisation for the removal of isobaric yttrium and

zirconium interferences

Signals from oxygen products (oxides) at m/z = 105 (3Y'0), m/z = 106 (**Zr'®0) and double
oxidesatm/z = 121 (¥Y'0"0), and m/z = 122 (°°Zr'*0'®0) were also measured (Figure 32). The
highest efficiency of oxidation of yttrium and zirconium was obtained when supplying an oxygen

flow of 0.36 mlL min.
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Oxide and dioxide formation [cps] vs Oxygen flow rate [mL min™']
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Figure 32. Oxide formation of yttrium and zirconium

Signal from strontium at m/z = 88 was not affected. Increasing trend was observed until an
oxygen flow reached value at 0.36 mlmin™'. Beyond this point, further increases in the oxygen flow

rate up to 0.50 ml min™ resulted in a suppression of the signalatm/z = 88.

29.4 Collision/reaction gas flow rate optimisation for the removal of hydride

formations

The experiment evaluated the influence of helium gas flow rate on the removal of hydrogen
adduct (see Figure 33). A progressive improvement in the removal efficiency was observed with

increasing helium flow until 1.9 ml min™ and average counts at 500 cps.
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#Sr'H [Average Counts] vs Helium flow rate [mL min™']

m/z [ Avr. Counts]

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

He Flow [mL min™"]

—o— 885" [Avr. Counts] vs He Flow [mL min™]
* cut off point at 500cps [1.9 ml min’1]

Figure 33. Hydrogen adduct removal with helium gas

NOTE: The determination of the cut-off point was influenced by the instrument’s background at
m/z = 89, which consistently varied around 500 counts per second (cps). Decision about cut off
point was supported by this knowledge. This level was regarded as representative of the

instrument intrinsic noise and therefore acceptable within the context of the measurements.

2.9.5 Argon and nitrogen flow rate optimisation for the Aridus 3 desolvation system

As shown in Figures 34 and 35, the optimal average counts atm/z = 88 (¥Sr) were obtained when

using 3.5 L min™ of argon and 0.7 L min™ nitrogen gas.
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8gr [Average Counts] vs Argon Flow rate [L min™]
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Figure 34. Aridus 3 desolvation system —argon flow rate optimisation
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Figure 35. Aridus 3 desolvation system — nitrogen flow rate optimisation
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2.9.6 Summary of optimisation parameters

interface I 1st Quadrupole (Q1) X Colision/Reaction Cell (Q2) ' 3rd Quadrupole (Q3)
898r+ 1H 90Sr+ He collision gas
- 90 _+ 90 +
Y . Sr
88 +1 1 % O, reaction gas
st HH z" 2 ’
C ) G

™~ ~N V.

90_+ 16
All ions except m/z = 90 Sgsf 90Y+ 160 r

Aridus 3
(desolvation
nebuliser
system)

Inductively
Coupled
Plasma

Detector

o]

The optimised parameters for strontium analysis are summarised in Table 15. These parameters
were then retained for measuring *°Sr in selected milk and seawater samples. The data

acquisition parameters are summarized in Table 16.

Table 15. Collated data of optimised parameters for strontium analysis
Aridus 3
. Q1 Collision/Reaction Cell Desolvation
Plasma | Plasma | Extraction .
Entry Nebulizer System
Power Flow Lens - :
W] L min] V] Lens Oxygen Helium Argon Nitrogen
[V] Flow Flow Flow Flow
[MLmin"] | [mMLmin™] | [Lmin] | [Lmin™]
1600 1.10 -210 -150 0.36 1.9 3.5 0.7
Table 16. Collated data of optimised parameters for strontium analysis
m/z Analyte Dwell time (s) Number of Analyses
sweeps mode
84 84Sr 0.1 1000 TQ
88 883y 0.1 1000 TQ
89 893r 0.1 1000 TQ
90 03¢ 1.0 1000 TQ
175 19Th*0 0.1 1000 TQ
7 - 245 Survey Scan 0.001 10 SQ

NOTE: The oxide product of Terbium at m/z = 175 was used to monitor a performance of
instrument (signal stability) — an instrument internal standard. The survey scan is performed in

single quadrupole mode.

Dwelltime is the time that the instrument spends acquiring the data which make up a peak on the
mass spectrum. The number of sweeps is the number of times the signal pulse passing through
the quadrupole passes across the mass spectrum of the selected m/z values. During the same
data acquisition time for the quantitative analysis of %°Sr performed the survey scan (semi-
guantitative concentration values for m/z = 7 to m/z = 245 in single quadrupole mode). The

survey scan result can be used for method validation and to establish limit of detection.
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2.10 Results and discussion

2.10.1 Blank background and sensitivity assessment

To enhance the analytical performance of the method, the Aridus3 Desolvating Nebulizer System
was employed. This system enhanced analyte sensitivity by 3- to 5-fold and simultaneously
reduced blank background signals a factor of four at m/z = 88. A comparative evaluation using
stable of blank background for solution of 1 % nitric acid and sensitivity for #Sr solution standard
solution in 1% nitric acid, with and without the Aridus3 system, are presented Table 17 and Table

18, respectively.

Table 17. Blank background counts for 1 % solution of nitric acid with and without Aridus3

system at m/z = 88.

Without the Aridus3| With the Aridus3
; Reduced
Solution m/z =88 m/z =88 factor
[Avg. Count] [Avg. Count]
1% HNO; 4837 1238 4

Table 18. Sensitivity for at m/z = 88 for ®Sr standard solution with and without Aridus3 system

. Without the Aridus3 | With the Aridus3 Increased
Concentration
pge] m/z = 88 m/z =88 sensitivity
[Avg. Count] [Avg. Count]
1 197 1069 5
5 627 1675 3

The sensitivity of the ICPMS system for the analyte of interest at m/z = 90 was assessed using a
blank solution of 1 % nitric acid, both with and without the Aridus3 desolvating nebulizer. The

results are presented in Table 19.
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Table 19. Blank background counts for 1 % solution of nitric acid with and without Aridus3

system at m/z =90

Without the Aridus3| With the Aridus3
; Reduced
Solution m/z =90 m/z =90 factor
[Avg. Count] [Avg. Count]
1% HNO; 50 2 25

The implementation of the Aridus3 led to a substantial decrease in the background signal,
diminishing it by roughly 25 times at m/z = 90. This decrease illustrates the efficacy of the Aridus3
in reducing solvent related interferences and boosting ion transmission efficiency, which in turn

enhances the detection limits of the system.

The capabilities of Aridus3 illustrate a notable progression in the detection of analytes. This
decrease directly enhances the reliability and reproducibility of the results, facilitating the
confident detection of low-abundance analytes. These performance improvements establish
Aridus3 as a formidable instrument for applications necessitating high sensitivity such as trace

detection.

In summary, the data indicate that Aridus3 signifies a considerable enhancement over standard
sample introduction system (see paragraph 1.1.1), providing both improved analytical sensitivity
and diminished background interference, which collectively facilitate more reliable and sensitive

measurements.

2.10.2 Method accuracy and performance

The accuracy and performance of the developed method was tested usingthe CRM 7512-a - (milk
powder), milk and seawater samples. The concentration of strontium in milk can vary widely and
depends mainly on the grazing animal diet 25271, Generally, the concentration ranges between
0.2 and 0.6 mg of strontium per litre of milk (i.e., 200 ppb to 600 ppb respectively). The
concentration of strontium in seawater typically fluctuates between 8 and 9.5 mg of strontium

per litre (i.e., 8 ppm to 9.5 ppm respectively).

The results obtained from the analysis of the selected milk, seawater and CRM samples are
collated in Table 20. Results from milk and seawater were found to be in agreement with

reference values available from the literature [268 2691 1270.271]
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The subsequent strontium recoveries are presented in Table 21 and results were found to be in a

Chapter 2

Strontium concentration in milk and sea water

‘Oxygen’ mode
Concentration | Uncertainty

Sample Weight [g] [mg kgt [mg kgt
CRM 7512-a (1) 0.498 5.8041 0.1161
CRM 7512-a (2) 0.498 5.7765 0.1155
Milk 1 5.198 0.2279 0.0038
Milk 2 5.035 0.3163 0.0029
Milk 3 5.004 0.4137 0.0014
Milk 4 5.027 0.4810 0.0104
Milk 5 5.014 0.6531 0.0059
Milk 6 5.048 0.2856 0.0066
Milk 7 5.025 0.5637 0.0012
Milk 8 5.021 0.6748 0.0099

Sea water 1 8.316 5.5442 0.0023
Sea water 2 8.451 5.6342 0.0016
Sea water 3 9.350 6.2334 0.0017

very good agreement with the certified value of 5.88 mg kg™'.

Table 21.

The determination of natural strontium levels in milk and seawater samples, provided critical
information for tailoring the sample preparation protocols, enabling more efficient and selective

isolation of °Sr. This knowledge allowed for optimisation of chromatographic resin use,

Comparison between the certified strontium concentration in CRM 7512a with
experimental results

‘Oxygen’ mode
Certified value | Observed Value | Recovery
[mg kg™] [mg kg™] [%]
5.88 5.80 98.7
5.88 5.78 98.2
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minimizing matrix interference and improving both the recovery and accuracy of ®°Sr

quantification in these complex matrices.

2.10.3 Sr-resin

Using Sr-selective resin, an amount of 3g per sample was found to provide near-quantitative
retention of Sr?*, effectively concentrating the analyte while minimizing interference competing
cation such as Zn?" - m/z = 90. Zinc was found not to be effectively retained on Sr-resin and was
eluted in the column effluent during the loading step. In milk and seawater samples analysed
without Sr-resin chromatography, the measured counts for m/z = 90 were on the order 109,
whereas after the application of Sr-resin separation this value decreased to approximately 102.
This represents a decontamination factor of the *Zr isobar of about 10* under the experimental
conditions employed. The strong reduction in zinc-related interferences demonstrated the

effectiveness of Sr-resin in improving the analytical specificity for strontium isotopes.

Strontium was successfully eluted from the column with a total volume of 30mL, facilitating
effective recovery while preserving a concentrated analyte fraction that is appropriate for
analysis. Elution profile of strontium solution from Sr-resin column showed on Figure 36. The
elution volume present balance between a completely recovery of strontium and minimal

dilution, thereby ensuring high sensitivity in later measurements.

Elution profile of 50ppb %Sr solution
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Figure 36. Elution profile 50ppb 8Sr solution from 3g Sr-resin column
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2.10.4 %Sy in milk and seawater

The °°Sr results obtained in milk and seawater via both the presented ICPMS methodology and
when using LSC as an analytical end point are collated in Table 22 and Table 23. The results are
also displayed in Figure 37, Figure 38, to illustrate the comparison of the two approaches. All

calculation of the results were based on the relationship between ion-counting versus radiation

counting as described in Section 1.2.1.

Table 22.

%Sr activity concentration in milk samples

Spiked Level ICPMS measured LSC measured
BgL? Bg Lt Bg Lt
50+0.75 62.96 £ 3.14 459,42 £ 0.71
100+ 0.75 105.14 + 1.50 98.21 £1.03
250 0.45 260.09+7.43 247.00+1.58
500+0.90 502.89 £10.15 495,14 +1.98
1000+ 0.45 993.10 £ 26.31 993.48 + 2.68
2000+1.35 15966.44 + £62.28 19596.79 £ 4.19
3000+ 1.80 2541,70 + 95.05 297174+ 4,75

NOTE: Uncertainty figure for spiked level correspond to pipette uncertainty. For ICPMS and LSC

measurements correspond to counting uncertainty.
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Milk samples
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Figure 37. Comparison of °Sr activity concentration in milk samples

Table 23.  °°Sr activity concentration in seawater samples

Spiked Level ICPMS measured LSC measured
BgL* Bg L* Bg L*

50 £0.75 58.14 +2.90 45.85 + 0.64
100 £ 0.75 101.05 + 3.68 98.64 £ 0.50
250 £ 0.45 232.29 £3.59 245.04 £ 1.49
500 + 0.90 456,74 £ 1.40 497.10 £ 1.59

1000 + 0.45 945.38+£12.19 993.48 £ 2.89
2000 £ 1.35 1538.60 £ 27.78 1996.86 £ 4.19
3000 + 1.80 2981.33 £ 33.30 2979.86 1+ 5.07

NOTE: Uncertainty figure for spiked level correspond to pipette uncertainty. For ICPMS and LSC

measurements correspond to counting uncertainty.
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Seawater samples
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Figure 38. Comparison of *°Sr activity concentration in seawater samples

As illustrated in Table 22 and 23, the %°Sr results obtained from both ICPMS analysis and LSC
counting were in a relatively good agreement across different spike levels. This indicates that
ICPMS analytical method produced comparable measurements of *°Sr activity, regardless of the

concentration of the isotopic spike added to the sample.

The incorporation of chromatographic Sr-resin during the sample preparation was crucial in
selective isolating strontium from complex matrices, including milk and seawater, which contain
numerous other elements that could be potential interfere with the analysis. Furthermore, the
use of collision/reaction gases during the ICPMS measurements significantly reduced isobaric
interferences - ions with the same mass-to-charge ratio that could otherwise compromise the
accuracy of the results. Table 24 shows the intensities of the analyte (strontium), key
interferences (yttrium and zirconium) and their oxidation products. The stable strontium
intensities (m/z = 84, 88) and their oxidation products (m/z = 102, 103, 120) are large compared

to the analyte of interest (m/z = 90).
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Table 24. The survey signal intensity of [counts per second - cps] of strontium, and their
oxidation product
m/z
90 106
Spiked 84 88 (*°Sr) 102 103 (°Y+'°0) 120
Level {84Sr) {sssr) (EIEIY) (BESH_‘IEO} (B?SH_‘IEO) (QUZH_‘IEO) (888r+‘|50+150}
(*7Zr) (*°Sr+'°0)
Intensity [cps]
0 75,462,169 | 692,854,109 0 3,744,035 | 3,105,881 | 58,841 2,231,527
1 76,088,731 | 757,525,850 0 4,200,207 | 3,313,746 | 73,622 2,627,907
2 75,003,841 | 686,132,321 100 | 3,882,073 | 3,176,787 | 64,871 2,480,065
3 78,295,177 | 714,631,713 | 200 | 4,161,384 | 3,301,045 | 67,887 2,506,467
4 110,846,192 |1,036,989,641| 700 |6,061,559 | 4,680,104 | 95,264 4,331,774
5 112,123,040 1,038,606,192| 600 |6,147,832 | 4,612,163 | 93,046 3,909,034
6 104,419,890 | 963,941,817 | 1400 | 5,506,173 | 4,284,324 | 88,415 3,630,801
7 94,938,425 | 924,144,901 | 2100 | 5,445,781 | 4,320,990 | 85,997 3,649,134

Matrix and chemical effects can significantly influence the overall ICPMS analysis (Chapter
1.2.5). The presence of strontium oxidation products (m/z = 102, 103, 120) indicates that the
analyte of interest °Sr (m/z = 90), is also prone to oxidation (Chapter 2.3; equation 37). The signal
observed at m/z = 106 is thought to be from the complex combination of yttrium, zirconium, and
strontium oxides. Overall, the dynamic process occurring in the collision/reaction cell seems to
have a non-negligible impact on the ability of ICPMS instrument to be accurate. The signal
intensities observed at m/z = 90 are very low and therefore the matrix effect combined mainly
with the oxidation processes reduce the scope of ICPQQQMS applications for very low levels of
°Sr in complex environmental matrices. The signal intensities observed at m/z = 90 in selected

milk and seawater samples are presented in Table 25.
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Table 25. The signal intensity [counts per second - cps] of m/z = 90 (°°Sr)

Spiked level |Intensity [cps]in milk samples|Intensity [cps]in seawater samples

0 2.3 2.6
1 13.6 20.9
2 25.9 33.3
3 63.2 60.3
4 166.2 117.1
5 348.9 208.9
6 632.6 384.7
7 867.0 537.6

1 % nitric acid 1.9 1.8

These measurements demonstrated the response of the ICPMS system to increasing spiked
level of ®°Sr, with the blank (1 % HNO3) included as a reference. Signal intensities increase
proportionally with the spiked concentration, indicating a clear analytical response, while the

low count observed in the blank confirm minimal background contribution from the matrix.

2.10.5 The accuracy and reproducibility of the method

The evaluation of the performance of the ICPMS for the determination of ®*Srwas conducted with
respect to accuracy and reproducibility across various spike levels (Table 22) in comparison to
LSC measurement. In terms of accuracy, the measurements obtained via LSC were in close
alignment with the spiked values, exhibiting recoveries that ranged from 99 % - 100 %, which
suggest a minimal bias. Conversely, ICPMS also demonstrated a good correlation at elevated
spike levels; however, a slight overestimation was noted at the lowest spike concentration (50 Bqg
L"), which is likely attributable to residual matrix effect or minor interferences. Regarding
reproducibility, LSC exhibited exceptional precision, with standard deviations ranging from 0.64
10 5.07 Bg L, while ICPMS displayed a higher variability at lower concentrations (SD 2.90 - 33.30
Bg L), although it showed significant improvement at higher activity levels. In summary, these
findings suggest that methodologies are dependable and robust for the quantification of *°Sr in
complex matrices, with LSC consistently delivering high accuracy and reproducibility across all
tested concentrations, while ICPMS demonstrated strong performance, particularly at moderate

to high levels.
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Accuracy and Reproducibility of **Sr Measurements
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Figure 39. The accuracy and reproducibility of the method for spiked milk samples

2.10.6 Limit of Detection (LOD)

In generalterms, the limit of detection (LOD) for a defined analyte presentin a sample is its lowest
measurable and statistically exploitable signal (m/z in the case of ICPMS analysis). In another
words, the signal must be significantly different from that of a blank sample or the background
signal. However, the significant difference can be replaced by the lowest sighal or the lowest
corresponding quantity that can be determined from the signal. The lowest quantity of the
substance that can be distinguished from the absence of that substance (a blank value) with the
stated confidence level.

The two lowest standards, level 1 corresponding to 25 Bqg L™ (0.0049 pg g') and level 2
corresponding to 50 Bg L™ (0.0099 pg g') were tested here. The intensities from these standards
and background are collated in Table 26. The results show very low counts, with values for the
background and the lowest standards differing by only a small margin, highlighting the challenges
in detecting °°Sr at the trace levels. This demonstrates that at very low concentrations, the

analyticalresponse approaches the background noise, which must be carefully considered when
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interpreting results. In our scenario, the LOD is effectively equal to the LOQ (Limit of
Quantification), indicating that the ICPMS system can only reliably quantify *Sr at levels where it
is also detectable above background noise, and very low-level measurements are inherently

limited by signal overlap with the background.

Table 26. Signal intensities and background [counts per seconds - cps] of m/z =90 (°°Sr) using
the two lowest standards in selected milk and seawater samples

Intensity [cps] in milk samples | Intensity [cps] in seawater samples
Standard level 1 2.0 1.3
Standard level 2 3.0 2.0
Background level 1.9 1.8

2.11 Conclusion

This work investigated the performance of an ICPTQMS system for measuring low levels of *Srin
milk and seawater samples. The operating parameters of the Thermo iCAP TQMS, including
plasma condition, lens voltage, collision/reaction cell flow, were carefully optimised to enhance
sensitivity and minimize interferences. Additionally, the Aridus3 desolvation system was
employed and the flow rates of the nebulizer and carrier gases were adjusted to maximize ion
transmission efficiency and reduced solvent-related background signals. Prior to analysis,
sample were purified using a chromatographic Sr-resin, which selectively isolated strontium and
removed potential isobaric and matrix interferences, thereby improving measurements
accuracy. Through the combination of these optimized instrumental conditions and sample
preparation techniques, the system was able to achieve extremely low limits of detection for
90Sr, onthe order of 10 pg g™ (parts per quadrillion —ppq). The analytical performance of the ICP-
QQQ-MS system was found to approach that of traditional radiometric methods, such as liquid
scintillation counting (LSC), demonstrating its suitability for trace-level demonstrations of °Sr in
complex environmental and food matrices. This approach not only provides rapid and highly
sensitive measurements but also minimizes the use of radioactive counting techniques, offering

a safer and more efficient alternative for routine monitoring of **Sr contamination.

The sensitivity for measuring strontium was significantly enhanced, and the formation of hydrates
and dihydrates was minimized, enabling the detection of ®°Srin complex environmental matrices.
Despite these improvements, certain limitations were observed, particularly when analysing
samples with very low **Sr concentrations, where signalintensities were minimal and background

levels exhibited instability. The sample preparation strategy, which included the precipitation of
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calcium oxalate followed by purification with Sr-resin, effectively removed zirconium, a major
isobaric interference that is critical for the accurate measurement of trace level of **Sr by ICPMS.
The implementation of the Aridus3 desolvation system provided additional, no-negligible benefits
for low-level detection. By optimizing gas flows and nebulization conditions, background signals
were reduced, and ion transmission was enhanced, allowing the system to achieve detection
limits in the parts-per-quadrillion (ppq) range. This combination of advanced sample preparation
and optimised instrumental conditions demonstrates the capability if ICPMS, coupled with

desolvation, as a powerful tool for the analysis of ultra-trace *Sr.

Nevertheless, it is important to note that this method has practical limitations. For routine food
and environmental monitoring, it cannot reliable measure *°Sr at activities below approximately

50 Bg L™, due to the combined effects of low signal intensity and background fluctuations.

However, this analytical approach could still be valuable in emergency response scenarios,
decommissioning monitoring programs, providing a sensitive and relatively rapid alternative to
traditional radiometric methods such as liquid scintillation counting. The method therefore offers
a practical balance between sensitivity, speed, and applicability in specific low-level radiological

assessments.
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Chapter3 Optimised removal of interferences for the

measurement of '’ in seaweed samples

3.1 Sources of lodine in the environment

lodine - symbol |, atomic no. 53; is a natural occurring non-metallic element of the halogen family
(lying in group Vlla, period 5, between bromine and astatine in the periodic table). The mineral
was discovered in 1811 by Bernard Courtois during the manufacture of saltpetre (potassium
nitrate, KNQO3), using seaweed ash as a source of potassium. There are 37 isotopes of iodine, but
only two are naturally occurring in the environment: '?’| and '*°I, which are stable and radioactive,

respectively.

The total mass of stable iodine ('?’l) on the Earth’s surface is approximately 8.6 x 10® kg. Marine
sediments are the largest reservoir of iodine (68%), followed by sedimentary rocks (28%) and
metamorphic and magmatic rocks (2.7%). However, sea waters contain the highest
concentration of stable iodine®?. From biological perspectives, iodine is an essential trace
element for human life!?”®. The iodine function lies in the formation and synthesis of thyroid
hormones. Both iodine deficiency and excess may influence thyroid function. lodine excess can
cause hypothyroidism, which can result in muscle fatigue and myalgia. However, deficiency
remains a major threat to health and can cause brain damage. The worldwide drive to eliminate
iodine deficiency is universal salt iodization?7427%],

Furthermore, radioiodine 'l plays an important role in the diagnosis and treatment of various
thyroid disorders. Treatment of thyroid carcinoma and hyperthyroidism with ''I-labelled
pharmaceuticals has been practiced for years, but other isotopes, i.e., %I, 2|, '?*| and '®°| are also

being produced and increasingly being used in various medical applications?’¢.,

Radioactive '*I (half-life at 1.57 x 10’ years, decay scheme are shown Figure 44) is formed in
nature from the interactions of cosmic rays with '*Xe in the upper atmosphere and also by
spontaneous fission of 2#U in the lithosphere®”.. These two sources are however negligible in
comparison to nuclear-derived sources. More than 90 % of '*°| present in seawater is from
anthropogenic sources, with the nuclear weapons tests, accidental releases and mainly nuclear

fuel-reprocessing activities being the main sources?’8.
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Half-life — 1.57 x 107 years
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Figure 40. lodine-129 decay diagram

lodine-129 is an important tracer in geological and biological processes and is considered to be
one of the most important radionuclides for assessing the global oceanic circulation®”!, It is
commonly used as an oceanographic tracer for studying transport and exchange of water mass,

and as a useful environmental tracer for investigating geochemical cycle of stable iodine.

Also, atmospheric chemistry studies have revealed that iodine also plays a significant role in the
depletion of ozone and aerosol particles for cloud nucleation. Thus, considerable attention has
been paid to understanding sources of inventory and distribution of iodine in many natural
environmental compartments. The oceans represent the main source of iodine to the Earth’s
surface environments, and it is apparent that tracing the chemical species of iodine in ocean
water provides further clue for incorporation in the atmosphere. As most of iodine atmospheric
interaction is strongly linked to releases from ocean surface water, identifying iodine species in

of the oceanic compartment is increasingly becoming important2%%,

Nuclear reprocessing facilities at La Hague (France) and Sellafield (England) are responsible for

95 % of the anthropogenic production®'l,

95



Chapter 3

29| discharges from Sellafield (UK)
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Figure 41. Airborne and liquid discharges from Sellafield (UK)/22 283

'2%| discharges from La Hague (France)

2.00

1.50 A

1.00 A

TBq year

0.50 -

0.00

1970 1980 1990 2000 2010 2020

Year

—— Liquid discharges [TBq year ]
— Airborne discharges [TBq year’*]

Figure 42. Airborne and liquid discharges from La Hague(France) 262253

Releases of | from Sellafield (UK) and La Hague (France) are shown in Figures 45 and 46,
respectively. In both cases, the discharges of liquid effluent have exceeded atmospheric

releases. Discharges from Sellafield have increased since the 1990s, with three peaks observed
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in 2002, 2012 and 2016, and then reduced significantly and are now back to pre-commissioning
levels observed in the 1960s. In comparison, discharges from La Hague (France),also increased

significantly in the 1990s, but have been kept at a constant level since then.

The study conducted by Raisbeck et al.[?”® 224 Frechou et al.?®** recommended that seaweed
should be used for monitoring 'l and in general '*| should be used as an oceanographic tracer.
Both the activity of '*l and '*1/'?’| ratios are often used together to confirm the source of '?°| found
in nature. Pre-nuclear ratios have been estimated at between 10" to
107 2831 Following the commissioning of the two European nuclear reprocessing plants,
enhanced | concentrations were measured in seawater samples collected from different parts
of the Irish Sea, English Channel, North Sea, and Nordic Seas, with '2°1/'?| ratios ranging between
108 to 107°. High "*°l concentrations, accompanied with '*°1/'%| ratios ranging between 10 to 10™

were also measured in terrestrial samples collected near La Hague and Sellafield?®,

lodine-129 has also been an important contributor to the radiation dose received by members of
the public living near these sites, especially during peak discharges periods, with the most
important exposure pathway known to be from initial deposition in soil, grass and ingested via
milk consumption®”-2°3_ |n the UK, iodine-129 has been amongst the biggest contributors to the

public dose in the last 11 years near Sellafield (see Figure 47)12%),

O Other artificial

B Enhanced natural radionuclides
07 OExtemal
0241Am

B Pu isotopes
m137Cs
@99Tc

m129|

035

msv

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Figure 3.6 Contributions to "total dose’ from all sources at Sellafield, 2011 - 2022
(The highest "total dose’ in 2013 due to Sellafield discharges was to people living on houseboats near Barrowin Cumbria)

Figure 43. Total dose assessment to member of the public near Sellafield [www.gov.uk]
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3.2  Analysis of '

lodine-129 is a beta, X-ray and gamma emitter. Therefore, it is often measured by gamma or X-ray
spectrometry!?®* 2%l Gamma and X-ray emission energies and intensities are low: 39.6 keV with
7.5 % intensity for gamma rays and 29.5 keV and 29.8 keV with 20.4 % and 37.7 % intensities for
X-rays, respectively. Using these methods limit of detection (LOD) was reported as 0.1 — 0.2 Bq
kg’ orBqg L. Inaddition, due to low counting efficiency of gamma detectors (<2 %) and low energy
of the X rays, large quantities of samples are generally required to achieve these LODs, typically
50g to 1kg of material must be used (50 — 1000 g). In order to obtain accurate result, a self-

absorption correction also has to be carried out!?°5297),

Neutron Activation Analysis (NAA) for the determination of '*°| is based on the nuclear reaction
shown in Figure 44. The measurement is based on the production of '*°l via neutron irradiation of
29|, The activation product, *| (half-life of 12.3 hours), then decays by emitting beta particles and
gamma rays (418 keV - 34 % intensity; 536.1 keV - 99 % intensity; 668.5 keV - 96 % intensity and
739.5 keV - 82 % intensity).

129| irradiation 130| beta, 12.3 hour 130)(e

Figure 44. lodine-129irradiation

Chemical separation and purification of pre- and post-irradiated samples are required. Many
operating procedures have been published!?®®2%-3001 A | OD of 1 uBg and '*1/'?| ratio of 107'° has

been reported using this approach®?,

Accelerator Mass Spectrometry (AMS) is a very sensitive technique that can also be used for
measuring '*°l and determining '?°l/'?| ratio. This other mass spectrometric tool has been used in
many studies®'3%! and for a wide range of environmental materials: soil, plants, seaweed and
milk. The iodine must be separated from the matrix prior to AMS analysis. Once the iodine is
separated, generally in the form of silver iodide (Agl) precipitate, AMS can be performed and can
reach very low detection limit of 10° Bg and '*1/'?| ratio of 10" %I, There are about 160 facilities
worldwide equipped with AMS B! Despite these advantages, the technique is associated with
substantial operational and analytical costs, and routine access is not straightforward. In
particular, within the UK, opportunities to access AMS are constrained by limited infrastructure,
meaning the samples often need to be sent abroad for measurement. Consequently, while AMS
represents a gold standard for ultra-trace iodine isotope analysis, practical and financial

considerations remain significant barriers to its widespread application.
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Finally, as'*°l also decays by emitting beta particles of maximum energy of 154.4 keV (Figure 44),
it can be measured by liquid scintillation counting (LSC). This traditional radiometric technique
requires the iodine to be separated from the matrix and other radionuclides due to the limited
energy resolution that can be achieved via LSC. A detection limit of 0.010 Bq have been reported

in previous studies!®®l,

3.3 Measurement of '?°| by ICP-TQMS

In the last decade, different benchtop ICP-TQMS systems have been used to measure ultra-trace
of 'l in many environmental matrices!®" 286.288.309-314] Anglysis of iodine-129 ('*°I) by ICP-MS mainly
suffers from an isobaric spectral interference from the presence of xenon-129 ('**Xe), which is
introduced from the argon plasma gas as an impurity. Polyatomic interferences such as "*I'H'H,
89Y40Ar, 115In14N, "3Cd'®0 can also affect its measurement®'"l. Therefore, there is a need to first
separate iodine from any elements present in potential polyatomic interferences prior to ICP-MS
analysis. In addition, collision/reaction cell technology has been developed to overcome all of
these interferences. For instance, it is possible to suppress the background intensity at m/z =

129 from "*Xe using O (1) 1¥7:¢7:259.%09

Xet +0, » Xe + 0F (1)

Reaction of 2°Xe* with O, was studied by Eiden et al.?*, It was observed that '*°Xe* reacts at least
10* times faster with O, that "*°I" does. Although iodine oxidation would affect the sensitivity of
iodine, this process seems to be the most efficient one for removing the main isobaric

interferencel®®,

I"+0,-10t+0 (2)

Also, due to its higher ionisation potential (10.45 eV), ionisation efficiency of iodine is lower than
many other metals, resulting in lower analytical sensitivity!”". Therefore, the optimisation of the
plasma condition and the O, gas flow rate used in the collision/reaction cell are the most
important factors to control when measuring '*1 by ICPMS. These optimisation parameters were
investigated in this chapter, and a novel analytical method was developed to determine

guantitatively '*°l in seaweed samples.
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3.4 Extraction of '*| from seaweed samples

Seaweed is often used as a bioindicator for monitoring radioactive contamination of the marine
environment®'®, It is well known that it can concentrate iodine to a high level, with concentration
factors as high as 10* in some brown seaweed species®®"’!. The relatively high stability of iodine in
seaweed and the possibility of using dry seaweed materials enable the use of archived seaweed
collected at different times and locations and therefore enables trend analysis of anthropogenic
2] gver time.

As with LSC, radiochemical preparation is required prior to ICP-MS analysis. Microwave digestion
routes followed by solvent extraction alkaline fusion methods used in previous studies have been
published B8, However, pyrolysis offers a more effective solution for releasing iodine from solid
samples and has been widely used for the separation of iodine from soil, sediment, rocks and
vegetation samples®®®3'1%320 |n this method, all species of iodine are converted to gaseous iodine
and released from the sample matrix. In pyrolyser system, iodine is carried by constant flow of
gases and is trapped into a sodium hydroxide (NaOH) solution, with recovery of more than 95 %

being reported in a previous study®?".

3.5 Aim

The primary objective if this research was to optimise key instrumental parameters, including
plasma condition, the extraction lens, the first quadrupole entry lens voltage, and the
collision/reaction gas flow, for determination of '*| by ICP-TQMS. These optimised conditions
were subsequently employed to quantify '*° in seaweed samples and to assess the analytical
performance of the ThermoFisher iCAP ICP - Triple Quadrupole Mass Spectrometer (iCAP ICP-
TQMS). In addition, the influence of naturally occurring stable '?’| on the measurement of | in

both seaweed and seawater samples was systematically evaluated.

To ensure accurate measurements, isobaric interference from '?*Xe which can overlap with the
129 signal, was eliminated by introducing oxygen into the collision/reaction cell (CRC) of the ICP-
TQMS. Within the CRC, oxygen reacts with '**Xe to form oxide species, which are shifted to
different mass-to-charge ratios. This approach effectively prevents interference, allowing precise

quantification of 'l in the analysed samples.

3.6 Reagents

All standard solutions were prepared from elemental stock solutions in 0.5% and 1%
tetramethylammonium hydroxide (TMAH) solution 25 wt. % (Merck, York, UK) using high purity de-

ionised water (resistivity higher than 18.2 MQ) produced from a Q-Pod Millipore System (Merck,
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York, UK). Standard solutions (1000 mg L") of '?| (stable), "™°Tb (stable) and sodium hydroxide

pallets (NaOH) were sourced from VWR Chemicals.

The "I (sodium iodide form in 0.1 M NaOH) standard solution was sourced from Eckert & Ziegler

(USA).

3.7 Instrumentations

The ThermoFisher iCAP ICP - Triple Quadrupole Mass Spectrometer (iCAP ICP-TQMS) controlled
by the Qtegra software was used to perform all measurements. The instrument was equipped
with a standard sample introduction system consisting of a MicroMist nebulizer and baffled
cyclonic spray chamber. However, some modifications were made to the standard set up.
Indeed, a platinum tip sample cone and skimmer cone with high sensitivity skimmer cone insert
were used instead of a nickel sample cone and skimmer cone with high matrix skimmer cone
insert. . Samples were introduced directly into the ICP-TQMS using an ASX-520 autosampler with

the standard peristaltic pump and tubing (internal diameter of 1.02 mm).

A Hidex 300 SL Super Low Level liquid scintillation counter controlled by MicroWin software was
also used to compare the results obtained from the described ICP-TQMS method. This
instrument was equipped with three low level photomultipliers, an active guard for lowering
background, an external source, a cooling system and a 40-position autosampler for 20 mL

scintillation vials.

The Pyrolyser-6-Trio (GenlV) furnace system (Raddec International, UK) was also used to prepare
the samples prior to ICP-TQMS analysis. It is equipped with six individual work tubes and three
independent heating zones, therefore capable of extracting volatile radionuclides of interest from

six samples simultaneously.

3.8 Methodology

Plasma condition, optics voltage, collision/reaction gas flow rate and desolvation gas flow were

the instrumental parameters investigated in this study.

Radio frequency power generator, induction coil and gas are used to form Inductively Coupled
Plasma (ICP). Therefore, the RF Power (W) produced from the generator and the nebulizer gas

flow (L min™") are the main optimising parameters affecting the plasma condition.

The extraction lens and first quadrupole extraction lens voltage are also very important

parameters for optimising a response from the instrument, as this is where separation of positive
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ions from neutral species, photons, and electrons occurs and where these same ions are

transferred to the mass analyser.

The collision/reaction cell gas are used to remove or react with interference(s). Oxygen was used
to remove isobaric interferences at m/z = 129. Therefore, different flow rates of oxygen applied

in collision/reaction cell were tested in this study.

The first set of experiments focused on the plasma condition, by gradually increasing the RF
power between 1,000 and 1,600 W and assessing the m/z response using different nebulizer gas

flows, as described in Table 27.

Table 27. Set of experiments for plasma condition optimisation

No. Nebulizer Gas Flow (L min™) RF Power (W)
1 0.90 1000 - 1600
2 0.95 1000 - 1600
3 1.00 1000 - 1600
4 1.05 1000 - 1600
5 1.10 1000 - 1600
6 1.15 1000 - 1600
7 1.20 1000 - 1600
8 1.25 1000 - 1600

The second set of experiments focused on the extraction lens and the first quadrupole extraction
lens voltage, using different voltages at both lenses. The extraction lens and first quadrupole
extraction voltages were both increased in 10 volts step and the different m/z responses, using

27] as a reference.

The third set of experiments consisted of applying different oxygen gas flow rates and therefore
testing the efficiency for removing isobaric interference at m/z = 129. The oxygen flow rate was
increased from 0.01 to 0.25 ml min™ in 0.01 ml min™' steps and thereafter in 0.05 ml min™ steps

up to a maximum flow rate of 0.50 mlmin™".

A 0.5 mg L’ (50ppb) solution of ¥’ in a 0.5 % TMAH (tetramethylammonium hydroxide) solution
was used in all sets of experiments. In each experiment, an additional 0.001 mg L™ (1ppb) solution

of terbium (Th) in a 0.5 % TMAH solution was used as instrumental internal standard. Solutions
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were introduced into the plasma using an ASX-520 autosampler and data were collected for 60

seconds with 1,000 sweeps for each individual m/z value.

lodine was extracted from seaweed materials using the Pyrolyser-6-Trio (GenlV) furnace system

(Raddec International, UK) (see Figure 45).

Figure 45. Pyrolyser-6-Tri (GenlV), Raddec International, UK

The first and the second heating zones was programmed, and details of the temperature
programme is shown in Figure 46. The third zone (crushed silica) was kept constant at 950 °C
during the whole extraction programme. The samples were introduced in separate tubes and
were ashed in a silica tube using a mixture of air enriched in O, as combustion and carrier gas.
The flow rate of combustion/carrier gases (air + O, before 500 °C and O, after 500 °C) was 100 mL

min~'. The combustion products were then transferred over crushed quartz.

Pyrolyser temperature program for iodine extraction

1000

900 A

800 A

700 4

600 -

500 -

400 -

Temperature [°C]

300 A

200 A

100 1

0 T T T T T T T T T
0:00 1:00 2:00 3:00 400 500 600 7:00 800 9:00 10:00

Time [hour]

—— Tempereture program for iodine extrtaction
Catalyst zone temerature [950°C]

Figure 46. Pyrolyser temperature program
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The | was trapped in 15 g of 0.1 M NaOH solution. The solutions were weighed after the
combustion process to compensate for any potential loss from evaporation. The solutions were
then split ICP-TQMS measurement and LSC, using 10 grams of material, and the rest (around 5

gram), respectively.

Two kilograms of seaweed was collected in February 2023 from the Seascale Beach
(54°24°19.0”N 3°30°07”W, see Figure 47). The sample was first air dried and then dried at 60 °C in

an oven until constant weight for 7 days.

Sampling
point : '

Figure 47. Seaweed sampling point

Seaweed samples weighing 1 - 2.5 g and seawater samples of 20 grams were introduced into a

combustion tube furnace.

The different '*| standard concentrations used for calibrating the ICP-TQMS instrument are

detailed in Table 28.
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Table 28. '®| calibration standard concentrations

Standard Level | '*°l standard concentrations [Bq kg']| Concentration [pg g7]

1 0.38 57.54

2 0.56 86.30

3 0.75 115.07
4 0.94 143.84
5 1.88 287.68
6 3.76 575.36
7 9.40 1438.39

Polyatomic interferences at m/z = 129 (mainly coming from high concentration of stable iodine -
27 and creating a peak tail at mass 129) were assessed by measuring the background levels at
m/z = 129 (*®1) using different concentrations of '’I. Two sets of standard concentrations were

prepared, as detailed in Tables 29 and 30.

Table 29. '?| standard concentrations (ppb-ngg™)

Standard Level | Concentration [ng g']

1 10

20

50

100

1000

2000

N o | o[~ w|DdN

5000

Table 30. '?I standard concentrations (ppm -pgg™")

Standard Level | Concentration [ug g”]

1 10

20

40

80

200

300

N oo |&~]|]WwW]|DN

400
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To assess the impact of high stable iodine concentration (m/z = 127; '?’l) on the peak intensity at
m/z =129, two sets of calibration standards were prepared, as described in Tables 31 and 32. An
internal standard of terbium ('*°Tb), at concentration 1 ng g in 0.5 % TMAH, was used to monitor
plasma suppression. Terbium was selected because it is not typically present at measurable
levels in environmental samples and its isotope '°Tb is free from major spectral interferences in
the mass range studied. By tracking the signal intensity of '*°Tb throughout the measurements,
any reduction caused by matrix-inducted plasma suppression can be identified, thereby
providing a reliable means to assess the sensitivity of the instrument for the accurate

quantification of iodine isotopes.

Table 31. '*I calibration standard concentrations with ¥’ at 5 ug g

2% standard 2% standard 27| standard
Standard . . .
Level concentrations concentration concentrations

[Bqg kg'] [pgg’] [bgg'l
1 0.38 57.54 5.00
2 0.56 86.30 5.00
3 0.75 115.07 5.00
4 0.94 143.84 5.00
5 1.88 287.68 5.00
6 3.76 575.36 5.00
7 9.40 1438.39 5.00

Table 32. ' calibration standard concentrations with '?| at 50 ug g™

29| standard 129 standard 27] standard
Standard . . .
Level concentrations concentration concentrations
[Bqg kg'] [pgg’] [bgg'l
1 0.38 57.54 50.00
2 0.56 86.30 50.00
3 0.75 115.07 50.00
4 0.94 143.84 50.00
5 1.88 287.68 50.00
6 3.76 575.36 50.00
7 9.40 1438.39 50.00
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3.9 Optimisation parameters for the detection of '*°| by ICP-TQMS

3.9.1 Plasma condition optimisation

The average counts for '¥| observed when applying varying carrier gas flow rates and RF power,
are presented in Table 33. The highest response was observed when selecting 1.15 L min™ carrier

gas and a RF Power of 1550 W (as shown in bold). A correlation between average counts atm/z =

Chapter 3

127 (**"1) and nebuliser flow rates is also presented in Figure 48.

Table 33. Average counts for natural '?| using different carrier gas flow rates and applying

different RF power

No. Carrie.r Gas | RF Power m/z=127
[L min™] [W] [Avg. Count]

1 0.90 1000 233080
2 0.95 1000 800938
3 1.00 1000 1312644
4 1.05 1150 1541362
5 1.10 1300 1789372
6 1.15 1550 1973568
7 1.20 1600 1599689
8 1.25 1600 778655
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Figure 48. Correlation between average countatm/z = 127 (*¥l) and nebuliser gas flow rate at
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Average Counts [cps] vs Nebuliser Gas [L min™"]
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optimised RF Power of 1550W

The optimised response atm/z = 129, presentin trace amountin the argon plasma gas, was also

1.00

1.05 1.10 1.15

Nebuliser Gas [L min’"]

—8— Nebuliser Gas [L min™'] vs m/z =127 [Aw. Counts]

assessed and results are presented in Table 34.

Table 34. Average countsatm/z = 129.

. Cér;;er Ponl\jer m/iz=127 | m/z=129
L min] [W] [Avg. Count] | [Avg. Count]
1 0.90 1000 233080 595
2 0.95 1000 800938 1942
3 1.00 1000 1312644 3040
4 1.05 1150 1541362 3476
5 1.10 1300 1789372 3842
6 1.15 1550 1973568 4142
7 1.20 1600 1599689 2779
8 1.25 1600 778655 964
3.9.2 Extraction lens voltage optimisation

In this second experiment, the optimised parameters obtained from experiment 1 were kept (i.e.,
1.15 L min™ carrier gas and a RF Power of 1550W) and different voltages were applied to the

extraction lens to test the response of the iCAP ICP-TQMS instrument at m/z = 127. The results
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are presented in Table 35 and showed an optimal response when setting the extraction lens
voltage at -250V. A correlation between average counts m/z = 127 (*¥l) and the extraction lens

voltage is also displayed in Figure 49.

Table 35. Summary of average counts and extraction lens voltage for optimised values

Carrier Gas | RF Power Extraction Lens m/z=127
No. .
[L minT] [W] [Vl [Avg. Count]
1 1.15 1550 -260 2115989
2 1.15 1550 -250 2120676
3 1.15 1550 -240 2108993
4 1.15 1550 -230 2116403
5 1.15 1550 -220 2114469
6 1.15 1550 -210 2110381
7 1.15 1550 -200 2110332
8 1.15 1550 -190 2109856
Extraction Lens [V] vs Average Counts 27| [cps]
2.122e+6
2.120e+6
2 21180+6
O,
gﬁ 2.116e+6
c
3
O 2114e+6
&
g 2.1126+6 1
2.110e+6
2.108¢+6 +———————F—————T T —
280 260 240 220 200 -180

Extraction Lens [V]

—*— Extraction Lens [V] vs 127 [cps]

127|)

Figure 49. Correlation between average countatm/z = 127 ( and extraction lens voltage

Different voltages were also applied to the first quadrupole extraction lens, and the optimal

response was obtained when using -130V, as shown in bold in Table 36. A correlation between
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average counts m/z = 127 ("’I) and the first quadrupole extraction lens voltage is also displayed

in Figure 50.

Table 36. Summary of average counts and extraction lens voltage for optimised values

First Quadrupole
i . /z=127
No. Carrle.r (_31vas [t RF Power [W]| Extraction Lens mz
min™'] [Avg. Count]
(V]
1 1.15 1550 -160 1928531
2 1.15 1550 -150 2031725
3 1.15 1550 -140 2062184
4 1.15 1550 -130 2086420
5 1.15 1550 -120 2082424
6 1.15 1550 -110 2067732
7 1.15 1550 -100 1990025
8 1.15 1550 -90 1825703
Quadrupole Entry Lens [V] vs Average counts 127 [cps]
2.1e+6
2.1e+6 -
%
S 2.0e+6 1
o
5
8 2.0e+6 1
(0]
o
0 1.9e+6 -
<
1.9e+6 -
1.8e+6 T T T T
-160 -140 120 -100 -80

Q1 Entry Lens [V]

127

—*— Quadrupole Extraction Lens [V] vs Average Counts “'l [cps]

Figure 50. Correlation between average count for m/z = 127 (*¥’l) and first quadrupole
extraction lens voltage
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3.9.3 Isobaric '*°Xe interference removal

Signals atm/z = 129 arising from the presence of '*°Xe originating from the argon plasma gas, as
well as from polyatomic interferences such as 'I'H'H, ¥“Mo0'®0'¢0, #Y*°Ar, were systematically
evaluated using varying O, gas flow rates, up to 0.5 ml min™ (see Figure 51). The introduction of
oxygen into the CRC facilitates the selective reaction of these interfering species, effectively
removing their contribution to the signal at m/z = 129. By monitoring the resulting count rates,
an oxygen flow of 0.21 ml min” was determined to provide optimal interference removal,
corresponding to a stable signal of approximately 500 counts per second (cps). This balance
between interference suppression and signal intensity was considered optimal, as higher oxygen
flows led to unnecessary signal attenuation, while lower flows were insufficient to fully remove to
interfering species. This flow rate was subsequently adopted for all further measurements,
ensuring accurate and reproducible quantification of '*°| while minimising contributions from

xenon and other polyatomic interferences.

Signal intensity at m/z=129 [cps] vs Oxygen flow rate [mL min'1]

1800 7
1600
1400
1200
1000

800 1

m/z=129 [Avr. Counts]

600 1

400

200 ]

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Oxygen Flow rate [mL min'1]

—e— O, Flow [mL min™"] vs m/z=129 (Average Counts - **Xe)

Figure 51. Signal intensity at m/z = 129 with increasing oxygen flow rate (cut off point at 0.21

mL min™)

3.9.4 Summary of optimisation parameters

The optimised parameters for '?° analysis are summarised in Table 37. These parameters were
then retained for attempting to determine '*| in seaweed and seawater samples. The data

acquisition parameters are summarized in Table 38.
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Table 37. Selected optimised parameters for '*°| analysis

CRC

Plasma Flow | pyiraction Lens | Q1 Entry Lens

Plasma Power [W] Oxygen Flow

[L min"] [v] [v]
[mML min™]
1550 1.15 -200 -130 0.21
Table 38. Selected optimised parameters for '?° analysis
m/z Analyte Dwell time (s) N;JVTebee;SOf A:il))::S
127 127) 0.1 1000 TQ
129 129] 0.5 1000 TQ
175 19Th'*0 0.1 1000 TQ
7 - 245 Survey Scan 0.001 100 SQ

NOTE: The survey scan is performed in single quadrupole mode.

Dwell time is the time that the instrument spends acquiring the data which make up a peak on the
mass spectrum. The number of sweeps is the number of times the signal pulse passing through
the quadrupole passes across the mass spectrum of the selected m/z values. During the same
data acquisition time for the quantitative analysis of '*°| performed the survey scan (semi-
quantitative concentration values for m/z = 7 to m/z = 245 in single quadrupole mode). The

survey scan result can be used for method validation and to establish limit of detection.

3.10 Results and discussion

3.10.1 Dihydride formation

The results obtained from the study of peak tailing (i.e., from dihydride formation) are presented
in Tables 39 and 40. As shown in Table 39, the concentration of '?’| in the final solution, ranging
from 10 ng g (10 ppb) to 5000 ng g™ (5 ppm) did not show any dihydride formation ions ('?’I1'H'H)
atm/z = 129 as the average count values were found to be constant. As displayed in Table 40,
average counts at m/z = 127 ranged from 108 to 10°, with the values at m/z = 129 being found

constant up to 80 pg g™ (80 ppm) for '?’l. However, average count values were observed higher by
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up to 50% between 200 and 400 pg g, suggesting the presence of dihydride ion formation
(**I'H'H) at m/z = 129.

Table 39. Average counts observed at mass 127 and 129 using different ng g' concentrations
of a '?| standard solution in 0.5% TMAH and associated 129/127 mass ratios
27| concentration in
0.5 % TMAH solution m/z=127 m/z=129 m/z = 1?9/1 27
P [Avg. Count] | [Avg. Count] ratio
[ngg"]
0 12,039 188 1.56E-02
10 345,753 183 5.29E-04
20 716,497 179 2.50E-04
50 892,380 174 1.95E-04
100 1,755,940 172 9.80E-05
1,000 16,562,337 168 1.01E-05
2,000 30,977,010 164 5.29E-06
5,000 74,475,726 159 2.13E-06
Table 40. Average counts observed at mass 127 and 129 using different ug g concentrations
of a I standard solution in 0.5% TMAH and associated 129/127 mass ratios
127 : H
 concentration in m/z =127 m/iz=129 | m/z=129/127
0.5 % TMAH solution i
P [ Avg. Count] [Avg. Count] ratio
g g™l
0 14,612 89 6.09E-03
10 144,389,357 87 6.03E-07
20 269,257,507 85 3.16E-07
40 629,395,853 84 1.33E-07
80 1,247,391,520 88 7.05E-08
200 2,975,083,581 106 3.56E-08
300 4,827,706,699 119 2.46E-08
400 5,984,096,947 121 2.02E-08
3.10.2 Assessment of signal suppression

The results from the assessment of the impact of stable iodine at m/z = 127 on intensities atm/z

=129 are shown in Tables 41 and 42. A terbium (***Tb) solution at concentration 1 ng g" was used

113



Chapter 3

as internal standard and measured at m/z = 175 ("**Tb'®0) to monitor the signal suppression
sensitivity following high matrix loading of stable '¥I. Two sets of calibration standards were used

for "2 with a constant concentration of '?| at 5 and 50 pg g™, respectively.

Table 41. Average counts at masses 127, 129 and 175 using a 5 pg g"' "I solution and
associated 129/127 ratios

Standard Level m/z =127 m/z =129 m/z =129/127 m/z=175
[ Avg. Count] [Avg. Count] ratio [Avg. Count]
1 615,058 246 4.00E-04 1,025,187
2 617,045 322 5.22E-04 1,061,595
3 617,775 383 6.20E-04 1,065,632
4 618,755 455 7.35E-04 1,073,624
5 618,145 798 1.29E-03 1,095,599
6 631,802 1,493 2.36E-03 1,108,656
7 620,904 3,504 5.64E-03 1,122,510

Table 42. Average counts at masses 127, 129 and 175 using a 50 pg g' 'l solution and
associated 129/127 ratios
m/z=127 m/z=129 m/z =129/127 m/z=175
Standard Level .
[ Avg. Count] [Avg. Count] ratio [Avg. Count]
1 902,366,200 231 2.56E-07 908,899
2 893,509,660 285 3.19E-07 905,215
3 906,258,451 347 3.83E-07 906,004
4 865,521,610 393 4.54E-07 871,631
5 834,587,545 654 7.84E-07 838,722
6 763,519,306 1,113 1.29E-06 775,414
7 738,618,305 2,572 3.07E-06 748,559

In Table 41, the concentration of 'l at 5 ug g’ did not have any suppression effect on '*latm/z
=129. The internal standard signals at m/z = 175 were similar across the different standard levels
tested. The ionization efficiency for terbium varied by 5%. As shown in Table 42, a higher
concentration of '?I, at 50 pg g, was found to be affecting the signal at m/z = 129 - signal
suppression by concomitant elements. This effect is also described in the literature 1523223231 gg
the space charge effect and explains matrix effects. In this case, the efficiency of plasma

ionisation dropped with increased concentrations of '*°|.
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3.10.3 29] jn seaweed

The results obtained from the analysis of seaweed via both the presented ICPMS and LSC
methodologies are collated in Table 43. A range of sample masses were used for comparison
purposes. Overall, the results were in a relatively good agreement. To evaluate the agreement
between the two methods, the relative difference (% difference) was calculated for each sample

using the formula:

% Dif ference = M %X 100
LSC
Table 43. '®| activity concentration in seaweed samples
Dry seaweed ICPMS LSC measured Difference
sample measured
weight [g] Bag’ Bag’ %
1.0 0.0511 +£0.0025 | 0.0559+0.0016 8.6
1.0 0.0655 +0.0033 | 0.0666 =0.0019 1.7
1.0 0.0726 +0.0064 | 0.0760 = 0.0022 4.5
2.0 0.0549 +0.0036 | 0.0532+=0.0015 3.2
2.0 0.0515+0.0094 | 0.0589+0.0017 12.5
2.5 0.0602 +0.0043 | 0.0674 =0.0019 10.7
2.5 0.0747 +£0.0031 | 0.0708 =0.0020 5.5

The percentage of differences between ICPMS and LSC measurements ranged from 1.7 % to
12.5 %, with an average relative difference of approximately 6.8 %. This demonstrates that ICPMS
provides results that are generally consistent with the established LSC method. Minor
discrepancies are attributed to measurement uncertainties and the inherent differences between

the two analytical techniques.

However, the ICPMS values in most cases were found to be lower in comparison to results from
LSC measurements. This clearly indicated an impact of the matrix effect during ICPMS
measurement. This was mainly related to the fact the extract used in both techniques was not

fully purified and uncomplete extraction.

The full and partial mass survey scan spectra from using 1 g of seaweed extract are provided in

Figures 52 and 53, respectively. The intensities are represented in log scale. Figure 56 showed

115



Chapter 3
overall a complex spectrum with high intensities between m/z = 12 (**C — combustion product
from pyrolyser), m/z = 23 (¥*Na - trapping solution) and m/z = 39 (*K - trapping solution) up to

127 (*¥| - seaweed) and m/z = 143.

Intensity [cps]

4] 50 100 150 200 250 300
Mass [u]

Figure 52. Full mass survey scan spectra using 1 g of a seaweed sample

Samples

10° 1 : ; 1
& 1 1 myz=127 .

Intensity [cps]

1 #,L ‘F

Figure 53. Survey scan from using a 1 g seaweed sample (fragment spectra from m/z = 120 to
m/z=150)

A narrowed spectrum between m/z =120 and m/z = 150 is provided in Figure 56 and showed the
large peak of 'l at m/z = 127 in comparison with the analyte of interest '*l atm/z = 129, with a
subsequent '*°1/'?| ratio found to be approximately 10°6. This value corresponds with other values

found from the literature®®,

The main isobaric spectral interference from the presence of '*Xe in argon plasma gas reacted
with oxygen and contributed to the peak observed at m/z = 145 ('*Xe'®0). By reacting with
oxygen, '?| contributed to the peak displayed at m/z = 143 ("¥I'®*0). Other contributors at m/z =

143 and m/z = 145 could be *'Xe'N, *3Cs'2C and '°Xe™N, '*'Xe'2C, °*Rh*°Ar, respectively.
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The ™| result obtained from the analysis of a certified reference material — IAEA-418
(Mediterranean Sea Water) did not agree with the certified '*°| concentration activity of 3.2 x 10”7
Bg L™ as it was too low for detection by ICPMS. The intensities from three replicates recorded at
m/z = 129 were then compared with the results from analysing a blank solution. All results are

collected in Table 44.

Table 44. '™°lintensities recorded from repeat analysis of the IAEA-418 CRM (seawater)

Intensities atm/z =129
Sample
[Avg. counts]
Blank 154
20g(1) 101
20g(2) 110
20g(3) 155

As can be seen in Table 44, the intensities observed from the analysis of the CRM IAEA-418 were
found below or equal to the blank intensity. Unfortunately, 20 grams was the maximum quantity
that could be introduced in the combustion boat, suggesting the need to pre-concentrate prior to

the pyrolysis process.

3.10.4 Reproducibility of I measurements

The reproducibility of the iCAP ICP-TQMS method for determining '*°l in seaweed was confirmed
through consistent results across samples of varying masses — see Table 43. The measured
activity concentrations ranged from 0.0511 to 0.0747 Bq g, with overall mean value of 0.0616 Bq
g, and a weighted standard deviation of 0.0090Bq g, corresponding to a weighted relative
standard deviation (RSD) of approximately 14.6 %. Replicate analyses of equal sample weights
(e.g. 1 g and 2 g) showed close agreement, demonstrating that variations in sample mass within
the tested range (1 — 2.5 g) had negligible influence on the measured activity. These findings
indicate a high level of analytical precision and method robustness, confirming that the iCAP ICP-
TQMS provides reliable and reproducible measurements of '®| in small biological samples.
Furthermore, the strong reproducibility supports the overall method validation, verifying its
accuracy, linearity, and compliance with the established detection limit. This demonstrates the
suitability of the technique for routine environmental monitoring, inter-sample comparison, and

long-term bioindicator studies using seaweed as a sensitive tracer matrix.
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The background from using of 0.5 % TMAH solution and lowest standard counts of '#|
corresponded to a concentration of 57.54 pg g” (0.38 Bq kg") at m/z = 129 from three runs
summarised in Table 45. The limit of detection was calculated by converting three times the

standard deviation of background counts into a concentration value using the calibration

Chapter 3

Limit of Detection for measurements of '°| (LOD)

function equation provided by the operating Qtegra software.

Table 45. | limit of detection
0 .
0.5% TMAH solution 29 Level 1 standard Limit of detection Limit of detection
background counts P A
counts [cps] [pgg’] [Bag™]

[cps]
146 292 3.60 2.35x10°
154 297 2.34 1.53x10°
188 315 2.72 1.77x10°

The limit of detection for '*°| was determined to be in the pg g, corresponding to an activity
concentration to 10 Bg g™ from minimal sample sizes ranging from 1 to 2.5 g, demonstrating the
significant potential of quadrupole ICP-MS for monitoring trace elements in biological matrices.

Compared to other techniques and sample types, this approach offers a practical and sensitive

solution for rapid, low sample analyses, as summarized in Table 46.

Table 46.

Comparison of Limit of detection of '%°|

Instrumentation/

Limit of detection

Sample pgg’ Sample size Ref.
Measurement »

(Bag™)

Accelerator Mass B
Water (2.4x1079) 0.6L [324]

Spectrometry (AMS)
Soils ICP-MS with DRC 15.2(9.9x10%) 30-180¢g [325]
Decommissioning matrices Quadrupole ICP-MS 16(1.05x10%) 0.5-1¢g [91]
. Liquid Scintillation 3
Soils Counting (LSC) (107) 100¢g [326]
Seaweed iCAP ICP-TQMS 3.6(2.35x10%) 1-25¢ This work

In comparison, AMS achieves ultra-trace detection in water but requires large sample volume,

while ICP-MS with DRC or LSC provides good sensitivity for solid but demands substantially larger
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sample masses. Quadrupole ICP-MS for decommissioning matrices shows similar sensitivity
with minimal sample input. These comparisons highlight that seaweed, represents a highly
efficient, low-sample, and sensitive approach for routine environmental monitoring of trace

elements, particularly in marine and coastal ecosystems.

3.11 Conclusion

A novel analytical method for the determination of '*° in seaweed samples was developed using
the iCAP ICP-TQMS instrument. During the method development, the plasma conditions and the
voltage of the ion optics well systematically optimised to minimize the formation of dihydride
species "7I'H'H, which originate from the abundant stable isotope ¥l and can interfere with
accurate '*°l measurements. Additionally, the use of O, as a collision/reaction gas effectively
eliminated the isobaric interference from '**Xe at m/z = 129, enabling selective and sensitive

guantification of "I,

To extract iodine from complex matrices such as seaweed, a combustion-based extraction
procedure was successfully employed. This approach produced consistent and reproducible
results across multiple samples, demonstrating both reliability and robustness of the method.
The performance of the ICP-TQMS approach was found to be comparable to traditional
radiometric techniques, such as liquid scintillation counting (LSC), with respect to sensitivity,

precision and accuracy.

The method exhibits an instrumental limit of detection (LOD) of 1.5310° Bq g™ (equivalent to 2.34
pg g’) for "*°I, which is sufficiently low for environmental monitoring applications. Given its
sensitivity, reproducibility, and adaptability, this method has potential applications beyond

seaweed, including the analysis of other solid and liquid environmental matrices.

The determination of 129l in environmental samples is of significant scientific and ecological
interest. 1291 is a long-lived radionuclide produce both naturally and anthropogenically, for
example, as a by-product of nuclear fuel reprocessing. Its low concentration in the environment
and its mobility make it an importance tracer for studying the cycles and monitoring the impact

of nuclear activities on ecosystems.

Compared to traditional radiometric techniques, such as LSC, the ICP-TQMS approach several
advantages, including faster analysis, lower sample volume requirements, and the ability to
handle complex matrices without extensive chemical separations. However, potential limitations
include the need for careful optimisation of plasma conditions and interference management.

Future improvements could focus on further reducing interferences form other isotopes or
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molecular species, increasing sample throughput, and expanding the method to other

challenging environmental matrices, such as soils, sediments, and industrial effluents.

Overall, the combination of optimised ICP-TQMS detection with a robust combustion extraction
procedure provides a rapid, accurate, and reliable analytical approach and long-term ecological
assessment, providing a valuable tool for understanding the fate and transport of radioactive

iodine in diverse environmental systems.
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Chapter4 Improved sensitivity for measuring ?*°Ra in
reference materials and seawater samples by ICP-

TQMS

4.1 Natural and human sources of ?Ra in the environment

Radium has the symbol Ra and the atomic number 88. Radium is an alkaline earth metal lying in
the bottom of group lla in the periodic table. The element was discovered in 1898 by Marie and
Pierre Curie. Their work was closely linked to the discovery of special rays continuously emitted
by uranium salts by Henri Becquerel in 1896. This property of emission of rays was called
radioactivity. The Curies discovered that several minerals had stronger radioactivity than the
oxides of uranium and thorium. Their conclusions were that these minerals contained some new
element with radioactivity which was much stronger than uranium and thorium and which might
be present in the minerals in only a very small proportion. This particular hypothesis was verified

with the discovery of Ra and polonium (Po) from pitchblende ore in 18983273281,

There are 34 radium isotopes known up to date and all of them are radioactive. The mass numbers
of the known isotopes range from 201 to 2348, There are four naturally occurring isotopes
present in the environment: 22°Ra, #**Ra, #*°Ra, ??°Ra as decay products within the three natural
radioactive decay series (Thorium, Uranium, and Actinium series — Figure 54). The longest-lived
isotope of radium, and most common present in environment, is >Ra that occurs from the decay
chain of 2%8U (often referred to as the radium series). The half-life of ?°Ra is 1,602 years. The next
longest-lived isotope is ?*®Ra, a product of #*Th breakdown, with a half-life of 5.75 years. Both

223Ra and ?**Ra are short-lived isotopes with a half-life of 11.7 and 3.64 days, respectively.
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Figure 54. Uranium, Actinium and Thorium (from left) natural radioactive series!*"

Radioluminescent paint was invented in the early 1920s and originally contained #**Ra. This paint
was used in the production of watches, nuclear panels, aircraft switches, clocks, and instrument
dials. Many former watch-dial painters who used their lips to shape the paintbrush died from the
direct exposure to radioactivity from #2°Ra, which over time, accumulated in bones®?®, Radium
was also used as an additive in the food industry to improve taste and preserve food longer. This
industrial practice also led to death cases directly related to radiation exposure®". Radium was
also used as an additive in many cosmetic products. Such products soon fell out of vogue and
were prohibited by authorities in many countries, after discovering they could have serious

adverse health effects®2,

As a group lla element, radium has a similar property to calcium and can be easily incorporated
into bones. Furthermore, the consumption of food and water containing radium led to
accumulation in body and contribute to the radiological dose. In some geographical regions

presenting naturally elevated concentrations of radium in surrounding soil and rocks, the risk of
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ingestion may be higher as a result of consumption of plants, animals and animals products?®*

335]

Radium isotopes are often present in industrial waste originating from various mineral ore mining
and processing activities e.g.: uranium, phosphate, coal, metal, oil and gas®¢34? and sludge
arising from water treatment plants®*l, These substances with enhanced concentration of
radium and other naturally occurring radionuclides are referred to as NORM (Naturally Occurring
Radioactive Material) or TENORM (Technically Enhanced Naturally Occurring Radioactive

Material).

NORM activities may be associated with the following!®*4:

e Materials including products, residues, and waste with enhanced concentration of
natural radionuclides resulted from technological processes in non-nuclear industries,

e Raw materials or waste rock material with natural elevated concentrations of natural
radionuclides,

e Waste (sludge) with enhanced concentrations of natural radionuclides resulted from
processes of treatment of drinking water or wastewater,

e Mining orindustrial processes related to release solid or dissolved natural radionuclides

to surface water or ground water.

These may cause enhanced exposure to workers and members of public from discharging NORM

waste in the environment.

Determination of radium in the environment is important from human and environmental health
reasons. With similar chemical properties as Ca, strontium (Sr) and barium (Ba), Ra can easily
accumulate in the body very easy incorporated into bones?®® 3l Accumulation of radium in
bones and in the muscle, tissue enhance the total annual radiation dose®7.. In the UK, the
concentration of ?*Ra in water intended for human consumption is regulated under the Natural
Mineral Water, Spring Water and Bottled Drinking Water (England) Regulation 2007. According to
Schedule 12 of these regulations, the derived concentration for **Ra is set at 0.5 Bq L~
(13.7 pg L™, and the associated analytical methods are generally required to achieve a limit of

detection of 0.04Bg L (1.1 pg L™). [legislation.gov.uk]

Radium-226 is also a powerful tool for assessing the transfer mechanisms of other organic or
inorganic chemicals present in NORM waste. It is also often measured in sediment cores to
determine indirectly the amount of unsupported lead-210 (3'°Pb), used as a geochronological tool

and characterise sediment-water exchange or ocean mixing processes!® 349,
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4.2 Traditional methods and established ICP-MS methods for

measuring ?*Ra in environmental matrices

22Ra is an alpha-emitter, with emissions of 4.78 MeV (94.45%), 4.60 MeV (5.55%), and associated
gamma-ray emission at 186.1 keV. A number of techniques has been reported in the literature for
the determination of *®Ra. These include a-spectrometry®? 37 B-y coincidence counting!®?,
222Rn-emanation counting in a Lucas celll®? 34, y-spectrometry®*], liquid scintillation counting
(LSC)B%8, inductively coupled plasma-mass spectrometry (ICP-MS)®7], thermal ionisation mass
spectrometry (TIMS)®% 351 gnd accelerator mass spectrometry (AMS)*%, All these techniques
differ in terms of performance, selectivity, analytical effort, reproducibility, and stability. The
performance of these techniques, when applied to different matrices has been reported
widely®44 361381 Among these techniques, ICP-MS was found to be capable of dealing with liquid
samples containing relatively high levels of ?°Ra, with minimum detectable activities (MDA)
varying between 0.22 Bq L' (6.0 pg L") and 11 Bg L (300.5 pg L™")®%®!, Nevertheless, the recent
development of chromatographic resins and novel sample introduction system (e.g., desolvation
unit) is believed to enable to achieve lower detection limits. Several ICPMS procedures used for
the determination of ??°Ra in environmental matrices and reported in the literature are
summarised in Table 47, including their respective limits of detection and method detection

limits.

The limit of detection represents the lowest analyte concentration distinguishable from
background noise and reflects the sensitivity of the instrument itself. The method detection limit,
in contrast, accounts for the entire analytical procedure, including sample preparation, and

provides a practical measure of the lowest concentration reliably detectable in routine analysis.
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Table 47. Comparison of some reported procedures for determination of ?°Ra by ICPMS.
. Limit of Method .
. . Instrumentation/ . . L Nebuliser Preconcen.
Sample Separation/resin detection detection Limit Ref.
Measurement M a system factor
[pg L] [pg L]
Water, river, APEX-Q
and AGS50W-X8and  Quadrupole ICP- 0.02 introduction 30 [357]
Sr-resin MS
seawater system
Self-prepared .
Seawater MnO2 and AG SF-ICP-MS 0.084 Medium 333 [367]
resolution
50W-8
Seawater MnO2
coprecipitation
andion .
Seawater exchange MC-ICP-MS 0.091 CetacAridusll 554 500 [368]
e . desolvating
purification (AG systern
50W-X8 Yy
(duplicate), Sr-
resin, AG1x8
. . Double pass
Riverwater D Phonix, S0W-xg HR-ICP-MS 0.270 0.0014 cyclonic spray 200 (369]
and Sr-resin
chamber
APEX-Q
Groundwate  AG 50W-X8 and SF-ICP-MS 0.090 introduction 50 [370]
r Sr-resin
system
Ultrasonic
Radi ii nebulizer,
adium specific ) )
T'\:ggfl solid phase Q“adrul\?g leiCP 2 0.020 expansion 100 (371]
extraction disc chambgr,
desolvation
unit
Lake AG 50W-X8 APEX-Q
. (duplicate) and Sr- SF-ICP-MS 0.006 0.020 introduction [372]
sediment K
resin system

Sample preparation prior to ICPMS analysis is vital to eliminate isobaric or polyatomic
interferences present in the plasma. The main polyatomic interferences for ICPMS analysis of

225Ra have been reported®?3*%l and are summarised in Table 48.
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Potential polyatomic interferences impacting ?*Ra quantification by ICP-MS.

Radionuclide

Required mass

(atomic mass w) Interference Atomic massu resolution (m/Am)
2Mo*Mo*Ar" 225.774281 900

83r1%%Ba* 225.810855 1,100

873r3%La* 225.815227 1,100

83r14%Ce* 225.814696 1,100

8Sr'3¥La* 225.812721 1,100

“Ca,'*Ba"* 225.816203 1,100

89Y13'Ba* 225.811669 1,100

8Kr14°Ce* 225.816044 1,100

226Ra (226.025403) 146N d*°Ar?* 225.837878 1,200
TBB\WAOAr 225.916747 2,100

187Re*K* 225.919458 2,200

194ptTe0," 225.952494 3,100

205T|15Na* 225.962099 3,600

207ppToF* 225.974284 4,500

208pp80* 225.975796 4,600

209Bj"8Q " H* 225.983123 5,400

208pp18Q'H,* 225.987201 6,000

Their respective contribution to the signal at m / z = 226 will mainly depend on the sample
matrix of interest, the ICPMS instrument used, and the gas modes selected in the

collision/reaction cell of the instrument.

4.3 Aim

The main aim of this work was to optimise the plasma condition, extraction lens and first
guadrupole entry lens voltage for measuring ?*Ra using the iCAP ICPTQMS system manufactured
by ThermoFisher Scientific. The second part of this work was to determine the optimum gas flow
(He, N») used in the desolvation system. These optimised parameters were then used to attempt

the quantification of ??°Ra in seawater samples and IAEA solid reference materials.
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4.4 Reagents

All standard solutions were prepared from elemental stock solutions in 1% HNO; (Aristar® VWR
Chemicals). Hight purity de-ionised water (resistivity higher than 18.2 MQ) was also produced
using a Q-Pod Millipore System (Merck, York, UK). The internal standard solution of Tb was

sourced from VWR Chemicals.

Other reagents such as hydrochloric acid (HCL), nitric acid (HNO3), ammonia (NH;), potassium
permanganate (KMnQ,), manganese chloride (MnCl,) were sourced from VWR Chemicals. The
anion exchange resin Dowex 50W X8 was provided by Sigma Aldrich (UK). The strontium resin

(4,4’(5’)-bis(t-butylcyclohexano)-18-crown-6) was provided by TrisKkem International (France).

The certified #?°Ra standard solution was supplied by Amersham PLC (UK), the certified reference

materials were purchased from the International Atomic Energy Agency (Austria).

4.5 Instrumentation

All measurements were performed using the ThermoFisher Scientific iCAP ICP - Triple
Quadrupole Mass Spectrometer (iCAP ICP-TQMS) controlled by the Qtegra software. The
instrument was equipped with a standard sample introduction system consisting of a MicroMist
nebulizer and baffled cyclonic spray chamber. A platinum tip sample cone and skimmer cone
with high sensitivity skimmer cone insert were used instead of the standard and original nickel
sample and skimmer cones. Samples were introduced directly into the ICP-MS using an ASX-520

autosampler with the standard peristaltic pump and tubing (internal diameter of 1.02 mm).

The Aridus 3 Desolvating Nebulizer System equipped with self-aspirating C-Flow PFA nebulizer
with a flow rate of 100 pL min~' (Teledyne Cetac Technologies) and controlled by The Aridus Link

software was also used at the front of the iCAP ICP-TQMS system.

Hotplate, stirring plate, centrifuge and filtration apparatus with coarse porosity frit to
accommodate a 47 mm diameter paper filter, 10 mL plastic columns were also used for

extracting ??°Ra from seawater samples and certified reference materials.

4.6 Methodology

Plasma, optics voltage, collision/reaction gas flow rate and desolvation gas flow were the

instrumental parameters investigated in this study.

As a radio frequency power generator, induction coil and gas are used to form Inductively

Coupled Plasma (ICP), the RF Power (W) from the generator and the nebulizer gas flow (L min™)
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were the two main parameters investigation as part of the for plasma condition optimisation

process.

Different extraction lens and first quadrupole extraction lens voltages were also tested to
optimise a response from the instrument, as this is where separation of positive ions from neutral

species, photons, and electrons and ion transfer to the mass analyzer occur.

Argon (Ar) and nitrogen (N.) gases were used in the Aridus 3 Desolvation Nebulizer System to
remove solvent from the sample analyte and improve sensitivity. These additional gases flow

rates were also considered in this study.

The first sets of experiments focused on the plasma optimisation conditions, by gradually
increasing the RF power between 1,000 and 1,600 W and assessing the m/z response at different

nebulizer gas flows, as described in Table 49.

Table 49. Optimisation tests 1

No. Nebulizer Gas Flow (L min™) RF Power (W)
1 0.90 1000 - 1600
2 0.95 1000 - 1600
3 1.00 1000 - 1600
4 1.05 1000 - 1600
5 1.10 1000 - 1600
6 1.15 1000 - 1600
7 1.20 1000 - 1600
8 1.25 1000 - 1600

The second set of experiments emphasised on the extraction lens and first quadrupole extraction
lens voltage and was performed applying different voltages to both extraction and first

guadrupole extraction lenses to establish the highest m/z response at mass 226.

The extraction lens and first quadrupole extraction voltages were both increased in 10 volts step

and responses atm/z = 226 were recorded.

In the third set of experiments, different flow rates of argon (Ar) and next nitrogen (N.) in the
desolvation system (Aridus 3) were also tested to establish the highest m/z response of the
ICPMS for 2*Ra. The argon and nitrogen flow rates in the Aridus 3 desolvation system were

increased from 1.0 to 5.0 L min™ and from 0.2 to 5.0 L min™, respectively.
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A 0.5 pg L (500ppt) solution of #°Ra nuclide in 1% nitric acid was used in all three experiments
and in an additional 0.001 mg L™ (1ppb) solution of terbium (Tb) nuclide in 1% nitric acid was used
as instrumental internal standard. Solutions were introduced into the plasma using an ASX-520
autosampler and data were collected for 60 seconds with 1,000 sweeps for each individual m/z

value.

Seawater samples were first filtered through a 0.45 pm Whatman paper to remove particulate
matter. One litre of seawater (1,026 g, 1.026 g mL™") was spiked with a known amount of ?*Ra
standard. The different spiked quantities are detailed in Table 50. The solution was continuously
stirred using a magnetic stirrer, followed by the addition of 0.75 mL saturated solution of KMnO,,
1.5 mL of MnCl,, and pH adjusted to values 8-9 with ammonia solution. The solution was stirred
for 60 minutes and then left overnight to settle MnO, precipitate. The supernatant was decanted,
and the precipitate was transferred to 50 mL centrifuge tubes and centrifuged at 3000 rpm for ten
minutes. After decanting the solution, the precipitate was dissolved in 10 mL of 3 M HCl and
loaded onto an anion exchange column (10 mL of resin Dowex 50W X8), preconditioned
sequentially with 100 mL hight purity de-ionised water (resistivity higher than 18.2 MQ), washed
and conditioned with 50 mL of 3 M HCl, respectively. Sample loaded onto column and washed
with 100 mL of 3 M HCl, and radium was eluted using 100 mL of 3 M HNO;. Eluted fraction was
evaporated to dryness and dissolved in 2 mL of 3 M HNOs, then loaded onto a Sr-specific resin
column (Sr-resin, 8 mL of resin ~2 g in 10 mL column) preconditioned with 100 mL of 3 M HNOs.
Radium was eluted using 20 mL of 3M HNO3, and the eluent was evaporated to dryness and finally

dissolved in 20 mL of 1 % HNO; for analysis.

Ten grams of each three reference materials: IAEA-410 (Bikini Atoll Sediment), IAEA-434
(Phosphogypsum) and IAEA-465 (Baltic Sea Sediment) was boiled with 100 mL of 6 M HCl on
hotplate for 2 hours. Then solution was filtered through paper filter (0.45 pm Whatman) and
solution were transferred to 50 mL centrifuge tubes and centrifuged at 3000 rpm for ten minutes.
The solution decanted to 100 mL beaker and evaporated to dryness. Then added 50 mL of 3M HClL
and then solution loaded onto an anion exchange column, following Sr- resin column described

above.

NOTE: Boiling the samples in hydrochloric acid (HCLl) is not intended to achieve complete
dissolution of the matrix e.g. rocks. Instead, this step serves to selectively leach easily soluble
minerals, carbonates, and surface-bound species, including radium and other alkaline earth
metal, into solution. Partial acid treatment also helps remove potential surface contaminants
and improves contact between the sample and subsequent reagents, facilitating efficient

separation and pre-concentration of the target analytes for analysis.

The set of ?2°Ra standard concentrations used for calibration is detailed in Table 51.
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Table 50. **°Ra spiked levels tested in seawater samples

Spiked level | Activity concentration [Bq L™']| Concentration [pg g]
1 1 0.0273
2 2 0.0546
3 4 0.1093
4 5 0.1366
5 7.5 0.2049
6 10 0.2732

Table 51. Set of ?°Ra calibration standard concentrations

Standard Level

225Ra standard concentrations [Bq L]

Concentration [pg g7']

1 0.7483 0.0204
2 1.4967 0.0409
3 2.9933 0.0818
4 9.3541 0.2556
5 18.7082 0.5112
6 37.4163 1.0223
7 74.8327 2.0446
8 149.6654 4.0893

4.7 ICP-TQMS optimisation parameters for the detection ?*°Ra

4.7.1 Plasma condition optimisation

The m/z signals from ??°Ra were collected and average counts using varying carrier gas flow rates
and RF power, are presented in Table 52. The highest responses were observed when selecting

1.15 L min™ carrier gas and a RF Power of 1400 W (shown in bold). A correlation between average

counts atm/z = 226 (***Ra) and nebuliser flow rates is also presented in Figure 55.
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Table 52. Average counts obtained for #*°Ra using different carrier gas flow rates and applying
different RF power

No. Carrie'r Gas | RF Power m/z=226
[L min™] [W] [Avg. Count]
1 0.90 1000 229129
2 0.95 1000 920660
3 1.00 1000 2101521
4 1.05 1100 2358840
5 1.10 1250 2645029
6 1.15 1400 2744433
7 1.20 1550 2672559
8 1.25 1600 2189422

Average Count [cps] vs Nebuliser Gas [L min™']

3e+6

3et6

2e+6 A

2e+6 A

m/z [Avr. Count]

1e+6 -

5e+5 -

0 LR B B R B B B BB B L R B L L R B L BB R BB B B R B B R B R B
0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30

Nebuliser Gas [L min™"]

—&— Nebuliser Gas [L min'1] vs m/z=226 [Aw. Count]

Figure 55. Correlation between average count for m/z = 226 (***Ra) and nebuliser gas flow
rate at optimised RF Power of 1400W

4.7.2 Extraction lens voltage optimisation

For this second experiment, the optimised parameters obtained from experiment 1 were retained
(i.e., 1.15 L min™ carrier gas and a RF Power of 1400W) and different voltages were applied to the

extraction lens to test the instrumental response at m / z = 226. The results are presented in
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Table 53 and showed an optimal response when setting the extraction lens voltage at -200V. A
correlation between average counts m/z = 226 (***Ra) and the extraction lens voltage is also

displayed in Figure 56.

Table 53. Summary of average counts and extraction lens voltage for optimised values

Carrier Gas | RF Power | Extraction Lens m/z =226
No. _
[L min™] [W] V] [Avg. Count]
1 1.15 1400 -260 2755957
2 1.15 1400 -250 2819418
3 1.15 1400 -240 2827630
4 1.15 1400 -230 2850686
5 1.15 1400 -220 2850057
6 1.15 1400 -210 2852562
7 1.15 1400 -200 2879181
8 1.15 1400 -190 2809484
Extraction Lens [V] vs Average Counts **°Ra [cps]
2.90e+6
2.88+6 -
2.866+6
= 284646 |
8
8 2.82%+6
5
o
O 2.80e+6 1
2.78+6 -
2.76e+6 A
2.74e+6 . . . .
280 260 240 220 200 180

Extraction Lens [V]

—&— Extraction Lens [V] vs Average Counts 26Ra [cps]

Figure 56. Correlation between average count at m / z = 226 (**°Ra) and extraction lens
voltage

Different voltages were also applied to the first quadrupole extraction lens and the optimal

response was obtained when using -120V, as shown in bold in Table 54. A correlation between
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average counts m/z = 226 (***Ra) and first quadrupole extraction lens voltage is also displayed

in Figure 57.

Table 54. Summary of average counts and extraction lens voltage for optimised values

First Quadrupole
Carrier Gas | RF Power Q . P m/z =226
No. - Extraction Lens
[L minT] [W] [Avg. Count]
[Vl
1 1.15 1400 -150 2291688
2 1.15 1400 -140 2508642
3 1.15 1400 -130 2576553
4 1.15 1400 -120 2660295
5 1.15 1400 -110 2583812
6 1.15 1400 -100 2538429
Q1 Entry Lens [V] vs Average Counts **°Ra [cps]
2.7e+6
2.6e+6 -
‘2 2.5e+6 -
S,
2
5
8 2.4e+6 -
2.3e+6 -
22e+6 T T T T T T T T T T T T T T T T T T T T T T T T T T T

-160

-150 -140

-130 -120 -110

Q1 Entry Lens [V]

Py 226
Q1 Entry Lens [V] vs Average Counts Ra [cps]

-100 -90

Figure 57. Correlation between average count for m/z = 226 (***Ra) and first quadrupole
extraction lens voltage

4.7.3 Aridus 3 desolvation system argon and nitrogen flow rate optimisation

As shown in Figures 58 and 59, the optimal average counts at m/z = 226 (***Sr) were obtained

when using 3.5 L min™ and 1.0 L min™" of argon and nitrogen gases, respectively.
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#2°Ra [Average Counts] vs Argon Flow rate [L min™"]
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Figure 58. Aridus 3 desolvation system — argon flow rate optimisation
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Figure 59. Aridus 3 desolvation system — nitrogen flow rate optimisation
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4.7.4 Kinetic Energy Discrimination for 222Ra measurement

Kinetic Energy Discrimination (KED) is a technique widely used in ICP-MS to enhance the
accuracy of *Ra measurements by minimising polyatomic interferences. In KED mode, the
collision/reaction cellisfilled with aninert gas, typical helium, causing ions to undergo collisions.
Polyatomic interfering ions undergo more collisions and lose more kinetic energy than the heavier
target radium ions (***Ra*), and an energy barrier at the cell exit allows only ions with sufficient
kinetic energy to reach detector. This significant improves the signal-to-noise ratio, detection
limits, and measurement precision for a trace radium analysis in complex matrices such as soils,
sediments, and water. When compared to alternative interference-reduction strategies, such as
the Dynamic Reaction Cell (DRC), Kinetic Energy Discrimination (KED) offers a straightforward

and highly efficient approach for mitigating polyatomic interferences in ICP-MS analyses.

In KED mode, helium was used as the collision gas at a flow rate of 4.75 mL min™, which
correspond to the instrument’s default setting. This flow rate is optimised by the manufacturer to

provide an effective balance between interference removal and ion transmission.

4.7.5 Summary of optimisation parameters

The optimised parameters for radium analysis are summarised in Table 55. These parameters
were then retained for measuring *Ra in selected seawater and sediment samples. The data

acquisition parameters are summarised in Table 56.

Table 55. Collated data of optimised parameters for 22°Ra analysis

.. . Aridus 3 Desolvation
ol Collision/Reaction Cell Nebulizer Svst
Plasma Fallsma Extraction | Q1 Entry ebulizer System
ow

Power Lens Lens KED mode - Helium Argon Nitrogen

(W] [L min?] V] V] Flow Flow Flow
[mL min?] [L min] [L minT]

1400 1.15 -200 -120 4.75 3.5 1.0

Table 56. Collated data of optimised parameters for °Ra analysis

m/z Analyte Dwell time (s) N:\:vnebeeprsof A:f(l)f:s
226 22°Ra 0.5 1000 TQ
159 9Tb 0.1 1000 TQ

7 -245 Survey Scan 0.001 10 SQ

NOTE: The survey scan is performed in single quadrupole mode.
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Dwell time is the time that the instrument spends acquiring the data which make up a peak on the
mass spectrum. The number of sweeps is the number of times the signal pulse passing through
the quadrupole passes across the mass spectrum of the selected m / z values. During the same
data acquisition time for the quantitative analysis of #?°Ra performed the survey scan (semi-
guantitative concentration values form / z =7 to m / z = 245 in single quadrupole mode). The
survey scan result can be used for presence and interpretation the potential polyatomic

interferences which may impact on #?Ra quantification by ICP-MS.

4.8 Results and discussion

4.8.1 225Ra in seawater samples

The results obtained from the three repeats of seawater measurements and associated
recoveries based on the spiked concentration are presented in Table 57. For each nominal spike
level, the measured concentrations were consistently lower than expected, with recoveries
ranging from 61 % to 79 %. The discrepancy between measured and expected values increases
at higher spike levels, indicating a concentration dependent bias. Relative range widths, defined
as the spread of measured values expressed as a percentage of the mean, are generally smaller
at intermediate concentrations but increase at the highest spikes, reflecting greater

measurement variability.

Table 57. 2?°Ra activity concentration in seawater samples

Spiked Level m';'j:z d Uncertainty m(:jaesir:e d VF\{”a drlies Rfalf]g;/e Recoveries
Bg L’ Bg L’ Bg L™ Bg L™ BgL" | (% of mean) [%]
1.00+0.01 | 0.62-0.79 | 0.04-0.12 0.71 0.17 24 61-79
2.00+0.07 | 1.23-1.48 | 0.10-0.16 1.36 0.25 18 61-74
4.00£0.14 | 2.44-2.56 | 0.16-0.32 2.50 0.12 5 61-64
5.00+0.18 | 3.37-3.72 | 0.39-0.67 3.55 0.35 10 67-74
7.50+0.27 | 4.55-4.96 | 0.37-0.77 4.76 0.41 9 61-66

10.00+0.12 | 6.15-7.12 | 1.40-2.36 6.64 0.97 15 61-71
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NOTE: The uncertainty figures for spiked level corresponded to the micropipette uncertainty.
Regarding ICPMS measurements, associated uncertainties were entirely related to counting.

Natural content of °Ra (low concentration) in seawater has been omitted at this stage.

The points on the plot (see Figure 60) represent the mean measured activities for each spiked
concentration, with vertical error bars illustrating the observed measurement range (i.e., the
variability between replicate determinations). The dashed line denotes the ideal 1:1 relationship,
where measured and spiked values would be equal in the absence of analytical bias or loss. In
this case, all measured values consistently fall below the 1:1 line, clearly indicating systematic
under-recovery across the full concentration range this trend suggests that the analytical
method, while generally linear, underestimates the true activity levels — likely due to incomplete
analyte recovery during sample preparation, matrix effects, or instrumental inefficiencies such
as signal suppression. The growing divergence between the measured data points and the ideal
line at higher concentrations suggests that this bias is not constant but slightly increases with
spike level, indicating that further method development is needed to achieve full quantitative

accuracy.

*2°Ra in seawater (measured vs spiked activity)

10 A

Measured Activity [Bq L'1]

Spiked Activity [Ba L™

Figure 60. Measured vs spiked activity of ®Ra in seawater samples

4.8.2 Reproducibility

The reproducibility of the ICP-MS measurements was evaluated across the spiked activity range

of 1-10BqgL". The measured values (Table 57) showed relative variations between 5 % and 24 %
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with the lowest reproducibility observed at the lowest spike level (1 Bq L") and the highest
reproducibility occurring around mid-range concentrations (4 — 7.5 Bq L™). This pattern indicates
that the measurement precision improves as activity increases, likely due a=to a stronger signal
relative to background and counting uncertainty. At higher spike levels (10 Bg L™), a slight
increase in variability was observed, which may reflect to matrix effects at elevated
concentrations. Overall, the data demonstrate acceptable reproducibility, with an average
relative variability of 10 — 15 %, consistent with expected performance for low-level radionuclide

quantification by ICP-MS.

However, despite the reasonable reproducibility, the associated recovery results (ranging from
61 % to 79 %) reveal a consistent underestimation of the true activity levels across all spike
concentrations. This indicates a systematic bias in the analytical method, likely arising from
incomplete analyte recovery during sample preparation or matrix inducted signal suppression
during concentrations. Such low and variable recoveries reduce confidence in the quantitative
accuracy of the method, particularly for trace-level determinations where precision and accuracy
are equally critical. Therefore, further method development is required to improve analyte

recovery to ensure the procedure achieves both reproducibility and accurate quantification.

4.8.3 Signalinterferences

As shown in Table 57, the method recoveries varied overall between 61 and 79 %, using 1 to 10
Bqg L' spike levels. These results suggested that the combination of the chromatographic an anion
exchange column followed by the Sr-resin as well as the use of a Kinetic Energy Discrimination
(KED) mode for the collision/reaction gases was suitable for measuring accurately ***Ra in
seawater samples. Nevertheless, some results were associated with relatively large
uncertainties, suggesting some limitations. Survey scan spectra were then assessed further to
understand better the main factors affecting the precision of this approach. Figures 61 and 62
showed the full and fragmental mass scan from using Qtegra software and using the highest spike
level (i.e., 10 Bg L™; 0.2732 pg g'; m/z = 226), respectively. The black lines represented the

intensity of detected m/z (mass (u) unit described in Qtegra software).
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Figure 61. Full mass scan using spike level 7 (10 Bq L™; 0.2732 pg g") in a seawater sample
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Figure 62. Fragmental mass scan from m/z = 80 to m/z = 150 using spike level 7 (10 Bq L;
0.2732 pg g") in a seawater sample

Figure 62 showed the presence of a signal at m/z = 88 (¥Sr) and m/z = 138 ("*®Ba), where
combination of these two ions (see Table 41) could interfere with the signal of interest at m/z =
226. Survey scans from all spiked levels consistently revealed the presence of these two signals
at m/z = 88 (®8Sr) and m/z = 138 ('*®Ba), indicating that these interfering ions were present
across all tested concentrations. This co-occurrence could result in a false positive signal during
the analysis, thereby compromising the accuracy and reliability of the measured signal at

m/z = 226 (**Ra).

The persistence of %Sr and '*Ba signal suggest that the chemical extraction and separation
procedures employed were not sufficiently, as these interfering ions were not fully removed from
the sample matrix. To mitigate such interferences, the use of Kinetic Energy Discrimination (KED)
mode in the ICP-MS analysis could be explored (e.g., optimisation helium flow rate,

collision/reaction cell exit voltage — energy barrier), which can help reduce polyatomic
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interferences by collisional energy filtering. Additionally, optimisation of the chemical separation
protocol, such as improving the selectivity of the resin, adjusting elution conditions, or
introducing an additional purification step, may enhance the removal of 2Sr and '*®Ba and
improve the accuracy of ?Ra measurements. Implementing these strategies could minimize

false positives and ensure more reliable quantification of 2Ra in complex matrices.

4.8.4 Performance method evaluation using IAEA CRMs

The performance of the presented ICP-MS methodology was assessed using three IAEA certified
reference materials (CRMs) with a sample mass of 10 g. The measured activities and the

corresponding recoveries relative to the certified values are summarized in Table 58.

Table 58. Performance of the presented ICPMS method using different IAEA CRMs

IAEA CRM Certi[fliaeqd;%tivity ICP[I;IC?;Tult Ret;;)\;ery
Ph?ffEh:_iys‘f)“m 0.780 0.593 76
Biki”;f:&_jﬁg;m”t 0.195 0.432 221
Bal“‘(:ligf\i:%i)me”t 0.052 0.066 128

The results indicate that the ICP-MS measurements of the two marine sediments (IAEA-410 and
IAEA-465) were significantly overestimated in comparison to their certified activities, with
recoveries of 221 % and 128 %, respectively. In contrast, the phosphogypsum CRM (IAEA-434)

exhibited a closer agreement with its certified value, yielding a recovery of 76 %.

To further investigate these discrepancies, full survey scans of the three CRMs were assessed

and are shown in Figures 63, 64 and 65, respectively.
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Figure 63. Full mass scan of IAEA-434 CRM (Phosphogypsum)
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Figure 64. Full mass scan of IAEA-410 CRM (Bikini Atoll sediment)
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Figure 65. Full mass scan of IAEA-465 CRM (Baltic Sea sediment)
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Analysis of the spectra revealed prominent signals at m/z = 88 (%3Sr) and m/z = 138 ("**Ba) in all
three materials. These isotopes can combine to a form a major interference at polyatomic
interference at m/z = 226, coinciding with the target analyte. The presence of this interference
suggests that the elevated activities observed for the marine sediments may be enhanced due to

unresolved polyatomic ions rather reflecting true radionuclide concentrations.

This observation highlights a critical limitation of the current method when applied to matrices
with high Sr and Ba content, such as marine sediment. Conversely, the phosphogypsum sample,
which contains lower levels of these interfering elements, yielding results in better agreement
with the certified activity, indicating that matrix composition strongly influences the accuracy of

the measurements.

These findings underscore the need for additional alternative analytical approaches to achieve

reliable quantification of radionuclides in complex environmental matrices.

4.8.5 Limit of Detection (LOD)

The background sighal, measured as the average count, when using a 1 % HNO; solution at
m/z =226, was found to be close to zero. This indicates that there is minimal interference from
the acid matrix or other sources at this mass-to-charge ratio, providing a clean baseline for the
analysis of 226Ra. Because the background was negligible, the limit of detection (LOD) could not
be reliably estimated from blank measurements alone. Instead, the LOD was determined based
on the analysis of a low-concentration calibration standard, as shown in Table 51, and calculated
using the corresponding calibration function equation. This approach ensures that the LOD
reflects the instrument’s response under realistic measurement conditions rather than

theoretical estimations.

The results from three independent runs are summarized in Table 59, showing both the LOD
expressed in terms of mass concentration (pg g"') and the corresponding activity concentration

(BgL").

Table 59. ??°Ra limit of detection

Limit of detection Limit of detection
[pgg’] [BqL™]
4.88x10° 1.79%x1073
5.64x10° 2.06x10®
6.26x10° 2.29x10®
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These values correspond to activity levels in the millibecquerel per litre (mBg L") range,
demonstrating the high sensitivity of the method. Such a low LOD is particularly suitable for
environmental monitoring, where radium concentrations are typically very low. Natural ***Ra
concentrations in drinking water and surface water usually range from 0.01to 1 Bq L™ depending
on geology and sourcel®’®%79l Achieving detection limits in the mBqg L™ range allows for the
accurate quantification of ?*Ra in water samples and ensures that even trace levels can be
reliably detected, which is crucial for assessing compliance with environmental safety standards

and for studying natural radioactivity in aquatic systems.

4.9 Conclusion

This preliminary work investigated the performance of the iCAP ICPTQMS system equipped with
the Aridus 3 desolvating system for measuring low levels of ?*Ra in seawater samples and
selected solid CRMs from the IAEA. Operating parameters of the Thermo iCAP TQMS (plasma
condition, lens voltage, collision/reaction cell flow) as well as the flow gas rates used in the Aridus
3 desolvation system were optimised for that purpose. A chromatographic separation, an anion
exchange resin and Sr-resin, were used to remove potential interferences prior to analysis.
However, the proposed separative approach could not remove entirely certain ions in the final
extract, interfering at m/z = 226 (***Ra) when combined. In particular, the combination of #Srand
38Ba was found to be the main polyatomic interference in the plasma (%Sr'*®Ba (m/z = 226).
Further chemical separative steps prior analysis would potentially be required to achieve
accurate and precise analysis of low levels of ??°Ra by ICP-TQMS. One suggested option would be
to preconcentrate radium with manganese dioxide prior to Sr-resin and eventually use a more
concentrated HNOj; solution during Sr-resin extraction. A modified version of Sr-resin, named TK-
100 resin and also manufactured by Triskem International could also be envisaged. This recent
resin contains the same extractant crown ether as Sr-resin used di(2-tethyl-hexyl) phosphoric
acid (HDEHP) as the solvent as opposed to 1-octanol. In addition, further voltage optimisation
tests in KED mode (helium gas) as well as He gas flow rate applied in the collision cell could be
also investigated. Finally, the separate quantification of naturally occurring stable strontium and
barium concentrations and their polyatomic impact on signal at m/z = 226 should also be

investigated in detail before designing this complex chemical separative step.

The sensitivity for measuring 2*Ra was improved when using the desolvating system — Aridus 3.
Also, the benefits of use Aridus 3 desolvation system showed non-negligible low-level detection
limit. The detection limit to ppq levels made this combination of desolvating system with ICPMS
a powerful tool for low-level detection. This can be used for very low-level measurement in food

and environmental samples.
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Chapter5 Conclusion and future work

Over the last three decades, the inductively coupled plasma - mass spectrometry (ICP-MS)
technique has progressively become an alternative analytical tool for measuring some nuclear-
derived and naturally occurring radioelements in a wide range of environmental matrices. In
comparison with traditional radiometric techniques, ICP-MS generally allows faster data
acquisition, and sometimes does not require as labour-intensive sample preparative steps when
using a collision reaction cell (CRC) to remove any potential isobaric and polyatomic

interferences.

The development of ICP-MS equipped with an additional quadrupole after the CRC, also known
as ICP - triple quadrupole detecting system (ICP-TQMS) or ICP-MS/MS have enabled further
interference removal, therefore improved analytical performance and allowed the analysis of

more complex matrices and more challenging analytes.

This research project focused on the optimised detection of three separate radioelements, *°Sr,
2| and %*°Ra and their quantification in diverse marine matrices using the iCAP ICP-TQMS
instrument manufactured by Thermofisher Scientific. All three radioelements are of high interest
for marine scientists at Cefas for different reasons and were selected for the different analytical

challenges they presented.

Strontium-90 was the first radioisotope selected in this project and is traditionally measured
using beta counting techniques. Although these radiometric techniques offer very low limits of
detection, their applications require lengthy counting times, after a minimum of 3 weeks delay for
allowing ®Sr to be in secular equilibrium with *°Y. The optimisation of certain instrumental
parameters of the iCAP ICP-TQMS system (i.e., plasma, optics, collision/reaction gases) and use
of a desolvating nebuliser system enabled the detection limit to be significantly improved and to
reduce the production of hydrate (38Sr'H) and dihydrate (83Sr'"H'H) formation from the presence of

naturally occurring strontium in the plasma.

The use of a Sr-resin was also selected to remove some interferences prior to analysis. One
important consideration when designing this radiochemical preparative step was the total
amount of natural strontium (%Sr) content in the matrices of interest and therefore to understand
beforehand the quantity of resin required for that purpose. The main instrumental consideration
was related to the presence of natural zirconium (*°Zr) in all reagents used as well as decay
products (°°Y, °°Zr) from the decay of °Sr. The use of oxygen gas was found to be efficient for
removing these isobaric interferences. Different chromatographic resins could be considered in

future work. For example, TK100 resin, recently commercialised by Triskem International could
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also be tested. This resin are based on the same crown-ether material as Sr-resin with the
addition of a liquid cation exchange material — bis(2-ethylhexyl) phosphoric acid (HDEHP),
allowing direct application of acidified seawater samples up to 0.5 L for example. Furthermore,
this resin don’t seem to retain both K and Ca (also present in the environmental samples of
interest), in contrary to Sr-resin. Therefore, the use of this other chromatographic resin would not
have an impact on strontium recoveries of strontium and would reduce the impact of polyatomic

interferences composed of Kand Ca.

A separate method was also developed for measuring '*| in seawater and seaweed materials.
The measurement was also based on optimised instrumental parameters, in particular the
plasma condition, ion optics and the use of O, to remove the main isobaric '°Xe interference. The
potential tailing associated with the presence of high concentration of stable '*| was also
successfully removed in this process. The method was applied to selected seaweed samples
collected in the direct vicinity of the Sellafield nuclear fuel reprocessing plant. A pyrolizer system
was used to extract iodine from the selected environmental samples into a 0.5%
tetramethylammonium hydroxide (TMAH) solution for ICPTQMS analysis. The ratios *1/'¥| and
| measurements were found to be in good agreement with results reported in the scientific
literature and from radiometric measurement, respectively. An instrumental limit of detection of
1.53x10° Bqg g’ (2.34 pg g") for '*| was obtained, confirming its suitability in specific marine
monitoring applications. The development of new resins could potentially help improve signal
quality and preconcentrate '*°I. For example, ion exchange resins such as Dowex 1 or AG-1) or CL
resin, recently commercialised by Triskem International could be tested. Preliminary work have

been published by Hou et al.*®% and Zulauf et al.%8"],

In the last experimental study, the instrumental performance of the iCAP ICP-TQMS system was
tested for the analysis of 2?Ra in seawater samples and selected solid reference materials. As in
previous experiments, optimised operating parameters were investigated using the Aridus 3
desolvating nebuliser system to reduce the limit of detection as low as technically possible. A
detection limit in the mBg L™ order was obtained, but residual polyatomic interference from the
presence of both #Sr and '*®Ba in the final extract affected the signal at m/z = 226 (®8Sr'*®*Ba).
Future work should be focusing on the chemical separation with manganese dioxide extraction
prior to Sr-resin or TK-100 (modified version of Sr-resin) resin in various concentration media
(HNOgs, HCl) to separate more efficiently and remove Ba and Sr. Further assessment of strontium
and barium concentration and theirimpacton the signalatm/z = 226 should also be considered.
In addition, further voltage test (entrance and exit of CRC) in KED mode (helium gas) as well as He

gas flow rate should be further investigated.
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Chapter5

The work was focusing on the application of the iCAP ICP-TQMS instrument with combination of
Aridus — 3 desolvation nebuliser system for radioanalysis in marine samples. This specific ICP-
TQMS instrument presents a different configuration to equivalent systems in the market, with a
90° cylindrical lens, allowing ion transmission across the entire mass range. Furthermore, ICP
introduction from a desolvation nebuliser system further enhanced the sensitivity of the
instrument by reducing solvent loading to the plasma and the production of polyatomic
interferences. Based on the limits of detection obtained in this study, the iCAP ICP-TQMS seems
to be suitable for monitoring these three radioisotopes that can potentially be present at
enhanced concentration in certain marine matrices. Nevertheless, the radiochemical
preparation of these complex environmental matrices remains the critical part of the work, with
the iCAP ICP-TQMS only being the analytical endpoint. Further radiochemicalresearch is needed
here to improve the removal and separation of some mass interferences. The continuous
development of engineered chromatographic resins coupled with ongoing improvement of
benchtop ICP-MS systems is expected to replace progressively the use of traditional radiometric

techniques for monitoring these radioisotopes in the environment in the near future
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