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Abstract 

This research aimed to develop robust and thorough chemical separation procedures to support 

the development of novel diagnostic, therapeutic and/or theranostic nuclear medicine using 

several terbium isotopes, 149Tb, 152Tb, 155Tb and 161Tb. Little explored extraction 

chromatography resins were investigated for the separation of these terbium isotopes from 

other lanthanide impurities which are present after their production via various routes. Stable 

element standards and ICP-QQQ-MS analysis were used throughout method development 

experiments and, when possible, the developed methods were validated using radioactive 

terbium samples produced via the associated production route. 

In a mass-separated, proton-induced spallation source of 155Tb (t½ = 5.32 d), a significant 

polyatomic 139Ce16O impurity (t½ = 136.7 d) remained. Selective oxidation of cerium using 

NaBrO3 was investigated and was shown to markedly change the chromatographic behaviour 

of cerium whilst leaving terbium unaffected. Separation of Tb(III) from Ce(IV) was studied 

separately on three extraction chromatography resins and an anion exchange resin. Through a 

series of batch separation and column separation experiments, UTEVA extraction 

chromatography resin (Triskem International) was shown to provide the best separation out of 

the four studied resins. A column-based UTEVA method was developed and formed an 

essential part of a larger processing procedure that was used to purify 155Tb sources that are 

produced by proton-induced spallation. This procedure was shown to be capable of isolating 

high purity 155Tb (>99% radiological purity) and subsequently facilitated SPECT imaging 

studies, nuclear data measurements and a world-first primary standardisation of 155Tb. 

Further study identified that this UTEVA method was not capable of isolating terbium from 

other lanthanide impurities present in mass-separated, proton induced spallation sources of 

149Tb, 152Tb and 155Tb.  The presence of these other long-lived or stable impurities would reduce 

the specific activity of a radiopharmaceutical. This necessitated investigation into an alternative 

method which was capable of isolating terbium from all other lanthanide elements. 

A series of batch and column separation experiments led to the development of a semi-

automated, three-step column separation method which utilised the LN extraction 

chromatography resin (Triskem International). The method was capable of isolating terbium 

from trace quantities of all other lanthanide impurities. An ICP-QQQ-MS method, which 

utilised two quadrupole mass filters and an O2 reaction cell, was used throughout the method 
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development process to ensure accurate percentage recovery and purity information could be 

derived by removing tailing and polyatomic measurement interferences. Using the developed 

LN resin method, high purity terbium fractions (>90% terbium recovery, >99% terbium purity) 

could be isolated in <120 minutes using a 200×7 mm LN resin column and a 0.5 mL/min 

mobile phase flowrate. This method results in a separation of comparable quality to the 

commonly used α-HIBA, cation exchange methods. Initial studies using a smaller LN resin 

column (50×5 mm) reduced the separation time significantly with minimal impact on the 

terbium recovery and purity (<15 mins). Use of these smaller columns should be considered 

for the shorter-lived terbium isotopes, 149Tb (t½ = 4.12 h) and 152Tb (t½ = 17.5 h) to reduce 

losses of the isotope due to radioactive decay.  

The separation of trace quantities of terbium (µg) from bulk quantities of gadolinium and 

europium (≤100 mg) was then studied separately using the same stepwise LN resin method 

(200×7 mm column) to assess whether the method was also suitable for processing terbium 

produced in cyclotron or nuclear reactor facilities. The capacity of the resin was derived using 

a novel batch separation method (6.89 mg – 12.48mg Gd/mL of LN resin) and was shown to 

be a limiting factor for bulk-trace lanthanide separations. In all cases high terbium recovery 

(>80%) and significant removal of the bulk element was achieved (decontamination factor 

~104), with separation quality decreasing at higher bulk element concentration.  

The LN resin method was subsequently used as the third stage in a three-part separation for 

processing 155Tb produced by the irradiation of gadolinium targets with protons at the 

ARRONAX cyclotron facility and performed in a comparable manner to the stable element 

studies (i.e., >80% 155Tb recovery). The final 155Tb preparations were of a high radionuclidic 

purity (<0.05 % 156Tb impurity) and were successfully used in radiolabelling studies (>99% 

radiolabelling yield), SPECT imaging studies, and nuclear data measurements, all of which 

were conducted by other researchers.  

This work has laid the foundations for using extraction chromatography resins for isolating 

radioactive terbium for applications in nuclear medicine. The developed LN resin method not 

only provided high quality lanthanide separation, but also showed itself to be an easier-to-use 

alternative to the commonly used cation exchange method. 
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MELISSA – MEDICIS Laser Ion Source for Separator Assembly 

MIBG – metaiodobenzylguanidine 

MS – Mass Spectrometer 

NMI – National Measurement Institute 

NPL – National Physical Laboratory, UK 

PET – Positron Emission Tomography 

ppb – parts per billion (1 ppb = 1 ng/mL) 

ppm – parts per million (1 ppm = 1 µg/mL) 

PSI – Paul Scherrer Institute, Switzerland 

QQQ – triple quadrupole (pertaining to ICP-QQQ-MS) 

RF – Radio Frequency  

rpm – revolutions per minute 

RSD – Relative Standard Deviation 

S/C – Spray Chamber 

SEC – Size Exclusion Chromatography 

SF – Separation Factor 

SPECT – Single Photon Emission Computed Tomography 

SQ – Single Quadrupole  

UTEVA – Uranium and Tetravalent Actinides 

w/w – weight-to-weight ratio (%)  
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Chapter 1. Introduction 
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1.1 Rationale 

Nuclear medicine is a topic that has attracted interest ever since the discovery of radioactivity 

and radioactive elements in the late 19th century by Henri Becquerel. and Pierre and Marie 

Curie. The potential of using radiation and radioactive elements in therapeutic or diagnostic 

medicine was recognised as early as the 1890s and has developed over the past century into an 

essential medical tool, used as a standalone procedure, or to complement other medical 

procedures1. This can be achieved by the application of diagnostic and/or therapeutic nuclear 

medicine. 

The development of computed X-ray tomography (CT), single photon emission computed 

tomography (SPECT) and positron emission tomography (PET) has contributed to the 

improvement in the diagnostic capabilities of radionuclides2. Rapid and accurate diagnostic 

procedures allow the identification of diseased areas (e.g., malignant tumours) and thus, 

facilitates the application of suitable therapeutic procedures. Currently 99mTc, a metastable 

gamma emitting radionuclide, is the most commonly used diagnostic radionuclide worldwide. 

Complexation of diagnostic isotopes to targeting moieties, such as monoclonal antibodies or 

molecular substrates, allows accurate targeted imaging of diseased tissue3–5. Due to its 

relatively short half-life (t½= 6.0 h)6, 99mTc can be produced from its parent isotope 99Mo (t½= 

66.0 h) in a technetium generator at the hospital that is conducting the medical imaging 

procedure7. The 99Mo required for the generator is isolated from other fission products 

following the induction of a fission reaction in 235U targets with neutrons within a nuclear 

reactor. The global supply of 99Mo is dependent on a very small number of facilities and has 

been disrupted in the past and is vulnerable to future disruption8,9. To endure lapses in the 

supply of 99mTc, novel methods for production of alternative diagnostic radionuclides are 

required to meet the current and increasing demand for accurate diagnostic imaging. These 

alternative diagnostic radionuclides also augment 99mTc by having different functionalities10 

(e.g. isotopes which decay by routes which could have diagnostic and therapeutic uses). 

Therapeutic nuclear medicine, on the other hand, utilises the linear energy transfer (LET) of 

decay particles (i.e., Auger electrons, conversion electrons, β- or α particles) into surrounding 

tissue to damage or kill diseased cells11. Therapeutic isotopes, which emit these decay particles, 

can also be bound to targeting molecules which allows the treatment of diseased areas with 

minimal effect on healthy tissue. The application of radioiodine (131I) in the treatment of thyroid 
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diseases has been studied since the early 1950s and is commonly used around the world12. A 

number of therapeutic medicines which use 89Sr, 153Sm and, more recently, 223Ra have been 

developed for palliative treatment of bone metastases13,14. These, and other therapeutic 

radionuclides, have been used for the treatment of many benign and malignant disorders15. 

The efficient combinative use of diagnostic and therapeutic radionuclides in clinical practice is 

referred to as theranostic nuclear medicine and has received increased interest over recent 

years16–21. Theranostic nuclear medicine has the potential to facilitate personalised medicine. 

Recent developments in the production and isolation of some novel radioactive isotopes have 

made them available for medical related studies and highlighted their suitability as diagnostic 

or therapeutic radionuclides. Among these are various isotopes of the lanthanide series 

including 149Pm, 166Ho, 177Lu and four terbium isotopes (149Tb, 152Tb, 155Tb and 161Tb)22,23. The 

production, isolation, and complexation of these isotopes, amongst others, is at the forefront of 

current radiopharmaceutical research. Both 166Ho and 177Lu-based radiopharmaceuticals have 

reached clinical use in several countries24,25. Pre-clinical studies and some initial clinical 

studies have also been conducted for the aforementioned terbium isotopes4,26–33. There is, 

however, a need for the establishment of robust production and chemical purification processes 

if these isotopes are to undergo comprehensive clinical study and for them to reach routine 

clinical application. 

The four terbium isotopes are of particular interest due to their theranostic potential16,23,27,30. 

Each terbium isotope has identical chemical properties and different decay properties, meaning 

that a combination of two or more of these terbium isotopes could be used to give a procedure 

with excellent therapeutic and diagnostic capability. However, due to the production of these 

isotopes having not been studied to any great degree, and with the challenges associated with 

their chemical purification, the production of high purity single terbium isotopes in a large 

enough activity for medical application is a challenging task.  

The aim of this study was to develop robust, efficient and reproducible chemical separation 

methods to allow the production of high purity and high specific activity terbium sources to 

enable further investigation towards the clinical use of these four terbium isotopes - 149Tb, 

152Tb, 155Tb and 161Tb.  
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1.2 Introduction to nuclear medicine  

1.2.1 Radioactive isotopes 

1.2.1.1 Fundamentals of radioactivity 

Radioactive nuclei are inherently unstable. In order to reach a more stable energy state, the 

nuclei undergo spontaneous radioactive decay through the emission of particles and/or 

electromagnetic radiation. The probability of radiative decay of a particular nucleus is defined 

by the decay constant, λ (s-1). The decay constant reflects the rate of decay and is defined as: 

𝝀 =
𝒍𝒏𝟐

𝒕½
       (1.1) 

where, t½ is the half-life of a particular radionuclide in seconds; the time in which it takes for 

the activity of a radionuclide to reduce by half (Figure 1.1). 

 

Figure 1.1 - A graphical illustration of radioactive half-life. 

Common decay types are detailed below. In all cases, after radioactive decay, the resultant 

nucleus is closer to a physically stable state34. 

• Alpha decay (α) – involves the emission of a helium nucleus ( 𝐻𝑒2+2
4 ) with kinetic 

energy (see example Equation 1.2). This type of decay typically occurs in nuclei which 

have an atomic number greater than 83; however, there are a few exceptions (e.g., 
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149Tb). Alpha particle energies are typically 4-8 MeV and have an inverse relationship 

to the parent nucleus’ half-life (i.e., the shorter the half-life the higher the alpha 

energy)35. The energy of the emitted alpha particle is characteristic of the parent nucleus 

and can allow its identification. Alpha particles have a high linear energy transfer 

(LET), meaning that they deposit their energy in a very small volume of matter36. 

𝑹𝒂 →  𝑻𝒉 + 𝜶 𝟐
𝟒

𝟖𝟔
𝟐𝟏𝟗

𝟖𝟖
𝟐𝟐𝟑      (1.2) 

• β- (negatron) decay – involves the emission of a nuclear electron with kinetic energy 

along with an antineutrino (see example Equation 1.3). The electron has a lower LET 

than an alpha particle and has a greater range on passing through matter. β- decay occurs 

in neutron-rich nuclei. The total decay energy (Emax) released during the decay process 

is shared between the beta particle and the antineutrino. 

𝑰 →  𝑿𝒆 + 𝜷 −𝟏
𝟎 + 𝝂𝒆̅̅ ̅𝟓𝟒

𝟏𝟑𝟏
𝟓𝟑
𝟏𝟑𝟏      (1.3) 

• β+ (positron) decay – involves the emission of a positron with kinetic energy along with 

a neutrino (see example Equation 1.4). After the positron loses enough of its kinetic 

energy, it annihilates with an electron, producing two 511 keV gamma rays which are 

emitted in opposite directions. β+ decay occurs in neutron-poor nuclei. 

𝑭 →  𝑶 + 𝜷 𝟏
𝟎 + 𝝂𝒆𝟖

𝟏𝟖
𝟗
𝟏𝟖      (1.4) 

• Electron capture (EC) – an decay route that competes with β+ decay (see example 

Equation 1.5). The parent nucleus captures an inner orbital electron which combines 

with a proton, yielding a neutron. A neutrino and X-rays are also produced in this 

process. The daughter nucleus is the same as that which is produced as a result of β+ 

decay from the same parent. 

𝑮𝒂 + 𝒆 −𝟏
𝟎 → 𝒁𝒏 + 𝝂𝒆𝟑𝟎

𝟔𝟕
𝟑𝟏
𝟔𝟕      (1.5) 
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Figure 1.2 - Illustration of the changes in number of protons (Z) and number of neutrons (N) as a result 

of the most common types of radioactive decay37. 

• Internal conversion (IC) – the process competes with γ-ray emission during the de-

excitation process within a nucleus. IC occurs when an orbital electron absorbs the 

energy released from an excited nucleus and is emitted from the atom with kinetic 

energy. In this process, vacancies in the electron shells are filled by outer shell 

electrons, which results in the emission of fluorescent X-rays (e.g., Kα) or an Auger 

electron. These X-rays are characteristic of the daughter nucleus (e.g., 109Ag). As with 

β- particles, IC electrons also dissipate energy and have therapeutic benefit if used in-

vivo. 

𝑪𝒅 
𝑬𝑪(𝟏𝟎𝟎%)
→      𝑨𝒈 𝟒𝟕

𝟏𝟎𝟗𝒎
𝑰𝑪 (𝟗𝟔%),   𝜸 (𝟒%)
→             𝑨𝒈 𝟒𝟕

𝟏𝟎𝟗
𝟒𝟖
𝟏𝟎𝟗     (1.6) 

• Auger electrons – as an electron from an outer shell fills an electron shell vacancy 

(caused by either electron capture or internal conversion), either an X-ray or an Auger 

electron can be emitted in order to release energy (Figure 1.3). As with β- particles and 

IC electrons, Auger electrons also dissipate energy and have therapeutic benefit if used 

in-vivo. 
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Figure 1.3 - An illustration of the competitive processes of x-ray emission and Auger electron emission 

which occurs after an electron vacancy is filled.  

• Fission – either a spontaneous process or induced in an atomic nucleus through the 

interaction with a subatomic particle which has kinetic energy, typically neutrons. The 

nucleus splits into two fragments, releases a large amount of energy, and emits a 

number of fast neutrons. In nuclear reactors, fission is induced in enriched 235U rods 

with thermalised neutrons and the energy release is used to generate power. Fission of 

other nuclides (e.g. 239Pu) is also well understood38. A wide mass range of nuclides are 

produced as a result of fission and those with a high fission yield have the potential for 

being isolated and used for other purposes (Figure 1.4). 

𝑼 + 𝒏 𝟎
𝟏 → 𝑼 𝟗𝟐

𝟐𝟑𝟔 → 𝑺𝒏 + 𝑴𝒐 + 𝟒𝟐
𝟗𝟗  𝟑( 𝒏) 𝟎

𝟏
𝟓𝟎
𝟏𝟑𝟒

𝟗𝟐
𝟐𝟑𝟓     (1.7) 

 

Figure 1.4 - The distribution of fission products and their fission yields from the fission reaction of 235U 

induced by thermal neutrons39 
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• Gamma radiation – follows all of the aforementioned decay types if the initial decay 

leaves the daughter nucleus in an excited energy state. Gamma radiation is emitted as 

the nucleus falls from an excited energy state to a lower energy state. The energy of the 

gamma radiation is equal to the difference of the energy of the two energy states (i.e. 

Eγ = E1 – E2). Gamma radiation is a very low LET radiation type and therefore, 

experiences little attenuation as it passes through low density matter. Denser materials, 

such as lead blocks, are therefore required to provide sufficient shielding of gamma 

radiation. 

In most cases, a radioactive nucleus can decay by more than one route. The probability of one 

of these routes taking place is given by the branching ratios (%). The example in Figure 1.5 

shows how 40K can decay by one of three routes, each with a different probability of 

occurrence. 

 

Figure 1.5 - The decay scheme for 40K; showing the possible decay routes and their branching ratios6. 

1.2.1.2 Sources of radioactive elements 

Radioactive isotopes can either be naturally occurring or anthropogenic. Naturally occurring 

radionuclides are either long-lived, part of a decay chain with a long-lived parent (e.g., 226Ra) 

or are of cosmogenic origin (e.g. 14C). Some industrial processes, such as those within the oil 

and gas industry, produce waste which is enhanced in naturally occurring radionuclides40. 

Anthropogenic radionuclides are artificial and are produced, typically, by the irradiation of a 

target material with charged particles or neutrons.  
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For nuclear medicine, radionuclides are most commonly obtained from anthropogenic sources. 

The processes which are used to produce artificial radionuclides are discussed in greater detail 

later (Section 1.3).  

1.2.2 The use of radioactive isotopes in medicine 

Nuclear medicine has become a fundamental tool in both diagnostic and therapeutic clinical 

procedures. The development of targeted diagnostic and therapeutic agents has increased the 

efficacy of nuclear medicines for a wide range of diseases, particularly cancers, neurological 

diseases and cardiac diseases41. 

Diagnostic imaging in nuclear medicine is achieved by using either positron emitting isotopes 

for positron emission tomography (PET) or gamma emitting isotopes for single photon 

emission computed tomography (SPECT). SPECT and PET procedures are functional imaging 

modalities which use radiotracers to visualise physiological processes. These are routinely 

coupled with anatomical imaging techniques, particularly computed tomography (CT), to 

provide spatial imagery to allow for accurate identification of diseased areas42. This is 

particularly useful for the identification of metastatic cancers and to improve the precision of 

surgical procedures. 

 

Figure 1.6 - Comparison of a PET/CT scan and a SPECT/CT using International Electrotechnical 

Commission (IEC) standard body phantoms containing 18F and 99mTc respectively (Taken from Bailey 

and Willowson)43. 

Isotopes which emit alpha particles, beta particles, Auger electrons or conversion electrons can 

be used in therapeutic nuclear medicine. Here, energy transfer from the emitted particle to the 

diseased cells is exploited in order to kill or damage the cells (i.e., cytotoxicity)44. 
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Accurate diagnosis and therapy are dependent on the effective use of targeting molecules, 

which direct the radionuclide to the diseased cells. A variety of targeting molecules have been 

developed including monoclonal antibodies, labelled glucose and small, receptor-specific, 

molecules45. 

The activity of a final radiopharmaceutical preparation must be accurately determined prior to 

its clinical use to ensure that an appropriate dose is administered to the patient for diagnostic 

investigation or for therapy. The activity can be determined using a radionuclide calibrator; an 

instrument typically incorporating a calibrated well-type ionisation chamber. 

Henceforth, each diagnostic and therapeutic tool is briefly discussed before describing how 

they can be combined advantageously to provide a theranostic capability. The suitability of 

four terbium isotopes as theranostic candidates is then discussed. 

1.2.2.1 Diagnostic nuclear medicine 

Single photon emission computed tomography 

Single photon emission computed tomography (SPECT) is the most frequently used diagnostic 

tool in nuclear medicine46. As previously mentioned, it uses radionuclides which emit gamma 

rays. Commonly used SPECT radionuclides include 99mTc, 111In and 123I, amongst others 

(Table 1.1). 

Detection of the emitted gamma rays is typically achieved by two, or less commonly three, 

thallium doped sodium iodide (NaI(Tl)) crystal scintillation cameras. Signals are amplified and 

processed to give a functional image which is coupled with an anatomical image to allow 

accurate identification of diseased areas. NaI(Tl) crystals are nearly ideal scintillators for the 

detection of the 140 keV gamma photons emitted from 99mTc; however, the detectors function 

across a 40-960 keV energy range47. Therefore, novel SPECT tracers must emit gamma rays 

within this range, but ideally at an energy close to 140 keV to ensure high sensitivity and 

resolution. 
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Table 1.1 - Commonly used and novel SPECT radionuclides27,41. a currently under pre-clinical 

assessment.  

Radionuclide Half-life, t½ Main energy (Eγ) Example radiopharmaceutical 

67Ga 3.26 d 93.3 keV (38.8%) [67Ga]-citrate 48 

99mTc 6.01 h 141 keV (88.5%) [99mTc]-MDP 

111In 2.80 d 245 keV (94.1%) [111In]-penteteoride 49 

123I 13.2 h 159 keV (97.2%) [123I]-MIBG 50 

155Tb 5.32 d 86.6 keV (32%) 

105 keV (25%) 

a 155Tb-chCE7 29 

MDP = methyl-diphosphonate, MIBG = meta-iodobenzylguanidine, chCE7= an anti-neuroblastoma monoclonal 

antibody. d = days, h = hours. 

Positron emission tomography 

Positron emission tomography (PET) is a technique that uses neutron deficient, positron 

emitting radionuclides to image diseased areas of the human body. As the radionuclide decays, 

positrons generally travel less than a few mm in vivo before they annihilate with an electron, 

producing two gamma rays (Eγ = 511 keV) that are emitted in opposite directions (Figure 1.7)51. 

These gamma rays are detected in coincidence by scintillator detectors positioned in a ring that 

fully surrounds the patient. Typically, bismuth germanate (BGO) or lutetium-yttrium 

oxyorthosilicate (LYSO) crystals are used as the scintillator, the latter being more common at 

present. These crystals are capable of providing highly sensitive images with good spatial 

resolution (~5 mm). Again, PET procedures are routinely coupled with computed tomography 

(CT) to provide anatomical imaging to allow for better identification of diseased areas. 
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Figure 1.7 - An illustration of positron-electron annihilation and the production of the resultant two 

characteristic gamma rays (Eγ = 511 keV). 

PET has gained particular interest due to its higher image resolution and sensitivity in 

comparison to SPECT. PET can be used as a dosimetric tool52. This is particularly useful for 

theranostic medicine as it provides an estimation of the dose to different areas of the body, in 

particular this is useful for assessing target and organ uptake of the administered 

radiopharmaceutical. Commonly used PET tracers include 18F, most frequently in the form of 

fluorodeoxyglucose (18F-FDG), and 68Ga (Table 1.2). SPECT based dosimetry has been 

investigated; however, it currently is not as developed as with PET53. 

Table 1.2 - Commonly used and novel PET tracers27,41. a currently under clinical assessment. 

Radionuclide Half-life, t½ Example 

radiopharmaceutical 

11C 20.4 m [11C]-Choline 54 

18F 1.83 h [18F]-FDG 55 

64Cu 12.7 h [64Cu]-ATSM 56 

68Ga 67.8 m [68Ga]-DOTANOC 57 

152Tb 17.5 h a [152Tb]-DOTATOC 31 

FDG = fluorodeoxyglucose, ATSM = diacetyl-bis[N4-methylthiosemicarbazone], DOTANOC = conjugate of 

1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-tetraacetic acid (DOTA) and the somatostatin analogue 1-Nal3-

octreotide (NOC), DOTATOC = conjugate of 1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-tetraacetic acid 

(DOTA) and [Tyr3]octreotide (TOC). h = hours, m = minutes. 
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1.2.2.2 Therapeutic nuclear medicine 

Rather than using gamma rays, which pass through a large distance of tissue with minimal 

attenuation, therapeutic nuclear medicine utilises alpha particles or electrons (beta particles, 

Auger electrons and/or conversion electrons). These particles dissipate their kinetic energy as 

they interact with cells, resulting in damage or death of the affected cells. The linear energy 

transfer (LET) of a radiation particle is the measure of how efficiently it dissipates its energy. 

“LET describes the rate at which the energy is transferred per unit length (keV/μm)”58. 

Generally, alpha particles have an LET that is much greater than that of beta particles59. Table 

1.3 details a variety of radionuclides which are used in routine treatment, as well as others 

which are being investigated in the literature. 

Targeted radionuclide therapy involves using a therapeutic radionuclide bound to a targeting 

molecule that seeks out the diseased area. This allows for maximum efficiency in the treatment 

of particular diseases whilst also minimising unnecessary damage to healthy tissue. 

Table 1.3 - Commonly used and novel therapeutic radionuclides27,41,60,61. a currently under pre-clinical 

assessment. b currently under clinical assessment. 

Radionuclide Half-

life, t½ 

Decay 

mode 

Main energy Example Radiopharmaceutical 

67Cu 2.58 d β- 577 keV 67Cu-CPTA-mAb35 62 

89Sr 50.6 d β-  1.50 MeV (100%) Strontium chloride (89SrCl2) 63 

90Y  2.67 d β-  2.28 MeV (100%) [90Y]-microspheres 64 

149Tb 4.12 h α 3.97 MeV (16.7%) a [149Tb]-rituximab 4 

223Ra 11.4 d α  5.98 MeV (100%) Radium chloride (223RaCl2) 65 

225Ac 10.0 d α 5.83 MeV (100%) b [225Ac]-lintuzumab (HuM195) 66 

CPTA = Cu-4-(1,4,8,11-tetraazacyclotetradec-1-yl)-methyl benzoic acid tetrachloride. d = days, h = hours 

  



 

 

14 

 

1.2.2.3 Targeted nuclear medicine 

Molecules which target disease specific proteins are commonly used to facilitate the accurate 

imaging or treatment of diseased areas using radioactive isotopes16,45,67. There are a wide range 

of targeting agents available for the diagnosis and treatment of a wide range of disorders and 

diseases. A radionuclide can be bonded covalently to the targeting molecule, as is the case with 

18F-FDG (Figure 1.8.a); or complexed to a targeting molecule using a chelator, as is the case 

with [177Lu]-PSMA-617 (Figure 1.8.b)68,69. Monoclonal antibodies (mAbs), such as 

votumumab70 or trastuzumab71, can also be labelled by attaching radionuclides via a chelating 

ligand such as DOTA or DTPA. 

 

 

 

Figure 1.8 - Molecular structure of (a) [18F]-FDG and (b) the PSMA-617 targeting molecule. 

1.2.2.3 Theranostic nuclear medicine 

Theranostic nuclear medicine is achieved by either (i): the separate application of two 

radionuclides, one being diagnostic and the other being therapeutic (Table 1.1, Table 1.2 and 

Table 1.3), bound to the same molecule, or (ii): the use of one radionuclide that produces 

radiation by two decay modes (Table 1.4), one diagnostic mode and the other therapeutic16,17,23.  

The former, (i), has use in dosimetric measurement and facilitates the application of 

personalised medicine. The administration of a diagnostic radionuclide (e.g. 68Ga) bound to a 
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molecule that targets a particular disease allows for toxicity and efficacy assessment of a 

particular radiopharmaceutical. If the resultant diagnostic image indicates that there is a high 

uptake of radioactivity in the diseased cells, then the use of a therapeutic radionuclide (e.g. 

177Lu) bound to the same, or a similar, targeting molecule should provide effective treatment 

for the patient. However, if the resultant diagnostic image indicates insufficient uptake of 

radioactivity in the diseased cells, or significant uptake in a particular organ, treatment using 

an alternative targeting molecule may afford better therapeutic results for the patient. Due to 

the PET dosimetric capability, PET tracers are currently better suited as the diagnostic 

component. SPECT tracers, however, would still provide valuable diagnostic information52. 

The latter (ii), allows for monitoring of an administered therapeutic agent72. Isotopes used in 

this type of theranostic medicine have both a therapeutic and diagnostic decay mode. Use of 

131I conjugated to metaiodobenzylguanidine (MIBG) as a theranostic agent has been reported 

since then mid-1980s. Other radionuclides (Table 1.4) and targeting molecules have been 

identified as suitable single entity theranostic agents.  

Table 1.4 - Commonly used and novel single entity theranostic radionuclides27,41,60,61. 

Radionuclide Half-life, t½ Decay modes Main energy 

64Cu 12.7 h β-  

β+ 

579 keV (38.5%) 

653 keV (17.5%) 

131I 8.02 d β-  

γ 

606 keV (89.4%) 

364 keV (81.4%) 

161Tb 6.89 d β-  

γ 

154 keV (100%) 

25.7 keV (23%) 

177Lu 6.65 d β-  

γ 

498 keV (79.3%) 

208 keV (10.4%) 

 

1.2.2.4 Terbium in nuclear medicine 

In recent years, terbium has gained particular interest in the field of nuclear medicine. Four 

terbium isotopes have been identified as therapeutic, diagnostic or theranostic agents (Table 

1.5). Initial proof-of-concept and pre-clinical studies using these isotopes have highlighted their 

in vivo capability for theranostic nuclear medicine. 
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Table 1.5 - The four terbium isotopes with clinical potential, their applications and 

radiopharmaceuticals synthesised and used in proof-of-concept and/or pre-clinical studies73.  

Isotope Half-life, t½ Application Proof-of concept/pre-clinical studies 

149Tb 4.12 h Alpha therapy 

PET imaging 

149Tb-cm09 27 

149Tb-rituximab 4 

152Tb 17.5 h PET imaging 152Tb-cm09 27 

152Tb-DOTATOC 28 

155Tb 5.32 d SPECT imaging 

Auger therapy 

155Tb-cm09 27,29 

155Tb-DOTATATE 29 

155Tb-MD 29 

155Tb-chCE7 29 

161Tb 6.89 d Beta therapy 

Auger therapy 

SPECT imaging 

161Tb – octreotide 74 

161Tb – DOTATATE 75 

161Tb – cm093 27 

161Tb – PSMA-617 30 

DOTATATE = conjugate of 1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-tetraacetic acid (DOTA) and [Tyr3]-

octreotate, MD = minigastrin analogue, PSMA = prostate-specific membrane antigen. d = day, h = hours 
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1.3 Production of radionuclides 

In order to be able to use routine and novel radionuclides they need to be produced and isolated 

in quantities fit for their purpose; be it for clinical use, nuclear data measurements or primary 

standardisation (Section 1.5). Typically, low MBq to low GBq quantities of radionuclide are 

required for each nuclear medicine procedure76. This can be achieved by the exploitation of 

natural processes (i.e., spontaneous fission or radioactive decay) or, in most cases, by the 

induction of nuclear reactions (i.e., induced fission, induced spallation or activation reactions). 

There are some general concepts that apply to all artificial isotope production methods, as 

stated below77.  

1. An incident particle is required, with sufficient energy, to induce a nuclear reaction. 

2. The energy of the incident particle has a direct impact on the type of nuclear reaction 

that occurs and therefore the product nucleus that is produced. The energy must be high 

enough in order to overcome any repulsive forces and activation barriers but low 

enough to minimise the co-production of unwanted isotopes. 

3. Multiple reactions could occur on the same target, but the probability of a certain 

reaction occurring is dependent on the target nuclei and the energy of the incident 

particle.  

4. The density of particles in the incident particle beam (i.e. beam current or flux) has a 

proportional effect on the yield of product.  

5. The length of time of irradiation also has a proportional effect on the yield of product.  

6. There is a maximum activity that can be achieved which is influenced by the production 

route and capability of the production facility. The maximum activity is reached at the 

point at which the rate of isotope production is equal to the rate at which that isotope is 

decaying78,79. 

The typical nomenclature for a nuclear reaction is demonstrated in the equation below77:  

𝑿 (𝒙𝒊, 𝒙𝒓)𝒁
𝑨  𝑿′𝒁′

𝑨′       (1.8) 

where, X is the target nucleus with proton number, Z, and mass number, A; xi is the incident 

particle; xr is the released particle (or reaction type) and X’ is the product nucleus with proton 

number, Z’, and mass number, A’. 
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When choosing a suitable production route, the lengthy processing and transit time between 

production and administration of the radionuclide must be considered as it can result in a 

significant loss in radiochemical yield when preparing a radiopharmaceutical. The 

radiochemical yield takes into account losses of the isotope during the transport, chemical 

separation and/or radiolabelling process, including any losses due to radioactive decay. This is 

particularly relevant to shorter lived radionuclides where time has a significant impact on the 

potential specific activity of the radiopharmaceutical. For the synthesis of short-lived 

radiopharmaceutical tracers, the use of radionuclide generators, such as 99Mo/99mTc and 

68Ge/68Ga, is common and advantageous80. They utilise suitable, longer-lived, parent nuclei to 

reduce the loss of radiochemical yield prior to administration of the agent. Shorter lived 

radionuclides can also be produced locally, using hospital-based cyclotrons. Longer-lived 

isotopes can be produced using less-accessible, more elaborate facilities and can be transported 

large distances without significant impact on the radiochemical yield. 

This section describes methods used in the production of radioactive isotopes and concludes 

with a summary of studied production routes of the aforementioned terbium isotopes (149Tb, 

152Tb, 155Tb and 161Tb). 

1.3.1 Isotope production methods 

1.3.1.1 Proton induced spallation  

One method of isotope production involves the proton-induced spallation reaction, where a 

high energy proton beam is used to irradiate a target (e.g., high purity tantalum). As the protons 

interact with the target nucleus they induce a spallation reaction (p,sp) where atomic (or 

subatomic) fragments are ejected from the nucleus of the target81,82. This process produces a 

wide mass range of isotopes. To isolate a desired isotope, on-line or off-line mass separation 

can be applied.  

The CERN-MEDICIS facility (Medical Isotopes Collected from ISODLE) is used for the 

production of radionuclides for medical applications83,84 and is an extension of the Isotope 

Separator On-Line Device (ISOLDE). The facility utilises previously unused protons (Ep = 1.4 

GeV) which have not interacted with the ISOLDE (primary) target to induce a spallation 

rection in a secondary target. As only approximately 15% of the protons from the proton 

synchrotron booster (PSB) interact with the primary target, a MEDICIS (secondary) target is 

placed at an optimum distance behind it (Figure 1.9). The secondary target must also have an 
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increased volume and density in comparison to the primary target (about 4 times the volume) 

in order to maximise the irradiation efficiency of reactions.  

 

Figure 1.9 - Fluka simulation85 showing the incoming proton beam on an ISOLDE target (3.5 g/cm2 

UCx for the purpose of the simulation) and intercepting the MEDICIS target downstream (Courtesy of 

T. Stora, CERN)86. 

The lower atomic number target materials, Ti and Y2O3, have been used to prepare similarly 

low atomic number isotopes including 44,47Sc and 61,64Cu respectively. More recently a tantalum 

target has been irradiated to produce three terbium isotopes, 149Tb, 152Tb, 155Tb. Proof of 

concept studies have shown the promising therapeutic or diagnostic capabilities of these 

spallation-produced isotopes17,27,87.  

Future irradiations of a uranium carbide target, UCx, have been planned in order to produce 

high mass isotopes by proton induced spallation. Uranium carbide spallation reactions have 

been previously studied at the ISOLDE facility for the production of noble gas isotopes88,89. 

As with all irradiation experiments, a high purity target must be used to minimise unexpected 

products. Subsequent on-line or off-line mass separation techniques and/or chemical separation 

techniques must be applied in order to obtain a chemically and isotopically pure source that 

would be suitable for application in nuclear medicine. 

1.3.1.2 Cyclotron based nuclear reactions 

Radionuclides for use in nuclear medicine can also be produced using a cyclotron. Hospital-

based cyclotrons typically use protons (< 20 MeV) as the incident particle and are often used 

to produce short-lived radionuclides including 18F and 64Cu 90,91. Research cyclotrons, such as 
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the MC40 cyclotron at the University of Birmingham92 (Figure 1.10) or the C70 cyclotron at 

Arronax93, are able to accelerate a range of incident particles across a wider energy range. 

In general, the use of controllable energy particle beams (typically < 80 MeV) in a research 

cyclotron allows tailored irradiation of a specific target. Protons (p, 1H+), deuterons (d, 2H+), 

alpha particles (α, 4He2+) and light helium nuclei (3He2+) are commonly used as incident 

particles94. Heavier ions, such as 12C, can also be used as incident particles in suitable facilities. 

The charged particles are accelerated by applying an electric field between two hollow “D” 

shaped magnetic field regions (known as “dees”). The dees are separated by a small gap where 

the particle acceleration occurs. The path of the charged particle is circular and increases in 

radius with each time it passes the acceleration gap. The beam is then focused along a beam 

line where it irradiates a target. 

 

   

Figure 1.10 - The internal view of the MC40 cyclotron (left) and the target set up on the beam line used 

for irradiations (right) at the Positron Imaging Centre at the University of Birmingham, UK (curtesy 

of R. Trinder, University of Birmingham) 

The lower and better controlled energy range of a cyclotron is an advantageous characteristic 

in comparison to using a synchrotron particle accelerator. Using a cyclotron, it is possible to 

alter the conditions (e.g. particle, particle beam energy, target material) of the isotope 

production experiment in order to optimise the production of the isotope of interest and to 

minimise the production of radionuclide impurities95.  

There are threshold energies required to induce a nuclear reaction; however, if the projectile 

energy is too high, a range of reactions will be observed (e.g. (p, n), (p, 2n), etc.). Therefore, 

there is an optimal projectile energy range which guarantees high production yield and low 
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impurity levels. Optimising the conditions, therefore, allows for methods for purification of the 

product nuclei from the target to be studied prior to irradiation whilst also minimising 

radioactive waste produced. In particular, the use of enriched, single isotope targets will result 

in fewer unwanted side-reactions occurring during production. These enriched targets, 

however, are much more expensive and are often harder to acquire. 

The incident particle has to overcome energy barriers to induce a particular reaction: the 

Coulomb barrier and the Q value96. The Coulomb barrier is the energy required for the incident 

particle to overcome the electrostatic repulsion between itself and the target nucleus. This 

energy is often very high, but quantum tunnelling allows nuclear reactions to occur at energies 

much lower than the Coulomb barrier78,79. The Q value is the mass difference between the 

reactants and products in terms of their energy. The Q value is calculated using the following 

equations: 

Q= 931.4ΔM      (1.9) 

where,  

ΔM = (mT +mi) – (mP + mr)    (1.10)   

where, ΔM is the mass difference before and after the reaction; mT is the mass of the target 

nucleus; mi is the mass of the incident particle; mr is the mass of the released particle; and mP 

is the mass of the product nucleus. 

If the Q value is positive (Q>0) then the nuclear reaction is exoergic, meaning there is a net 

release of energy. This means the Coulomb barrier is the highest energy barrier to overcome. 

If the Q value is negative (Q<0) then the reaction is endoergic and requires a net input of 

energy. In this case a greater amount of energy, in addition to the Coulomb barrier energy, must 

be supplied to the system for the nuclear reaction to proceed. Due to the effect of quantum 

tunnelling, the energy barrier in reality is still much lower than the Coulomb barrier. 

The nuclear reaction cross-section (σ) is another factor that influences the type of nuclear 

reaction that occurs. The cross-section reflects the probability of a nuclear reaction occurring 

along a specific route (i.e., producing X’ from X via route Y) at defined reaction parameters. 

The cross-section is measured in barns (1 b = 10-24 cm2). Computational modelling programs, 

such as PACE4, TALYS 1.6 or ALICE/ASH, allow for predictions of cross-sections or 

production yields prior to experimental irradiations97–99. It is important to consider the isotopic 
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composition of the target and also the cross-sections of all possible nuclear reactions that could 

take place on that same target within the achievable incident particle energy range at the 

irradiation facility. This will allow an optimal particle energy to be chosen which will produce 

maximum yield of the desired radionuclide whilst minimising the occurrence of unwanted side 

reactions. 

1.3.1.3 Neutron activation   

Nuclear reactors are a source of neutrons that can be used to irradiate a target. The energy and 

flux (i.e. density of neutrons in a beam) of a neutron beam has a significant influence on the 

type and efficiency of a neutron-induced nuclear reaction (Table 1.6)100. 

Table 1.6 - Main classes of neutrons involved with or produced in nuclear reactions. 

Neutron class Energy range Information 

Thermal 0.025 eV Induces fission reactions.  

Epithermal 1 eV – 10 keV More likely to induce 

neutron capture reactions.  

Fast ≥ 10 keV Released as a product of 

nuclear fission.  

 

Typical neutron capture reactions include (n,γ), (n,p) and (n,α) reactions. The emitted particle, 

and the energy it is released with, are dependent on the neutron flux and the energy of the 

incident neutron34. Neutron capture reactions are typically induced by thermal or epithermal 

neutrons. Absorption of these neutrons causes an instability in the nucleus causing it to release 

energy in the form of gamma rays or particles with kinetic energy, such as protons or small 

nuclei. Hence, radioactive isotopes can be produced. An example of a neutron capture reaction 

is 176Yb(n ,γ)177Yb which undergoes subsequent β- decay to give the theranostic radionuclide, 

177Lu 101. 

Fission (n, f) is another type of neutron induced reaction, caused by the absorption of thermal 

neutrons into the target which results in the split of the nucleus into two smaller nuclei102. Fast 

neutrons are released in this process. One of the products of the neutron induced fission of a 

235U target is 99Mo, the radioactive precursor to 99mTc. Molybdenum-99 has a fission yield of 

approximately 6% 103. 
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Research reactors are currently the primary source of neutron capture and fission product 

radionuclides, but they are diminishing in number. The use of research reactors as a source of 

medical isotopes is therefore not sustainable and alternative sources are required. Alternative 

production routes for these isotopes, such as 99Mo and 131I, must be found to maintain the 

supply or alternative isotopes with sustainable production routes should be used104. 

1.3.2 Mass separation technology 

Unwanted isotopes are often co-produced during production experiments. These additional 

isotopes are produced, either, as the particle beam interacts with other isotopes in the target 

material, or because different particle combinations are emitted from the nucleus during the 

reaction77. The former is dependent on the impurities present in the target material, the latter 

on the probability of a particular nuclear reaction taking place under specific reaction 

conditions (i.e. reaction cross section). Isotopes of the same element cannot be separated 

chemically due to their identical chemical properties. To isolate an isotope from other isotopes 

of the same element, mass separation techniques must be used.  

There are several on-line isotope separation (ISOL) facilities around the world82,105–107. The 

ISOL technique uses an instrument which consists of a target, ion source and an 

electromagnetic mass analyser/separator coupled in series108. ISOL systems are often used to 

produce single A/q ion beams in order to induce reactions in other nuclear physics experiments, 

but these ions beams can be collected after mass separation, processed and used for other 

applications such as nuclear medicine studies.  

Off-line mass separation, where isotope production and mass separation are conducted on 

separate systems, is also available but is less common. CERN-MEDICIS is one such facility 

and was used throughout this research (Figure 1.11)109,110. Details about the specific methods 

used are detailed in Chapter 2. 
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Figure 1.11 – A simplified schematic of the CERN-MEDICIS off-line mass separator. Ion beams are 

denoted in red. MELISSA ionisation laser is denoted in blue (Adapted from Gadelshin et al.)109. A/q = 

mass-to-charge ratio. 

Typically, surface ionisation or plasma ionisation methods are used to extract ions from an 

irradiated target or sample by passing a voltage across the sample. The extracted ions are 

accelerated and directed towards the electromagnetic mass separator that is set to an optimal 

setting to separate ions of a particular A/q value. The resultant ion beams can then be implanted 

into catcher foils (e.g. a zinc coated gold foil). Surface ionisation offers limited selectivity, so 

isobaric and pseudo-isobaric impurities will contaminate the ion beam meaning that a single 

isotope cannot be isolated. In some cases, a combination of mass-separation and chemical 

separation techniques are required to isolate a high purity single isotope27,86. 

If available,  the resonance ionisation laser ion source (RILIS) technique can be used to increase 

the selectivity of the ion extraction process109,111. A laser is used to induce a multi-step 

photoexcitation and ionisation of atoms of a desired chemical element before the mass 

separation step. At the CERN-MEDICIS facility, the MEDICIS Laser Ion Source for Separator 

Assembly (MELISSA) is used109. 
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1.3.3 Production routes for terbium isotopes  

The production of the four medically interesting terbium isotopes, 149Tb, 152Tb, 155Tb and 161Tb, 

has been studied using the aforementioned irradiation techniques. These terbium isotopes are 

not produced in significant quantities as a result of 235U fission (<<1%). Therefore, it is not 

feasible to isolate the isotopes from the irradiated 235U target. Table 1.7 details the studied 

production routes for the four isotopes. 

Terbium-161 is regularly produced by the neutron irradiation of a 160Gd target, which has 

facilitated pre-clinical and clinical investigation23,27,30,32,75,101,112. The other isotopes, 149Tb, 

152Tb and 155Tb, are currently only produced in significant quantities via the proton-induced 

spallation of a tantalum target. However, as this not a long-term sustainable method of 

production, the other methods of production are under investigation. More detail about some 

of these production routes is discussed in the relevant chapters (Chapters 2-5). 
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Table 1.7 - Studied production routes of the terbium isotopes with potential applications in nuclear medicine. 

Isotope Studied nuclear reactions Production facility Incident particle energy References 

149Tb  Ta(p,sp)149Tb Synchrotron 1.4 GeV (CERN-MEDICIS) Allen et al.113 

151Eu(ɑ,6n)149Tb Cyclotron 65 MeV Il'inskaya et al.114 

141Pr(12C,4n)149Tb Heavy ion cyclotron 65 MeV Beyer et al. 115 

151Eu(3He, 5n)149Tb Cyclotron 40-70 MeV Zagryadskii et al.116 

152Tb Ta(p,sp)152Tb Synchrotron 1.4 GeV (CERN-MEDICIS) Allen et al.113 

 151Eu(ɑ,3n)152Tb Cyclotron 34 – 40 MeV Trinder et al.117  

 155Gd (p,4n)152Tb Cyclotron 39 MeV Steyn et al.118 

155Tb Ta(p,sp)155Tb Synchrotron 1.4 GeV (CERN-MEDICIS) Müller et al.27,119 

155Gd(p,n)155Tb Cyclotron 11 MeV Vermeulen et al.120 

153Eu(ɑ,2n)155Tb Cyclotron 28 MeV Kazakov et al.121 

161Tb 160Gd(n,γ)161Gd -> 161Tb Nuclear reactor (flux = 1013 - 1014 neutrons cm−2 s-1) Lehenberger et al.75 
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1.4 Chemistry of the lanthanide elements 

The four terbium isotopes (149Tb, 152Tb, 155Tb and 161Tb) can be produced by the irradiation of 

other lanthanide targets (e.g. production of 161Tb by the neutron activation of gadolinium75) or 

via the proton-induced spallation of a tantalum target. The isolation of the desired isotope from 

the bulk target material, any daughter nuclei and any other trace impurities is required prior to 

clinical trials and use in order to minimise toxic and radiological side-effects, as well as to 

maximise the efficiency of the radiopharmaceutical preparation. For fundamental 

measurements to be made, such as nuclear data measurements and primary standardisations, 

the removal of radioactive impurities is essential. The removal of non-radioactive impurities is 

not required for this purpose (Section 1.5.1). 

Currently, chemical separation is a necessary process in the preparation of high purity 

radionuclide sources for applications in nuclear medicine, even with the existence of 

preparative mass separation (i.e. ISOL techniques). The separation of lanthanides from other 

lanthanides, however, is challenging due to slight differences in chemical properties throughout 

the lanthanide series (La→Lu). Three main factors contribute to the similarity122: 

1. Oxidation states – In aqueous conditions, all lanthanides readily lose three electrons 

from the 6s and 5p electron subshells and therefore lanthanides exist very stably in the 

III+ oxidation state. Due to the fact that empty (4f0), half-filled (4f7) or filled (4f14) 

subshells are more stable, cerium can be easily oxidised to the IV+ oxidation state, and 

europium can be (less) easily reduced to the II+ oxidation state. A change in oxidation 

state significantly changes chemical behaviour and this can be used when trying to 

remove or isolate these elements from other lanthanide elements123. 

2. Ionic size – The 5s and 5p orbitals exist at a similar energy to the 4f sub-shell. The 4f 

orbital is therefore not shielded from an increasing nuclear charge. Hence, a gradual 

decrease in ionic radius is observed throughout the lanthanide series with increasing 

atomic number (La→Lu). This phenomenon is referred to the as lanthanide contraction 

(Figure 1.12)122. This, coupled with the III+ oxidation state, means that the lanthanides 

exhibit similar binding properties when interacting with organic chelators (e.g. EDTA 

or DTPA)124. 

3. Coordination number – Coordination numbers of the lanthanides range between eleven 

and two and there is a general reduction in coordination number with increasing atomic 

number; however, this is dependent on the coordinating species. Most commonly, early 
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lanthanides (La→Tb) exist with a coordination number of nine and the later lanthanides 

(Dy→Lu) have a coordination number of eight125. Steric effects, electrostatic 

interactions, hydrogen bonding and π-interactions between the ligands and other 

counter-ion species all have a significant impact on the coordination number. This 

makes predicting the coordination numbers difficult, particularly for complex systems. 

Differences in these factors are not significant between neighbouring lanthanides which gives 

reason to the difficulties found in the literature with successfully purifying single lanthanides 

from neighbouring elements. 

 

Figure 1.12 - Graphical representation of the trend of atomic and ionic radii for the lanthanide 

elements122. 

During the separation of lanthanide elements, slight changes in separation conditions often 

have a significant impact on separation efficiency. The optimisation of neighbouring lanthanide 

separation methods has been the focus of many studies over recent years, typically using 

chromatographic techniques. With the increased interest in radiolanthanide applications in 

nuclear medicine, the impact of research in this field has grown23. 

1.4.1 Chromatography of the lanthanides 

Chromatography is a technique which aims to separate components of a mixture by taking 

advantage of the differences in affinity of the components to a stationary phase and a mobile 

phase126. In most scenarios, the mobile phase is an aqueous solution which is passed over or 

through a solid stationary phase. Chromatography techniques are commonly used as analytical 

tools, but as the identified radionuclides have an intended use after separation, namely nuclear 
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medicine procedures or as primary standards, preparative chromatography techniques have 

been the focus of the work reported here.  

The chemical properties of the mobile and stationary phases influence how elements will 

behave during a chromatographic separation, so should be considered carefully. In particular, 

the pH and concentration of the mobile phase can cause changes to chemical form of the 

stationary phase as well as the elements undergoing the separation. These changes will affect 

how strongly each element will interact with the two phases, thus affecting the quality of 

separation that can be achieved. In addition to this, the chemical and physical structure of the 

phases can influence how elements will interact with them (i.e. steric hinderance and/or 

complex formation). These concepts can be explained further by example:  

• the pH of the mobile phase will govern whether functional groups of a stationary phase 

will be protonated (e.g. amide, R-NH2, or protonated amide, R-NH3
+). The pH of the 

mobile phase, therefore, has a significant influence on the ionic interactions that will 

occur between the components of a sample and the stationary phase. 

• the mobile phase may induce a redox reaction that will alter the oxidation state of the 

elements undergoing separation. This will change the ionic size and charge of the 

element, changing how it will interact with the two phases. 

• chelating mobile phases, such as ethylenediaminetetraacetic acid (EDTA), can form 

complexes of varying strength with elements within a sample. The probability of 

forming complexes is influenced by the size and charge of the ion, and the pH of the 

chromatographic system. How these complexes interact with the stationary phase will 

also be influenced by chemical conditions of the chromatographic system (e.g. the pH 

or concentration of the mobile phase). 

These chemical parameters can be tailored advantageously to selectively isolate single 

components of a specific elemental mixture. In addition to the chemical parameters of a system, 

other characteristics of the chromatographic system can affect the quality of separation. These 

are discussed in section 1.4.1.1. 

When carrying out column-based separations, elution methods used in chromatography are 

typically isocratic, stepwise or gradient (Figure 1.13). Isocratic elution is where there is no 

change in the composition of the mobile phase during all or part of the analysis; the 

concentration and pH remain constant. Gradient elution is where there is a gradual change in 
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the composition of the mobile phase. A combination of isocratic and gradient conditions is 

often used to optimise separation time without compromising the quality of the 

separation127,128. 

 

Figure 1.13 - Comparison of the variations in the composition of mobile phase (%A) for different elution 

methods. These are often used in combination.  

1.4.1.1 Variable parameters in column chromatography 

As components of a mixture pass through a column they behave differently, allowing for 

separation to be achieved. As they elute from the column, their peak shape, and thus the 

separation resolution between components, is governed by kinetic processes, such as the rate 

of mass transfer between the two phases, as well as the probability of interaction of each 

component under the defined chemical and physical conditions. Beyond changing the type of 

mobile phase and stationary phase used for a given separation, there are several parameters 

which can be varied to improve the separation resolution. These are described as follows129,130: 

1. The flow rate of mobile phase through the packed column naturally affects the 

separation time, but also affects the magnitude of band spreading (i.e., the peak width 

on elution)128. At a slower flow rate, elution peaks sharpen and therefore improve the 

separation resolution. This is because the effect of the rate of mass transfer is 

minimised. 

2. The column length also has an impact on the bandspreading. The longer the column the 

greater the bandspreading meaning that the analyte will elute in a greater volume. A 

longer column gives a greater resolution; however, larger volumes (mL) are required to 

ensure the elution of all analytes and thus results in an increased separation time.  



 

31 

 

3. A decrease in the particle size of the stationary phase results in a decrease in the height 

equivalent to the theoretical plate (HETP) value. This means that the degree of 

bandspreading reduces131. Using a chromatography resin with a smaller particle size 

results in the sharpening of elution peaks and therefore gives an improved separation 

resolution. 

4. The resin capacity is another factor that will impact on the efficiency of separation. The 

total resin capacity describes the maximum amount of element that can be loaded on to 

the resin. This value is typically stated as the number of moles (mmol) of an element 

per unit volume of resin (mL). If this value is exceeded then the active sites of the resin 

will be saturated, resulting in breakthrough, loss of analytes and inadequate separation. 

The operating resin capacity, however, is dependent on the separation conditions and 

is the capacity at which the quality of separation becomes affected by the increasing 

concentration of analyte. This is a particularly important factor to consider when 

processing target material to isolate a produced isotope. As said by Stephen Heinitz: 

“high column loading results in inferior lanthanide separation”132. 

5. As mentioned previously, altering the composition of the mobile phase has a significant 

impact on the chromatographic behaviour. The concentration, pH and ionic strength of 

the mobile phase all influence the speciation of both the stationary phase functional 

groups and the analytes requiring separation. This heavily influences how the analytes 

interact with the two phases and therefore has a significant impact on the separation. 

Ion-exchange chromatography and extraction chromatography techniques have been shown to 

be suitable methods for preparative separation of the lanthanides and are henceforth discussed 

in further detail. 

1.4.1.2 Ion exchange chromatography 

Ion exchange chromatography utilises the reversible interaction of ionic species between a 

stationary and a mobile phase in order to separate components of a mixture. A variety of ion 

exchange methods are commonly used for the separation of biomolecules, small molecules 

and/or elemental mixtures133. 

Ion exchange stationary phases are typically cross-linked polymeric chains with ionic 

functional groups. These ionic groups are fixed on the resin and are the sites at which ion-

exchange takes place (see simplified diagram, Figure 1.14, where the sulphonate (SO3
-) groups 
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are the site of ion-exchange). A range of mobile phases can be used including ionic solutions 

(e.g. NaOH) and chelating species (e.g. EDTA). The characteristics of solid stationary phase 

and the aqueous mobile phase both heavily influence the quality of separation.  

 

Figure 1.14 - Diagram showing an example of the macroporous cross-linking structure of a strong acid 

cation exchange resin and its sulphonic acid exchange sites130. 

Historically, ion exchange is the most commonly used tool for the separation of the lanthanide 

elements23,134. The use of a column packed with cation exchange resin and an α-HIBA mobile 

phase has been used for the preparation of the high purity lanthanides to ensure accurate 

analysis of geological and nuclear forensics samples, as well as for the preparation of 

radionuclides for nuclear medicine research23,27,75,135. Precise control of the concentration and 

pH of the α-HIBA solutions is required to ensure effective isolation of single lanthanide 

elements.  

 

Figure 1.15 - Chemical structure of alpha-hydroxyisobutyric acid (α-HIBA). 

It should be noted that the exposure of ion-exchange resins to high levels of ionising radiation 

can lead to resin breakdown, reducing the efficiency of the separations and the operating 

lifetime of a column130,136. This is a particularly important factor to consider when designing 

chemical separation methods capable of preparing the high activity sources of radioisotope 

required for nuclear medicine applications. 
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1.4.1.3 Extraction chromatography 

Extraction chromatography combines the selectivity of solvent extraction techniques with the 

ease-of-use of solid-phase column chromatography techniques137. The stationary phase 

extractant, typically a hydrophobic organic molecule, is incorporated into a porous inert 

support, together forming a solid-phase extraction chromatography stationary phase (Figure 

1.16). Mineral acids are typically used as the mobile phases in extraction chromatography 

separations (e.g., HCl or HNO3). 

 

Figure 1.16 - Illustration of an extraction chromatography bead. Adapted with reference to Horwitz 

(1998)138. 

Extraction chromatography resins have been used for the preparation of environmental, 

geological, decommissioning and nuclear forensics samples for elemental characterisation, as 

well as for the purification of radioisotopes for use in nuclear medicine139. These resins exhibit 

high radiation and chemical resistance, being able to operate efficiently whilst using high acid 

concentrations and highly radioactive samples140,141.  

A series of extraction chromatography resins, (i.e. the LN resin series) using phosphorus-based 

extractants have been developed and designed for the separation of the lanthanide elements 

(Figure 1.17)137,142. In recent years, the use of these extraction chromatography resins to purify 

radioactive lanthanides for use in nuclear medicine has been studied, but research is in its 

infancy23. 
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Figure 1.17 - The stationary phase extractants which are present in each of the three extraction 

chromatography resins used for lanthanide separations (LN, LN2 and LN3)142. 

1.4.2 Chemical isolation of terbium 

Both ion-exchange and extraction chromatography techniques have been applied to situations 

requiring the isolation of terbium from matrices containing other lanthanide elements. The 

strict control of separation conditions is key to achieving high quality separations and this is 

clear in the methods reported in the literature. Here, a summary of some of the methods used 

in previous studies are presented allowing for comparison in later chapters. 

1.4.2.1 Ion exchange chromatography 

The α-HIBA/cation exchange method has been applied to isolate pure sources of terbium27–

29,143 produced by proton induced spallation, namely 149Tb, 152Tb and 155Tb, and by neutron 

bombardment, namely 161Tb.  

Beyer et al. (2004)115 reported the use of a step-wise α-HIBA/cation exchange method in order 

to isolate 149Tb produced at CERN-ISOLDE by proton-induced spallation with subsequent 

mass separation. A small Aminex A5 column was used (NH4
+ form, 3 × 60 mm) and notable 

terbium/gadolinium peak overlap was observed which resulted the isolation of a high purity, 

but moderate recovery (~80 %) 149Tb source. The terbium fraction (~0.2 mL) was eluted in 

0.25 M α-HIBA at a flow rate of 0.1 mL/min and was recovered within ~5 minutes. 

A similar method was applied by Müller et al. (2012)27 and involved the separation of terbium 

on a strong acid cation exchange column (50 × 5 mm) using ~0.15 M α-HIBA at pH 4.75. The 

exact resin, and the chemical purity and recovery of terbium post-separation, was not reported 

in this study. Reproducing this data would therefore be a challenge. The terbium sources 

produced here were of a suitable quality to radiolabel to a DOTA–folate conjugate cm09 and 

achieved a good radiochemical yield of >96%. Initial diagnostic and therapeutic pre-clinical 

trials were conducted using these xxxTb-cm09 samples. 
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For the isolation of 161Tb produced by neutron bombardment of an enriched 160Gd target, the 

method reported by Lehenberger et al. (2012)75 involved the separation of trace levels of 

terbium from a 40 mg 160Gd target and 0.2 mg of dysprosium. A 150 × 7 mm Aminex A6 

column (17.5 μm particle size, NH4
+ form) was used. This method successfully recovered 90 

% of the 161Tb in 0.13 M α-HIBA (pH 4.5) whilst reducing the gadolinium content in this 

fraction by >105 and the dysprosium content by >102
 (i.e., decontamination factors). It is a 

relatively slow method as it required the separation to be carried out at a low flowrate and using 

large volumes of mobile phase (~0.2 mL/min, ~90 mL, separation time ~ 450 minutes).  

In a similar, more recent study by Gracheva et al. (2019)143 a combination of different column 

properties (Sykam microporous cation exchange resin, 12-22 μm particle size, NH4
+ form, 170 

× 10 mm column) and a faster flowrate (~0.6 mL/min) were used to isolate high purity 161Tb 

from gadolinium target material. The loading and terbium elution conditions were the same as 

reported in Lehenberger et al. (2012)75. The increased column volume and faster flowrate 

allowed for a high radionuclidic purity terbium (>99%) to be isolated from bulk quantities of 

Gd2O3 material (up to 140 mg) in a shorter time of ~100 minutes. Rapid concentration of the 

161Tb was achieved using LN3 extraction chromatography resin column (6 x 5 mm) and HCl 

elution (0.05 M, 500 μL). The purity of the terbium fraction was estimated using the radioactive 

tracers during method development steps, but no stable element analysis was conducted to 

quantify any gadolinium impurity remaining in the terbium fraction. Radiolabelling studies 

with DOTANOC (≥ 99% radiochemical yield, 180 MBq/nmol specific activity) showed that 

the terbium fractions were of a sufficient quality for further pre-clinical investigation. 

1.4.2.2 Extraction chromatography 

Monroy-Guzman et al. (2015)144,145 investigated the use of LN extraction chromatography 

resin for the separation of lanthanide pairs. Their work describes the separation of micro/macro 

component systems of neighbouring lanthanide pairs, namely Pm/Nd, Tb/Gd, Ho/Dy and 

Lu/Yb, using 12 × 70 mm columns packed with Ln spec resin (50 – 100 μm, Eichrom 

Industries). The flow rate of solution through the column, and therefore separation time, is not 

defined in this study. The authors claim, and elution profiles suggest, effective separation of 

trace levels of terbium from bulk quantities of gadolinium (10 mg Gd(NO)3) using a stepwise 

elution. The gadolinium was eluted in 0.8 M HNO3 followed by the elution of terbium in 3 M 

HNO3. The degree to which the bulk gadolinium target material is removed is unclear, as no 

stable element content analysis of the micro-component fractions is reported. No radiolabelling 
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studies were conducted, as per Gracheva et al. (2019)143, which would have indicated whether 

a suitable quality had been achieved.   

Jiang et al. (2015, 2017)146,147 reported the successful isolation of 161Tb from fission products 

using LN resin prior to its determination by liquid scintillation counting for nuclear forensics 

purposes. The reported method involved the isolation of the lanthanides, as well as some other 

chemically similar elements (e.g. yttrium), from a complex matrix using an anion exchange 

method and selective precipitation. The isolation of 161Tb from other lanthanide fission 

products which remained was achieved using a column packed with LN resin (50 – 100 μm, 

Triskem International, 107 × 7 mm). Separation and collection of individual lanthanides was 

achieved using a stepwise elution profile (0.01 M - 8 M HNO3). The 161Tb fraction was further 

purified by passing the solution through another LN resin column (2.1 cm3). There is no 

indication to the quantities of each element in the mixture used in this study, or to the flow rate 

and separation time required for efficient separation. Details regarding the stepwise elution 

method and are also absent, all of which making reproducing this method challenging. 

Kazakov et al. (2018)121 investigated the production of 155Tb by alpha bombardment of Eu2O3 

targets (~200 mg). They showed the removal of bulk europium material by means of chemical 

reduction using zinc chloride and subsequent sulphate (SO4
2-) precipitation. Isolation of 

terbium from remaining gadolinium and europium impurities was carried out using an LN resin 

column (3 cm3). A nitric acid stepwise elution was carried out at an unknown flowrate; 0.6 M 

HNO3 (40mL) allowed the elution of europium and gadolinium from the column before the 

elution of terbium using a 3.0 M HNO3 (15 mL) solution. Radiochemical yield of the 155Tb was 

reported to be ~90 % with a radionuclide purity of >99 %. Column dimensions were not 

reported in this article. 

Aziz et al. (2016, 2020)148,149 reported the isolation of high radionuclide purity 161Tb (>99 %) 

from small G2O3 targets (5 mg) using a similar method to the one reported by Monroy-Guzman 

et al. (2015)144,145. Details regarding the column dimensions, solution volumes, flow rate, 

terbium recovery and stable impurity profile are absent in this article. 

These examples highlight the importance of precise control of separation parameters in order 

achieve reproducible results. Slight changes in separation parameters markedly change the time 

required for, and quality of separation. A thorough description of methods is essential in order 

to ensure reproducibility of the methods as well as to allow for a fair comparison of the method 
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with others. Gracheva et al. (2019)143 is a good example of this. Some of the other manuscripts, 

however, were lacking in important information (e.g., column properties, separation time, 

purity and recovery of terbium post-separation).  

In all these cases, a stable impurity profile of the purified terbium fractions is lacking. A 

complete understanding of the stable impurities would be helpful when it comes to 

radiolabelling and (pre)-clinical studies. Alternatively, as seen in Müller et al. (2012)27 and 

Gracheva et al. (2019)143, successful radiolabelling of bioconjugates with the purified terbium 

sources can be used to indicate a suitable chemical purity has been achieved. 

Finally, self-evaluations of these reported methods mainly focus on beneficial aspects. A 

complete evaluation and discussion of the method would be helpful in informing the readers 

of potential applications and limitations of the reported methods as well as allowing for fair 

and comprehensive comparison to other methods. 
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1.5 Requirements for the metrological and (pre)-clinical use of 

radioactive terbium sources  

The purity and specific activity requirements for applications post-separation need to be 

considered. The application of purified terbium sources can be split into two general categories 

that are to be considered within the remit of this study: 

1. their use for the realisation of high-quality metrological information  

2. their use in the development of novel nuclear medicine 

The background to each of these applications and reasons behind purity requirements will be 

discussed in detail in this section.  

1.5.1 Determination of metrological information for radioactive isotopes 

1.5.1.1 The role of metrology and traceable measurement in nuclear medicine 

Primary standardised radioactive sources are required to derive accurate metrological 

information. These include accurate nuclear data. Nuclear data measurements provide 

fundamental information about the decay of the studied isotopes. Half-life and energy level 

measurements can be conducted using these primary standards in order to validate or improve 

historic records. The derivation of ionisation chamber calibration factors (i.e., pA/MBq 

response), and SPECT or PET attenuation correction factors, is essential for carrying out safe 

and effective nuclear medicine procedures and this can also be achieved using primary 

standards. Accurate nuclear data are essential as they facilitate the qualitative and quantitative 

determination of the radionuclides present in more complex radionuclide mixtures when 

measured by decay counting techniques (e.g. gamma spectrometry, liquid scintillation counting 

and alpha spectrometry). The quality of nuclear data has significant implications on the 

accurate application nuclear medicine procedures. 

A thorough characterisation of the radiological purity of the primary standards is of great 

importance. If any radiological impurities are present, they could have a significant impact on 

the accuracy of all metrological measurements and thus the safety and efficiency of nuclear 

medicine procedures.  

In all clinical applications, the accurate determination of the activity of a radiopharmaceutical 

preparation ensures that a patient receives a suitable dose of targeted radiation. This facilitates 
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efficient, and in some cases quantitative, diagnostic imaging and/or efficient therapy and this 

minimises the probability of administering a harmful dose to a patient150. Typically, 

radionuclide calibrators that incorporate pressurised well-type ionisation chamber are used for 

this purpose.  

Adherence to traceability procedures gives confidence to end-user measurements by ensuring 

that radionuclide calibrator measurements, which are made at a hospital, are accurate and are 

traceable to primary standards derived by national measurement institutes (NMI, e.g. NPL in 

the UK) and to the International System of Units (SI units, Figure 1.18).  

1.5.1.2 Production of radioactivity standards 

Primary standards of radioactivity are absolute activity sources which are made by NMIs, 

traceable to the SI units, and have a minimised but well-defined uncertainty budget151. 

Radioactive sources must first be produced (see section 1.3) and undergo chemical separation 

(see section 1.4) to remove radiological impurities before they can undergo primary 

standardisation. 

The derived uncertainty of the radioactive primary standard is ideally independent of any other 

measurements (i.e., nuclear decay data). This independence would minimise the need for 

uncertainty propagation and thus lead to a greater confidence in the measurement (i.e., lower 

uncertainty). To achieve this, these primary standardisation measurements are typically made 

using high geometry counting methods (i.e., 4π or 2π geometry) such as liquid scintillation 

counting, or coincidence counting methods such as 4πβ-γ coincidence counting151. For 

radionuclides which undergo alpha decay, defined solid angle (DSA) counting is often used 

because it provides a significant improvement in the derived uncertainty of the measurement 

in comparison to other methods151. 

To guarantee traceability, these activity measurements – which are described using a derived 

SI unit, becquerel – should be directly traceable to the base SI units (Figure 1.18). Mass, time, 

frequency and length measurements are relevant here. For example, any mass measurement 

made in the primary standardisation process should be conducted using a high precision 

analytical balance which has been calibrated using a set of weights which are directly traceable 

to the fixed value of Planck constant (h)152. 
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Figure 1.18 - A simplified measurement traceability hierarchy, illustrating the unbroken chain of 

measurements or calibrations required to ensure that a measurement it traceable to the International 

System of Units (SI). 

Secondary standards are made with reference to a national primary standard and are, in some 

cases, used to provide a high-quality calibration of measurement instruments. Reference, or 

working, standards are in turn made by comparison to a secondary standard and are typically 

used to check the operating accuracy and precision of the relevant processes and analytical 

instruments (i.e., quality control/assurance). As alluded to before, traceability from the SI units 

to the end-user measurements ensures confidence in these measurements.  

Throughout all steps of radioactive standard production, measures are taken to minimise the 

uncertainty introduced at each step, thus minimising the uncertainty on the end-user 

measurement. 

1.5.1.2 Ideal characteristics of radioactive standards and their use in the field of nuclear 

medicine  

The purity of a radioactive source which undergoes standardisation is an important factor to 

consider. The presence of radioactive impurities will result in inaccuracies in the activity, 

nuclear data and half-life measurements. In some cases, mathematical corrections can be 

implemented to account for any impurities present (e.g., 126I impurities in 125I), however this 

adds an additional uncertainty to the derived activity153. 
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An absolute activity measurement value (i.e., primary standardisation measurement) of a 

standard pertains to a specific reference date and time due to the depreciating nature of 

radioactive isotopes. Therefore, for later measurements, corrections accounting for the 

radioactive decay over time must be applied. Hence, the half-life of the radionuclide needs to 

be well known for accurate corrections to be made when a standard is used for calibrations or 

for quality control measurements. 

In the field of nuclear medicine, primary, secondary and reference standards are used for the 

calibration and quality assurance of ionisation chamber-based radionuclide calibrators. 

Standards also have the potential to be used for the establishment of quantitative imaging that 

is traceable to the SI units154. 

1.5.2 Purity requirements for radiolabelling and (pre)-clinical studies 

To make the four terbium isotopes (149Tb, 152Tb 155Tb and 161Tb) isotopes available for large-

scale clinical use, they first need to undergo (pre)-clinical study using sources of suitable purity. 

To enable targeted nuclear medicine, the terbium isotopes need to be chemically bound to a 

targeting molecule so that they can be used effectively in nuclear medicine procedures. Each 

isotope/molecule combination needs to undergo rigorous (pre)-clinical study in order to assess 

their efficacy and safety in-vivo. 

Radioactive impurities, particularly those which emit high LET particles on decay, will 

introduce an unnecessary additional dose of radiation to the subject. The presence of 

radioactive impurities will also have an impact on the image quality for SPECT and PET 

studies. For dosimetric imaging studies, if the impurities are known and quantified then they 

could potentially be corrected for to allow for improved contrast and quantitative accuracy155. 

Generally, the presence of radioactive impurities should be minimised by means of chemical 

separation, to maintain patient welfare and to ensure effective application of the nuclear 

medicine procedures. 

Requirements for commonly used radiopharmaceuticals are stated within monographs of the 

International Pharmacopoeia156. Requirements relevant in this study include: 

• Radionuclidic purity – the minimum level of radionuclidic purity (%) as well as the 

maximum level of radionuclide impurities (%). Radionuclidic purity is commonly 

derived by means of gamma-ray spectrometry. 
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• Radiochemical purity – the amount of radionuclide that has been successfully labelled 

onto the molecule (%). Radiochemical purity is commonly assessed by means of paper 

or thin layer chromatography. 

• Chemical purity – assessment of the presence of stable isotope impurities which could 

be present as a result of production, chemical separation and/or radiolabelling. This is 

sometimes implied by the radiochemical purity. Chemical purity is derived by 

comparison to standard solutions. 

Requirements for the clinical use of novel radionuclides and radiopharmaceuticals are not 

defined within the International Pharmacopoeia and thus some assumptions must be made for 

the sake of this study. Monographs of similar radionuclides, in terms of their half-lives and 

decay type and energy, can be used as a guide to inform researchers of purity requirements for 

novel ones. It is important to only take this as a guide, as requirements stated in International 

Pharmacopoeia monographs are a result of thorough safety assessment through years of clinical 

trials and use. Defining these purity requirements for the terbium isotopes is beyond the scope 

of this project, so established monographs have been used throughout this study for the purpose 

of comparison (e.g. 67Ga-citrate for 155Tb)157. 
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1.6 Aims and objectives 

The production and subsequent purification of the terbium theranostic isotopes (149Tb, 152Tb, 

155Tb and 161Tb) is currently in its infancy and is of fundamental importance if the scientific 

community is to fully explore their theranostic capability and clinical viability.  

The primary aim of this study is to develop efficient radiochemical methods which are suitable 

for the processing of terbium sources post-irradiation. For this, extraction chromatography 

resins were studied. The aim was to acquire metrological information to quantify the quality of 

separation achieved using the studied extraction chromatography resins, allowing for a 

comparison to be made with the commonly used α-HIBA/cation-exchange method143. The aim 

was to develop and optimise methods capable of preparing high purity terbium sources from 

several of the production routes detailed in Table 1.7. 

Method development was conducted using stable isotopes and quantified by mass 

spectrometry. Method validation was conducted when possible by applying the developed 

methods to 155Tb sources produced within the remit of the CERN-MEDICIS collaboration83,84. 

This work aims to understand the suitability of extraction chromatography for the purification 

of terbium with the purpose of encouraging and facilitating further investigation into the 

metrological and medical use of the four terbium isotopes (i.e., production, (pre)-clinical 

applications, phantom imaging studies and primary standardisation).
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Chapter 2. Materials and Methods 
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2.1 Isotope production 

Isotope production experiments were an essential part of this research; however, these were 

not conducted by the author of this report. All isotope production experiments referred to in 

this report were carried out other researchers within the remit of the CERN-MEDICIS 

collaboration. This collaborative group brings together research institutes from across Europe 

and facilitates access to isotope production facilities (e.g., at CERN or Arronax), radiochemical 

expertise (e.g., at NPL or KU Leuven) and pre-clinal study capability (e.g., at PSI or CTN) to 

encourage the development of novel nuclear medicine83,84. 

Two production routes at the following facilities are particularly relevant to this study and thus 

are discussed in more detail here and in the relevant chapters. 

2.1.1 Proton-induced spallation at CERN-ISOLDE/MEDICIS and mass separation 

Information about the production and mass separation processes at CERN-MEDICIS was 

provided by Charlotte Duchemin, Thierry Stora and Reinhard Heinke at CERN on 04.09.2020 

(European Organization for Nuclear Research, Esplanade des Particules 1, 1217 Meyrin, 

Switzerland). 

This section expands on the content found in section 1.3.1.1. and is related to research reported 

in Chapter 3 and Chapter 4. Some of the previously mentioned terbium isotopes (149,152,155Tb) 

are produced by the proton-induced spallation reaction on a tantalum target. An example 

irradiation scheduled from 27th September to 1st October 2018, which was conducted by 

researchers at CERN, is detailed herein: 

High energy protons (1.4 GeV) from the proton synchrotron booster at CERN are focussed 

onto and interact with a secondary target containing multiple rolls of high purity tantalum foil 

which were arranged in a long tantalum tube coupled to a rhenium surface ion source (99.95% 

purity, 12 μm thick, 15 mm wide, 2 cm diameter, total mass 357 g). 

After production, a wide range of elements and isotopes are present. To isolate isotopes of a 

selected mass (mass-to-charge ratio, A/q), off-line mass separation is available at the CERN-

MEDICIS facility (see section 1.3.2)83,84. The separated isotopes are collected in a catcher 

material, often a zinc-coated gold foil (Figure 2.1). The mass separation of a 155Tb produced 
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by proton irradiation of a gadolinium target is describe here as an example (see Chapter 5). 

Mass separation work was conducted by scientists at CERN.  

In preparation for the collection of 155Tb, the extraction voltage was set to 60 kV, and the 

extraction electrode positioned after an acceleration gap of 60 mm from the ion source’s exit. 

This way the beam profile displays a gaussian shape of sigma = 0.8 mm at the position of the 

beam diagnostics before the implantation chamber. Respective currents of 400 A (1300 °C) 

and 290 A (2100 °C) were applied to heat the target and the line and to allow for preliminary 

optimization steps on a stable 159Tb mass marker. Terbium-155 was extracted from targets that 

were heated up to 2200 °C (corresponding to a current of 750 A). The mass-separated 155Tb 

beam was implanted into a solid catcher (zinc-coated gold foil, thickness: 0.1 mm, purity: 

99.95%, Goodfellow Cambridge Ltd. Huntingdon, UK). 

 

 

Figure 2.1 – (top) Screenshot taken with the beam scanner, located before the implantation chamber. 

Beams at A/q = 154,155,156 are seen (153, 157 partly visible). The collected beam is centred on A/q = 

155, while isotopes present at other masses are physically removed from the implantation using 

mechanical slits located ahead of the foil. The horizontal scale is in mm. (bottom) Two zinc-coated gold 

foils in the collection chamber seen from the rear86.  

As of 2019, the use of a resonance ionisation laser ion source (MEDICIS’s Laser Ion Source 

for Separator Assembly, MELISSA110) allowed the enhanced ionisation of a desired element 

through tuning the laser to the transitions between atomic energy levels and inducing stepwise 

excitation. This reduces the presence of isobaric and pseudo-isobaric impurities. MELISSA 

was not available at the CERN-MEDICIS facility for the study reported in Chapter 386. In later 

studies (Chapter 5) MELISSA was used to selectively enhance the ionization of 155Tb, using a 

two-step resonant excitation scheme with respective output powers of 0.8 and 1.2 W. 
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2.1.2 Cyclotron production of terbium isotopes from lanthanide targets  

2.1.2.1 The ARRONAX facility 

Information about the production at the ARRONAX facility was provided by Nathalie Michel, 

Ferid Haddad, Cyrille Alliot and Nadia Audouin at ARRONAX on 01.02.2021 (GIP-

ARRONAX, Rue Arronax 1, 44800, Saint-Herblain, France).  

Production of terbium isotopes by the irradiation of gadolinium target material was studied by 

researchers (stated above) using the cyclotron at the ARRONAX facility in Nantes, France158. 

The cyclotron routinely operates with hydrogen and helium beams of tuneable energy and 

current (Table 2.1). 

Table 2.1 - Table summarising the characteristics of the ion beams available at ARRONAX. Taken and 

adapted from Haddad et al. (2008)159. 

Incident Particle Beam energy 

range (MeV) 

Intensity (μA) 

1H- 30-70  < 350 (×2) 

1H1H+ 17.5 < 50 

2H- 15-35 50 

4He2+ 70 < 35 

  

Gadolinium metal foil targets (>99.9% purity, 25 mm × 25 mm, 25 μm thickness, natural 

isotope abundance) were sandwiched between two graphite plates (500 μm thickness) and were 

inserted in between two copper plates (Figure 2.2). This package was then loaded into the target 

station for irradiation with protons (34 MeV 1H- on target). 
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Figure 2.2 - A simplified schematic of the target arrangement used at the ARRONAX facility (left) and 

an image of the deconstructed target prior to irradiation (right). (Figure courtesy of N. Michel et al.) 

After the production, an initial two-step chemical separation was conducted by researchers at 

the ARRONAX facility using an LN resin method. This significantly reduced the gadolinium 

excess prior to being sent to CERN-MEDICIS for mass-separation. Mass separation was 

carried out by scientists at CERN-MEDICIS as per the method reported in section 2.1.1. The 

samples were then sent to NPL for further chemical processing to isolate the 155Tb from 

remaining isobaric and pseudo-isobaric impurities using the method developed in Chapter 4 of 

this study. Purified 155Tb samples were then sent onto other laboratories for SPECT imaging 

(NPL and KU Leuven), radiolabelling (KU Leuven and Lausanne University Hospital) and 

metrological studies (NPL).    

2.1.2.2 The MC40 cyclotron at the University of Birmingham, UK 

Information about the production at the MC40 Cyclotron facility at the University of 

Birmingham was provided by Ross Allen, Rebeckah Trinder and Tzany Kokalova-Wheldon 

on 16.07.2021 (University of Birmingham, UK).  

Production of terbium isotopes by the irradiation of either gadolinium or europium target 

material was also studied using the MC40 cyclotron at the University of Birmingham, UK117. 

This cyclotron also routinely operates with hydrogen and helium beams of tuneable energy and 

current (Table 2.1). This collaborative work is at an earlier stage, so does not feature heavily 

in this report but was important to consider when developing and optimising the chemical 

separation methods. 
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Table 2.2 – A summary of the achievable energy ranges of the ion beams available at the University of 

Birmingham. Taken and adapted from the University of Birmingham’s ‘MC40 Cyclotron Facility’ 

webpage (date accessed 21.04.2021)92,117. 

Incident Particle Beam energy 

range (MeV) 

Intensity (µA) 

1H- 2.7 - 40  < 20 

2H- 15 - 35 < 20 

3He2+ 8 - 50  < 4 

4He2+ 10.8 - 40 < 4 

 

Some initial investigation into two terbium production routes was conducted in collaboration 

with the University of Birmingham:  

(i) the irradiation of gadolinium targets with protons - natGd(p,xn)  

(ii) the irradiation of europium targets with alpha particles - natEu(α,xn) 

Two forms of high purity target material can be used at this facility: metal oxide powders and 

metal foils. When metal oxide targets with natural abundance isotope ratios were used, they 

were prepared using the following method (Figure 2.3) and secured in the irradiation position 

using a custom target holder. 

1. A known mass of target material (>99.99% purity, oxide form) was added to the 

target holder 

2. The powder was then lightly compressed unto the target holder using a spatula 

3. A moulded circle of titanium foil (0.025 mm thickness, ~25 mm diameter) was 

added on top of the compressed powder and was secured using glue (Loctite ® 

Super Glue). 

4. The targets were compressed further using a packing tool, before being labelled and 

packaged for shipping to the University of Birmingham. 
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Figure 2.3 - A target holder used for the irradiation of gadolinium oxide powder with dimensions 

annotated (left). The preparation of a 1 g Gd2O3 target sealed with a thin titanium foil (middle and 

right) 

Metal foil targets were prepared by scientists at the MC40 Cyclotron Facility at the University 

of Birmingham. The larger foil was cut into nine smaller pieces (>99.9% purity, 0.5 mm 

thickness, natural isotope abundance, ~7 mm × 7 mm) and one piece was secured within a 

target holder (Figure 2.4). These targets were water-cooled from behind during the irradiation 

to reduce the chance of the foil melting due to the intensity of energy transfer during irradiation. 

 

Figure 2.4 - positioning of a europium metal foil within the target holder (Image courtesy of Rebeckah 

Trinder, University of Birmingham) 
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2.2 Chemical purification methodology 

In these studies, extraction chromatography methods were investigated for the separation of 

the lanthanide elements in order to prepare high purity radioactive terbium sources. Stable 

element standards were used throughout for method development and inductively coupled 

plasma mass spectrometry (ICP-MS) was used for subsequent quantitative analysis. A 

chemical separation method developed using stable mixtures will perform in the same way 

when applied to radioactive mixtures160.  

Chromatography-based studies were conducted under either batch or column conditions. Batch 

studies provide useful information about how each component behaves in a given 

chromatographic system (i.e., using certain stationary and mobile phases).  Batch studies allow 

for the determination of suitable conditions for a column-based separation and thus, contribute 

to the development of an efficient column-based chromatographic separation method. Both 

concepts - batch and column studies - are conducted throughout this work and are henceforth 

discussed in more detail. An introduction to chromatography and its application to the 

lanthanide elements is discussed previously in section 1.4. 

2.2.1 Batch studies 

The distribution coefficients (Kd) can be derived by means of experimental batch separation 

and is used to illustrate how different elements behave in the presence of a chromatography 

resin. The Kd value reflects how likely an element is to be held by the studied resin; the higher 

the Kd value, the higher the probability of strong interaction and vice versa.  

Batch studies were conducted across a range of acid concentrations in order to understand how 

the Kd value of an element varies when using a particular chromatography resin. For this, 

solutions of known elemental concentration, typically 100 ng/mL, were made up in a range of 

acid concentrations. An aliquot of each solution was taken and analysed by ICP-MS to derive 

the instrument response for analytes in the initial solutions (CPS0). A larger aliquot (2 mL) of 

each solution was then added to separate 15 mL centrifuge tubes containing 0.100 g (± 0.005 

g) of chromatography resin. The mixtures were shaken and left for approximately 24 h to ensure 

that system equilibrium had been reached124,137,139,161. The aqueous phase was isolated by 

passing the mixture though filter paper (Whatman 41 ashless filter paper, 20–25 μm pore size). 

An aliquot of each filtered solution was then taken and analysed by ICP-MS (CPSt). Variations 
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from this method are detailed in the chapters where they arise. Distribution coefficients can 

then be calculated using the equation below: 

𝑲𝒅 =
(𝑪𝑷𝑺𝟎−𝑪𝑷𝑺𝒕)

𝑪𝑷𝑺𝒕
×
𝑽

𝒎
     (2.1) 

Where, (CPS)0 and (CPS)t are the concentrations of analyte in the aqueous phase before and 

after equilibration, respectively, as measured by ICP-MS, V is the volume of solution added to 

the resin (mL) and m is the mass of resin used (g). 

 

Figure 2.5 - The trend of distribution coefficients of several actinide elements shown on UTEVA resin 

at varying acid concentrations162. 

Between two different elements, the ratio of Kd values under the same separation conditions 

gives the separation factor (SF, equation below). This reflects the difference in affinity the 

elements have for the two chromatography phases and allows the identification of suitable 
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conditions for a column-based separation. The higher the separation factor between two 

elements, the more efficient the separation will be under column conditions.  

𝑺𝑭 =
𝑲𝒅(𝑨)

𝑲𝒅(𝑩)
      (2.2) 

2.2.2 Column studies 

Column-based separations are required for lanthanide mixtures due to the similarities in 

chromatographic behaviour of the lanthanides. Separation can be achieved by loading the 

aqueous mixture onto either a commercially available, pre-packed column or a self-prepared 

column. Pre-packed extraction chromatography columns are available in a limited range of 

volumes and dimensions which limits the flexibility during method development and 

optimisation steps.  

For situations where an efficient separation cannot be achieved using the commercially 

available columns, columns of suitable dimensions can be prepared using bulk chromatography 

resin and empty columns. Throughout this work, glass Econo-Column®
 columns (BioRad) 

were used which can be used in combination with a peristaltic pump allowing for flow rate 

control. 

A slurry of the resin was prepared by mixing it with a weak acid solution. The slurried resin is 

then added to the empty column and allowed to settle under gravity to allow for uniform 

packing. Excess solution was removed from the column before more resin slurry was added to 

the column. This process was repeated until the column was full of resin and the resin was 

sealed into the column using a frit. The packed column was then ready to be used but, to ensure 

that the column does not dry out, it is capped at either end and filled with an excess of dilute 

acid solution whilst being stored in-between uses (Figure 2.6).
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Figure 2.6 - The process of packing a glass Econo-Column® Column with a chosen chromatography resin. 
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The same generic steps tend to be used when conducting a column-based separation. An 

example from Carter (2012)163 of the separation of uranium and thorium on UTEVA resin is 

used here to illustrate each step. The properties of the mobile phase can be chosen in order to 

maximise the separation factor based on information found from batch separation studies and 

the subsequent distribution coefficient calculation, or from previous column separation studies.  

The steps are as follows: 

• Pre-condition – the packed column is pre-conditioned with the same concentration of 

mobile phase that the element mixture will be loaded onto the column with (e.g., 2 M 

HNO3). 

• Load – the solution that contains the elements requiring separation is loaded on top of 

the pre-conditioned column (e.g., U and Th in 2 M HNO3). 

• Wash – a solution that ensures that elements which are not bound strongly to the column 

under the loading conditions are washed off the column (e.g., 2 M HNO3). 

• Elution – the solutions which are used to selectively elute the components remaining 

on the column (e.g., 5 M HCl to elute Th, then 0.02 M HCl to elute U). The order in 

which the solutions are passed through the column is of vital importance. 

• Regeneration – a solution passed through the column to ensure all components have 

been stripped off the column to allow for its reuse (e.g., 0.02 M HCl). 

• Recondition – a solution used to prepare the column for either storage in between uses 

(e.g., 0.01 M HNO3) or to pre-condition the column for immediate reuse (e.g., 2 M 

HNO3). 

The fit-for-purpose concentration and volume of these solutions are derived through the 

method development. These separation method variables, as well as others, have a significant 

impact on the quality of separation. Flow rate, the column dimensions and the resin particle 

size are other characteristics which can be changed to optimise a separation procedure. 

In this study, the flow rate of the mobile phase through the column was controlled using a 

Gilson Miniplus peristaltic pump and was set using the following method: 

1. Attach tubing to the pump and fill (‘prime’) the tubing with DI water. 

2. Weigh a 50 mL beaker. 

3. Set pump to 1.00 rpm and pass DI water through the tubing for 5 minutes and collect 

in the weighed beaker. 
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4. Weigh beaker (+ DI water) and calculate ‘mL/min’ flow rate at 1.00 rpm from the mass 

difference. 

5. Calculate the ‘rpm’ flow rate equivalent to the ‘mL/min’ flow rate required for the 

separation 

6. Repeat steps 2-4 at new ‘rpm’ flow rate to check ‘mL/min’ flow rate 

To assess the quality of separation throughout all method development steps, fractions of the 

solutions which eluted from the column were collected and diluted with HNO3 (2% v/v) prior 

to ICP-MS analysis. The instrument response for each fraction was then compared to the 

instrument response of the initial mixture to allow the calculation of the percentage recovery 

of each element after separation.  

𝑬𝒍𝒆𝒎𝒆𝒏𝒕 𝑹𝒆𝒄𝒐𝒗𝒆𝒓𝒚 (%) =  
(𝑪𝑷𝑺)𝒇

(𝑪𝑷𝑺)𝟎
 × 𝟏𝟎𝟎    (2.3) 

where, (CPS)0 and (CPS)f are the instrument’s response for an element in the aqueous phase 

before separation and in an individual fraction after separation, respectively, as measured by 

ICP-MS.  

If no sample was taken before the separation was conducted, the sum of the instrument 

responses of all fractions was used (∑(CPS)f), equation 2.4). Calculating the element recovery 

in this way assumed that all of the elements had been recovered from the column. This has 

been termed as the normalised elemental recovery. 

𝑵𝒐𝒓𝒎𝒂𝒍𝒊𝒔𝒆𝒅 𝑬𝒍𝒆𝒎𝒆𝒏𝒕 𝑹𝒆𝒄𝒐𝒗𝒆𝒓𝒚 (%) =  
(𝑪𝑷𝑺)𝒇

∑((𝑪𝑷𝑺)𝒇)
 × 𝟏𝟎𝟎  (2.4) 

where, (CPS)f is the concentration of an element in an individual fraction after separation as 

measured by ICP-MS, and Σ((CPS)f) is the sum of the CPS values for that same element from 

all fractions.  

The (CPS) values used in these calculations were blank, dilution and/or internal standard 

corrected. When necessary, the total element recovery of an element was calculated by the sum 

of multiple or all element recovery values. 
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2.3 Measurement methodology 

2.3.1 Inductively coupled plasma mass spectrometry overview 

An Agilent 8800 series inductively coupled plasma triple quad mass spectrometer (ICP-QQQ-

MS, Figure 2.7) was used for the measurement of samples containing stable isotopes mixtures. 

The instrument is equipped with two quadrupole mass filters, one positioned either side of an 

octopole collision/reaction cell. The instrument was operated using Mass Hunter version 3.7164. 

An autosampler allows for multiple samples to be run in a single procedure. Aqueous samples 

are introduced into the instrument using a peristaltic pump. The aqueous solutions pass through 

a nebuliser which produces an aerosol of the sample that passes to a spray chamber (in this 

study a double pass spray chamber design). The spray chamber sorts droplets by size, allowing 

smaller droplets that are more easily ionised to pass into the plasma. Larger droplets are rejected 

and pumped out of the spray chamber as waste. The spray chamber is Peltier-cooled and 

maintained at a temperature of 2°C, so that droplets of a uniform size pass into the plasma, 

even if environmental conditions in the laboratory change during the course of a run. This is 

important as the ionisation efficiency in the plasma will vary if the droplet size fluctuates with 

spray chamber temperature. The amount of sample that passes through to the plasma varies 

with nebuliser and spray chamber design, but in this study is ~8-9 %.  

The sample passes into the inductively coupled plasma (ICP). Argon gas flows into the quartz 

torch, and an electric spark introduces free electrons into the gas. An RF oscillating magnetic 

field is connected to an induction coil that accelerates the electrons at 27 MHz, causing 

electrons to combine with argon atoms to produce positive argon ions. These argon ions then 

combine with electrons to produce argon atoms, and this equilibrium produces an inductively 

coupled plasma, with a temperature of approximately 10,000 Kelvin. Ions in the sample are 

introduced to the ICP, where they are evaporated, atomised and ionised to produce a beam of 

singly charged positive ions.  

The ion beam passes from atmospheric conditions during sample introduction to vacuum 

conditions, causing the ion beam to expand. Sample and skimmer cones positioned after the 

torch focus the central part of the ion beam, followed by an off-axis extraction lens at a negative 

voltage. Positive ions in the beam follow the path of the extraction lens, whilst photons and 

neutral species are removed, reducing instrument background. 
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A quadrupole mass analyser is used to separate ions by their mass-to-charge ratio. The 

quadrupole consists of two positive and two negative poles, across which a voltage is applied. 

The voltage is unique to each mass-to-charge ratio, with ions of the selected value passing 

between the poles to the detector. Ions at all other mass-to-charge ratios will collide with one 

of the poles, lose their charge and not reach the detector. Multiple mass-to-charge ratios can be 

measured within a single run. The instrument in this study has an additional quadrupole and a 

collision-reaction cell, the roles of which are explained later in this section. 

The instrument is equipped with a dual-mode secondary electron multiplier detector. The 

output from the detector is in counts per second, with ‘pulse mode’ operating up to 1.5×106 

CPS, and ‘analogue mode’ operating at higher count rates. The detector has a linear dynamic 

range of nine orders of magnitude and automatically switches between pulse and analogue 

modes165,166. 

 

 

Figure 2.7 - A schematic of the Agilent 8800 ICP-QQQ-MS. Arrows denote the direction of sample 

through the instrument when both quadrupoles and the collision/reaction cell is used (Agilent ICP-MS 

MassHunter Workstation software v. 3.7, Agilent Technologies). 

A daily tune procedure was run prior to analysis using a mixed element standard (1 ng/mL 

beryllium, yttrium, cerium and thallium in 2% v/v HNO3). This method assesses the sensitivity 

of the instrument across a mass range (Be, Y and Tl) and identifies the degree to which oxide 

polyatomic species and doubly charged ions are formed within the plasma (Ce). The tune 



 

59 

 

procedure also assesses the uncertainty in the measurement at each mass, the peak mass, and 

the peak axis resolution. Threshold values for each parameter assessed in the tune procedure is 

summarised in Appendix A.  

Instrument stability throughout analysis runs was monitored using an internal standard (e.g., 

10 ng/mL 115In, 209Bi). The internal standard was introduced via a dedicated line positioned 

before the nebuliser. The tubing was loosely tied up to encourage a more turbulent flow. 

Corrections were made for any instrumental signal drift by comparing the change in internal 

standard signals to the first internal standard measurement.  

A blank sample was run at the start of the procedure and throughout analysis runs. There was 

also an instrument wash cycle between each sample. All of this helped to minimise cross-

contamination between samples. 

Raw data from the ICP-MS were collected using ICP-MS MassHunter Workstation164 and 

analysed using Microsoft Excel 2019167 and OriginPro 2020168. Corrections were made to 

account for the background signal and any instrumental drift during analysis runs using the 

internal standard. Any sub-sampling and dilutions were also corrected. 

2.3.2. Interferences  

Interferences need to be removed in order to have confidence in the final measurement. The 

Agilent 8800 series ICP-QQQ-MS used in this study is capable of carrying out on-line spectral 

interference removal: namely, the removal of isobaric, polyatomic and tailing interferences169–

171. These interferences are defined as follows: 

• Isobaric interferences – components of the plasma gas or the sample which have a very 

similar mass as the analyte to be measured, which the detector cannot resolve. For 

example, 40Ca and 40Ar isotopes interfere with the detection of 40K at m/z 40. 

• Polyatomic interferences – a compound most commonly formed in the plasma with 

atoms present in the sample matrix (e.g., 1H, 16O) and/or plasma (e.g., 40Ar). For 

example, 165Ho1H+ is a polyatomic species which interferes with the detection of erbium 

at m/z 166 (Figure 2.8)172,173. 

• Tailing effects – where an element of a neighbouring mass (one or two mass units on 

the high or low mass side) to the analyte is present, typically in larger quantity 
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compared to the analyte. The signal tails over into the m/z of the analyte and therefore 

interferes with the detection of the analyte (Figure 2.8). For example, a bulk quantity 

of 165Ho may tail and interfere with the measurement of erbium at m/z 166 and 

dysprosium at m/z 164.  

 

Figure 2.8 - The tailing of a signal at 165 m/z, from a 10 µg/mL Ho solution, into the neighbouring 

masses (164-166 m/z) measured in SQ mode. The formation of a holmium hydride polyatomic (HoH+) 

could also be contributing to the signal at 166 m/z.  

2.3.3 ICP-QQQ-MS interference removal 

The instrument can be operated in one of four modes: single quad mode (SQ), SQ gas mode, 

MS/MS mode and MS/MS gas mode. The gases can be used individually or in combination 

and can be either a reaction gas (O2, NH3/He, H2) or a collision gas (He). Each mode can 

provide different degrees of interference removal and are these summarised below: 

• SQ mode – only uses the second mass filter quadrupole (Q2) set to analyse at the optimal 

m/z of the elements of interest. This method is commonly used for analysis where the 

presence of polyatomic, isobaric, and tailing inferences is unlikely. For example, a 

mixture containing europium and terbium can be measured, simultaneously, in SQ 

mode at m/z 153 and m/z 159, respectively. 

• SQ gas mode – Sample ions enter the reaction/collision cell and interact with a chosen 

gas before undergoing mass filtering.  
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o If a collision gas is chosen (e.g., He), polyatomic species will have a higher 

probability of interacting with the gas resulting in a loss of kinetic energy. The 

cell has kinetic energy discrimination at the exit, therefore, only ions with 

enough kinetic energy at the chosen mass-to-charge (m/z) ratios will be 

analysed. The analyte ion will lose some energy and transmission of analytes 

out of the collision cell will be slightly reduced, but this will happen to a greater 

extent for polyatomic species. This method is therefore efficient at reducing the 

measurement interference caused by polyatomic interferences. 

o If a reaction gas is chosen (e.g., O2), the ions will form polyatomic species in 

the cell to different degrees depending on formation probabilities. By example: 

SQ mode (no gas) is not be a suitable method174 to quantify 90Sr+ in samples 

also containing the isobaric interference, 90Zr+. However, if the ions enter the 

reaction cell containing O2 (i.e., using SQ gas mode), it is thermodynamically 

favourable for 90Zr+ to form 90Zr16O+, whilst 90Sr remains on mass. Therefore, 

90Sr can be measured at the mass-to-charge ratio of its ion (i.e., 90Sr+ at m/z = 

90) and, if required, 90Zr can be measured at the mass-to-charge ratio of the 

polyatomic species formed (i.e. ZrO+ at m/z = 106). However, if germanium is 

present in the sample, then the polyatomic species, 74Ge16O+, could form in the 

reaction cell, which would result in the formation of a new interference in the 

detection of 90Sr+. 

• MS/MS mode – Ions pass through both mass filters (Q1 and Q2) set at the optimal mass 

to detect the desired elements. This method is particularly effective at removing tailing 

interferences. By example: for the detection of trace quantities of 166Er+ in the presence 

of a significant quantities of 165Ho+, the use of only one quadrupole (i.e., SQ mode) 

would not get rid of tailing interferences when analysing the 166Er+ at 166 m/z. It is 

therefore advantageous to run the instrument in MS/MS mode. It should be noted that 

this method would not remove any hydride polyatomic species (i.e., 165Ho1H+) that may 

have formed, and this still would result in inaccurate quantification of the 166Er+ present. 

The abundance sensitivity in MS/MS mode is ~ 10-10, compared to ~10-6 in SQ mode. 

• MS/MS gas mode – Ions undergo mass filtering before they enter the collision/ reaction 

cell, such that ions of only one m/z value will interact with the reaction/collision gas. 

After passing through the cell, the ions will undergo a second level of mass filtering 

before detection. An example is shown in Figure 2.9. 
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Figure 2.9 - The interference-free measurement of 166Er in the presence of a bulk amount of 165Ho using 

MS/MS mode with O2 reaction gas175,176. 

In situations where measurement interferences were absent, the instrument was run in SQ mode 

(Table 2.3). When interferences remained, further instrumental tuning was required. These 

methods are described in detail in the relevant chapters. 

Table 2.3 - The standard SQ mode operating parameters for ICP-MS measurement. 

Parameter Setting 

Scan mode SQ 

Plasma conditions Low Matrix 

RF Power (W) 1550 W 

Plasma gas flow rate (L/min) 15.0 

Nebulizer gas flow rate (L/min) 1.0 

S/C temperature (°C) 2 

Extract 1 (V) 0.0 

Extract 2 (V) -200.0 

 

2.3.2 Gamma-ray spectrometry 

Gamma-ray spectrometry was used throughout this study to quantify the presence of 

radioactive isotopes in samples produced at isotope production facilities (see section 2.1). 

Gamma-ray spectrometry analysis was not conducted by the author of this paper, but by 

colleagues in the Nuclear Metrology Group at the National Physical Laboratory86,177,178.  

The detectors used in this work were placed within a 1.5 m × 1 m × 1 m lead shield container 

with 10 cm thick walls. The container was graded with a liner of 0.5 mm cadmium and 0.7 mm 

copper to reduce interferences from background radiation and lead fluorescence X-rays in 
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spectrum. Samples were mounted approximately 15 cm from the detector window along the 

horizontal axis using a kinematic mounting plate holding a precision engineered sample holder 

(Figure 2.10). This sample holder enabled highly reproducible geometric source positioning. 

 

Figure 2.10 – the gamma-ray spectrometry set-up at the National Physical Laboratory showing the 

HPGe gamma-ray detector, sample holder, mounting plates, lead shielding and graded 

copper/cadmium lining. Sources measured for this work were placed in the mounting plate on the left, 

~15cm from the detector. 

For the work in Chapter 3 an n-type High Purity Germanium (HPGe) γ-ray spectrometer with 

a resolution (full width at half maximum, FWHM) of 1.79 keV at 1.33 MeV and relative 

efficiency 28% was used for the measurement of fractions before and after chemical separation. 

This allowed for the determination of the 139Ce/155Tb ratio (see section 3.2.3).  

For the work reported in Chapter 5, the measurements that were conducted at NPL used a p-

type HPGe gamma-ray spectrometer with a resolution (FWHM) of 585 eV and 1.8 keV at 

122 keV and 1.33 MeV respectively and a relative efficiency of 9.5 % was used to determine 

the activity of the radionuclides present in the collected samples. 

In both cases, the pulse signals from the pre-amplifier were processed using a CANBERRA 

LYNX digital signal analyser (DSA) and the spectrum recorded using the CANBERRA 

GENIE 2000 v3.4.1 spectrometry software179. The full-energy peak (FEP) detection efficiency 
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of each detector for a geometry of 1 g of H2O in a 2 mL ISO ampoule had been previously 

determined across an energy range from 60 keV to 1836 keV using a suite of standards 

traceable to primary standards developed at NPL. The FEP detection efficiency curve was fitted 

using the CANBERRA GENIE 2000 v3.4.1 software using two polynomials to fit the region 

between 60 keV to 122 keV (quadratic) and 122 keV to 1836 keV (order 4) (see Collins et al.177 

for more details). 

The nuclear data (half-lives and γ-ray emission intensities) used to determine the activities of 

detected radioisotopes were taken from the evaluated databases of ENSDF6 and the DDEP180, 

or using values derived at NPL which are yet to be published (see Table 5.2) 

2.4 Materials and reagents 

A range of HNO3 (Trace Analysis Grade, Fisher Scientific) and HCl (Trace Analysis Grade, 

Fisher Scientific) solutions were prepared by diluting the concentrated acids with ultra-pure 

water (ELGA PURELAB Flex, Veolia Water, Marlow, UK, 18 MΩ cm, <5 ng/mL Total 

Organic Carbon). These solutions were used for both column and batch studies, and for ICP-

MS analysis. 

For the majority of the chemical separation method development and the ICP-MS detection 

method development processes, stable element standards were used. The starting 

concentrations of the standards were between 100 – 10 000 µg/mL (Ba → Lu, Fisher Chemical, 

Alfa Aesar SpecPure, Assurance SpexCertiprep and Johnson Matthey) and these were diluted 

down to the desired element concentration using HNO3 or HCl solutions. 

Solid reagents used for separation method development steps included: sodium bromate 

(NaBrO3, Alfa Aesar), gadolinium oxide (natGd2O3, Alfa Aesar, <10 μm powder, 99.999% 

purity), potassium chloride (KCl, Acros Organics, 99%+ purity) and zinc chloride (ZnCl2, 

Aldrich, 99.995% purity). 

All chromatography studies reported used extraction chromatography and/or ion-exchange 

chromatography resins. Used resins and their characteristics are summarised in Table 2.4. 
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Table 2.4 - A summary of the chromatography resins used. 

Resin name Resin type Manufacturer Active component Bead size 

UTEVA Extraction Triskem  DAAP 100-150 μm 

TEVA Extraction Triskem  Aliquat 336 100-150 μm 

TK100 Extraction Triskem  HDEHP and crown ether 100-150 μm 

AG1-X8 Anion exchange Bio-Rad Quaternary amine, 

chloride form 

106–180 µm 

LN Extraction Triskem  HDEHP 50-100 μm 

LN2 Extraction Eichrom HEH[EHP] 50-100 μm 

DAAP = diamyl, amylphosphonate, HDEHP = di-(2-ethylhexyl)phosphoric acid, HEH[EHP] = 2-

ethylhexylphosphonic acid mono-2-ethylhexyl ester 

Commercially available 2 mL pre-packed cartridges (UTEVA and TEVA) or self-packed Bio-

Rad glass Econo-columns (LN resin) were used for column-based separations. The mobile 

phase was introduced to the column using a peristaltic pump (Gilson Miniplus evolution) and 

connective tubing (Gilson PVC tubing), allowing for flow rate control. For less precise flow 

rate control, a vacuum box (Vacuum box, polycarbonate, 12 positions, Triskem International) 

was used. 

Plastic centrifuge tubes (15 mL and 50 mL, Fisherbrand) were used throughout for batch 

studies, for collection of column fractions during chromatography method development and 

validation steps, as well as for ICP-MS method development and sample analysis.
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Chapter 3.  Removal of radioactive 

cerium impurities from 155Tb sources 

produced by proton-induced spallation 
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This work was published in Nature Scientific Reports (Appendix O):  

B. Webster, P. Ivanov, B. Russell, S. Collins, T. Stora, J. P. Ramos, U. Köster, A. P. 

Robinson and D. Read, Chemical Purification of Terbium-155 from Pseudo-Isobaric 

Impurities in a Mass Separated Source Produced at CERN, Sci. Rep., 2019, 9, 1088486  

------------------------------------- 

3.1 Impurities present in 155Tb sources produced by proton-

induced spallation at CERN 

One of the routes for producing significant quantities (MBq) of 155Tb is by proton-induced 

spallation on a tantalum target (sections 1.3 and 2.1)83,84. Subsequent mass separation can be 

used to provide some initial separation of the terbium from the target material and from some 

other co-produced isotopes, but it does not alleviate the need for further chemical separation as 

some isobaric (i.e., 155Gd, 155Eu and 155Dy) and pseudo-isobaric (i.e., 139Ce16O, 139La16O) 

impurities, both stable and radioactive, remain. One substantial radioactive impurity, 139Ce, 

was identified in a mass separated 155Tb source supplied to NPL by CERN-ISOLDE in 

September 2017181,182.  

The isolation of individual lanthanide elements is challenging and requires well-defined 

separation procedures in order to be effective. Ordinarily, the application of preparative 

chromatography techniques is used to isolate a single lanthanide element, but these often are 

time and skills intensive (see section 1.4).  

Cerium is an exception amongst the lanthanide series, as it can be easily oxidised from a III+ 

oxidation state to a IV+ state in relatively mild oxidising conditions183. This change in oxidation 

state has a significant effect on its chemical behaviour, particularly in terms of its speciation 

and coordination number in aqueous solution, and this can be utilised alongside 

chromatographic techniques to allow for its isolation from other lanthanide elements. Terbium, 

however, is very stable in a III+ oxidation state. Terbium can only be oxidised to the IV+ state 

using much stronger oxidising reagents and this has only been observed in concentrated 

carbonate solutions or in inorganic solids184–186.  

Therefore, the selective oxidation of cerium and subsequent chromatographic separation was 

investigated in the attempt to develop a quicker and easier-to-use alternative to the traditional 

lanthanide separation approaches. Extraction and ion exchange chromatography resins were 

chosen based on their affinity for IV+ species. 
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Currently, no purity requirements have been set for 155Tb in the international pharmacopoeia 

due to the infancy of research into its clinical use. Therefore, the purity requirements for 67Ga 

(t½ = 3.26 d187) have been used here as a guideline and comparison157. Gallium-67 was chosen 

due to its similar decay properties to 155Tb (i.e., half-life, decay type, main gamma energy). 

The monograph for 67Ga-citrate states that a radionuclidic purity ≥ 99% is required157. Thus, 

the separation method was designed to achieve a terbium purity ≥ 99% as well as to maximise 

terbium recovery.  

3.2 Chemical separation of terbium from cerium impurities 

All method development studies were conducted using stable element standards which have 

identical chemical properties to radioactive isotopes of the sample element. Measurement of 

samples throughout the method development process was achieved using ICP-MS analysis in 

SQ mode with no reaction/collision gas (Table 2.3). 

3.2.1 Method development 

3.2.1.1 Batch separation studies 

The adsorption of terbium and cerium onto ion exchange (AG1) and extraction 

chromatography resins (TEVA, UTEVA and TK100) was studied over a range of nitric acid 

concentrations (2–10 M). Nitric acid solutions (2 mL), containing a mixture of 100 ng/mL 

stable cerium and terbium, were prepared by the dilution of standard element solutions (10 000 

µg/mL Ce, Assurance SpexCertiprep and 1 000 µg/mL Tb, Johnson Matthey). An aliquot was 

taken from each solution for ICP-MS measurement. The remaining solution was added to 0.1 

g of resin (UTEVA, TEVA, TK100 or AG1). Sodium bromate (0.1 M, 0.03 g, Sigma Aldrich) 

was added to identical samples to assess changes in adsorption to the resin as a result of 

selective oxidation of cerium. In all cases, the samples were shaken and left to equilibrate for 

24h. After equilibration, the solutions were filtered to isolate the aqueous phase (Whatman 41 

ashless filter paper, 20–25 μm pore size). An aliquot was taken from each sample, diluted with 

HNO3 (2% v/v) and analysed by ICP-MS.  

The adsorption of terbium and cerium onto each resin was quantified by calculating distribution 

coefficients (Kd) using the previously described method (equation 2.1). Separation factors (SF) 

between terbium and cerium in the same chemical environment were calculated using equation 

2.2. 



 

69 

 

Pronounced cerium adsorption was observed in the presence of an oxidant (0.1 M NaBrO3) on 

all of the studied chromatography resins. The adsorption behaviour of terbium was unchanged 

in the presence of the oxidant. This suggests that selective oxidation of Ce(III) to Ce(IV) was 

achieved, leaving terbium in its III+ oxidation state (Figure 3.1, Appendix B).  

Significant cerium adsorption (Kd = 100-1000) was observed at high HNO3 concentrations (8-

10 M) on all four resins, whilst terbium adsorption remained minimal across the concentration 

range (Kd = 0.1-10). The highest separation factors (equation 2.2, SF > 100) were obtained on 

TEVA and UTEVA resins. Owing to the information obtained from these batch studies it was 

decided that only TEVA and UTEVA resins were to be investigated further (Figure 3.2). 

 

Figure 3.1 - Distribution coefficients (Kd) of Tb(III), Ce(III) and Ce(IV) on UTEVA extraction 

chromatography resin across a range of HNO3 concentrations. (Appendix B) 
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Figure 3.2 - Distribution coefficients (Kd) of Tb (III) and Ce(IV) across a range of HNO3 concentrations 

on (a) AGI ion exchange resin, (b) TEVA resin, (c) TK100 resin, (d) UTEVA resin. (Appendix C) 

3.2.1.2 Kinetic studies 

Single experiments were conducted using UTEVA resin to demonstrate the kinetic behaviour 

of terbium and cerium. The rate of adsorption and the rate of cerium oxidation were studied by 

means of batch separation in order to identify any rate limiting factors of the separation method.  

For the derivation of the rate of adsorption, a 10 M HNO3/0.1 M NaBrO3 solution containing 

100 ng/mL of both cerium and terbium was prepared. The solution was left for 24 hours to 

allow for the oxidation of cerium. Aliquots (2 mL) were added to separate vials containing 

UTEVA resin (0.1 g) and these were left in static conditions before filtering at regular time 

intervals under vacuum (60 seconds – 180 minutes).  

Similarly, to assess the rate of cerium oxidation, NaBrO3 (0.1 M, 0.03 g) was added to a 10 M 

HNO3 solution (2 mL) containing 100 ng/mL cerium, 100 ng/mL terbium and 0.1 g UTEVA 

resin. Repeat samples were left in static conditions before filtering at regular time intervals 

under vacuum to ensure rapid removal of the aqueous phase from the chromatographic material 

(90 seconds – 180 minutes). 
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Throughout both studies, aliquots of the solutions were taken before and after contact with the 

resin. These aliquots were diluted with HNO3 (2% v/v) and analysed by ICP-MS. The 

distribution coefficients (Kd) were then calculated using equation 2.1 which allowed the rates 

of adsorption and oxidation to be estimated. 

Both rapid cerium adsorption (<60 s, Figure 3.3.a) and rapid cerium oxidation (<90 s, Figure 

3.3.b) were observed, which suggested that neither the rate of adsorption nor the rate of 

oxidation would be a limiting factor whilst carrying out column-based separations. 

 

Figure 3.3 - Kinetics of the (a) adsorption of Tb (III) and Ce (IV) to UTEVA resin, and of the (b) 

oxidation of cerium in a 0.1 M NaBrO3/10 M HNO3 solution. Measured as the change in distribution 

coefficient (Kd) as a function of time.  

3.2.1.3 Column separation studies 

Owing to the favourable adsorption and kinetic behaviour, the column-based separation of 

terbium from cerium was subsequently studied using commercially available UTEVA and 

TEVA cartridges.  

A pre-packed UTEVA cartridge (2 mL, 50-100 µm, Triskem International) was pre-

conditioned with 8 M HNO3. An 8 M HNO3 solution (10 mL) containing 0.1 M NaBrO3, 100 

ng/mL cerium and terbium was introduced onto the resin. Nitric acid (8 M, 10 mL) was washed 

through the cartridge to ensure terbium elution. Elution of cerium was subsequently achieved 

using 0.1 M HCl (20 mL). A flow rate of approximately 0.3 mL/min was used throughout the 

separation. Fractions (1 mL) were collected and were diluted in HNO3 (2% v/v) before analysis 

by ICP-MS. This separation procedure was also repeated using a conditioned pre-packed 

TEVA cartridge (2 ml, 50-100 µm, Triskem International). No measurements were taken of 

the initial terbium/cerium mixture. The terbium purity and recovery were estimated by the 
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comparison of the instrument response (CPS) of the terbium fractions to total instrument 

response of all fractions. 

The column-based separation of terbium and cerium using a pre-packed 2 mL UTEVA 

cartridge provided excellent terbium purification (0.30 % ± 0.28 % cerium recovery) and 

recovery (98.25 % ± 1.00 %  terbium recovery) in the initial load and subsequent wash solutions 

(20 mL, 8 M HNO3). The cerium was also recovered from the column in a later elution step 

using 0.1 M HCl (<10 mL). Repeating the method using a TEVA cartridge afforded a less 

successful separation, with a significant cerium impurity (11.27 % ± 7.29 % cerium recovery) 

remaining in the terbium fraction (Figure 3.4, Appendix D). Elemental recovery values quoted 

here were calculated using equation 2.4 and refer to the proportion of the element present in 

fractions 1-15 and the standard deviation between repeats (n=3). 

 

Figure 3.4 - Elution profiles showing the separation of Tb from Ce impurities on a pre-conditioned 2 

mL UTEVA resin cartridge (left) and pre-conditioned 2 mL TEVA resin cartridge (right). (Flow rate ~ 

0.3 mL/min, n=3) 

This separation contributed to a more complete method designed to process mass separated 

155Tb sources deposited onto a zinc-coated gold foil (Figure 3.5). A final chemical conversion 

of terbium into its chloride form is also reported to allow for further use in metrological and 

(pre)-clinical studies.
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Figure 3.5 - Optimised method for the radiochemical separation and preparation of high radionuclidic 

purity 155Tb.
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3.2.3 Method validation 

3.2.3.1 Measurement of 155Tb prior to separation 

Gamma spectrometry measurement was carried out by researchers in the Nuclear Metrology 

Group at NPL as per the method detailed in section 2.3.2. For a mass separated 155Tb source 

received at the National Physical Laboratory (NPL), UK, from CERN-ISOLDE, Switzerland, 

gamma ray spectrometric analysis identified the presence of a significant 139Ce impurity 

(A0(139Ce)/A0(155Tb) = 0.30 ± 0.02, Table 3.1, where A0 refers to the activity which has been 

decay corrected to the reference time: 2017-09-29 12:00 UTC).  

3.2.3.2 Isolation of 155Tb from 139Ce impurities 

The derived separation method (Figure 3.5) was applied to this 155Tb source by scientists within 

the Nuclear Metrology Group at NPL and removed 139Ce such that it was no longer observable 

above the Compton continuum background (DL,0(139Ce)/A0(155Tb) = 0.00021, Figure 3.6, 

where DL,0 refers to the detection limit of the stated radionuclide above the Compton continuum 

background, decay corrected to the reference time: 2017-09-29 12:00 UTC). Total terbium 

recovery was 97.3% with a radiochemical purity > 99.9% (Table 3.1). 

Table 3.1 - Radioisotope composition of a 155Tb source received from CERN-ISOLDE before and after 

chemical separation (reference time: 2017-09-29 12:00 UTC). 

Isotope T½ Activity of material 

supplied (MBq) 

Activity following 

separation 

139Ce 136.7 d 2.79 ± 0.068 ≤ 1.90 kBq 

155Tb 5.32 d 9.28 ± 0.63 9.03 ± 0.049 MBq 
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Figure 3.6 - Gamma ray spectra of the 155Tb source preparation before (grey) and after radiochemical 

separation (red) (reference time: 2017-09-29 12:00 UTC).  

3.3 Discussion and summary 

A novel method (Figure 3.5) has been developed for the purification of 155Tb sources from 

139Ce impurities produced by proton-induced spallation at CERN-ISOLDE and CERN-

MEDICIS, one of the main producers of the isotope to date. The method was developed using 

stable analogues and ICP-MS elemental analysis which significantly reduces the amount of 

radiation that the researcher is exposed to. It also prevented radioactive waste being generated 

during the method development stages. These stable element experiments showed that the 

developed method, selective cerium oxidation and subsequent chromatographic separation 

using a UTEVA column, is capable of separating 100 ng/mL terbium and 100 ng/mL cerium 

from a 10 mL solution. This is equivalent to separating ~6 GBq 155Tb from ~0.25 GBq 139Ce. 

This method was successfully applied to an active sample, producing a high radionuclide purity 

source (>99% 155Tb purity, > 97 % 155Tb recovery). Sources of this quality would be suitable 

for complexation to targeting molecules and for subsequent (pre)-clinical study as they meet 

the purity requirements157 of the similar SPECT isotope, 67Ga. Sources produced in this way 

were also of sufficient purity to allow other researchers at NPL to carry out nuclear data 

measurements and a world-first primary standardisation (results yet to be published)188–190. 

The terbium recovery and radionuclide purity achieved here was comparable to what can be 

achieved using the α-HIBA, cation exchange chromatography method as reported by Gracheva 

et al.143. The UTEVA method is also more rapid (~ 50 minutes vs. ~100 minutes). Use of faster 

155Tb 

155Tb 
155Tb 

155Tb 
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flowrates (>0.3 mL/min) was not studied here but would be worth considering in future studies 

in order to further minimise losses of isotope due to radioactive decay. 

This method had not been validated for the removal of other stable (e.g., 139La, 155Gd) or longer-

lived, radioactive (e.g., 155Eu) isobaric impurities; as with 139Ce16O, they would not be removed 

by mass separation. The presence of stable impurities would not have a negative impact on the 

quality of nuclear data measurements or on the ability to produce a primary radioactive 

standard, but they could have an impact on the safe and efficient use of 155Tb in nuclear 

medicine procedures. 

These lanthanide impurities might not pose a significant toxicological risk if they were to enter 

the body191–193 but they would also form stable complexes with DOTA (log K > 22)124 and 

DOTA-containing targeting molecules29,30. This would result in competitive complexation with 

the 155Tb meaning that an excess of targeting molecule would be required to ensure that all 

155Tb is incorporated into the molecule. The presence of stable impurities would therefore lead 

to a reduction in the specific activity and efficacy of the radiopharmaceutical. Further 

investigation into the comprehensive purification of the 155Tb and the other terbium isotopes 

produced by proton-induced spallation, namely 149Tb and 152Tb was therefore required. These 

issues have been addressed in Chapter 4. 
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Chapter 4.  Separation of terbium 

from trace stable and radioactive 

lanthanides 

  



 

78 

 

The method reported in Chapter 3 has shown that a high radionuclidic purity source of 155Tb 

can be produced by proton-induced spallation, mass separation and the utilisation of a UTEVA 

cartridge-based chemical separation method86. This method was efficient for the removal of a 

major 139Ce impurity; however, it was not validated for the removal of other lanthanides, which 

are produced in the same process. Owing to the similar chemical properties of neighbouring 

lanthanides, it is not expected that the method reported in Chapter 3 will be capable of 

producing chemically pure terbium sources. Therefore, the separation of trace terbium from 

neighbouring lanthanides was investigated and the ‘fit-for-purpose’ method was applied to 

simulant solutions which mimic mass-separated proton induced spallation sources of 149Tb, 

152Tb and 155Tb. 

4.1 Production information and requirements for chemical 

separation 

4.1.1 Characteristics of mass-separated terbium sources produced by proton-induced 

spallation at CERN-ISOLDE/MEDICIS 

A number of stable, radioactive, isobaric and/or pseudo-isobaric lanthanide impurities are co-

produced during the production of 149Tb, 152Tb and 155Tb by proton-induced spallation and are 

not removed subsequent mass separation (Table 4.1). Regarding their quantities, Duchemin et 

al.182 reports that 149Tb, 152Tb, 155Tb and 133mCe are produced at a rate of >109 Bq/µAh, and 

139Ce is produced at a rate of >107 Bq/µAh. The significantly longer half-life of 139Ce compared 

to the others means that the reported production yield activities indicate a similar mass quantity 

of each mentioned isotope (10-1000 ng/µAh). The production yields of other potential 

impurities (i.e., longer-lived, or stable isotopes) are not reported in the article. 

In addition to the lanthanide impurities, the product ion beams can be captured on either NaNO3 

discs194, zinc coated gold foils27,86 or KNO3 coated aluminium backings4 during the mass 

separation process. The removal of the capture material must also be considered when 

developing the chemical separation method. 
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Table 4.1 - Potential impurities found in 149Tb, 152Tb and 155Tb sources produced at by proton-induced 

spallation after mass separation73,182. (*radionuclides) 

Sources of impurities 149Tb 152Tb 155Tb 

Isobaric 

(trace) 

149Gd*, 149Eu*, 
149Sm, 149Pm* 

152Dy*, 152Gd, 
152Eu*, 152Sm 

155Dy*, 155Gd, 
155Eu* 

Pseudo-isobaric 

(trace) 

133Ba*, 133Cs 136Ce, 136Cs*, 136Ba 139Ce, 139La*, 
139Pr* 

Daughter products  

(trace) 

145Eu*, 145Sm*, 
145Pm*, 145Nd 

152Gd 155Gd 

 

4.1.2 Requirement for the removal of stable impurities 

Regarding the stable impurities, the majority are lanthanide elements and these are generally 

of low to moderate toxicity when in their ionic form, with gadolinium and ytterbium being 

exceptions191,195. All lanthanide impurities, including gadolinium and ytterbium, do not pose a 

significant toxicological risk if they are present in trace quantities (~ng) and are administered 

with a DOTA or DTPA containing targeting molecule (Figure 4.1). These chelators display 

high complex stability with all lanthanide elements (i.e., high logK), ensuring that they will be 

held strongly within the targeting molecule complex, even under in vivo conditions30,124,196–200. 

In this scenario, most of the lanthanide impurities will be excreted, rather than accumulating 

within the body. Despite this, if substantial quantities of impurities are present, then the specific 

activity of the radiopharmaceutical preparation will be reduced significantly. An excess of 

targeting molecule will be needed to ensure all of the diagnostic or therapeutic radionuclide 

has been successfully chelated.  
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Figure 4.1 - The chemical structure of two aminopolycarboxylic acid bifunctional chelators which can 

incorporate lanthanides (Ln3+); (left) 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid 

(DOTA); (right) diethylenetriaminepentaacetic acid (DTPA)124. 

The removal of both radioactive and stable impurities is essential to maximise the efficiency 

of diagnostic or therapeutic medicine. The development of a fast and highly efficient method 

is therefore required for the recovery of these short-lived terbium radioactive isotopes.  

4.1.3 Reasons for the chosen separation approach 

Cation exchange methods have been the most commonly applied chromatography methods to 

purify proton-induced spallation terbium sources to date27,29, however, the use of LN extraction 

chromatography resin methods have received little attention for this purpose. 

Separation methods, incorporating LN resin steps, have been developed to process 161Tb 

produced by neutron irradiation of 160Gd targets144,145,148,201 and have also been used in the 

purification of 155Tb produced by the irradiation of europium targets with alpha particles121. 

There are no reports of using LN resin to process spallation-produced terbium. 

In these previous studies, high quality information about radiochemical recoveries and purities 

are reported; however, details about the removal of stable impurities are vague (see section 

1.4.2). In some cases, key details about the separation conditions are also not included. The 

impact of stable impurities is more significant when they are in bulk quantities (see Chapter 5); 

however, it is still important to understand how comprehensive the developed methods are. For 

these reasons the aim was to develop a well-defined and reproducible LN resin method that 

can process proton-induced spallation sources of terbium with well understood purity and 

recovery information. 

DOTA DTPA 
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4.2 Method development  

4.2.1 Materials and reagents 

Throughout this study, single element and multiple element solutions were prepared by diluting 

certified atomic spectrometry standards with a chosen concentration of nitric acid. For batch 

studies, bulk LN resin (50-100 µm, Triskem International) was used. For column studies, pre-

packed UTEVA columns (2 mL, 50-100 µm) and glass Econo-Columns® (BioRad) packed 

with LN resin were used. General information about methods of packing and using 

chromatography columns are found in section 2.2.  Specific details have been presented in text 

when necessary. 

To mimic the radioactive mass-separated, proton induced spallation terbium sources, simulant 

solutions were prepared for each of the radioisotopes of interest (149Tb, 152Tb, 155Tb). These 

simulant solutions (Table 4.2) contained stable element standards corresponding to the 

potential impurities present in the mass-separated 149,152,155Tb sources (Table 4.1). These were 

prepared in acid concentrations suitable for the column-based separation. 

Table 4.2 - Composition of ‘simulant 149,152,155Tb’ solutions used to chemically mimic mass-separated, 

proton induced spallation produced, terbium sources (100 ng/mL in nitric acid solutions)73,182. 

Simulant solution Components 

149Tb Cs, Ba, Nd, Sm, Eu, Gd, Tb 

152Tb Cs, Ba, Ce, Sm, Eu, Gd, Tb, Dy 

155Tb La, Ce, Pr, Eu, Gd, Tb, Dy 

 

  



 

82 

 

4.2.2 Interference free measurement of trace lanthanides using ICP-QQQ-MS  

Interference free measurement is an important factor to consider when developing chemical 

separation methods which can isolate one element from one or more other elements. This is 

because interference free measurement allows for the accurate assessment of the method 

through the derivation of highly accurate percentage recovery and purity information. 

As implied in section 2.3.1, the lanthanide elements actively form hydride polyatomic species 

within the ICP (e.g.,158Gd1H+) which interferes with the measurements of a neighbouring mass 

(e.g., 159Tb)202. Most lanthanides will also form oxide (e.g., 156Gd16O+) and less commonly 

hydroxide (e.g., 158Gd16O1H+) polyatomic species which can interfere with the measurement of 

other lanthanide elements (e.g., 172Y+ and 175Yb+, respectively)170,203. The near identical 

chemical properties of neighbouring lanthanide elements make the interference removal and 

accurate measurement of single lanthanides a challenge (e.g., ionisation potentials, likelihood 

of forming polyatomic species in the plasma etc.). Some of the lanthanide elements have 

several naturally occurring isotopes (e.g., 152,154,155,156,157,158,160Gd) and will potentially interfere 

with the detection of other lanthanide elements. The adjustment and optimisation of instrument 

parameters, as well as the tactical use of reaction/collision cell technology, can be used to 

minimise the presence of measurement interferences. 

A method reported by Sugiyama202 reports to be able to provide interference free measurement 

of the lanthanides using a MS/MS method with O2 reaction cell gas. This method was used 

here to identify and quantify single lanthanide elements in lanthanide mixtures (Table 4.3). 

Accurate measurement was an essential part of the characterisation of the novel chemical 

separation method developed in this chapter204.  
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Table 4.3 – The Agilent 8800 series ICP-QQQ-MS operating parameters used for the interference 

minimised measurement of lanthanide element mixtures throughout the method development stages of 

Chapter 4 and Chapter 5. 

Parameter Setting 

Scan Mode MS/MS 

Plasma Conditions Low Matrix 

RF Power (W) 1550 

Extract 1 (V) 0 

Extract 2 (V) -175 

Reaction Cell Gas Oxygen 

Oxygen Flow Rate (mL/min) 0.3 (30% of full-scale) 

Octopole Bias (V) -5.0 

Energy Discrimination (V) -7.0 

Octopole RF 200 

 

4.2.3 Suitability of the UTEVA method for the separation of neighbouring lanthanides 

Initially, to understand whether the method reported in Chapter 3 (Figure 3.5) was suitable for 

the isolation of terbium from lanthanide impurities other than cerium, the three simulant 

solutions (10 mL, 8 M HNO3, Table 4.2) were exposed to the oxidant NaBrO3 (0.15 g, 0.1 M) 

and passed through a pre-packed and pre-conditioned 2 mL UTEVA cartridge. The step-wise 

elution was carried out as per the reported method and the quality of the separations were 

assessed using ICP-MS analysis in MS/MS O2 mode202. 

It was shown that using the UTEVA method to isolate terbium from more complex lanthanide 

mixtures was an ineffective approach. The separation between terbium and cerium occurred as 

previously reported; however, separation of terbium from other lanthanides did not occur (e.g., 

‘simulant 152Tb solution’, Figure 4.2). This reinforced the need for investigation into alternative 

separation methods. 
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Figure 4.2 - Attempted separation of ‘simulant 152Tb’ mixture using the UTEVA method (Chapter 3). 

4.2.4 Investigation of LN resin for the isolation of terbium from lanthanide impurities 

4.2.4.1 Batch studies 

As previously ascertained, the LN extraction chromatography resin is suitable for lanthanide 

separations and investigation into its use for processing spallation produced terbium isotopes 

is justified. 

The behaviour of lanthanide elements on LN resin was studied in batch conditions over a range 

of HNO3 concentrations. Nitric acid solutions (2 mL) containing a mixture of 100 ng/mL stable 

europium, gadolinium, terbium and dysprosium were prepared. An aliquot was taken from each 

solution for ICP-MS measurement (CPS0). The remaining solution was added to individual 15 

mL centrifuge tubes containing LN resin (0.1 g, 50-100 µm, Triskem International). Each 

mixture was shaken and left to equilibrate for ~24 h before being filtered through filter paper 

in order to isolate the aqueous phase (Whatman 41 ashless filter paper, 20–25 μm pore size). 

An aliquot was taken from each filtered sample, diluted with HNO3 (2% v/v) and analysed by 

ICP-MS (CPSt) using the method summarised in Table 4.3.  

The adsorption of the studied elements onto LN resin was quantified by the calculation of 

distribution coefficients (Kd) and separation factors (SF) using the methods described in section 

2.2.1. 
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These batch separation experiments with LN resin indicated a minimal variation in separation 

factors (SF, < 5) between neighbouring lanthanides across a wide HNO3 concentration range. 

This was expected due to the similar chemical properties of lanthanide elements. In general 

terms, strength of adsorption to the resin increased (i.e., Kd value) with increasing atomic 

number, but decreased with increasing HNO3 concentration (Figure 4.3 and Figure 4.4, 

Appendix E). These findings agree with previously reported data137,142 and allowed the 

estimation of appropriate column chromatography conditions for the isolation of terbium from 

lanthanide impurities.  

 

Figure 4.3 - Distubution coefficient (Kd) variation with nitric acid conentration of europium, 

gadolinium, terbium and dysprosium. 
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Figure 4.4 - Distribution coefficient (Kd) variation with nitric acid conentration of gadolinium, terbium 

and dysprosium – zoomed in to highlight conditions which were used in initial column-based separation 

studies.  

4.2.4.2 Column separation studies  

Column separation studies were conducted using self-packed 200 × 7 mm BioRad Econo-

Columns® (see Figure 2.6). Mobile phase was introduced to the column at a defined flow rate 

using a Gilson Miniplus peristaltic pump and associated silicon tubing and connectors. The 

flow rate was controlled using the pump and was calculated before carrying out a separation 

(Section 2.2.2). 

 

Figure 4.5 - The apparatus set-up used for column-based separations. 
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Nitric acid solutions containing 100 ng/mL of the investigated elements were used throughout 

the column-based separation method development process. An aliquot of the initial solution (1 

mL) was taken, diluted with HNO3 (2% v/v) and measured by ICP-MS in order to identify its 

starting concentration. Another aliquot of the solution (1 mL) was taken and added to the top 

of a pre-conditioned column to undergo separation. 

A variety of acid concentrations and volumes were used in order to optimise the separation of 

terbium from gadolinium and dysprosium. Throughout, a stepwise elution was applied. As 

previously described (see section 2.2.1), 1 mL fractions were collected from the column in 

order to compile elution profiles and thus identify how each component of the mixture behaved 

on the column. In all cases, analysis of the fractions was conducted using ICP-MS in MS/MS 

O2 mode (Table 4.3) and data was processed using the method described in section 2.2.2 in 

order to calculate elemental recovery (equation 2.3). 

The increasing distribution coefficients (Kd) observed with increasing atomic number indicates 

that, when applied to a column-based system, the lanthanides will elute from an LN resin 

column in the order of increasing atomic number (i.e., lanthanum → lutetium). Due to the 

similarities in Kd between neighbouring lanthanides (low SF), a long column (200 × 7 mm, 

7.70 mL) was initially used to ensure a sufficient separation resolution. Even though it would 

produce an excellent separation resolution, using a very long column would be impractical as 

it would result in a long separation time and larger volumes to elute components of the mixture. 

The initial focus was to optimise the process of isolating terbium from gadolinium and 

dysprosium impurities on LN resin and was achieved through a series of single run separation 

experiments (Figures 4.6 – 4.11).  Once optimised, this derived method would also be suitable 

for isolating terbium from all lanthanides. 

Initial trials involved the use of 0.10 M HNO3 (40 mL) to pre-condition the column and to load 

a mixture of terbium and gadolinium onto the column. These conditions ensured that both 

elements were retained on the column prior to the investigation of different elution conditions. 

A stepwise change in nitric acid concentration, at a flow rate of 1 mL/min, afforded moderate 

separation of terbium from gadolinium with a slight peak overlap being observed (Figure 4.6). 

It was concluded that larger volumes of each acid concentration (i.e., 0.75 M and 2.00 M) might 

improve peak resolution. 
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Figure 4.6 - Initial column chromatography trial using a 200 × 7 mm glass Econo-Column® packed 

with LN resin (50-100 μm). Elution steps and conditions are summarised in the table (Flow rate ~1.0 

mL/min). 

A slight change in the wash conditions, coupled with the increased elute 1 and elute 2 volumes 

gave an improved separation (Figure 4.7). Further investigation of different pre-condition, 

wash and elute conditions (Figure 4.8 and Figure 4.9) showed that the use of 0.75 M HNO3 (20 

mL) allowed the selective elution of gadolinium from the column. Terbium began to elute from 

the column after 25 mL of 0.75 M HNO3. It was concluded that 0.75 M HNO3 was suitable for 

both the pre-condition and load steps, as well as for the elution of gadolinium. 

 

Figure 4.7 - Column chromatography study using a 200 × 7 mm glass Econo-Column® packed with 

LN resin (50-100 μm). Differences in elution conditions are highlighted. (Flow rate ~1.0 mL/min) 
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Figure 4.8 - Column chromatography study using a 200 × 7 mm glass Econo-Column® packed with 

LN resin (50-100 μm). Changes to the wash conditions are highlighted. (Flow rate ~1.0 mL/min) 

  

Figure 4.9 - Column chromatography study using a 200 × 7 mm glass Econo-Column® packed with 

LN resin (50-100 μm). Changes to the pre-conditioning, loading and elution conditions are highlighted. 

(Flow rate ~1.0 mL/min) 

An intermediate elute solution (1.0 M HNO3, 20 mL) was used to encourage faster elution of 

terbium from the column (Figure 4.10). This allowed the isolation of terbium from both 

dysprosium and gadolinium. Some peak overlap was still observed. 

Separation at a decreased flow rate, 0.5 mL/min, resulted in an improved separation resolution 

(Figure 4.11). Using even slower flow rates would have provided little improvement in the 

separation resolution between peaks at the expense of the acheivable ‘radiochemical’ yield. 

Thus, it was decided that using a flowrate of 0.5 mL/min was sufficient for this application.  
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Figure 4.10 - Column chromatography study using a 200 × 7 mm glass Econo-Column® packed with 

LN resin (50-100 μm). Changes to the elution conditions are highlighted. (Flow rate ~1.0 mL/min) 

 

Figure 4.11 - Variation of the elution profiles of separations conducted at different mobile phase flow 

rates: ~1.0 mL/min (left) and ~0.5 mL/min (right). Separations were conducted under identical 

chemical conditions (see also Appendix F).  

4.2.4.3 Method Summary 

The method summarised in Table 4.4 was shown to be suitable for the separation of terbium 

from neighbouring lanthanides. Even though the separation resolution could be improved upon 

further, a flow rate that is too slow would have a significant impact on the radiochemical yield 

of the short-lived radionuclides. Faster flow rates had a negative effect on the separation 

resolution and thus, on the purity of the terbium fraction. Results deemed that a separation 
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lanthanides. The isolation of high purity terbium (>95 % purity) was shown to be achievable 

in 80 minutes, with the majority of the terbium being isolated in fractions 25-40. 

Table 4.4 - The developed separation method and parameters for the isolation of terbium from 

lanthanide impurities 

Separation step Conditions 

Pre-condition 0.75 M HNO3 (40 mL) 

Load 0.75 M HNO3 (1 mL) 

Elute 1 (Gd) 0.75 M HNO3 (20 mL) 

Elute 2 (Tb) 1.00 M HNO3 (20 mL) 

Elute 3 (Dy) 2.00 M HNO3 (20 mL) 

Resin LN resin (50 – 100 μm) 

Column dimensions 200 mm × 7 mm  

Flow rate 0.5 mL/min 

 

4.3 Method validation and optimisation 

For a large portion of this PhD project, a series of upgrades to CERN’s facilities meant that 

proton-induced spallation produced terbium isotopes were not available to validate the method 

developed in this study. Therefore, to validate the chemical separation method, ‘simulant xxxTb’ 

solutions were used to mimic active proton-induced spallation sources and they contained 

elements that might be present after production and mass-separation (Table 4.2). 

4.3.1 Separation and measurement of ‘simulant xxxTb’ solutions 

These ‘simulant xxxTb’ solutions underwent separation (‘simulant 149Tb, 152Tb and 155Tb’, 

Table 4.2) using the developed LN resin method (Table 4.4). As with previous separations, 1 

mL fractions were collected from the column and analysed using ICP-MS in order to compile 

elution profiles. A single separation run was conducted for each in order to demonstrate 

feasibility (see also Appendix G). 
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4.3.1.1 ‘Simulant 149Tb’ 

The elution profile of the ‘simulant 149Tb’ solution showed the successful isolation of high 

purity terbium (>99 %) with a high terbium recovery in fractions 25-40 (96.9 %, Figure 4.12).  

Due to the short half-life of 149Tb (t½ = 4.118 h), the time required for separation will have a 

significant impact on the radiochemical recovery of 149Tb when this method is applied to an 

active sample. A terbium recovery of 96.9% was achieved after 80 minutes using the reported 

separation process. This recovery would correspond to a 149Tb radiochemical recovery of 77.4 

%. This radiochemical recovery only takes into account losses of the isotope during the 

chemical separation process and not time required for any processing before or after the 

separation. Therefore, in practice, the radiochemical recovery would be significantly lower. 

 

Figure 4.12 - Elution profile of the separation of a ‘simulant 149Tb’ solution, containing Cs, Ba, Nd, 

Sm, Eu, Gd, Tb (1 mL fractions). 

4.3.1.2 ‘Simulant 152Tb’  

The elution profile of the ‘simulant 152Tb’ solution also showed a good level of terbium 

isolation (Figure 4.13). These data were inaccurate due to internal standard correction not being 

used during ICP-MS measurement. For this reason, an accurate terbium recovery could not be 

calculated at this stage. However, the elution profile still provided some qualitative insights; 

namely, identifying the presence of a minor cerium impurity which remained in the terbium 

fraction (~8 % cerium, ~92% terbium). 
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The elongated cerium elution observed in the profile is uncharacteristic of the lanthanides and 

suggests that the chemical behaviour of the cerium does not follow the trend under these 

conditions. It was thought that this was due to cerium existing in either its IV+ oxidation state 

in aqueous solution or it being present with a mixed oxidation state (i.e., Ce (III/IV)). Further 

investigation was required in order test this hypothesis and to alter the method so that it was 

able to remove the cerium impurities remaining in the terbium fraction. 

As was the case for the ‘simulant 
149Tb’ separation, the relatively long separation time would 

also have an impact on the radiochemical recovery of the 152Tb if this method was applied to 

an active sample. The time required for the isolation of the terbium fraction (i.e., 80 minutes), 

however, would have a less significant impact on the radiochemical recovery of 152Tb (t½ = 

17.5 h) due to its longer half-life relative to 149Tb. If  a 95% terbium recovery could be achieved 

using this method, the corresponding radiochemical recovery of 152Tb would be 90.2 %. 

 

Figure 4.13 - Elution profile of the separation of a ‘simulant  152Tb’ solution, containing Cs, Ba, Ce, 

Sm, Eu, Gd, Tb, Dy (1 mL fractions). 

4.3.1.3 ‘Simulant 155Tb’ 

A significant difference was observed when separating the ‘simulant 155Tb’ solution (Figure 

4.14). All elements eluted later than previously seen. Terbium even eluted in different 

conditions (2.00 M HNO3). These observations were likely due to changes in the separation 

conditions, thus further investigation was required in order to identify the cause. 
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Due to the relatively long half-life of 155Tb (t½ = 5.32 d), the 120 minutes separation required 

here would have a minimal impact on the radiochemical recovery of 155Tb when applied to an 

active sample. 

 

Figure 4.14 - Elution profile of the separation of a ‘simulant  155Tb’ solution, containing La, Ce, Pr, 

Eu, Gd, Tb, Dy (1 mL fractions). 

When the method was repeated using freshly made acid solutions and a freshly packed column, 

the same peak drift was observed. This suggested that there were differences in the resin 

composition between batches, as a new batch of resin was used for these separations. 

4.3.2 Findings and areas for further optimisation 

Several issues with the developed method (Table 4.4) were identified when separating the 

‘simulant xxxTb’ solutions. The issues were as follows: 

• Inaccuracies in the measurement of recoveries – in some cases the raw data could 

not be processed to provide reliable percentage recovery and purity information due to 

a lack of internal standard correction to account for ICP-MS instrumental drift during 

measurement runs. 

• Shift in elution peaks between LN resin batches – results suggested that there were 

differences in the composition of LN resin between batches that caused significant 
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changes in the elution behaviour of the lanthanide elements and thus impacted upon the 

isolation of the terbium fraction. 

• A remaining cerium impurity in terbium fraction – elongated cerium elution 

indicated chemical behaviour that did not follow the lanthanide trend. This resulted in 

a small cerium impurity remaining in the terbium fraction. 

• Separation time causing a negative impact on radiochemical recovery – due to the 

short half-lives of 149Tb and 152Tb in particular, a long separation time (>80 minutes) 

results in significant losses of the isotopes due to radioactive decay during separation.  

Each of these issues were investigated and discussed further to correct for them and/or to 

provide further optimisation of the separation method to ensure that it was fit-for-purpose. 

4.3.2.1 Correcting inaccuracies in the ICP-MS measurements 

Further repeats were conducted allowing high quality metrological information to be calculated 

relating to the achievable terbium recovery and purity (Table 4.5). These values related to the 

elemental content of fractions 41-50 (see Figure 4.14). Stated uncertainties were calculated by 

the propagation of uncertainties from the ICP-MS counts per second measurement (n=10)205. 

This data assumes that instrumental drift was minimal throughout the analysis runs. 

Table 4.5 – A summary of the terbium recovery and purity information achieved using the LN resin 

separation method developed in this study (Table 4.4). (see also Appendix H)  

 Terbium recovery (%) Terbium purity (%) 

Simulant 149Tb 100.58 ± 1.96 96.65 ± 2.82 

Simulant 152Tb 98.99 ± 2.96 97.31 ± 4.29 

Simulant 155Tb 93.83 ± 1.05 99.40 ± 1.14 

 

Due to time constraints on this project, use of an internal standard was not implemented here 

Regular use of an internal standard (e.g., 10 ng/mL indium in 2% HNO3) should be used in 

future studies to ensure that instrumental drift is corrected for in order to improve the reliability 

of the results. The internal standard can be introduced with each sample via a dedicated line 

positioned before the nebuliser (section 2.3.1). 
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4.3.2.2 Optimising method to account for resin batch variation 

A shift in elution peaks was observed when a new batch of LN resin was used. Repeat 

separations with newly made columns and nitric acid solutions suggested that human error was 

not the cause of the variation between separation (see Chapter 5). This was supported by the 

generation of comparable results when the method was repeated by other users (section 

5.3.4.3). The method is therefore both repeatable and reproducible, suggesting that the issue 

lies with the resin itself. 

A private communication with Triskem International informed NPL that there was no 

significant difference recorded in the manufacture of the two batches of resin used in this study 

(e.g., quality of employed raw materials, fabrication process and quality control). Testing of a 

third batch of resin would be necessary to identify if variations between resin batches were the 

cause of the observed peak shift. This was not tested during this study due to time constraints, 

but it would provide a useful insight and should be tested in future work. 

One advantage of this peak shift, however, was that the separation resolution between 

gadolinium and terbium was improved (Figure 4.14). This is of particular benefit to the 

separation of terbium from bulk quantities of gadolinium which is studied and discussed in 

Chapter 5.  

The separation resolution between terbium and dysprosium was lower with the new resin batch, 

but a clear distinction between their elution peaks was still observed under the same elution 

conditions (Table 4.4). A high purity terbium fraction could therefore still be isolated. Should 

a dysprosium impurity be present after the chemical separation of a mass-separated terbium 

source, it would be in small quantities. This is because most of the dysprosium content would 

have been removed during chemical separation. The 149Dy (t½ = 4.20 m), 152Dy (t½ = 2.38 h) 

and 155Dy (t½ = 9.9 h) decay into the medically interesting terbium isobars (149Tb, 152Tb, and 

155Tb respectively). The half-lives of these dysprosium isotopes are shorter than their daughter 

terbium isotopes, meaning that the relative activity of the terbium isotopes will increase over 

time whilst the activity of any remaining dysprosium impurity decreases.  

The potential benefits of this peak shift could not be relied upon until the reason for it could be 

identified. Both batches of LN resin were still capable of isolating high purity terbium (Table 

4.5), but, to account for the potential difference in elution behaviour between batches, analysis 

of fractions would be essential when the method is applied to active sources. For active 
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samples, HPGe gamma spectrometry can be used. For stable element samples, mass 

spectrometry methods can be used. 

Most of the future separations in chapters 4 and 5, used the second batch of resin and the 

method summarised in Table 4.4. Elution patterns were comparable to that shown in Figure 

4.14 (Appendix K and L).  

4.3.2.3 Optimising cerium removal from the terbium fraction 

Significant tailing of the cerium elution peak was observed during separation. This suggested 

that cerium exists in a mixed oxidation state when in the HNO3 load solution (0.75 M). To test 

this hypothesis, the method (Table 4.4) was repeated with the addition of an oxidant, sodium 

bromate (NaBrO3, 0.1 M), in an attempt to improve cerium removal in a similar manner to the 

method reported in Chapter 3 by its oxidation to Ce(IV).  

The addition of the oxidant caused an even broader cerium elution which resulted in an 

increased contamination of the terbium fraction (Figure 4.15). These findings suggested that 

the cerium had successfully been oxidised to Ce(IV) but caused a negative impact on the 

separation.  

Potassium iodide (KI, 0.1 M) was used as a reducing agent in a similar manner and resulted in 

the elution of most of the cerium in a smaller volume compared to when no redox agent was 

used. This suggested that more of the cerium was present in the III+ form. Removal of cerium 

from the terbium fraction was not significantly improved with the addition of KI. The elution 

of all other lanthanides remained unaffected. In particular, the elution of europium was 

unaffected, suggesting minimal europium reduction. This was expected as strong reducing 

conditions are required to reduced europium to its II+ state121.  

In conclusion, the use of an oxidising agent resulted in an increased cerium contamination 

within the terbium fraction. It also introduced a small bromine contamination into the terbium 

fraction. The addition of mM quantities of KI also introduces a significant quantity of iodine 

contamination into the terbium fractions which nullifies the slight improvement in cerium 

removal (Figure 4.15). It was decided that no redox agents should be used due to insignificant 

improvement in the separation. 
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Figure 4.15 - The behaviour of cerium in absence of redox agents and in the presence of a reducing 

agent (KI) and an oxidising agent (NaBrO3). The terbium elution in the absence of redox agents has 

been included here for comparison.  

4.3.2.4 Reducing separation time to minimise losses in radiochemical recovery 

The time taken to isolate terbium using this method (i.e., 80 – 120 minutes, Table 4.4) will 

have significant impact on the radiochemical yield when it is applied to active samples 

containing the shorter-lived terbium isotopes. A smaller column and use of smaller acid 

volumes at the same flow rate can be used to downscale a method, reduce the separation time 

and improve the radiochemical yield post-separation206.  

Initial trails using a smaller, 5 × 50 mm, glass Econo-Column showed similar elution patterns 

with reduced peak resolution compared to longer column studies (‘Simulant 155Tb’, Figure 

4.16, Table 4.6, Appendix I). The reduced resolution between elution peaks is also due to the 

smaller number of fractions taken throughout the duration of the separation (i.e., fifteen, 0.5 

mL fractions, Figure 4.16, compared to sixty, 1 mL fractions, Figure 4.14). In future 

separations, the collection of smaller fractions should improve the resolution  

Good terbium recovery was achieved (94.96 %) when using this downscaled method. Good 

separation of terbium from gadolinium impurities was observed, whereas increased overlap of 

terbium and dysprosium elution peaks was observed (21.72% dysprosium impurity). For 

reasons previously discussed, this is not a significant issue (see section 4.3.2.2).  
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Table 4.6 - The downscaled separation method which used smaller nitric acid volumes and a smaller 

column to encourage faster isolation of terbium from trace lanthanide impurities (Figure 4.16) 

Separation step Conditions 

Pre-condition 0.75 M HNO3 (5 mL) 

Load 0.75 M HNO3 (1 mL) 

Elute 1 0.75 M HNO3 (2.5 mL) 

Elute 2 1.00 M HNO3 (2.5 mL) 

Elute 3 2.00 M HNO3 (2.5 mL) 

Resin LN resin (50 – 100 μm) 

Column dimensions 50 mm × 5 mm  

Flow rate 0.5 mL/min 

 

Figure 4.16 - The profile showing the elution behaviour of components of the ‘simulant 155Tb’ solution 

on a shorter LN resin column and using smaller quantities of nitric acid (Table 4.6). 

Isolation of the terbium fraction was achieved in < 15 minutes, eight times faster than the 

previously reported method. The quicker separation would significantly reduce the losses of 

isotope during the separation process due to radioactive decay when the method is applied to 

active samples (Table 4.7). 
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Table 4.7 - The proportion of terbium isotope that would be lost during chemical separation due to 

radioactive decay. A summary and comparison of two column sizes and associated separation times. 

*this assumes 100% chemical and therefore does not account for chemical losses during the separation. 

 
Proportion of activity, relative initial activity, lost during 

separation due to radioactive decay (%)* 

 149Tb 152Tb 155Tb 

Using a 50 × 5 mm column 

(Separation time ~ 900 s) 
4.2 1.0 0.1 

Using a 200 × 7 mm column 

(Separation time ~ 7200 s) 
28.6 7.6 1.1 

 

4.4 Fit-for purpose method and conclusions 

A fit-for-purpose LN resin extraction chromatography method has been developed to isolate 

terbium from impurities present in mass-separated proton-induced spallation sources of 149Tb, 

152Tb and 155Tb (Table 4.4). High terbium recovery (> 90 %) and high terbium purity (> 95 %) 

was repeatedly achieved within 120 minutes when using a 200 × 7 mm column packed with 

LN resin (50-100 μm). This method presents itself as an easy-to-use alternative to the 

commonly used α-HIBA/cation exchange method due to the use of simple nitric acid solutions 

and lack of pH control. The quality of terbium sources produced using this method are 

comparable to those produced using the α-HIBA/cation exchange method4,27–29,143. 

An initial trial showed that shorter columns (50 × 5 mm) can be used to reduce the separation 

time’s effect on radiochemical yield (Table 4.6) suggesting that it should be considered for the 

purification of the shorter-lived terbium isotopes, 149Tb and 152Tb. Despite recovering a high 

proportion of the terbium (> 90 %), use of a shorter column had negative impact on the purity 

of the terbium fraction. The remaining dysprosium impurity would have a minimal impact on 

the achievable radiolabelling yield, a minimal impact on the efficacy of therapeutic (149Tb) 

studies and a reducing impact on the image quality during PET or SPECT imaging studies 

(152Tb and 155Tb, respectively) due to previously discussed reasons. The co-collection of the 

dysprosium and terbium isobars, alongside a suitable decay period, has been used to enhance 

the terbium isotope activity post-production in the past and is reported in the literature110,207,208. 
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Further optimisation of the method is not essential but could contribute towards greater 

separation resolution and, therefore, terbium purity and recovery. Optimisation will also 

improve the reproducibility and repeatability of the method. Some suggestions for method 

optimisation are as follows: 

• Use of LN resin with finer particle size (e.g., 20 – 50 µm, Triskem International). Peak 

shape and separation resolution could be improved further by using a smaller particle 

size chromatography resin if needed (see section 1.4.1.1). Finer particle size resins are 

more expensive, and therefore the benefit-to-cost ratio should be considered. 

• Testing of a third batch of LN resin (50-100 μm, Triskem International). This would be 

advisable to confirm whether variations in composition of different batches is the cause 

of the shift in elution peaks that was observed between the two batches of LN resin used 

in this study.  

• Consistent use of an internal standard during ICP-MS measurements in order to correct 

for any instrumental drift during measurement runs. This would improve the reliability 

of the reported metrological information. 

• Automation of the method, for example, by its adaptation for use in a HPLC system. 

This would reduce the impact of human error and increase the repeatability and 

reliability of this method. This would be an important future step in developing an LN 

resin method capable of preparing terbium isotopes for regular clinical study or use 

under Good Manufacturing Practice (GMP).  
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Chapter 5.  Isolation of radioactive 

terbium from bulk lanthanide target 

material  
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5.1 Alternative terbium production routes  

So far, only the purification of terbium sources produced by proton induced spallation and 

subsequent mass separation has been investigated (Chapters 3 and 4). In these cases, the 

isolation of trace quantities of terbium (~μg) from trace quantities of lanthanide impurities was 

achieved. The purification of terbium sources produced via other production routes, which 

make use of lanthanide targets, were not investigated in these earlier chapters (Table 5.1). 

These alternative routes of production have the potential of producing the terbium isotopes in 

quantities sufficient for clinical use at localised facilities, thus making the isotopes more 

accessible for general use. Further investigation into the production and purification of 

theranostic terbium isotopes is therefore warranted. 

Table 5.1 - Established and proposed routes for the production of selected terbium isotopes from 

lanthanide target materials. The use of natGd targets with subsequent mass-separation is often a more 

obtainable route of production. 

Isotope Facility Reaction Particle characteristics References 

152Tb Research 

Cyclotron 

155Gd(p,4n)152Tb ~ 39 MeV protons (1H+) Steyn et al.118 

Research 

Cyclotron 

151Eu(α,3n)152Tb 34 – 40 MeV alphas 

(4He2+) 

Trinder et al. 117 

Moiseeva et al. 209 

155Tb Research/ 

Medical 

Cyclotron 

155Gd(p,n)155Tb ~11 MeV protons (1H+) Vermeulen et al.120 

Research 

Cyclotron 

153Eu(α,2n)155Tb ~29 MeV alphas (4He2+) Kazakov et al.121 

161Tb Nuclear 

Reactor 

160Gd(n,γ)161Gd 

→ 161Tb + β- 

Neutron flux                      

1013 – 1014 ncm-2s-1 

Lehenberger et al.75 

Gracheva et al.143 

 

Of these examples summarised in Table 5.1, the production, purification and (pre)-clinical use 

of 161Tb has received the most attention due the relative accessibility and ease of its production 

route compared to other terbium isotopes. As a result, initial pre-clinical and clinical studies 

have shown its suitability as a theranostic agent (β-/Auger therapy and SPECT diagnostics), 
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with results showing that it has the potential to be a more efficient theranostic agent than 

177Lu30,210. The chemical isolation of the trace quantities of 161Tb (~μg) from the bulk quantities 

of the enriched 160Gd target (10-100 mg) has commonly been achieved using cation-exchange 

methods with elution in α-HIBA solutions (Section 1.4.2)23,29,30,75,143,211. More recently, an 

additional step using a small LN3 extraction chromatography column was used with dilute HCl 

(0.05 M) to provide further purification, concentration of the isotope and conversion into the 

chloride form, all of which is useful for the labelling process143. Other studies have investigated 

the use of LN extraction chromatography resin for the purification of 161Tb sources (Aziz et 

al.148,149, and Monray-Guzman et al.144,145), however these studies often lack detail, making the 

methods difficult to reproduce (see Section 1.4.3). 

The production of 155Tb, by irradiation of 155Gd targets with protons, has received little 

attention beyond initial cross-section and theoretical yield studies120. Another study has 

investigated the production of 155Tb by the irradiation of europium oxide targets (~200 mg) 

with alpha particles121. The isolation of the terbium from the remaining trace lanthanide 

impurities involved the use of an LN resin method, which afforded a high terbium recovery 

and radiopurity. The production yield, however, was low (~kBq 155Tb).  

The production of 149Tb and 152Tb from lanthanide targets has not been studied beyond initial 

cross-section and theoretical yield studies120,182,208,209. 

For all these proposed production routes, the use of enriched single isotope targets would be 

advantageous as it minimises the production of unwanted isotopes, but production of the 

desired isotopes from natural abundance targets is also a viable option. Natural abundance 

target materials are cheaper than enriched ones and are easier to acquire. Terbium isotopes 

produced using natural abundance targets would require mass separation to remove unwanted 

terbium isotopes which are co-produced during irradiation. Chemical processing before and 

after mass separation would also be required to produce a high purity single terbium isotope 

suitable for medical applications84. 

The LN resin method reported in Chapter 4 (Table 4.4) was shown to be capable of separating 

trace quantities of terbium from lanthanide mixtures, but further study of the method was 

required to assess its suitability for isolating terbium produced from bulk gadolinium targets 

and/or bulk europium targets (Table 5.1). 
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This work was conducted in collaboration with CERN-MEDICIS (Geneva, Switzerland), 

ARRONAX (Nantes, France), Lausanne University Hospital (Lausanne, Switzerland) and KU 

Leuven (Belgium). 

5.2 Reagents and measurement methodology 

5.2.1 Materials and reagents 

Mixed element solutions were used throughout the method development process and were 

prepared in HNO3 (Trace Analysis Grade, Fisher Scientific) and diluted to the required 

concentration with ultrapure water (ELGA PURELAB Flex, Veolia Water, Marlow, UK, 18 

MΩ cm, <5 ng/mL Total Organic Carbon). For lower concentration solutions, 1000 µg/mL 

element standards of europium, gadolinium and terbium were used as the starting solutions 

(Johnson Matthey or Assurance CertiPrep, in 5% HNO3). For higher element concentration 

solutions, high purity oxide powders (Gd2O3, 99.99% REO, Alfa Aesar and Eu2O3, 99.9%, 

Aldrich) were dissolved in concentrated HNO3, evaporated to dryness and redissolved in a 

suitable concentration and volume of HNO3 to give the desired element concentration.  

As per Chapter 4, glass EconoColumns® (BioRad, 200 × 7 mm) were packed with LN 

extraction chromatography resin (Triskem International, 50 – 100 μm particle size). Flow rate 

of solutions through the column were controlled using a Gilson Miniplus Evolution peristaltic 

pump with associated PVC tubing and connectors. 

Active samples of 155Tb, used for method validation, were prepared and delivered to NPL as 

part of the CERN-MEDICIS collaboration. Details of the production process are included in 

section 2.1.2 and later in this chapter (Section 5.3.4). 

5.2.2 Interference reduced measurement of trace-bulk lanthanide pairs using ICP-QQQ-

MS  

ICP-MS methods have been used in previous chapters because of their ability to accurately 

determine ng/mL quantities of a single element in complex element mixtures. Again, ICP-MS 

methods were used for the stable element analysis during the method development section of 

this chapter.  

Bulk-trace pairs were the subject of analysis in this chapter meaning that the presence and 

impact of measurement interference is larger (see section 2.3.1). In the case of measuring trace 
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quantities of terbium in the presence of bulk quantities of gadolinium, it is particularly difficult 

to achieve interference free measurement due to their neighbouring mass to charge ratios (m/z) 

and their near identical chemical behaviour202–204. As previously discussed, the lanthanide 

elements actively forms hydride, oxide and hydroxide polyatomic species within the ICP which 

results in measurement inferences across the lanthanide series (section 4.3.2). When measuring 

mixed element solutions, tailing of measurement signals into neighbouring masses are more 

apparent when one element is in large excess, and it can cause significant measurement 

interference. This is the case when measuring terbium in the presence of bulk quantities of 

gadolinium. 

The ICP-MS measurement method detailed in Chapter 4 was used throughout this chapter in 

the attempt to accurately measure terbium whilst in the presence of large excesses of 

gadolinium or europium. This method is summarised in Table 4.3 and is based on the work of 

Sugiyami and Woods202,203. The ability of this method in the detection of bulk-trace lanthanide 

pairs is discussed later in this chapter (section 5.5.3). 

Blank and internal standard corrections were carried out using 2% v/v HNO3 and 10 ng/mL 

indium solutions, respectively, to correct for environmental variations throughout analysis runs 

(see section 2.3.1). 

5.2.3 Measurement of radioactive isotopes using gamma-ray spectrometry 

Measurement and analysis of radioactive components in solutions was carried out by 

researchers at NPL using the p-type HPGe gamma-ray spectrometer set up described in section 

2.3.2.  

The activities of individual radioactive isotopes which were present in samples before and after 

chemical separation were determined using the GENIE 2000 v3.4.1 software179 and an in-house 

developed software package (GAMMANAL v2.1). Net peak areas were calculated, modifying 

the peak fits using the GENIE 2000 interactive peak fitting application where required, and the 

activity determined using GAMMANAL. The gamma-ray emission intensities used to 

determine the activities of 155Tb are given in Table 5.2, along with the emission intensities 

taken from preliminary determinations made at NPL, which is going to be published shortly. 

The half-life of 155Tb is taken from preliminary determination made at NPL, with a value of 

5.237(10) d. Using these new values resolves a number of discrepancies found in the current 
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literature212. These values have a significantly improved precision. The half-life and gamma-

ray intensities of 156Tb have been taken from the evaluation of Reich (2012)213. 

Table 5.2 - Preliminary gamma-ray emission intensities of 155Tb determined at NPL (yet to be published) 

used to determine 155Tb activity and purity of samples measured at NPL. 

Energy /keV Gamma-ray emissions per 100 decays 

86.6 30.71 ± 0.25 

105.3 25.57 ± 0.13 

148.6 2.504 ± 0.015 

161.3 2.609 ± 0.018 

163.3 4.310 ± 0.029 

180.1 7.003 ± 0.046 

262.3 4.802 ± 0.032 
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5.3 Chemical separation of terbium from bulk quantities of 

gadolinium 

5.3.1 Experimental working capacity of LN resin 

Initially it was important to understand the working capacity of the chromatography resin 

before then assessing the quality of separation that could be achieved with increasing excesses 

of gadolinium. 

The variation in the distribution coefficients (Kd) of terbium with increasing gadolinium excess 

was studied in order to derive the working capacity of LN resin (50-100 μm). This was done 

by means of batch separation and was studied in 0.1 M HNO3 solutions due to the high affinity 

of gadolinium to the resin at this concentration. 

A series of 0.1 M HNO3 solutions containing increasing quantities of gadolinium (0.5 – 10000 

µg/mL) were prepared. An aliquot was taken from each solution (CPS0, 1 mL) for ICP-MS 

measurement. Another aliquot from each solution (1 mL) was added to separate centrifuge 

tubes containing 0.10 ± 0.01g of LN resin. Mixtures were shaken and left for 3 h to reach 

equilibrium before isolating the aqueous phase by filtration (Whatman 41 ashless filter paper, 

20-25 μm pore size). An aliquot was taken from each filtered sample (CPSt), diluted with 2% 

v/v HNO3 and analysed by ICP-MS. The Kd values were calculated using the method detailed 

in section 2.2.1. This experiment was carried out in triplicate (n=3). ICP-MS measurement was 

conducted in SQ mode (Table 2.3) 

A notable reduction in Kd value was observed between ~2 mg Gd/mL LN resin and ~20 mg 

Gd/mL LN resin. Further investigation identified a working capacity of 6.89 mg – 12.48mg 

Gd/mL of LN resin (Figure 5.1, n=3, standard deviation; Appendix J). A physical change in 

the HNO3/LN resin mixtures supported this finding, where in resin particles were seen to 

coalesce at higher gadolinium content. 

Glass Econo-Columns (BioRad, 200 mm × 7 mm) packed with LN resin (Triskem 

International, 50 μm -100 μm) were used throughout this study. The working capacity of the 

column was estimated to be within the range of 53.07 mg – 96.11 mg Gd (equivalent to 61.16 

mg – 110.78 mg Gd2O3). 
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Figure 5.1. - The variation of Kd with increasing excess of gadolinium (Gd, n=3, standard deviation) 

(left). Physical change observed between samples suggesting that the working capacity had been 

exceeded. Left tube = 7.44 mg ± 0.54 mg Gd/mLresin, right tube = 11.35 mg ± 1.14 mg Gd/mL resin 

(right). 

5.3.2 Assessment of column performance for the isolation of terbium from an increasing 

gadolinium excess 

Stable element mixtures containing trace quantities of terbium and bulk quantities of 

gadolinium were subjected to separation using the method described in Chapter 4 (Table 4.4) 

in order to assess its suitability for processing terbium isotopes produced by the irradiation of 

gadolinium targets (e.g., 155Gd(p,n)155Tb or 160Gd(n,γ)160Tb → 161Tb). The quantities of Gd2O3 

were chosen based the experimental working capacity of the column and target masses found 

in the literature (7.3 – 94.9 mg Gd2O3 from Gracheva et al. 2019)143. 

Three nitric acid solutions (0.75 M, HNO3) containing 10 000 μg dissolved Gd2O3/mL, 50 000 

μg dissolved Gd2O3/mL and 100 000 μg dissolved Gd2O3/mL were prepared. Each solution 

was spiked with a small volume of terbium standard solution to give 1 μg/mL terbium, whilst 

minimising the dilution of the gadolinium. 

An aliquot of each of these three solutions were taken, diluted with 2% HNO3 (up to 10000× 

dilution) and analysed using the previously described ICP-QQQ-MS method (Table 4.3). In 

separate experiments, another aliquot of each solution was added to the top of a pre-conditioned 

LN resin column (200 × 7 mm column, 50 – 100 µm resin particle size). The stepwise elution 

was carried out as previously described with the collection of 1 mL fractions throughout. Some 
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of these 1 mL fractions underwent sequential dilution to afford a maximum gadolinium 

concentration of 10 µg/mL (Fractions 1-40, up to 10000× dilution). Knowledge of the elution 

behaviour of the studied elements from previous studies, allowed the remaining fractions to 

undergo lesser dilution (Fractions 41-60, 10× dilution). These diluted fractions were then 

analysed using the same ICP-QQQ-MS analysis method. 

The degree to which the bulk gadolinium contaminant was removed from the terbium fraction 

was quantified by the calculation of the decontamination factor (DF, Equation 5.1)214. 

𝑫𝑭 =
𝑪𝑷𝑺𝒊(𝑨) 

𝑪𝑷𝑺𝑻𝒃(𝑨)
       (5.1) 

where CPSi(A) is the concentration of analyte, A, in this case gadolinium, in the initial solution 

and CPSTb(A) is the concentration of the analyte, A, in the terbium fractions post-separation 

(Fractions 41-50).  

Measurement interference in the terbium measurement, significant dilution factors (up to 

10000×) and sampling error contributed to inaccurate terbium recovery information being 

calculated when using equation 2.3. Therefore, element recovery data was normalised  using 

equation 2.4 in order to provide a more realistic estimation of terbium recovery. The benefits 

and drawbacks of using this method are discussed in section 5.5.3. 

Table 5.3. - Summary of the achievable separation of trace quantities of terbium (Tb, 1 μg) from bulk 

quantities of Gd2O3 in 0.75 M HNO3 solutions. Information related to fractions 41-50 unless otherwise 

stated. Decontamination factor is the degree to which the bulk Gd2O3 contaminant is removed. Reported 

uncertainties are the standard deviation between repeats (Appendix K).  

 10 mg Gd2O3 (n=3) 50 mg Gd2O3 (n=1) 100 mg Gd2O3 (n=1) 

Decontamination 

Factor 
1.18 ± 0.13 × 104

  1.20 × 104 5.16 × 103 

Tb recovery 104.69 ± 18.19 % 100.65 % 87.42 % 

Normalised Tb 

recovery 
98.34 % ± 0.05 % 90.54 % 83.86 % 

Tb purity 53.59 % ± 2.76 % 9.82 % 4.15 % 

Gd/Tb ratio  

(after 

separation) 
0.87 ± 0.01 9.18 23.12 

Gd recovery 

(fractions 1-40) 
94.52 ± 1.57 % 91.24 % 93.45 % 
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5.3.3 Behaviour of zinc on LN resin 

During the mass-separation process conducted at CERN-MEDICIS, the ion beam, A/q 155 in 

this study, is implanted into a zinc-coated gold foil. Understanding the chemical behaviour of 

zinc across a nitric acid concentration range is important to ensure that it will be removed from 

the terbium fraction during chemical separation. 

Separate HNO3 solutions containing 100 ng/mL Zn were prepared by dilution of a zinc standard 

elemental standard (1 000 µg/mL Zn, TraceCERT®) with HNO3 solutions (0.005 – 2.0 M). 

Batch separation studies were conducted as per the method described in section 2.2.1 to derive 

distribution coefficient information across the HNO3 concentration range (Figure 5.2). 

 

Figure 5.2 – Distribution coefficient (Kd) variation of zinc on LN resin across a nitric acid concentration 

range (50 – 100 µm particle size). 

This study showed that zinc is not retained strongly by LN resin in nitric acid conditions (Figure 

5.2, Kd <10, >0.05 M HNO3) suggesting that zinc is unlikely to cause contamination of the 

terbium fraction if present in a solution processed using the LN resin column separation method 

(Table 4.4). 
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5.3.4 Isolating mass-separated 155Tb from remaining gadolinium target material 

Information about the production and initial chemical separation was provided by Nathalie 

Michel, Ferid Haddad, Cyrille Alliot and Nadia Audouin at ARRONAX (GIP-ARRONAX, 

Rue Arronax 1, 44800, Saint-Herblain, France).  

5.3.4.1 Production of 155Tb source by proton irradiation at cyclotron facilities and initial 

processing 

Three 155Tb sources were produced by researchers at ARRONAX using the proton activation 

method described in section 2.1.2.1 (i.e., natGd(p,xn) using protons with an ingoing energy of 

34 MeV). After irradiation, targets were dissolved in 2 M HNO3. An aliquot was taken to 

measure ‘end of bombardment’ (EOB) activity of 155Tb and radioactive contaminants by 

gamma spectrometry (Table 5.4). All samples were measured using the same high-purity 

germanium (HPGe) detector at ARRONAX which had been calibrated previously with 

standard liquid source from Eckert & Ziegler, Germany.  

Table 5.4 – Summary of the beam intensity and the 155Tb activity at the ‘end of bombardment’ (EOB) in 

each source shipped to NPL. 

Production Date Cumulated beam intensity 

(µAh) 

155Tb EOB activity 

(MBq) 

08.06.2020  392  831 ± 41 

29.07.2020 360 692 ± 34 

27.10.2020 362 751 ± 37 

 

These 155Tb sources underwent an initial chemical separation conducted by researchers at the 

ARRONAX facility to reduce the gadolinium content ahead of offline mass separation 

conducted at the CERN-MEDICIS facility.  

A two-step chemical separation method using LN resin was used, similar to the one developed 

in this study (Table 4.4). The first step in this separation was conducted (Table 5.5) and all 

terbium fractions were combined, evaporated to dryness at 125 °C and then recovered with 

0.75 M HNO3 ahead of the second separation step (Table 5.6).  
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Table 5.5 – The first chemical separation step used at ARRONAX to process 155Tb sources ahead of 

isotope separation at CERN-MEDICIS. 

Separation step Conditions 

Precondition 0.75 M HNO3  

Load Target residue in 0.75 M HNO3 (12 mL) 

Gd elution (Step 1) 0.75 M HNO3 (32 mL) 

Gd elution (Step 2) 1.00 M HNO3 (60 mL) 

Tb elution (Step 1) 1.00 M HNO3 (20 mL) 

Tb elution (Step 2) 2.00 M HNO3 (85 mL) 

Resin LN resin (100 - 150 μm) 

Column volume 36.9 mL  

Flow rate 1 mL/min 

Table 5.6 - The second chemical separation step used at ARRONAX to process 155Tb sources ahead of 

isotope separation at CERN-MEDICIS. 

Separation step Conditions 

Precondition 0.75 M HNO3  

Load Target residue in 0.75 M HNO3 (12 mL) 

Gd elution 1.00 M HNO3 (15 mL) 

Tb elution (Step 1) 1.00 M HNO3 (10 mL) 

Tb elution (Step 2) 2.00 M HNO3 (20 mL) 

Resin LN resin (100 - 150 μm) 

Column volume 8.6 mL  

Flow rate 1 mL/min 
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After the second separation step was conducted, fractions containing >1% of the initial 155Tb 

activity were combined and evaporated to dryness at 175°C. The residue was recovered in 0.01 

M HNO3 (3 mL) and transferred to a dedicated sample holder developed at CERN. The final 

solution was evaporated to dryness at 175°C in the sample holder. High terbium recovery was 

achieved (>80%) using this method, with the 155Tb:Gd ratio being reduced from ~1:1 000 000 

to <1:100. The method used to calculate the 155Tb:Gd ratio was not shared, and no detailed 

radioactive or stable impurity information was provided for these sources. 

These 155Tb sources were then sent to CERN-MEDICIS for offline mass separation to remove 

other co-produced terbium isotopes which were not removed in the chemical separation 

(section 2.1.3). The mass separated 155Tb source was then shipped to NPL for further chemical 

processing in order to prepare the 155Tb for radiolabelling studies, SPECT imaging studies and 

for fundamental measurements. 

5.3.4.2 Measurement of 155Tb source prior to separation 

One 155Tb source (production date: 27.10.2020) was measured by gamma spectrometry by 

researchers at NPL prior to chemical separation in order to identify any major radioactive 

impurities and to allow for the calculation of percentage recovery information post-separation 

(Table 5.7). 

For this source, the zinc layer of the foil was dissolved in approximately 10 mL of 6 M HCl. 

An aliquot (~0.2 g) was taken from this solution, made up to 1 mL with 6 M HCl, and measured 

by HPGe gamma-ray spectrometry using the previously described method (see section 2.3.2). 

The remainder of the dissolved zinc layer was processed using the separation procedure 

presented in this work (Table 4.4). 
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5.3.4.3 Isolation of 155Tb from remaining gadolinium target material 

The application of the LN resin method to the mass-separated 155Tb sources aimed to remove 

the zinc collection material as well as to remove any remaining gadolinium impurities. The 

method was not capable of removing any remaining 156Tb impurities from the 155Tb due to the 

fact that different isotopes of the same element have identical chemical behaviour. 

The chemical separation was carried out as previously reported (Table 4.4) and afforded high 

terbium recovery (> 80%) akin to the stable element separations (Table 5.7). These results were 

comparable to those achieved in the initial chemical separations conducted by ARRONAX 

(section 5.3.3.1). Due to time constraints, stable element analysis was not conducted to quantify 

the presence of gadolinium and zinc impurities present in the final source. 

Significant differences in the activity reported at EOB and post-chemical separation were 

observed. Significant processing times and long transport times did contribute to this 

difference. Information about other possible contributors, such as the recovery yield when 

using mass-separation techniques, were not available from the supplied information.  
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Table 5.7 – Characteristics of 155Tb sources sent to, and chemically purified at NPL. fTb-156 = ATb-156/ATb-155 post separation. N/A = not applicable. 

Reference 

time (UTC) 

Activity of 155Tb 

pre-separation 

(MBq) 

Activity of 155Tb post-

separation (MBq) 

Yield 

(APost/APre) 

Detected gamma-ray emitting 

radionuclide impurity 

Post-separation application 

2020-07-20 

12:00 

Not measured at 

NPL 
0.981(11) N/A fTb-156 = 0.000359(36) 

Radiolabelling studies with 

Trastuzumab at Lausanne 

University Hospital 

2020-08-05 

12:00 

Not measured at 

NPL 
2.198(20) N/A fTb-156 = 0.000381(57) 

Radiolabelling studies with 

DOTAGA-HGA at KU 

Leuven 

2020-11-03 

12:00 
18.45(14) 15.31(10) 0.8298(63) fTb-156 = 0.000454(75) 

SPECT imaging studies at 

NPL and KU Leuven. 

 

Nuclear data measurements at 

NPL (primary standardisation 

and half-life measurement) 
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5.3.4.4 Post-separation use of 155Tb sources 

The first of the three sources (production date: 08.06.2020, 0.981MBq 155Tb) was sent to 

Lausanne University Hospital, Switzerland, on 24.07.2020 for radiolabelling studies with 

Trastuzumab, a monoclonal antibody. Researchers at Lausanne University Hospital prepared 

CHX-A″-DTPA-Trastuzumab, which was added to a buffered 155Tb solution and incubated for 

60 min at 38°C. A >99% radiolabelling yield of CHX-A″-DTPA-Trastuzumab with 155Tb was 

reported and confirmed by instant thin-layer chromatography (iTLC) with no free 155Tb being 

observed. 

The second 155Tb source (production date: 29.07.2020, 2.198 (20) MBq 155Tb) was sent to KU 

Leuven on 07.08.2020 for radiolabelling studies with DOTAGA-HSA. Researchers at KU 

Leuven directly labelled DOTAGE-HSA with 155Tb from a buffered HCl solution (0.005 M 

HCl, pH 4.7, 155TbCl3) by incubation at 40°C for 60 min. A >99% radiolabelling yield of 

DOTAGA-HSA with 155Tb was reported and confirmed by iTLC and radio-size exclusion 

chromatography (radio-SEC). 

These successful radiolabelling studies showed that the post-separation 155Tb fractions were of 

suitable purity. Even though remaining gadolinium and zinc impurities were not quantified, 

they were sufficiently low to allow efficient labelling of two different biomolecule compounds 

with 155Tb.  

In addition to these radiolabelling studies, half of the final 155Tb source (production date: 

27.10.2020, ~7.5 MBq 155Tb) was sent to KU Leuven on 05.11.2020 for radiolabelling studies. 

The remaining activity (~7.5 MBq 155Tb) remained at NPL for SPECT imaging studies and 

nuclear data measurements (i.e., a primary standardisation and a new half-life measurement). 

5.4 Chemical separation of terbium from bulk quantities of 

europium 

The method has been shown to be capable of separating terbium from bulk quantities of 

gadolinium, but terbium radioisotopes (152,155Tb) can also be produced by the irradiation of 

europium targets with alpha particles at suitably equipped cyclotron facilities (i.e., 151,153Eu(α, 

xn) nuclear reactions)117,209. The use of the method developed in this work (Table 4.4) for the 

isolation of terbium from bulk europium material was therefore investigated. Research into this 

alternative production method is only in its infancy and at present only one initial study has 
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reported experimental data for the production of 155Tb in this way121. Poor production yields 

were achieved (~kBq) from large targets (~200 mg europium metal). 

In this previous study, Kazakov et al. used a LN resin method, similar to the one described in 

this report, to isolate the produced 155Tb from the remaining trace quantities of europium target 

material. Most of the europium target material had already been removed in a selective 

reduction and precipitation step. This study showed the resin to be capable of isolating 155Tb 

from trace europium. To build on this work, here the separation of bulk europium and trace 

terbium was investigated. 

The quantities of Eu2O3 used in this section were based on the derived experimental working 

capacity of the column and target masses found in the literature for the production of 161Tb by 

neutron irradiation of a 160Gd target (7.3 – 94.9 mg Gd2O3 from Gracheva et al. 2019)143. 

Kazakov et al. used a 200 mg europium metal target in their initial study, however, as it is 

unlikely that the size of column used in these studies (7.7 mL, 200 x 7 mm) would have been 

capable of efficiently isolating trace quantities of terbium, solutions containing ≤100 mg 

dissolved Eu2O3 were used in these initial studies. Using the same quantities of Eu2O3 as used 

for the bulk Gd experiments (section 5.3.2) also allowed for direct comparison between the 

two. 

Solutions containing bulk quantities of europium were prepared by the dissolution of Eu2O3 in 

concentrated HNO3, evaporation to near dryness and redissolution of the residue in 0.75 M 

HNO3 to give the desired europium concentration. A low volume (100 µL) of a terbium 

standard solution was added to give 1 µg/mL terbium whilst minimising the dilution of the 

europium. An aliquot of each of these solutions were taken for ICP-MS analysis. Separately, 

another aliquot of each solution (1 mL) was added to the top of a pre-conditioned column and 

the separation procedure was carried as described in Table 4.4. Fractions (1 mL) were collected 

throughout, diluted with 2% v/v HNO3 and analysed by ICP-MS. Decontamination factors 

were calculated as per Equation 5.1.  

As with the bulk gadolinium separation, significant dilution factors (up to 10000×) and 

sampling error may have contributed to inaccurate terbium recovery information. Data was 

therefore normalised using equation 5.2 to provide an estimation of terbium recovery. This also 

allowed comparison to be made between the bulk europium and bulk gadolinium separations. 
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Table 5.8. - Summary of the achievable separation of trace quantities of terbium (Tb, 1 μg) from bulk 

quantities of europium in 0.75 M HNO3 solutions (see also Appendix L). Information related to fractions 

41-50 unless otherwise stated. Decontamination factor is the degree to which the bulk europium 

contaminant is removed. 

 10 mg Eu2O3 (n=1) 50 mg Eu2O3 (n=1) 

Decontamination 

Factor 
2.45 × 104

  1.93 × 104 

Tb recovery 102.49 % 111.71 % 

Normalised Tb 

recovery 
99.92 %  99.92% 

Tb purity 71.02 %  27.86 % 

Eu/Tb ratio  

(after separation) 
0.41 2.59 

Eu recovery 

(fractions 1-40) 
90.16 % 87.74 % 

 

5.5 Discussion and summary of results 

5.5.1 Derivation of LN resin’s working capacity 

The working capacity of a resin is a useful and important piece of information to be aware of 

when designing or assessing the suitability of a chromatography resin for different separation 

challenges. Exceeding the column capacity may give reason to sub-optimal separation. 

A novel batch separation approach was developed in this study to derive resin capacity 

information (section 5.3.1). This approach produced results of adequate precision for LN resin 

(~10% relative standard deviation, RSD). The calculated capacity range was supported by a 

change in physical appearance in the resin-solution mixture (see Figure 5.1), and a fall in 

column separation performance at higher gadolinium content (Table 5.3). The column capacity 

was derived to be in the range of 6.89 mg – 12.48mg Gd/mL of LN resin from 0.1 M HNO3 

solutions. This capacity range is inflated due to the inclusion of the variation between repeats 

(± 1σ). The working capacity of the resin was identified as being the main limiting factor for 

the column separation method used in this chapter. Importantly, significant co-elution of 

terbium with the bulk element was not observed in the column separation. A drop in column 

performance was observed however at increased bulk element concentrations (~100 mg) 

causing an increased contamination of the terbium fraction. 
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In a recent study, Smith and Dietz215 investigated the impact of HDEHP support loading on 

column performance. As part of this, they derived a method for the determination of resin 

capacity information. Noting that the LN resin used in this study has a HDEHP support loading 

of 40 % (w/w), the value derived here is comparable to the value reported by Smith and Dietz 

for a different HDEHP-based extraction chromatography resin (11.04 mg Eu/mL bed at 40% 

w/w).  

The resin’s manufacturer, Triskem International, however, states a capacity of 0.16 mmol/mL 

LN resin for lanthanides and trivalent actinides and this was taken from the original Eichrom 

data. This equates to 25.2 mg Gd/mL LN resin which is significantly higher than the range 

derived in this study. The method used to derive this value is unknown, so no comment can be 

made on its accuracy. 

Here, the capacity of LN resin was studied for gadolinium from 0.1 M HNO3 solutions only. 

These conditions were chosen due to gadolinium being the initial focus of this chapter, and 

because lanthanides have the highest affinity at this HNO3 concentration. For this reason, the 

derived capacity range likely reflects the maximum working capacity of the resin for all other 

lanthanides. The results of column separation studies (Table 5.8) and the values reported by 

Smith and Dietz215 supported this hypothesis. 

Repeats of the experiment, studying the behaviour of a range of elements under different 

mobile phase compositions, would prove useful in further assessing the ability of this novel 

batch separation approach for deriving useful capacity information. It will also contribute to a 

greater understanding of the characteristics and limits of the resin. This should be considered 

in future studies.  

Comparison to other capacity deriving methods, such as the column-based approach reported 

by Horwitz et al.216 for resins based on tetraalkyldiglycolamides, would also be helpful 

assessing the accuracy and reproducibility of this novel batch separation approach. 
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5.5.2 Suitability of the LN resin separation method  

The separation method developed in Chapter 4 was shown to be capable of isolating terbium 

from a bulk amount of either gadolinium or europium (Table 5.3 and Table 5.8, respectively, 

decontamination factor ~104, terbium recovery >80%). This extraction chromatography 

method is comparable to the commonly used α-HIBA/cation exchange method for isolation of 

terbium from bulk lanthanide impurities (<100 mg)143. 

As was expected, better separation of terbium from bulk europium was achieved compared to 

separation of terbium from bulk gadolinium. This is due to the larger terbium-europium 

separation factor (Figure 4.3, Appendix L).  

The method was used to process radioactive 155Tb sources produced from gadolinium foil 

targets. Post-separation, these sources were used in radiolabelling studies conducted at KU 

Leuven, Belgium and Lausanne University Hospital, Switzerland. These radiolabelling 

experiments were successful, with both laboratories reporting a radiolabelling yield of >99% 

and this highlighted the potential of this chemical separation method to enable pre-clinical 

studies. This method was, however, only applied to the 155Tb sources once two separation steps 

and a mass separation step had already been applied. Further testing of this method would be 

required to fully assess its ability to isolate terbium from bulk impurities and thus its ability to 

produce high quality terbium sources for nuclear medicine applications. Stable element 

analysis of the terbium fraction would also be useful to better understand the quality of 

separation. 

In order to isolate radioactive terbium from greater quantities of target material (>100 mg), 

further method development work would be required to scale up the method by means of an 

increased column length or volume. This would result in an increase in processing time and its 

impact on the radiochemical yield should be evaluated in further studies. 

In a private communication, researchers at ARRONAX, informed NPL of a similar stepwise 

LN resin method that they used to isolate radioactive terbium from bulk quantities of 

gadolinium target material (>100 mg gadolinium metal, see section 5.3.3.1). As expected, 

larger columns and mobile phase volumes were used. Their results suggest a reduction in 

gadolinium excess by >104, however their findings are yet to be published and the details 

provided in this private communication are limited. This limits the comparison that can be 

made to the method developed in this study.  
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Terbium recoveries and decontamination factors could be improved upon by using a smaller 

particle size LN resin. This would result in sharper peaks due to a reduced effect of mass 

transfer of elements between the two phases217. Batches of LN resin with smaller particle size 

are more expensive and this increased cost should be considered against the degree to which 

the smaller particle size improves the separation outcomes. A resin with increased HDEHP 

loading would also provide a higher capacity resin, capable of processing larger targets215. This 

is something which is being investigated by the manufacturer. 

Stable-element method development studies suggested that ~90% of the original target material 

could be recovered post-chemical separation (in fractions 1 – 40). Recovery of the gadolinium 

or europium fractions and further processing (e.g., calcination to oxide form) would allow the 

target material to be used for additional production runs. This would be of particular benefit if 

enriched single isotope targets are used as it would make them a more affordable option101.  

5.5.3 Assessment of the ICP-QQQ-MS measurement approach 

ICP-QQQ-MS techniques are renowned for high resolution, high sensitivity measurement 

across a wide linear dynamic range (~109) and has an impressive measurement interference 

removal capability. In Chapter 4, an efficient method was used to enable the interference-free 

measurement of trace quantities of neighbouring lanthanides (section 4.3.2). In this chapter, 

the same ICP-QQQ-MS method was used in the attempt of providing interference-free 

measurement of trace lanthanide/bulk lanthanide pairs.  

The generation of useful qualitative data was relatively unaffected despite the large gadolinium 

or europium excess present in these studies (e.g., understanding how each element behaves on 

the column/building of elution profiles). When generating quantitative data, several factors 

shed uncertainty on the results, particularly regarding the precision and accuracy of the 

calculated decontamination factor and percentage terbium recovery values.  

Because of the high concentration of the bulk element in the starting mixtures, up to 100 

mg/mL, sequential dilution was required to bring the concentration down to a level that could 

be accurately quantified by ICP-QQQ-MS (<10 µg/mL, up to 10,000× dilution for the starting 

solution and fractions 1-40). This significant dilution allowed the determination of the bulk 

element in the starting solutions and in individual fractions, and therefore allowed an estimation 

of the amount of target material that could be recycled after separation. The quantification of 

the trace elements, however, was more challenging when such a high dilution factor was used 
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(1 µg/mL in starting solution, < 0.1 ng/mL terbium after dilution). In particular, for trace 

terbium/bulk europium separation, the measurement of trace gadolinium in fractions 1-40 was 

not achievable using the ICP-QQQ-MS method. 

Knowledge of the elution behaviour of europium, gadolinium, and terbium from the previous 

studies in chapter 4 allowed for smaller dilutions to be made for the later fractions (fractions 

41-60, 10× dilution). This increased the counting statistics of the trace element measurements 

and allowed a more realistic estimation of percentage terbium purity and recovery information. 

Repeat experiments would improve the precision of the calculated data and would allow the 

calculation of the standard deviation of data points. Repeat experiments were only conducted 

for Gd2O3:Tb, 10000:1, but should be conducted for the others in future studies. Repeats, 

however, will not highlight the presence of any systematic error that may arise from the 

measurement itself. Two sources of systematic error were identified: the presence of 

polyatomic interferences and high/low mass tailing. 

Polyatomic interferences and high/low mass tailing interference are more apparent when 

isotopes of neighbouring masses are at a large excess. These measurement inferences, although 

greatly reduced when using the ICP-QQQ-MS method (Table 4.3), are still observed when 

measuring terbium as 159Tb16O at m/z 175. When gadolinium is in a large excess, up to 

100000× in the case of this study, tailing interference from 158Gd16O and 160Gd16O, and 

polyatomic interference from 158Gd16O1H will contribute to the signal detected at m/z 175. This 

was observed when separating ~100 mg gadolinium from 1 µg terbium where co-elution 

seemed to appear on the elution profile (100000× excess, Appendix K, Figure K.3). Total 

terbium recovery values exceeded 100% when calculated using equation 2.3, which suggested 

that the cause was not co-elution but rather measurement interference. Terbium recovery for 

the other bulk gadolinium, trace terbium experiments at lower gadolinium content (10 mg and 

50 mg Gd2O3) also exceeded 100%, although this was not as obvious on the elution profiles. 

On average 0.00141 % ± 0.00022% of the gadolinium signal at m/z 173 was showing up in the 

instrument response at m/z 175 (based of fractions 11-30, see Appendix M, n=5), supporting 

the hypothesis that measurement interferences were contributing to the inaccurate terbium 

recovery information.  

To provide a more realistic estimate of the terbium recoveries, the data were normalised by 

assuming that exactly 100% of the terbium was recovered during separation (see equation 2.4). 
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This corrected for sampling error between the aliquots taken and added to the column, and 

those taken for the (CPS)0 measurement (see equation 2.3). It did not correct for any 

measurement interference, however. Therefore, the normalised terbium recovery will be more 

accurate for the lower bulk element excess experiments (e.g., 10 mg Gd2O3, 1 μg terbium 

separations), where polyatomic and tailing interferences were less apparent. The low standard 

deviation between repeats supports this statement (98.34 % ± 0.05 %, n=3). In all cases, the 

normalised terbium recovery values are likely to be an under-estimation due to them not 

correcting for increased CPS input from the polyatomic and tailing of gadolinium into the 

terbium measurement. Consistently using this approach, despite its obvious drawbacks, 

allowed the identification of trends in the quality of separation with increasing bulk element 

excess and allowed for comparison between different bulk elements experiments. 

An alternative measurement approach to improve the accuracy of the trace element 

measurements could involve spiking bulk element solutions with moderately long-lived 

isotopes of the trace elements (e.g., 160Tb, t½=72.3 (2) d) and then measuring them by gamma 

spectrometry. This approach is used frequently in the literature27,143,144,147,214. The bulk 

gadolinium or europium content could still be measured by ICP-QQQ-MS methods. This 

alternative approach would avoid the error imposed by polyatomic interferences, tailing 

interferences and significant dilution. It would also improve the accuracy of the trace element 

measurements within each fraction, thus improving the accuracy of calculated terbium 

recovery and purity information as well as providing a better understanding of the elution 

behaviour of all elements under these extreme conditions. 
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5.6 Chapter conclusion 

The LN extraction chromatography method developed in chapter 4 was shown to be capable 

of isolating trace quantities of terbium from bulk quantities of either gadolinium or europium 

(≤ 100 mg). Bulk element content was reduced by about four orders of magnitude whilst still 

recovering a high proportion of the terbium (>80 % recovery). Repeat experiments and use of 

alternative method development approaches should be a priority in future studies to improve 

the reliability of the metrological information reported in this chapter (i.e., decontamination 

factor, terbium recovery and terbium purity). 

This method was successfully applied to mass-separated 155Tb sources produced from the 

irradiation of large gadolinium targets. Resultant 155Tb sources were used for radiolabelling 

studies, SPECT imaging studies and nuclear data measurements conducted by various leading 

European research institutions, all of which suggesting that a suitable 155Tb purity had been 

achieved as a result of the chemical separation. 
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concluding remarks  
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Four terbium isotopes, 149Tb, 152Tb, 155Tb and 161Tb have been identified as excellent 

candidates for use in all aspects of nuclear medicine. Therapeutic 149Tb or 161Tb nuclides used 

in combination with the diagnostic 152Tb or 155Tb have the potential to facilitate theranostic, 

and therefore, personalised medicine. Even though interest in these isotopes has grown 

considerably over recent years, research into the use of these isotopes in medicine is still in its 

infancy and, therefore, a pipeline for their production, purification and radiopharmaceutical 

preparation is yet to be put in place. To enable investigation into the pre-clinical use of these 

isotopes, this project investigated the suitability of extraction chromatography methods for the 

chemical separation and preparation of high quality terbium sources. Methods were developed 

using stable element standards and ICP-MS measurement and, where possible, procedures were 

validated using active samples provided to NPL by members of the CERN-MEDICIS 

collaboration. This work enabled further radiolabelling studies, medical imaging studies and 

the taking of fundamental measurements. 

Initially, a separation method was developed, capable of isolating 155Tb from the significant 

139Ce impurities present in mass-separated proton-induced spallation 155Tb sources. High 

radiological purity 155Tb sources (>99 %) were isolated by the selective oxidation of cerium, 

using sodium bromate, and subsequent separation on a UTEVA extraction chromatography 

column (Figure 3.5). The resultant 155Tb sources were used for a world-first primary 

standardisation, nuclear data measurements, radiolabelling studies and SPECT imaging 

studies, all conducted by other researchers as part of the CERN-MEDICIS collaboration.  

This UTEVA extraction chromatography method, however, was unable to isolate terbium from 

any other long-lived or stable lanthanides isotopes present in proton-induced spallation 149Tb, 

152Tb and 155Tb sources. Any significant contamination that remains impacts negatively upon 

the efficiency of radiolabelling studies and, depending on the contaminant, introduces an 

unnecessary dose of radiation to a patient. This necessitated further study into alternative 

extraction chromatography methods.  

As a result, a new semi-automated method using LN extraction chromatography resin (Table 

4.4) was developed to isolate trace quantities of terbium from trace quantities of other 

lanthanides. An ICP-QQQ-MS method (Table 4.3) using two quadrupole mass filters and an 

O2 reaction cell was successfully applied in this study to achieve interference free 

measurement.  
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Midway through the separation method development process, an unexplained shift in elution 

peaks was observed between the two batches of LN resin used in this study. Further study 

would be required to understand the cause of this difference and thus improve the 

trustworthiness of the developed method. Both batches of resin, however, were still capable of 

isolating high purity terbium fractions, so the study continued. This method was then tested 

using ‘simulant 149Tb, 152Tb or 155Tb’ which contained stable analogues of other lanthanide 

isotopes expected to be found in mass-separated proton-induced spallation terbium sources. 

This method was shown to capable of isolating a high proportion of terbium (>90% terbium 

recovery) from all lanthanide impurities (>99% terbium purity).  

To develop this study further, it was important to assess the suitability of this LN resin method 

for isolating the terbium isotopes produced by other production methods, namely by the 

irradiation of gadolinium or europium targets at cyclotron or nuclear reactor facilities. Initially 

the working capacity of the resin was calculated in order to understand the limitations of the 

method. A capacity range of 6.89 mg – 12.48mg Gd/mL of LN resin was determined using a 

novel batch separation method. This value agreed with one other found in the literature218, but 

disagreed with the value reported by the manufacturer142. Column separation studies with bulk 

quantities of gadolinium also supported the value derived in this work. 

Column experiments studying the separation of trace amounts of terbium from bulk quantities 

of gadolinium or europium (≤100 mg Gd2O3 or Eu2O3) recovered a high proportion of terbium 

(>80% terbium recovery) whilst removing a significant proportion of the bulk element 

(decontamination faction ~104). Bulk element contamination of the terbium fraction increased 

with the excess, suggesting that the column capacity had been exceeded and column 

performance had reduced at the higher concentrations (e.g., 100 mg Gd2O3).  

Although it was shown to be capable of achieving interference-free measurement of trace 

quantities of neighbouring lanthanides, the ICP-QQQ-MS method (Table 4.3) did not achieve 

interference-free measurement for the bulk gadolinium experiments. This resulted in inaccurate 

terbium recoveries being calculated. Unquantified error in the sampling and dilution also 

contributed to inaccuracies. Normalisation of the terbium recovery allowed for a more realistic 

estimation of the terbium recovery by correcting for sampling error but would likely be an 

underestimation due to it not correcting for measurement interferences. Despite the 

measurement challenges, the method was fit-for-purpose. 
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Researchers at NPL subsequently applied the LN resin method to three mass-separated 155Tb 

sources produced by the irradiation of gadolinium targets. As per the stable element studies, 

good terbium recovery was achieved (>80%) with resultant solutions being of suitable purity 

to facilitate successful radiolabelling studies (>99% radiolabelling yield), SPECT imaging 

phantom studies and nuclear data measurements.  

Further improvement of this method by testing other HDEHP-based resins which have 

increased capacity (higher HDEHP %w/w) and finer particle size (sharper peaks, reduced 

mass-transfer effects) would improve the removal of bulk element from the terbium fractions. 

Investigation into the use of larger columns would also allow for larger targets to be processed 

without negatively impacting the chemical recovery. Repeats are essential in future studies in 

order to improve reliability and reproducibility of the methods. 

Converting this method into an automated system would also be of interest in future studies. 

Automation would result in improved ease of use, increased reliability and reproducibility, and 

would result in reduced exposure to radiation due to minimised human interaction during the 

separation (e.g., by adaptation of the method for HPLC). 

In summary, this work has laid the groundwork for using LN extraction chromatography resin 

for isolating radioactive terbium from trace and bulk lanthanide impurities which are present 

after isotope production. This work has found the use of LN extraction chromatography 

methods comparable to the commonly used α-HIBA/cation exchange chromatography 

methods143.  

This project has also contributed to the larger aim of making the medically interesting terbium 

isotopes, 149,152,155,161Tb, more widely accessible to the research community, by assessing 

alternative routes of radiochemical processing. As a result of this work, radiolabelling studies, 

SPECT imaging studies, nuclear data measurements and a world first primary standardisation 

have been conducted for 155Tb. The methods reported here are capable of providing 

radiochemical purification of all of the aforementioned terbium isotopes for various cyclotron, 

nuclear reactor and synchrotron-based production methods. 
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Appendix A – ICP-MS tune parameters and pass criteria  

Table A.1 - Summary of the pass criteria for the ICP-MS quality control tune process. 

Tune parameter  Elements measured Pass criteria 

Low mass 9Be+ > 1500 CPS at 9 m/z 

Medium mass 89Y+ > 20000 CPS at 89 m/z 

High mass  205Tl+ > 13000 CPS at 205 m/z 

Oxide formation 140Ce16O+/140Ce+ < 2 % ratio between signals at 156 m/z 

and 140 m/z  

Formation of doubly 

charged ions 

140Ce++/140Ce+ < 2 % ratio between signals at 70 m/z 

and 140 m/z  
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Appendix B – Data to accompany Figure 3.1 

The ‘Mean Kd’ data within these tables (Table B.1 - B.3) were used to compile Figure 3.1. * 

denotes samples for which the Kd value could not be calculated. In these cases, the aqueous 

phase was not successfully isolated at the end of the batch separation due to it being absorbed 

by the filter paper. In future studies, larger volumes of aqueous phase (>2mL) or alternative 

ways of isolating the aqueous phase should be considered in order to avoid this.  

Table B.1 – Distribution coefficient values (Kd) for cerium on UTEVA resin across a nitric acid 

concentration range (Ce – without oxidant). 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Mean Kd 

2 4.29 4.74 4.51 

4  * 3.66 3.66 

6 7.70 2.61 5.16 

8 4.61 2.51 3.56 

10 6.89 1.17 4.03 

 

Table B.2 – Distribution coefficient values (Kd) for cerium on UTEVA resin across a nitric acid 

concentration range in the presence of an oxidising agent, NaBrO3 (Ce – with oxidant). 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

2 14.71 6.78 3.81 8.43 

4 36.52 32.30 35.12 34.66 

6 158.50 190.71 170.52 173.24 

8 452.79 356.29 357.72 388.93 

10 253.94 * 278.34 266.14 

 

Table B.3 – Distribution coefficient values (Kd) for terbium on UTEVA resin across a nitric acid 

concentration range in the presence of an oxidising agent, NaBrO3 (Tb – with oxidant). 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

2 4.74 4.35 1.80 3.63 

4 3.66 2.33 0.12 2.04 

6 2.61 1.38 4.06 2.68 

8 2.51 3.62 1.63 2.58 

10 1.17 * 0.91 1.04 



 

149 

 

 

Figure B.1 – Maximum, minimum and mean distribution coefficients (Kd) of Tb(III), Ce(III) and Ce(IV) 

on UTEVA extraction chromatography resin across a range of HNO3 concentrations (linked to Figure 

3.1).  

 

Figure B.2 – Duplicate of Figure B.1 with colour to show maximum and minimum Kd values more 

clearly. 
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Appendix C – Data to accompany Figure 3.2 

Table C.1 – Distribution coefficient values (Kd) for cerium on AG1 ion-exchange resin across a nitric 

acid concentration range in the presence of an oxidising agent, NaBrO3. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

2 -0.37 -0.16 3.90 1.12 

4 5.02 19.06 24.82 16.30 

6 35.64 165.77 140.50 113.97 

8 79.33 340.67 261.62 227.21 

10 183.25 553.66 341.66 359.52 

 

Table C.2 – Distribution coefficient values (Kd) for terbium on AG1 ion-exchange resin across a nitric 

acid concentration range in the presence of an oxidising agent, NaBrO3. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

2 -1.09 -0.44 2.26 0.24 

4 2.17 -0.01 3.02 1.73 

6 3.28 1.07 0.70 1.69 

8 3.29 2.66 0.49 2.15 

10 4.03 5.05 3.29 4.12 

 

Table C.3 – Distribution coefficient values (Kd) for cerium on TEVA extraction chromatography resin 

across a nitric acid concentration range in the presence of an oxidising agent, NaBrO3. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

2 62.84 237.11 238.88 179.61 

4 158.37 572.23 1232.90 654.50 

6 436.91 437.79 624.50 499.73 

8 594.41 404.93 414.00 471.11 

10 329.82 363.28 420.88 371.33 
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Table C.4 – Distribution coefficient values (Kd) for terbium on TEVA extraction chromatography resin 

across a nitric acid concentration range in the presence of an oxidising agent, NaBrO3. # denotes the 

Kd value which was plotted onto Figure 3.2 and Figure C.1 instead of the mean Kd value. This was 

needed where the ‘mean Kd’ value was negative. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

2 2.06 3.25 1.30 2.20 

4 5.13 1.69 2.03 2.95 

6 1.73 -1.42 4.05 1.45 

8 -4.20 0.06 # -1.42 -1.85 

10 0.29 # 0.14 -1.21 -0.26 

 

Table C.5 – Distribution coefficient values (Kd) for cerium on TK100 extraction chromatography resin 

across a nitric acid concentration range in the presence of an oxidising agent, NaBrO3. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Mean Kd 

2 26.86 120.70 73.78 

4 63.16 307.45 185.31 

6 79.80 321.06 200.43 

8 299.27 436.36 367.81 

10 568.87 713.01 640.94 

 

Table C.6 – Distribution coefficient values (Kd) for terbium on TK100 extraction chromatography resin 

across a nitric acid concentration range in the presence of an oxidising agent, NaBrO3. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Mean Kd 

2 0.79 1.99 1.39 

4 4.82 2.19 3.51 

6 10.72 0.79 5.75 

8 1.85 2.89 2.37 

10 2.54 -0.40 1.07 
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Table C.7 – Distribution coefficient values (Kd) for cerium on UTEVA extraction chromatography resin 

across a nitric acid concentration range in the presence of an oxidising agent, NaBrO3. * denotes a 

sample for which the Kd value could not be calculated. In this case, the aqueous phase was not 

successfully isolated at the end of the batch separation due to it being absorbed by the filter paper. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

2 14.71 6.78 3.81 8.433 

4 36.52 32.3 35.16 34.66 

6 158.50 190.71 170.52 173.24 

8 452.79 356.29 357.72 388.93 

10 253.94 * 278.34 266.14 

 

Table C.8 – Distribution coefficient values (Kd) for terbium on UTEVA extraction chromatography 

resin across a nitric acid concentration range in the presence of an oxidising agent, NaBrO3. * denotes 

a sample for which the Kd value could not be calculated. In this case, the aqueous phase was not 

successfully isolated at the end of the batch separation due to it being absorbed by the filter paper. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

2 4.74 4.35 1.80 3.63 

4 3.66 2.33 0.12 2.04 

6 2.61 1.38 4.06 2.68 

8 2.51 3.62 1.63 2.58 

10 1.17 * 0.91 1.04 
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Figure C.1 - Maximum, minimum and mean distribution coefficients (Kd) of Tb (III) and Ce(IV) across 

a range of HNO3 concentrations on (a) AGI ion exchange resin, (b) TEVA resin, (c) TK100 resin, (d) 

UTEVA resin. (linked to Figure 3.2) 

Table C.9 – Separation factors (SF) between terbium and cerium on the different studies resins at 

defined HNO3 concentrations (mean Kd(Ce)/mean Kd(Tb), see equation 2.2). *denotes when the highest 

positive value was used out of the repeats, due to negative mean Kd for terbium. 

HNO3 (M) AG1 TEVA TK100 UTEVA 

2 4.61 45.92 53.16 2.32 

4 9.45 153.41 52.84 17.02 

6 67.59 3635.08 34.84 64.58 

8 105.67 13375.31* 199.34 107.53 

10 87.21 1722.78* 64.09 227.09 

 

  

2 4 6 8 10
0.01

0.1

1

10

100

1000

2 4 6 8 10
0.01

0.1

1

10

100

1000

2 4 6 8 10
0.01

0.1

1

10

100

1000

2 4 6 8 10
0.01

0.1

1

10

100

1000

K
d

[HNO3] (M)

 Ce

 Tb
(a)

(b)

(c)

(d)

K
d

[HNO3] (M)

K
d

[HNO3] (M)

K
d

[HNO3] (M)



 

154 

 

Appendix D – Data to accompany Figure 3.4 

Table D.1 – Summary of the blank and dilution corrected ICP-MS measurement (CPS) of cerium at m/z 

140 in fractions collected from the stepwise chemical separation using a UTEVA cartridge. 1 mL 

fractions were collected throughout. (see Figure 3.4 and Figure 3.5 for the elution profile and method, 

respectively) 

Fraction 

Number 
Repeat 1 (CPS) Repeat 2 (CPS) Repeat 3 (CPS) Mean Ce CPS 

1 680.05 4520.85 2870.41 2690.44 

2 3677.28 5671.27 3383.84 4244.13 

3 3893.97 3753.95 4000.70 3882.87 

4 1500.14 210.01 7148.54 2952.90 

5 4207.41 1170.10 2780.37 2719.29 

6 956.74 263.35 2563.67 1261.25 

7 6568.27 203.34 2563.67 3111.76 

8 2140.24 253.35 2680.36 1691.32 

9 1580.17 286.68 2730.39 1532.42 

10 8622.62 223.35 2847.06 3897.7 

11 2333.61 253.35 3167.13 1918.03 

12 1746.85 376.70 2963.76 1695.77 

13 17072.71 1536.87 2967.08 7192.22 

14 39911.98 1503.48 5164.43 15526.63 

15 81750.36 2376.96 7121.84 30416.39 

16 125769.48 6014.73 10256.98 47347.06 

17 199353.93 13562.80 17209.60 76708.78 

18 259281.72 17770.37 25821.06 100957.72 

19 306811.98 27644.06 36447.88 123634.64 

20 382010.34 39033.74 50032.84 157025.64 

21 572037.91 49832.72 79945.11 233938.58 

22 11541110.25 77079.19 3736311.19 5118166.87 

23 15042912.28 12932505.63 22949318.82 16974912.24 

24 129716.47 11209643.97 149600.41 3829653.62 

25 18591.61 45016.06 45643.81 36417.16 

26 7190.06 29136.92 9129.68 15152.22 

27 5301.64 14607.26 7198.63 9035.84 
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28 3841.03 12391.98 5844.66 7359.23 

29 2790.67 12952.40 5357.77 7033.62 

30 2363.89 9166.45 4500.84 5343.72 

31 1550.31 6931.85 3813.98 4098.71 

32 2163.82 5201.13 3377.17 3580.71 

33 1713.72 7048.57 2930.40 3897.56 

34 750.15 4717.62 2420.29 2629.35 

35 486.77 13556.23 2183.59 5408.86 

36 1073.54 14613.77 1463.48 5716.93 

37 346.73 3280.50 2276.95 1968.06 

38 380.08 3153.83 2020.24 1851.38 

39 286.71 3447.20 2070.28 1934.73 

40 506.75 1643.52 1930.24 1360.17 
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Table D.2 – Summary of the blank and dilution corrected ICP-MS measurement (CPS) of terbium at 

m/z 159 in fractions collected from the stepwise chemical separation using a UTEVA cartridge. 1 mL 

fractions were collected throughout. (see Figure 3.4 and Figure 3.5 for the elution profile and method, 

respectively) 

Fraction 

Number 
Repeat 1 (CPS) Repeat 2 (CPS) Repeat 3 (CPS) Mean Tb CPS 

1 133.34 413.36 76.67 207.79 

2 613068.46 305112.78 203622.32 373934.52 

3 2361237.41 1904592.06 2005052.42 2090293.96 

4 2958161.62 2459204.81 2676931.00 2698099.14 

5 2958111.00 2593847.77 2803616.32 2785191.70 

6 3030350.58 2606336.21 2817291.83 2817992.87 

7 3035649.54 2616439.96 2836179.75 2829423.08 

8 3059237.35 2565676.57 2861839.53 2828917.82 

9 3012025.37 2628092.51 2846971.72 2829029.87 

10 2966616.83 2532099.23 2878475.37 2792397.14 

11 2823615.48 2523006.94 2855866.31 2734162.91 

12 2621346.63 2470427.05 2722030.89 2604601.52 

13 385394.87 1844245.65 821870.37 1017170.30 

14 46981.41 223108.11 113855.13 127981.55 

15 33114.37 105512.83 63383.01 67336.74 

16 32533.15 91701.30 58756.12 60996.86 

17 32840.40 110113.75 64935.34 69296.49 

18 31905.14 96796.52 62108.05 63603.24 

19 30305.33 92667.51 61840.23 61604.36 

20 31474.40 92170.10 58869.66 60838.05 

21 33895.94 85934.10 64631.41 61487.15 

22 33668.65 95781.30 64440.42 64630.12 

23 12832.26 95791.29 32696.79 47106.78 

24 580.03 27280.08 1293.44 9717.85 

25 1240.10 296.68 1763.50 1100.10 

26 466.70 240.01 563.37 423.36 

27 366.68 233.35 586.71 395.58 

28 203.34 140.01 213.35 185.57 

29 170.01 223.35 246.68 213.35 



 

157 

 

30 276.68 136.67 283.35 232.24 

31 300.02 163.34 256.68 240.01 

32 253.35 133.34 213.34 200.01 

33 326.69 213.35 190.01 243.35 

34 143.34 136.67 273.35 184.46 

35 143.34 313.36 206.68 221.12 

36 310.02 276.68 366.69 317.80 

37 176.68 80.00 456.70 237.79 

38 166.68 120.01 296.68 194.46 

39 216.68 103.34 300.02 206.68 

40 256.68 116.67 176.67 183.34 

 

Table D.3 – A summary of the information used to calculate the elemental recovery of terbium and 

cerium in the main terbium fractions (1-15) after separation using a UTEVA column. Counts per second 

(CPS) reported in this table value were calculated by summing the mean values of relevant fractions. 

Uncertainties are based on standard deviation between repeats (n=3). 

 Ce Tb 

Fractions 1-15 (CPS) 84733.10 ± 81222.63 28529404.17 ± 1265848.91 

Total (CPS) 26859866.52 ± 2123235.81 29100801.01 ± 995646.93 

Mean elemental recovery (%) 0.30 ± 0.28 98.25 ± 1.00 
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Table D.4 – Summary of the blank and dilution corrected ICP-MS measurement (CPS) of cerium at m/z 

140 in fractions collected from the stepwise chemical separation using a TEVA cartridge. 1 mL fractions 

were collected throughout. (see Figure 3.4 for the elution profile) 

Fraction 

Number 
Repeat 1 (CPS) Repeat 2 (CPS) Repeat 3 (CPS) Mean Ce CPS 

1 1181.10 1833.08 1233.55 1415.91 

2 2545.44 2711.54 781.72 2012.90 

3 1008.79 359.53 144.14 504.15 

4 1524.26 1184.62 37.91 915.60 

5 1239.36 1199.46 274.45 904.42 

6 834.12 -120.65 719.49 477.66 

7 1978.77 794.11 739.75 1170.87 

8 2521.36 1223.72 1823.51 1856.20 

9 2277.74 2378.85 667.81 1774.80 

10 1182.89 680.70 1893.51 1252.37 

11 1216.51 334.84 477457.57 159669.64 

12 34937.29 750781.41 1136296.53 640671.74 

13 354932.44 1658686.39 1124572.60 1046063.81 

14 202508.39 1112388.79 1000022.00 771639.72 

15 171571.93 729274.26 833978.05 578274.75 

16 167432.37 638589.73 706109.69 504043.93 

17 147215.61 600914.30 701866.68 483332.20 

18 119078.40 518291.64 688829.65 442066.56 

19 142534.52 531012.36 629375.67 434307.52 

20 144257.22 691154.87 1921942.19 919118.09 

21 372439.23 1283244.58 21247171.98 7634285.26 

22 2108837.99 2449281.42 707901.36 1755340.26 

23 2294398.30 1700382.69 75711.34 1356830.77 

24 2377079.57 1117214.86 23404.40 1172566.28 

25 2066378.48 1034672.28 12091.37 1037714.04 

26 1839880.19 1311705.84 7488.16 1053024.73 

27 1800500.55 1288619.52 6987.14 1032035.74 

28 1824005.46 1546761.30 4628.56 1125131.77 

29 1554894.48 1654995.63 4831.81 1071573.97 

30 1302555.32 876524.63 3696.19 727592.05 
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31 1259578.81 840136.84 3131.19 700948.95 

32 1151122.84 764645.29 3108.11 639625.41 

33 1020343.83 662932.27 2679.77 561985.29 

34 827211.10 695334.96 2455.07 508333.71 

35 759638.33 504802.50 2186.98 422209.27 

36 681679.67 439831.10 2851.06 374787.28 

37 696081.24 409575.81 3489.60 369715.55 

38 575261.37 344059.82 3206.42 307509.21 

39 388666.04 * * 388666.04 

40 416253.90 * * 416253.90 
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Table D.5 – Summary of the blank and dilution corrected ICP-MS measurement (CPS) of terbium at 

m/z 159 in fractions collected from the stepwise chemical separation using a TEVA cartridge. 1 mL 

fractions were collected throughout. (see Figure 3.4 for the elution profile) 

Fraction 

Number 
Repeat 1 (CPS) Repeat 2 (CPS) Repeat 3 (CPS) Mean Tb CPS 

1 51456.23 687280.80 1537890.84 758875.96 

2 2640930.72 3401452.95 4003022.18 3348468.62 

3 4081238.74 4036152.29 4006488.41 4041293.15 

4 4423205.77 3674870.51 4548517.90 4215531.39 

5 3780346.56 3825742.49 3966193.29 3857427.45 

6 3670794.96 3636318.75 3785525.22 3697546.31 

7 3701122.70 3683303.22 4228908.02 3871111.31 

8 3685275.74 3732412.65 3804506.60 3740731.66 

9 3733474.03 3578826.35 4196823.03 3836374.47 

10 3684005.98 3397832.82 4163030.61 3748289.80 

11 4382705.25 3516243.94 809659.98 2902869.72 

12 1589318.51 943814.24 24945.38 852692.71 

13 30317.88 11681.86 11948.51 17982.75 

14 17089.39 7856.41 9645.20 11530.33 

15 16486.34 9386.19 8772.77 11548.44 

16 16407.03 9579.86 8599.01 11528.63 

17 43569.15 6807.67 9535.04 19970.62 

18 15036.98 9287.70 9141.42 11155.37 

19 16540.25 6397.22 8505.05 10480.84 

20 14768.08 8946.34 8659.10 10791.18 

21 16011.55 6615.22 6587.31 9738.03 

22 2397.67 -69.58 781.85 1036.65 

23 -619.66 868.23 1179.92 476.17 

24 -641.56 514.99 474.78 116.07 

25 -691.94 602.65 1158.31 356.34 

26 -554.78 505.04 329.47 93.25 

27 -412.33 502.30 289.25 126.41 

28 -606.49 705.98 580.17 226.55 

29 -846.11 303.10 269.46 -91.19 

30 -856.84 501.37 233.04 -40.81 
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31 -681.91 193.86 786.25 99.40 

32 -637.09 430.46 582.38 125.25 

33 -674.81 403.23 517.74 82.05 

34 -784.54 480.65 244.63 -19.75 

35 -851.13 283.62 317.15 -83.46 

36 -877.67 371.95 277.90 -75.94 

37 -621.95 200.38 823.10 133.84 

38 -1084.33 198.49 594.13 -97.24 

39 -1192.17 * * -1192.17 

40 -1004.40 * * -1004.40 

 

Table D.6 – A summary of the information used to calculate the elemental recovery of terbium and 

cerium in the main terbium fractions (1-15) after separation using a TEVA cartridge. Counts per second 

(CPS) reported in this table value were calculated by summing the mean values of relevant fractions. 

Uncertainties are based on standard deviation between repeats (n=3). 

 Ce Tb 

Fractions 1-15 (CPS) 3208604.54 ± 2107933.35 38912274.08 ± 692888.63 

Total (CPS) 28110989.00 ± 2820228.77 38987670.16 ± 717412.83 

Mean elemental recovery (%) 11.27 ± 7.29 99.81 ± 0.08 
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Appendix E – Data to accompany Figure 4.3 and Figure 4.4 

Table E.1 – Distribution coefficient values (Kd) for europium on LN resin across a nitric acid 

concentration range. # denotes the Kd value which was plotted onto Figure 4.3 and Figure D.1 instead 

of the mean Kd value. This was needed where the ‘mean Kd’ value was skewed by an outlying value. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

0 1244.79 943.22 759.50 982.50 

0.007 4832.73 3485.54 3799.40 4039.22 

0.010 37060.23 19818.32 10235.77 22371.44 

0.050 53524.06 23262.34 25628.82 34138.41 

0.100 3887.99 3594.80 3674.98 3719.26 

0.198 339.16 316.91 242.19 299.42 

0.500 11.16 16.80 12.44 11.80 

0.801 2.42 5.08 6.06 4.52 

1.001 2.18 1.23 1.45 1.62 

1.987 0.51 # -2.45 1.01 -0.31 

 

Table E.2 – Distribution coefficient values (Kd) for gadolinium on LN resin across a nitric acid 

concentration range. # denotes the Kd value which was plotted onto Figure 4.3 and Figure D.1 instead 

of the mean Kd value. This was needed where the ‘mean Kd’ value was skewed by an outlying value. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

0 1016.67 634.57 715.81 789.02 

0.007 4453.44 1973.99 2271.57 2899.66 

0.010 20402.61 4457.54 10412.85 11757.67 

0.050 27233.71 44088.12 31441.64 34254.49 

0.100 5750.88 6767.63 4386.83 5635.12 

0.198 510.49 517.99 593.02 540.50 

0.500 24.35 22.36 16.28 21.00 

0.801 5.36 1.29 4.84 3.83 

1.001 2.53 4.89 3.83 3.75 

1.987 0.32 # 0.44 -0.72 0.02 
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Table E.3 – Distribution coefficient values (Kd) for terbium on LN resin across a nitric acid 

concentration range. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

0 554.00 971.02 914.30 813.11 

0.007 2486.53 2384.09 2531.21 2467.28 

0.010 4166.64 4435.43 6236.20 4946.09 

0.050 78163.66 35318.99 83382.32 65621.66 

0.100 26283.38 23618.34 27624.59 25842.10 

0.198 683.91 2563.07 3140.51 2129.16 

0.500 131.61 114.39 172.84 139.61 

0.801 26.42 17.91 17.26 20.53 

1.001 11.92 22.19 12.89 15.67 

1.987 1.99 0.69 1.69 1.46 

 

Table E.4 – Distribution coefficient values (Kd) for dysprosium on LN resin across a nitric acid 

concentration range. * denotes a sample for which the Kd value could not be calculated. In this case, 

the aqueous phase was not successfully isolated at the end of the batch separation due to it being 

absorbed by the filter paper. 

HNO3 (M) Repeat 1 (Kd) Repeat 2 (Kd) Repeat 3 (Kd) Mean Kd 

0 792.68 644.41 580.07 672.38 

0.007 1770.87 2831.73 2476.61 2359.74 

0.010 3515.25 2228.95 4612.88 3452.36 

0.050 31756.91 51653.87 48485.22 43965.33 

0.100 65411.13 48594.21 49156.97 54387.43 

0.198 7481.26 8263.57 8469.74 8071.52 

0.500 371.58 * 397.21 384.40 

0.801 76.58 74.46 72.71 74.58 

1.001 35.40 34.13 34.13 34.55 

1.987 4.06 0.80 3.29 2.72 

 

  



 

164 

 

 

Figure E.1 – Maximum, minimum and mean distribution coefficients (Kd) of Eu, Gd, Tb and Dy across 

a range of HNO3 concentrations on LN resin (50 – 100 µm). (linked to Figure 4.3) 

 

Figure E.2 – Maximum, minimum and mean distribution coefficients (Kd) of Gd, Tb and Dy across a 

range of HNO3 concentrations on LN resin (50 – 100 µm) – zoomed in to highlight conditions which 

were used in initial column-based separation studies. (linked to Figure 4.4) 
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Appendix F – Data to accompany Figure 4.11 

Figure F.1 – Summary of the calculated elemental recovery (%) values for the stepwise separation of 

gadolinium, terbium and dysprosium on an LN resin at a mobile phase flow rate of 1.0 mL/min. 1mL 

fraction were collected throughout. This data was used to collate Figure 4.11 (left). 

Fraction Number Gd (%) Tb (%) Dy (%) 

1 0.00 0.00 0.00 

2 0.00 0.00 0.00 

3 0.00 0.00 0.00 

4 0.00 0.00 0.00 

5 0.00 0.00 0.00 

6 0.00 0.00 0.00 

7 0.19 0.00 0.00 

8 2.02 0.00 0.00 

9 7.20 0.00 0.00 

10 16.63 0.00 0.00 

11 22.43 0.00 0.00 

12 18.43 0.00 0.00 

13 11.34 0.00 0.00 

14 6.56 0.00 0.00 

15 4.75 0.00 0.00 

16 3.40 0.00 0.00 

17 2.59 0.00 0.00 

18 2.01 0.00 0.00 

19 1.46 0.00 0.00 

20 1.14 0.00 0.00 

21 1.01 0.00 0.00 

22 0.78 0.00 0.00 

23 0.54 0.01 0.00 

24 0.37 0.07 0.00 

25 0.21 0.27 0.00 

26 0.13 0.90 0.00 

27 0.10 2.48 0.00 

28 0.06 4.50 0.00 

29 0.04 7.68 0.00 

30 0.03 10.83 0.00 

31 0.03 12.77 0.00 

32 0.02 13.50 0.00 

33 0.01 11.81 0.00 

34 0.02 10.52 0.00 

35 0.01 6.78 0.00 

36 0.01 4.36 0.00 

37 0.00 2.61 0.00 

38 0.00 1.50 0.00 

39 0.01 0.85 0.01 

40 0.00 0.57 0.05 

41 0.01 0.25 0.42 



 

166 

 

42 0.01 0.09 2.52 

43 0.01 0.04 10.31 

44 0.00 0.02 23.60 

45 0.00 0.01 29.14 

46 0.00 0.01 19.75 

47 0.00 0.00 8.08 

48 0.00 0.00 1.94 

49 0.00 0.00 0.29 

50 0.00 0.00 0.07 

51 0.00 0.00 0.02 

52 0.00 0.00 0.01 

53 0.00 0.00 0.01 

54 0.00 0.00 0.01 

55 0.00 0.00 0.01 

56 0.00 0.00 0.00 

57 0.00 0.00 0.00 

58 0.00 0.00 0.00 

59 0.00 0.00 0.00 

60 0.00 0.00 0.00 

 

Figure F.2 – Summary of the calculated elemental recovery (%) values for the stepwise separation of 

gadolinium, terbium and dysprosium on an LN resin at a mobile phase flow rate of 0.5 mL/min. 1mL 

fraction were collected throughout. This data was used to collate Figure 4.11 (right). 

Fraction Number Gd (%) Tb (%) Dy (%) 

1 0.01 0.00 0.00 

2 0.00 0.00 0.00 

3 0.01 0.00 0.00 

4 0.02 0.00 0.00 

5 0.01 0.00 0.00 

6 0.01 0.00 0.00 

7 0.41 0.00 0.00 

8 9.00 0.00 0.00 

9 25.26 0.00 0.00 

10 27.00 0.00 0.00 

11 15.69 0.00 0.00 

12 8.48 0.00 0.00 

13 4.49 0.00 0.00 

14 2.28 0.00 0.00 

15 1.17 0.00 0.00 

16 0.58 0.00 0.00 

17 0.33 0.00 0.00 

18 0.17 0.00 0.00 

19 0.08 0.00 0.00 

20 0.05 0.00 0.00 

21 0.03 0.01 0.00 

22 0.02 0.06 0.00 
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23 0.02 0.18 0.00 

24 0.02 0.64 0.00 

25 0.01 2.11 0.00 

26 0.02 5.05 0.00 

27 0.01 8.87 0.00 

28 0.01 13.59 0.00 

29 0.01 16.97 0.00 

30 0.01 15.56 0.00 

31 0.00 11.88 0.00 

32 0.01 7.47 0.00 

33 0.01 4.25 0.00 

34 0.00 2.33 0.00 

35 0.01 0.95 0.00 

36 0.00 0.34 0.00 

37 0.01 0.14 0.00 

38 0.01 0.06 0.00 

39 0.01 0.03 0.00 

40 0.01 0.02 0.01 

41 0.00 0.01 0.01 

42 0.01 0.01 0.03 

43 0.01 0.01 0.06 

44 0.03 0.01 0.76 

45 0.01 0.01 8.45 

46 0.01 0.01 35.37 

47 0.00 0.01 38.62 

48 0.00 0.00 12.04 

49 0.00 0.00 1.18 

50 0.00 0.00 0.08 

51 0.00 0.00 0.02 

52 0.00 0.00 0.01 

53 0.00 0.00 0.01 

54 0.00 0.00 0.00 

55 0.00 0.00 0.00 

56 0.00 0.00 0.00 

57 0.00 0.00 0.01 

58 0.00 0.00 0.00 

59 0.00 0.00 0.00 

60 0.00 0.00 0.00 

  



 

168 

 

Appendix G – Data to accompany ‘simulant xxxTb’ separations 

Table G.1 – Summary of the calculated elemental recovery (%) values for the ‘simulant 149Tb’ solution, 

containing caesium, barium, neodymium, samarium, europium, gadolinium, and terbium, after it had 

undergone chemical separation using the method summarised in Table 4.4. The raw ICP-MS data was 

blank, and dilution corrected before the elemental recovery was calculated using equation 2.3. 1 mL 

fractions were collected throughout (see Figure 4.12 for the elution profile). Cause(s) of the negative 

values were unknown, but could be due to contamination of blank samples, contamination of the 

instrument introduction system, uncorrected instrumental drift and/or the unrecorded use of different 

grade acids (i.e., analytical-grade vs. trace-grade). 

Fraction 

Number 
Cs (%) Ba (%) Nd (%) Sm (%) Eu (%) Gd (%) Tb (%) 

1 0.00 0.05 0.00 0.00 0.00 0.00 0.00 

2 0.00 0.11 0.00 0.00 0.00 0.00 0.00 

3 1.23 2.43 0.00 0.00 0.00 0.00 0.00 

4 59.39 57.33 17.97 0.00 0.01 -0.01 0.03 

5 17.08 17.64 50.46 4.81 0.00 0.02 0.07 

6 8.43 9.54 12.45 42.72 0.40 0.00 0.02 

7 4.53 5.07 8.07 28.00 14.13 0.03 0.01 

8 2.15 2.55 3.53 9.87 35.78 1.29 0.01 

9 1.17 1.42 1.96 5.32 25.86 12.12 0.00 

10 0.53 0.78 0.87 2.44 9.89 26.02 0.00 

11 0.25 0.36 0.48 1.42 4.86 27.25 0.00 

12 0.11 0.21 0.23 0.62 2.27 14.45 0.00 

13 0.03 0.11 0.07 0.29 1.27 7.17 0.00 

14 -0.01 0.06 0.01 0.15 0.65 3.37 0.00 

15 -0.02 0.04 -0.01 0.09 0.39 1.92 0.00 

16 -0.02 0.11 -0.02 0.03 0.22 1.12 0.00 

17 -0.02 0.05 -0.02 0.02 0.12 0.66 0.00 

18 -0.02 0.21 -0.03 0.01 0.06 0.41 0.00 

19 -0.02 0.51 -0.02 0.00 0.03 0.23 0.00 

20 -0.02 0.05 -0.02 0.00 0.01 0.15 0.00 

21 -0.03 0.00 -0.03 0.00 0.01 0.07 0.00 

22 -0.03 0.02 -0.02 0.00 0.00 0.04 0.00 

23 -0.02 0.05 -0.02 0.00 0.00 0.01 0.00 

24 -0.02 0.01 -0.02 0.00 0.00 0.01 0.00 

25 -0.02 -0.02 -0.03 0.00 0.00 0.01 0.00 

26 -0.02 0.03 -0.03 0.00 0.00 0.01 0.03 

27 -0.02 0.01 -0.03 0.00 0.00 0.00 0.31 

28 -0.02 0.01 -0.03 0.00 0.00 0.01 1.53 

29 -0.02 0.04 -0.03 0.00 0.00 0.01 4.93 

30 -0.02 -0.04 -0.03 0.00 0.00 0.01 9.91 

31 -0.03 0.03 -0.02 0.00 0.00 0.00 15.55 

32 -0.03 0.00 -0.03 0.00 0.00 0.01 18.16 

33 -0.02 0.02 -0.02 0.00 0.00 0.01 17.49 

34 -0.02 0.01 -0.02 0.00 0.00 0.01 13.31 

35 -0.02 0.03 -0.02 0.00 0.00 0.00 8.27 

36 -0.02 0.03 -0.02 0.00 0.00 -0.01 4.36 
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37 -0.02 0.04 -0.02 0.00 0.00 0.00 1.92 

38 -0.02 0.03 -0.02 0.00 0.00 0.00 0.80 

39 -0.03 0.06 -0.03 0.00 0.00 -0.02 0.25 

40 -0.02 0.01 -0.03 -0.01 0.00 -0.02 0.08 

41 -0.02 0.02 -0.02 0.00 0.00 0.00 0.03 

42 -0.02 0.02 -0.02 0.00 0.00 -0.01 0.01 

43 -0.02 0.01 -0.02 0.00 0.00 0.00 0.00 

44 -0.02 0.01 -0.02 0.00 0.00 0.01 0.01 

45 -0.02 -0.01 -0.03 0.00 0.00 0.01 0.01 

46 -0.02 0.03 -0.03 0.00 0.00 0.01 0.00 

47 -0.02 0.04 -0.02 0.00 0.00 0.00 0.00 

48 -0.02 0.01 -0.02 0.00 0.00 0.00 0.00 

49 -0.02 0.02 -0.03 -0.01 0.00 -0.01 -0.01 

50 -0.02 0.01 -0.02 -0.01 0.00 0.00 -0.01 

51 -0.03 0.12 -0.02 0.00 0.00 0.00 -0.01 

52 -0.02 0.02 -0.02 0.00 0.00 0.00 -0.01 

53 -0.02 0.07 -0.02 0.00 0.00 0.00 -0.01 

54 -0.02 0.02 -0.02 0.00 0.00 0.00 -0.01 

55 -0.03 0.03 -0.02 0.00 0.00 -0.03 -0.01 

56 -0.03 0.47 -0.01 0.00 0.00 -0.02 -0.01 

57 -0.02 0.01 -0.03 0.00 0.00 0.00 -0.01 

58 -0.02 -0.01 -0.03 0.00 0.00 0.00 -0.01 

59 -0.03 0.04 -0.01 0.00 -0.01 -0.02 -0.01 

60 -0.03 -0.01 -0.01 0.00 -0.01 -0.01 -0.01 

Total 93.78 99.93 95.06 95.76 95.93 96.28 96.99 

 

Table G.2 – Summary of the elemental recovery and elemental proportion information within the main 

terbium fractions for the ‘simulant 149Tb’ separation.  

*elemental proportion for barium, europium, gadolinium, and terbium would be 0.36%, 0.02%, 0.16% 

and 99.46%, respectively, if the negative values were assumed to be zero (i.e., barium, europium and 

gadolinium impurities and terbium purity).  

 Cs Ba Nd Sm Eu Gd Tb 

Elemental 

recovery in 

fractions 21-40 

(%) 

-0.49 0.35 -0.50 -0.01 0.02 0.15 96.90 

Elemental 

proportion in 

fractions 21-40 

(%) * 

-0.51 0.37 -0.52 -0.01 0.02 0.16 100.49 
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Table G.3 – Summary of the calculated elemental recovery (%) values for the ‘simulant 152Tb’ solution, 

containing caesium, barium, cerium, samarium, europium, gadolinium, terbium, and dysprosium, after 

it had undergone chemical separation using the method summarised in Table 4.4. The raw ICP-MS 

data was blank, and dilution corrected before the elemental recovery was calculated equation 2.3. 1 

mL fractions were collected throughout (see Figure 4.13 for the elution profile). Cause(s) of the 

negative values and inaccurate total elemental recovery values were unknown. 

Fraction 

Number 
Cs (%) Ba (%) Ce (%) Sm (%) Eu (%) Gd (%) Tb (%) Dy (%) 

1 -0.01 0.18 -0.03 0.00 -0.04 0.01 0.00 0.00 

2 -0.01 -0.09 -0.03 0.00 -0.04 0.00 0.00 0.00 

3 -0.01 -0.03 -0.03 0.00 -0.03 0.00 0.00 0.00 

4 30.41 33.91 2.60 0.00 -0.03 0.03 0.00 0.00 

5 46.02 44.12 35.66 0.04 -0.03 0.28 0.01 0.00 

6 20.24 20.72 24.60 16.93 -0.03 0.17 0.00 0.02 

7 10.49 11.01 12.28 54.12 2.66 0.10 0.00 0.06 

8 5.98 6.37 7.38 25.53 27.69 0.21 0.00 0.03 

9 3.75 4.10 5.45 11.76 45.50 5.23 0.00 0.01 

10 2.38 2.63 4.09 6.78 24.55 24.79 0.00 0.01 

11 1.57 1.85 3.43 4.44 11.45 39.48 0.00 0.00 

12 0.87 0.94 2.31 2.33 5.24 23.80 0.00 0.00 

13 0.62 0.68 2.15 1.89 3.73 13.93 0.00 0.00 

14 0.37 0.31 1.73 1.27 2.44 7.05 0.00 0.00 

15 0.24 0.20 1.55 0.90 1.79 4.53 0.00 0.00 

16 0.13 -0.02 1.14 0.42 0.99 2.47 0.00 0.00 

17 0.10 -0.05 1.15 0.28 0.69 1.90 0.00 0.00 

18 0.06 -0.06 1.00 0.17 0.39 1.25 0.00 0.00 

19 0.05 -0.13 1.04 0.13 0.25 0.84 0.00 0.00 

20 0.03 -0.15 0.91 0.08 0.13 0.47 0.00 0.00 

21 0.02 -0.15 0.86 0.06 0.09 0.27 0.00 0.00 

22 0.01 -0.14 0.85 0.05 0.05 0.20 0.00 0.00 

23 0.01 -0.10 0.76 0.03 0.02 0.13 0.01 0.00 

24 0.00 -0.17 0.74 0.02 0.01 0.08 0.05 0.00 

25 0.00 -0.18 0.60 0.02 0.00 0.07 0.21 0.00 

26 0.00 -0.16 0.62 0.01 -0.01 0.05 0.98 0.00 

27 0.00 -0.18 0.62 0.01 -0.02 0.04 3.34 0.00 

28 0.00 -0.21 0.54 0.01 -0.02 0.03 6.87 0.00 

29 -0.01 -0.21 0.54 0.00 -0.03 0.03 12.98 0.00 

30 0.00 -0.14 0.55 0.01 -0.03 0.01 19.21 0.00 

31 0.00 -0.23 0.50 0.00 -0.03 0.01 21.58 0.00 

32 -0.01 -0.23 0.42 0.00 -0.03 0.02 18.51 0.00 

33 -0.01 -0.08 0.42 0.00 -0.03 0.01 16.37 0.00 

34 0.00 -0.25 0.39 0.00 -0.03 0.01 10.97 0.00 

35 -0.01 -0.24 0.41 0.00 -0.03 0.01 6.92 0.00 

36 -0.01 -0.23 0.45 0.00 -0.04 0.00 4.19 0.00 

37 -0.01 -0.25 0.32 0.00 -0.04 0.01 1.56 0.00 

38 -0.01 -0.24 0.33 0.00 -0.04 0.01 0.78 0.00 

39 -0.01 -0.18 0.32 0.00 -0.04 0.01 0.37 0.00 

40 -0.01 -0.27 0.32 0.00 -0.04 0.01 0.16 0.00 
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41 -0.01 -0.24 0.26 0.00 -0.03 0.01 0.07 0.00 

42 -0.01 -0.25 0.26 0.00 -0.03 0.01 0.05 0.00 

43 -0.01 -0.27 0.28 0.00 -0.03 0.01 0.03 0.01 

44 -0.01 -0.27 0.28 0.00 -0.03 0.00 0.03 0.09 

45 -0.01 -0.24 0.25 0.00 -0.04 0.01 0.03 0.82 

46 -0.01 -0.27 0.23 0.00 -0.04 0.01 0.02 6.28 

47 -0.01 -0.22 0.21 0.00 -0.03 0.00 0.01 23.57 

48 -0.01 -0.25 0.18 0.00 -0.03 0.00 0.01 39.71 

49 -0.01 -0.22 0.21 0.00 -0.03 0.02 0.01 38.34 

50 -0.01 -0.22 0.16 0.00 -0.03 0.00 0.00 9.93 

51 0.00 0.10 0.00 0.00 -0.01 0.00 0.00 0.00 

52 0.00 0.12 0.00 0.00 -0.01 0.00 0.00 0.00 

53 0.00 0.00 0.18 0.00 0.00 0.00 0.00 0.04 

54 0.00 0.14 0.17 0.00 0.00 0.00 0.00 0.02 

55 0.00 -0.01 0.15 0.00 0.00 0.01 0.00 0.01 

56 0.00 0.04 0.20 0.00 0.00 0.01 0.00 0.01 

57 0.00 0.00 0.12 0.00 0.00 0.01 0.00 0.00 

58 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 

59 0.00 -0.02 0.13 0.00 0.00 0.00 0.00 0.00 

60 0.00 -0.01 0.13 0.00 0.00 0.00 0.00 0.00 

Total 123.17 120.55 122.45 127.32 126.66 127.64 125.32 118.98 

 

Table G.4 – Summary of the elemental recovery and elemental proportion information within the main 

terbium fractions for the ‘simulant 152Tb’ separation.  

# elemental recovery was estimated by normalising the elemental recovery fraction and total to a 

maximum 100% by using equation 2.4.  

*elemental proportion for cerium, samarium, gadolinium and terbium would be 7.88 %, 0.16 %, 0.71 

% and 91.25 %, respectively, if the negative values were assumed to be zero (i.e., cerium, samarium 

and gadolinium impurity and terbium purity). 

 Cs Ba Ce Sm Eu Gd Tb Dy 

Estimated 

elemental 

recovery in 

fractions 21-40 

(%) # 

-0.03 -3.21 8.61 0.18 -0.23 0.78 99.78 0.00 

Elemental 

proportion in 

fractions 21-40 

(%) * 

-0.03 -3.03 8.13 0.17 -0.22 0.74 94.24 0.00 

 



 

172 

 

Table G.5 – Summary of the calculated elemental recovery (%) values for the ‘simulant 155Tb’ solution, 

containing lanthanum, cerium, praseodymium, europium, gadolinium, terbium and dysprosium, after it 

had undergone chemical separation using the method summarised in Table 4.4. The raw ICP-MS data 

was blank, and dilution corrected before the elemental recovery was calculated using equation 2.3. 1 

mL fractions were collected throughout (see Figure 4.14 for the elution profile). Cause(s) of the 

negative values were unknown. 

Fraction 

Number 
La (%) Ce (%) Pr (%) Eu (%) Gd (%) Tb (%) Dy (%) 

1 0.01 0.02 0.00 0.00 0.04 0.00 0.00 

2 0.01 0.00 0.00 -0.01 0.02 0.00 0.00 

3 0.00 0.00 0.00 0.00 0.06 0.00 0.00 

4 0.01 0.01 0.00 0.00 0.06 0.00 0.00 

5 0.00 0.00 0.00 0.00 0.05 0.00 0.00 

6 0.00 0.02 0.00 0.00 0.07 0.00 0.00 

7 0.02 0.02 0.00 0.00 0.06 0.00 0.00 

8 12.97 1.00 0.25 0.00 0.04 0.00 0.00 

9 27.22 23.00 19.39 0.01 0.08 0.00 0.00 

10 15.50 19.47 24.24 0.00 0.10 0.00 0.00 

11 9.95 11.83 13.85 0.00 0.09 0.00 0.00 

12 7.53 8.67 9.42 -0.01 0.07 0.00 0.00 

13 5.17 6.26 6.72 0.00 0.08 0.00 0.00 

14 4.16 5.10 4.97 0.00 0.06 0.00 0.00 

15 3.05 3.91 3.79 0.11 0.08 0.00 0.00 

16 2.36 3.03 2.89 1.01 0.08 0.00 0.00 

17 1.92 2.59 2.32 5.28 0.06 0.00 0.00 

18 1.21 1.77 1.53 12.23 0.04 0.00 0.00 

19 0.94 1.36 1.11 15.85 0.06 0.00 0.00 

20 0.68 1.11 0.88 13.88 0.13 0.00 0.00 

21 0.61 0.98 0.67 10.98 0.58 0.00 0.00 

22 0.42 0.75 0.54 7.70 1.77 0.00 0.00 

23 0.31 0.61 0.39 5.24 4.80 0.00 0.00 

24 0.23 0.47 0.29 3.97 9.35 0.00 0.00 

25 0.17 0.42 0.21 3.21 13.20 0.00 0.00 

26 0.13 0.34 0.18 2.92 17.46 0.00 0.00 

27 0.10 0.25 0.12 2.44 16.25 0.00 0.00 

28 0.06 0.20 0.08 1.75 12.77 0.00 0.00 

29 0.07 0.17 0.06 1.20 8.25 0.00 0.00 

30 0.05 0.15 0.04 0.77 5.10 0.00 0.00 

31 0.03 0.13 0.04 0.42 3.03 0.00 0.00 

32 0.02 0.09 0.03 0.20 1.67 0.00 0.00 

33 0.02 0.08 0.03 0.09 0.86 0.00 0.00 

34 0.02 0.06 0.01 0.04 0.51 0.00 0.00 

35 0.01 0.06 0.01 0.05 0.20 0.00 0.00 

36 0.01 0.05 0.01 0.03 0.10 0.00 0.00 

37 0.01 0.05 0.01 0.01 0.06 0.00 0.00 

38 0.01 0.04 0.01 0.01 0.03 0.00 0.00 

39 0.01 0.04 0.00 0.01 0.06 0.00 0.00 

40 0.01 0.03 0.00 0.01 0.03 0.00 0.00 
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41 0.00 0.03 0.00 0.02 0.03 0.00 0.00 

42 0.00 0.03 0.00 0.01 0.02 0.00 0.00 

43 0.00 0.01 0.00 0.01 0.03 0.00 0.00 

44 0.01 0.02 0.00 0.00 0.02 0.00 0.00 

45 0.01 0.04 0.00 0.01 0.04 0.01 0.00 

46 0.00 0.03 0.00 0.00 0.04 0.13 0.00 

47 0.00 0.02 0.00 0.00 0.03 2.29 0.00 

48 0.00 0.01 0.00 0.00 0.03 21.48 0.00 

49 0.00 0.02 0.00 0.00 0.01 49.88 0.01 

50 0.00 0.01 0.00 0.00 0.01 20.05 0.01 

51 0.00 0.01 0.00 0.00 0.02 1.70 0.00 

52 0.00 0.01 0.00 0.00 0.01 0.13 0.01 

53 0.00 0.02 0.00 0.00 0.00 0.03 0.01 

54 0.00 0.01 0.00 0.00 0.00 0.01 0.30 

55 0.00 0.01 0.00 0.00 0.01 0.00 3.64 

56 0.00 0.01 0.00 0.00 0.00 0.01 18.05 

57 0.00 0.00 0.00 0.00 0.01 0.00 33.52 

58 0.00 0.01 0.00 0.00 0.02 0.00 27.01 

59 0.00 0.01 0.00 0.00 0.01 0.00 10.55 

60 0.00 0.01 0.00 0.01 0.01 0.00 1.98 

Total 95.05 94.45 94.14 89.45 97.76 95.73 95.12 

 

Table G.6 – Summary of the elemental recovery and elemental proportion information within the main 

terbium fractions for the ‘simulant 155Tb’ separation.  

 La Ce Pr Eu Gd Tb Dy 

Elemental 

recovery in 

fractions 41-50 

(%) 

0.02 0.21 0.01 0.04 0.25 93.83 0.02 

Elemental 

proportion in 

fractions 41-50 

(%) * 

0.02 0.23 0.02 0.05 0.27 99.40 0.02 
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Appendix H – Data to accompany Table 4.5 

Table H.1 – Summary of the caesium, barium and neodymium data used in the calculation of the terbium 

recovery and terbium purity for the ‘simulant 149Tb’ chemical separation. Elemental recovery was 

calculated using equation 2.4. Uncertainties are based on counting statistics only (n=10). 

 Cs Ba Nd 

Fractions 41-50 (CPS) 380.06 ± 116.18 2163.48 ± 198.48 -26.70 ± 55.70 

Total (CPS) 1816161.02 ± 29059.27 70532.49 ± 564.68 122346 ± 978.77 

Elemental recovery in 

fractions 41-50 (%) 
0.02 ± 0.01 3.07 ± 0.28 -0.02 ± 0.05 

 

Table H.2 – Summary of the samarium, europium and gadolinium data used in the calculation of the 

terbium recovery and terbium purity for the ‘simulant 149Tb’ chemical separation. Elemental recovery 

was calculated using equation 2.4. Uncertainties are based on counting statistics only (n=10). 

 Sm Eu Gd 

Fractions 41-50 (CPS) 90.00 ± 34.64 -23.34 ± 141.67 360.01 ± 81.86 

Total (CPS) 95017.65 ± 855.21 293913.23 ± 4114.93 107469.72 ± 1074.70 

Elemental recovery in 

fractions 41-50 (%) 
0.09 ± 0.04 -0.01 ± 0.05 0.33 ± 0.08 

 

Table H.3 – Summary of the terbium data used in the calculation of the terbium recovery and terbium 

purity for the ‘simulant 149Tb’ chemical separation. Elemental recovery was calculated using equation 

2.4. Uncertainties are based on counting statistics only (n=10). 

 Tb 

Fractions 41-50 (CPS) 678599.34 ± 11709.23 

Total (CPS) 674665.04 ± 6072.05 

Elemental recovery in 

fractions 41-50 (%) 
100.58 ± 1.96 

Terbium purity in 

fractions 41-50 (%) 
96.65 ± 2.82 
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Table H.4 – Summary of the caesium, barium and samarium data used in the calculation of the terbium 

recovery and terbium purity for the ‘simulant 152Tb’ chemical separation. Elemental recovery was 

calculated using equation 2.4. Uncertainties are based on counting statistics only (n=10). 

 Cs Ba Sm 

Fractions 41-50 (CPS) -150.00 ± 135.81 1573.44 ± 192.26 13.32 ± 36.97 

Total (CPS) 1791641.38 ± 25084.39 71848.13 ± 647.74 95034.05 ± 1140.41 

Elemental recovery in 

fractions 41-50 (%) 
-0.01 ± 0.01 2.19 ± 0.27 0.01 ± 0.04 

 

Table H.5 – Summary of the europium, gadolinium and dysprosium data used in the calculation of the 

terbium recovery and terbium purity for the ‘simulant 152Tb’ chemical separation. Elemental recovery 

was calculated using equation 2.4.Uncertainties are based on counting statistics only (n=10). 

 Eu Gd Dy 

Fractions 41-50 (CPS) 73.35 ± 94.85 516.70 ± 89.38 63.32 ± 52.36 

Total (CPS) 289382.67 ± 4051.85 108385 ± 1083.85 166380.71 ± 1830.48 

Elemental recovery in 

fractions 41-50 (%) 
0.03 ± 0.03 0.48 ± 0.08 0.04 ± 0.03 

 

Table H.6 – Summary of the terbium data used in the calculation of the terbium recovery and terbium 

purity for the ‘simulant 152Tb’ chemical separation. Elemental recovery was calculated using equation 

2.4. Uncertainties are based on counting statistics only (n=10). 

 Tb 

Fractions 41-50 (CPS) 673671.89 ± 19180.84 

Total (CPS) 680516.50 ± 6125.04 

Elemental recovery in 

fractions 41-50 (%) 
98.99 ± 2.96 

Terbium purity in 

fractions 41-50 (%) 
97.31 ± 4.29 
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Table H.7 – Summary of the lanthanum, cerium and praseodymium data used in the calculation of the 

terbium recovery and terbium purity for the ‘simulant 155Tb’ chemical separation. Elemental recovery 

was calculated using equation 2.4. Uncertainties are based on counting statistics only (n=10). 

 La Ce Pr 

Fractions 41-50 (CPS) 176.64 ± 110.60 1383.39 ± 122.21 146.67 ± 91.31 

Total (CPS) 856612.52 ± 8566.36 649309.19 ± 8441.77 1000121.34 ± 8001.06 

Elemental recovery in 

fractions 41-50 (%) 
0.00 ± 0.00 0.21 ± 0.02 0.01 ± 0.01 

 

Table H.8 – Summary of the europium, gadolinium and dysprosium data used in the calculation of the 

terbium recovery and terbium purity for the ‘simulant 155Tb’ chemical separation. Elemental recovery 

was calculated using equation 2.4. Uncertainties are based on counting statistics only (n=10). 

 Eu Gd Dy 

Fractions 41-50 (CPS) 176.65 ± 78.32 373.33 ± 57.14 46.66 ± 24.29 

Total (CPS) 398063.71 ± 5573.08 149116.67 ± 1391.21 220913.71 ± 2430.14 

Elemental recovery in 

fractions 41-50 (%) 
0.04 ± 0.02 0.25 ± 0.04 0.02 ± 0.01 

 

Table H.9 – Summary of the terbium data used in the calculation of the terbium recovery and terbium 

purity for the ‘simulant 155Tb’ chemical separation. Elemental recovery was calculated using equation 

2.4. Uncertainties are based on counting statistics only (n=10). 

 Tb 

Fractions 41-50 (CPS) 918239.33 ± 6140.16 

Total (CPS) 978578.34 ± 8807.30 

Elemental recovery in 

fractions 41-50 (%) 
93.83 ± 1.05 

Terbium purity in 

fractions 41-50 (%) 
99.40 ± 1.59 
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Appendix I – Data to accompany Figure 4.16 

Table I.1 – Summary of the calculated elemental recovery (%) values for the ‘simulant 155Tb’ solution, 

containing lanthanum, cerium, praseodymium, europium, gadolinium, terbium and dysprosium, after it 

had undergone chemical separation using the method summarised in Table 4.6. The raw ICP-MS data 

was blank, dilution and internal standard corrected before the elemental recovery was calculated using 

equation 2.3. 0.5 mL fractions were collected throughout (see Figure 4.16 for the elution profile). 

Cause(s) of the negative values were unknown. 

Fraction 

Number 
La (%) Ce (%) Pr (%) Eu (%) Gd (%) Tb (%) Dy (%) 

1 5.39 3.39 2.64 0.00 0.32 0.00 0.00 

2 6.64 4.20 3.27 0.01 0.62 0.00 0.00 

3 40.69 37.37 35.57 0.53 1.98 0.03 0.04 

4 41.62 40.58 45.16 4.36 0.62 0.00 0.00 

5 4.33 9.14 12.29 18.30 3.00 0.00 0.00 

6 0.47 1.38 0.54 40.33 14.32 0.00 0.00 

7 0.33 0.95 0.38 28.56 33.52 0.00 0.00 

8 0.06 0.48 0.08 5.43 44.50 0.08 0.00 

9 0.04 0.43 0.04 0.29 7.55 0.50 0.00 

10 0.04 0.43 0.05 0.09 -0.87 2.32 0.00 

11 0.04 0.41 0.04 0.08 -1.68 7.30 0.01 

12 0.01 0.20 0.01 0.05 0.16 72.88 4.19 

13 0.01 0.16 0.00 0.01 -1.02 14.78 22.43 

14 0.00 0.15 0.00 0.01 -0.79 0.33 43.17 

15 0.01 0.13 0.00 0.00 -0.96 0.09 23.94 

TOTAL 99.66 99.41 100.08 98.06 101.27 98.32 93.78 

 

Table I.2 – Summary of the elemental recovery and elemental proportion information within the main 

terbium fractions for the ‘simulant 155Tb’ separation on a smaller column.  

*elemental proportion for lanthanum, cerium, praseodymium, europium, terbium and dysprosium 

would be 0.04 %, 0.63 %, 0.04 %, 0,11 %, 77.46 % and 21.72%, respectively, if the negative value was 

assumed to be zero (i.e., lanthanum, cerium, praseodymium, europium and dysprosium impurity and 

terbium purity). 

 La Ce Pr Eu Gd Tb Dy 

Elemental 

recovery in 

fractions 11-13 

(%) 

0.05 0.77 0.05 0.14 -2.55 94.96 26.62 

Elemental 

proportion in 

fractions 11-13 

(%) * 

0.05 0.64 0.04 0.11 -2.12 79.10 22.18 
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Appendix J – Data to accompany Figure 5.1 

Table J.1 – Summary of the data showing the variation of distribution coefficient (Kd) with an increasing 

concentration of gadolinium per unit volume of LN resin (50-100 μm). Repeat 1 of 3. 

Repeat 1 mg Gd/mL resin Kd 

 3.73 28562.65 

 7.99 6099.67 

 10.85 1180.99 

 15.19 84.82 

 20.48 27.99 

 

Table J.2 – Summary of the data showing the variation of distribution coefficient (Kd) with an increasing 

concentration of gadolinium per unit volume of LN resin (50-100 μm). Repeat 2 of 3. 

Repeat 2 mg Gd/mL resin Kd 

 3.60 65855.91 

 7.42 6217.55 

 10.54 1560.17 

 16.21 50.04 

 20.55 28.84 

 

Table J.3 – Summary of the data showing the variation of distribution coefficient (Kd) with an increasing 

concentration of gadolinium per unit volume of LN resin (50-100 μm). Repeat 3 of 3. 

Repeat 3 mg Gd/mL resin Kd 

 3.67 41593.83 

 6.90 8512.74 

 12.65 380.70 

 15.79 48.63 

 17.78 38.25 

 

Table J.4– Summary of the data showing the variation of distribution coefficient (Kd) with an increasing 

concentration of gadolinium per unit volume of LN resin (50-100 μm). Mean and standard deviation 

between repeats (n=3) is shown. 

Mean mg Gd/mL resin Kd 

 3.67 ± 0.07 45337.46 ± 18926.38 

 7.44 ± 0.54 6943.32 ± 1360.43 

 11.35 ± 1.14 1040.62 ± 602.13 

 15.73 ± 0.51 61.16 ± 20.50 

 19.61 ± 1.58 31.69 ± 5.70 
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Appendix K – Data to accompany Table 5.3 

 

Figure K.1 - Elution profile illustrating the separation of bulk quantities of gadolinium (10 mg Gd2O3) 

from trace quantities of terbium and dysprosium (1 μg) on an LN resin column (50-100 μm particle 

size, 7×200 mm column dimensions). (Repeat #1 only) 

Table K.1 – Summary of the internal standard, blank and dilution corrected ICP-MS data for the 

separation of 1 μg terbium from 10 mg gadolinium and 1 μg dysprosium (Repeat #1 only). 

Fraction Number Gd (CPS) Tb (CPS) Dy (CPS) 

1 1.72E+05 0 4.00E+03 

2 1.32E+05 4.03E+03 0 

3 1.51E+05 0 0 

4 1.31E+05 0 0 

5 1.55E+05 1.99E+03 0 

6 1.18E+05 2.03E+03 0 

7 1.91E+05 2.01E+03 0 

8 2.01E+05 0 4.02E+03 

9 1.51E+05 2.04E+03 0 

10 1.80E+05 1.99E+03 0 

11 1.74E+05 0 0 

12 3.55E+08 6.11E+03 0 

13 1.18E+10 1.46E+05 0 

14 1.66E+10 2.10E+05 0 

15 1.52E+10 1.51E+05 4.08E+03 

16 1.33E+10 1.50E+05 0 

17 1.07E+10 1.41E+05 -2.03E+03 

18 8.78E+09 1.04E+05 -2.03E+03 

19 7.28E+09 6.96E+04 0 

20 6.11E+09 6.43E+04 0 

21 4.22E+09 6.10E+04 4.07E+03 
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22 3.61E+09 5.11E+04 0 

23 2.78E+09 4.04E+04 0 

24 2.00E+09 4.42E+04 2.01E+03 

25 1.35E+09 2.89E+04 0 

26 1.05E+09 1.01E+04 0 

27 5.84E+08 2.07E+03 0 

28 2.02E+08 2.05E+03 0 

29 4.95E+07 0 0 

30 1.61E+07 0 0 

31 7.98E+06 0 2.03E+03 

32 5.76E+06 0 2.07E+03 

33 5.05E+06 2.12E+03 -2.02E+03 

34 3.88E+06 -2.02E+03 2.23E+03 

35 3.26E+06 0 -2.10E+03 

36 2.97E+06 0 -2.10E+03 

37 1.81E+06 2.05E+03 0 

38 1.60E+06 0 0 

39 1.46E+06 4.08E+03 0 

40 1.22E+06 6.11E+03 6.11E+03 

41 9.04E+05 1.22E+04 0 

42 7.91E+05 4.59E+04 0 

43 6.93E+05 1.51E+05 0 

44 6.13E+05 4.20E+05 0 

45 1.05E+06 3.47E+06 0 

46 1.72E+06 2.79E+07 0 

47 1.57E+06 3.49E+07 6.07E+01 

48 1.24E+06 9.44E+06 0 

49 8.41E+05 7.53E+05 0 

50 6.70E+03 6.37E+03 0 

51 3.83E+05 2.17E+04 2.29E+04 

52 2.59E+05 8.54E+03 6.05E+05 

53 1.91E+05 4.33E+03 3.44E+06 

54 1.36E+05 2.14E+03 5.79E+06 

55 1.01E+05 1.79E+03 4.20E+06 

56 7.90E+04 9.52E+02 1.56E+06 

57 5.98E+04 6.80E+02 3.63E+05 

58 5.05E+04 6.22E+02 6.09E+04 

59 4.02E+04 6.49E+02 9.63E+03 

60 3.95E+04 2.57E+02 3.51E+03 

Initial 1.14E+11 7.24E+07 1.64E+07 
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Table K.2 – Summary of the normalised elemental recovery data for the separation of 1 μg terbium 

from 10 mg gadolinium and 1 μg dysprosium. Calculated using equation 2.4 (Repeat #1 only). 

Fraction Number Gd (%) Tb (%) Dy (%) 

1 0.00 0.00 0.02 

2 0.00 0.01 0.00 

3 0.00 0.00 0.00 

4 0.00 0.00 0.00 

5 0.00 0.00 0.00 

6 0.00 0.00 0.00 

7 0.00 0.00 0.00 

8 0.00 0.00 0.02 

9 0.00 0.00 0.00 

10 0.00 0.00 0.00 

11 0.00 0.00 0.00 

12 0.33 0.01 0.00 

13 11.13 0.19 0.00 

14 15.65 0.27 0.00 

15 14.34 0.19 0.03 

16 12.54 0.19 0.00 

17 10.12 0.18 -0.01 

18 8.27 0.13 -0.01 

19 6.86 0.09 0.00 

20 5.76 0.08 0.00 

21 3.98 0.08 0.03 

22 3.40 0.07 0.00 

23 2.62 0.05 0.00 

24 1.88 0.06 0.01 

25 1.27 0.04 0.00 

26 0.99 0.01 0.00 

27 0.55 0.00 0.00 

28 0.19 0.00 0.00 

29 0.05 0.00 0.00 

30 0.02 0.00 0.00 

31 0.01 0.00 0.01 

32 0.01 0.00 0.01 

33 0.00 0.00 -0.01 

34 0.00 0.00 0.01 

35 0.00 0.00 -0.01 

36 0.00 0.00 -0.01 

37 0.00 0.00 0.00 

38 0.00 0.00 0.00 

39 0.00 0.01 0.00 

40 0.00 0.01 0.04 

41 0.00 0.02 0.00 

42 0.00 0.06 0.00 

43 0.00 0.19 0.00 

44 0.00 0.54 0.00 

45 0.00 4.42 0.00 
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46 0.00 35.58 0.00 

47 0.00 44.46 0.00 

48 0.00 12.04 0.00 

49 0.00 0.96 0.00 

50 0.00 0.01 0.00 

51 0.00 0.03 0.14 

52 0.00 0.01 3.76 

53 0.00 0.01 21.39 

54 0.00 0.00 36.03 

55 0.00 0.00 26.14 

56 0.00 0.00 9.68 

57 0.00 0.00 2.26 

58 0.00 0.00 0.38 

59 0.00 0.00 0.06 

60 0.00 0.00 0.02 

 

Table K.3 – A summary of the repeat data for the separation of 1 μg terbium from 10 mg gadolinium 

and 1 μg dysprosium. 

 Repeat 1 Repeat 2 Repeat 3 Mean 

Tb purity 54.22% 50.57% 55.98% 53.59% 

Gd impurity 45.77% 49.42% 44.00% 46.40% 

Tb recovery 106.40% 121.97% 85.71% 104.69% 

Normalised Tb 

recovery  

98.28% 98.35% 98.38% 98.34% 

Gd/Tb ratio (initial) 10000 10000 10000 10000 

Gd/Tb ratio (41-50) 0.84 0.98 0.79 0.87 

Decontamination 

factor 

1.21E+04 1.04E+04 1.29E+04 1.18E+04 
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Figure K.2 - Elution profile illustrating the separation of bulk quantities of gadolinium (50 mg Gd2O3) 

from trace quantities of terbium and dysprosium (1 μg) on an LN resin column (50-100 μm particle 

size, 7×200 mm column dimensions) 

Table K.4 – Summary of the internal standard, blank and dilution corrected ICP-MS data for the 

separation of 1 μg terbium from 50 mg gadolinium and 1 μg dysprosium. 

Fraction Number Gd (CPS) Tb (CPS) Dy (CPS) 

1 -1.36E+07 0 5.94E+04 

2 2.50E+05 0 1.98E+04 

3 -1.35E+07 -2.02E+04 0 

4 -1.45E+07 3.03E+02 0 

5 -1.29E+07 1.94E+04 -3.99E+04 

6 -1.09E+07 2.01E+04 -3.99E+04 

7 1.05E+08 2.02E+04 0 

8 3.09E+10 7.77E+05 0 

9 7.13E+10 1.15E+06 3.91E+04 

10 6.61E+10 1.28E+06 3.87E+04 

11 5.59E+10 1.09E+06 0 

12 4.49E+10 4.35E+05 5.68E+04 

13 4.06E+10 5.51E+05 -3.87E+04 

14 3.59E+10 4.11E+05 -1.92E+04 

15 2.86E+10 6.16E+05 5.77E+04 

16 2.47E+10 5.23E+05 0 

17 2.00E+10 3.52E+05 0 

18 1.73E+10 3.49E+05 4.11E+04 

19 1.22E+10 2.18E+05 1.99E+04 

20 9.41E+09 2.17E+05 1.97E+04 

21 7.78E+09 6.23E+04 0 

22 6.30E+09 1.18E+05 0 

23 4.49E+09 8.04E+04 -2.01E+04 

24 3.35E+09 4.05E+04 -2.01E+04 
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25 3.08E+09 2.07E+04 0 

26 2.85E+09 -1.99E+04 3.98E+04 

27 1.53E+09 -2.04E+04 0 

28 6.17E+08 -4.06E+04 1.99E+04 

29 2.05E+08 2.04E+04 0 

30 5.82E+07 0 1.99E+04 

31 1.86E+07 0 0 

32 5.67E+06 0 4.05E+04 

33 1.14E+07 -6.25E+02 2.00E+04 

34 4.47E+06 -2.06E+04 0 

35 3.08E+06 1.99E+04 3.98E+04 

36 8.83E+05 1.99E+04 0 

37 2.43E+06 1.60E+05 0 

38 1.58E+06 1.82E+05 0 

39 5.95E+05 3.41E+05 0 

40 -1.93E+06 3.87E+05 0 

41 3.66E+06 9.81E+05 1.99E+01 

42 3.19E+06 1.54E+06 0 

43 2.81E+06 2.26E+06 0 

44 2.51E+06 3.14E+06 0 

45 4.41E+06 9.63E+06 0 

46 7.42E+06 3.28E+07 2.03E+01 

47 7.73E+06 3.35E+07 6.00E+01 

48 5.91E+06 5.70E+06 0 

49 4.11E+06 2.69E+05 4.10E+02 

50 2.72E+06 3.67E+04 1.29E+04 

51 1.87E+06 1.45E+04 1.85E+05 

52 1.39E+06 6.73E+03 1.39E+06 

53 9.12E+05 3.62E+03 4.67E+06 

54 6.99E+05 2.45E+03 7.56E+06 

55 5.12E+05 1.74E+03 4.63E+06 

56 4.10E+05 7.73E+02 1.30E+06 

57 3.08E+05 7.34E+02 1.80E+05 

58 2.41E+05 5.11E+02 2.40E+04 

59 1.93E+05 4.45E+02 7.17E+03 

60 1.58E+05 1.17E+02 2.89E+03 

Initial 5.35E+11 8.93E+07 1.92E+07 
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Table K.5 – Summary of the normalised elemental recovery data for the separation of 1 μg terbium 

from 50 mg gadolinium and 1 μg dysprosium. Calculated using equation 2.4. 

Fraction Number Gd (%) Tb (%) Dy (%) 

1 0.00 0.00 0.29 

2 0.00 0.00 0.10 

3 0.00 -0.02 0.00 

4 0.00 0.00 0.00 

5 0.00 0.02 -0.20 

6 0.00 0.02 -0.20 

7 0.02 0.02 0.00 

8 6.34 0.78 0.00 

9 14.61 1.16 0.19 

10 13.53 1.29 0.19 

11 11.45 1.10 0.00 

12 9.20 0.44 0.28 

13 8.32 0.56 -0.19 

14 7.35 0.41 -0.09 

15 5.86 0.62 0.28 

16 5.06 0.53 0.00 

17 4.09 0.36 0.00 

18 3.54 0.35 0.20 

19 2.50 0.22 0.10 

20 1.93 0.22 0.10 

21 1.59 0.06 0.00 

22 1.29 0.12 0.00 

23 0.92 0.08 -0.10 

24 0.69 0.04 -0.10 

25 0.63 0.02 0.00 

26 0.58 -0.02 0.20 

27 0.31 -0.02 0.00 

28 0.13 -0.04 0.10 

29 0.04 0.02 0.00 

30 0.01 0.00 0.10 

31 0.00 0.00 0.00 

32 0.00 0.00 0.20 

33 0.00 0.00 0.10 

34 0.00 -0.02 0.00 

35 0.00 0.02 0.20 

36 0.00 0.02 0.00 

37 0.00 0.16 0.00 

38 0.00 0.18 0.00 

39 0.00 0.34 0.00 

40 0.00 0.39 0.00 

41 0.00 0.99 0.00 

42 0.00 1.55 0.00 

43 0.00 2.27 0.00 

44 0.00 3.17 0.00 

45 0.00 9.70 0.00 
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46 0.00 33.01 0.00 

47 0.00 33.80 0.00 

48 0.00 5.74 0.00 

49 0.00 0.27 0.00 

50 0.00 0.04 0.06 

51 0.00 0.01 0.91 

52 0.00 0.01 6.85 

53 0.00 0.00 22.98 

54 0.00 0.00 37.20 

55 0.00 0.00 22.79 

56 0.00 0.00 6.40 

57 0.00 0.00 0.89 

58 0.00 0.00 0.12 

59 0.00 0.00 0.04 

60 0.00 0.00 0.01 
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Figure K.3 - Elution profile illustrating the separation of bulk quantities of gadolinium (100 mg Gd2O3) 

from trace quantities of terbium (1 μg) on an LN resin column (50-100 μm particle size, 7×200 mm 

column dimensions) 

Table K.6 – Summary of the internal standard, blank and dilution corrected ICP-MS data for the 

separation of 1 μg terbium from 100 mg gadolinium and 1 μg dysprosium. 

Fraction Number Gd (CPS) Tb (CPS) Dy (CPS) 

1 1.12E+07 0 0 

2 5.55E+06 0 0 

3 7.34E+05 0 0 

4 -2.24E+07 0 2.10E+04 

5 -1.27E+07 -2.15E+04 0 

6 8.10E+09 1.01E+05 0 

7 1.26E+11 2.73E+06 0 

8 2.28E+10 3.80E+05 0 

9 1.03E+10 2.90E+05 0 

10 1.00E+10 2.43E+05 0 

11 1.09E+10 2.46E+05 0 

12 1.07E+10 1.61E+05 2.02E+04 

13 1.56E+10 2.39E+05 0 

14 1.64E+10 1.00E+05 0 

15 1.51E+10 2.48E+05 0 

16 1.76E+10 2.26E+05 0 

17 1.75E+10 3.72E+05 4.13E+04 

18 1.62E+10 1.19E+05 0 

19 1.55E+10 1.60E+05 0 

20 1.42E+10 2.61E+05 0 

21 1.60E+10 3.30E+05 0 

22 1.50E+10 9.73E+04 0 

23 1.28E+10 2.99E+05 -2.00E+04 

24 1.21E+10 3.50E+05 -2.00E+04 

25 1.28E+10 1.40E+05 0 
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26 2.66E+10 3.54E+05 0 

27 4.20E+10 7.37E+05 2.05E+04 

28 4.60E+10 6.95E+05 0.00E+00 

29 4.64E+10 9.80E+05 3.92E+04 

30 4.71E+10 8.40E+05 0 

31 4.82E+10 9.28E+05 0 

32 3.09E+10 5.11E+05 0 

33 7.40E+09 1.83E+05 0 

34 1.61E+09 9.71E+04 0 

35 2.53E+08 3.93E+04 0 

36 5.32E+07 1.18E+05 0 

37 2.14E+07 1.62E+05 0 

38 1.47E+07 3.07E+05 0 

39 2.91E+06 5.37E+05 0 

40 -2.13E+06 5.48E+05 0. 

41 1.63E+07 9.00E+05 1.87E+01 

42 1.20E+07 1.08E+06 -2.03E+01 

43 1.09E+07 1.40E+06 0 

44 9.25E+06 1.68E+06 0 

45 1.28E+07 3.51E+06 0 

46 2.21E+07 1.02E+07 9.77E+01 

47 2.16E+07 2.05E+07 1.21E+02 

48 1.87E+07 2.59E+07 1.37E+02 

49 1.18E+07 7.95E+06 9.24E+02 

50 8.23E+06 4.93E+05 1.22E+04 

51 5.71E+06 3.75E+04 1.18E+05 

52 3.81E+06 1.39E+04 6.46E+05 

53 2.73E+06 5.66E+03 2.14E+06 

54 1.93E+06 2.85E+03 4.20E+06 

55 1.36E+06 1.75E+03 4.61E+06 

56 1.04E+06 1.48E+03 2.72E+06 

57 8.22E+05 1.13E+03 7.70E+05 

58 6.00E+05 6.37E+02 1.15E+05 

59 4.71E+05 4.88E+02 1.63E+04 

60 4.06E+05 4.28E+02 4.94E+03 

Initial 7.41E+11 8.42E+07 1.47E+07 
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Table K.7 – Summary of the normalised elemental recovery data for the separation of 1 μg terbium 

from 100 mg gadolinium and 1 μg dysprosium. Calculated using equation 2.4. 

Fraction Number Gd (%) Tb (%) Dy (%) 

1 0.00 0.00 0.00 

2 0.00 0.00 0.00 

3 0.00 0.00 0.00 

4 0.00 0.00 0.14 

5 0.00 -0.02 0.00 

6 1.17 0.12 0.00 

7 18.24 3.11 0.00 

8 3.30 0.43 0.00 

9 1.49 0.33 0.00 

10 1.45 0.28 0.00 

11 1.58 0.28 0.00 

12 1.54 0.18 0.13 

13 2.26 0.27 0.00 

14 2.37 0.11 0.00 

15 2.18 0.28 0.00 

16 2.54 0.26 0.00 

17 2.52 0.42 0.27 

18 2.34 0.14 0.00 

19 2.24 0.18 0.00 

20 2.05 0.30 0.00 

21 2.31 0.38 0.00 

22 2.17 0.11 0.00 

23 1.85 0.34 -0.13 

24 1.75 0.40 -0.13 

25 1.84 0.16 0.00 

26 3.85 0.40 0.00 

27 6.06 0.84 0.13 

28 6.65 0.79 0.00 

29 6.69 1.12 0.25 

30 6.79 0.96 0.00 

31 6.96 1.06 0.00 

32 4.45 0.58 0.00 

33 1.07 0.21 0.00 

34 0.23 0.11 0.00 

35 0.04 0.04 0.00 

36 0.01 0.13 0.00 

37 0.00 0.18 0.00 

38 0.00 0.35 0.00 

39 0.00 0.61 0.00 

40 0.00 0.62 0.00 

41 0.00 1.02 0.00 

42 0.00 1.23 0.00 

43 0.00 1.59 0.00 

44 0.00 1.91 0.00 

45 0.00 3.99 0.00 



 

190 

 

46 0.00 11.67 0.00 

47 0.00 23.35 0.00 

48 0.00 29.46 0.00 

49 0.00 9.05 0.01 

50 0.00 0.56 0.08 

51 0.00 0.04 0.77 

52 0.00 0.02 4.18 

53 0.00 0.01 13.84 

54 0.00 0.00 27.18 

55 0.00 0.00 29.83 

56 0.00 0.00 17.59 

57 0.00 0.00 4.98 

58 0.00 0.00 0.75 

59 0.00 0.00 0.11 

60 0.00 0.00 0.03 
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Appendix L – Data to accompany Table 5.8 

 

Figure L.1 - Elution profile illustrating the separation of bulk quantities of europium (10 mg Eu2O3) 

from trace quantities of terbium and dysprosium (1 μg) on an LN resin column (50-100 μm particle 

size, 7×200 mm column dimensions) 

Table L.1 – Summary of the internal standard, blank and dilution corrected ICP-MS data for the 

separation of 1 μg terbium from 10 mg europium and 1 μg dysprosium. 

Fraction Number Eu (CPS) Tb (CPS) Dy (CPS) 

1 -5.52E+04 0 -2.00E+03 

2 3.06E+04 4.23E+03 -2.00E+03 

3 3.04E+04 4.13E+03 -2.04E+03 

4 -1.05E+05 0 -2.04E+03 

5 -1.79E+05 -2.12E+03 0 

6 -1.70E+05 -2.12E+03 0 

7 -7.86E+04 1.93E+03 -4.41E+03 

8 -2.05E+04 4.03E+03 -4.39E+03 

9 6.49E+04 -2.10E+03 0 

10 1.01E+07 -2.10E+03 6.21E+03 

11 3.18E+08 4.17E+03 2.09E+03 

12 8.78E+09 0 0 

13 3.67E+10 0 0 

14 3.40E+10 6.07E+03 0 

15 2.59E+10 0 0 

16 1.73E+10 0 4.00E+03 

17 1.28E+10 -2.01E+03 2.05E+03 

18 8.22E+09 -2.01E+03 0 

19 5.44E+09 -4.12E+03 -2.06E+03 

20 3.02E+09 -4.12E+03 -2.06E+03 

21 1.86E+09 4.29E+03 0 
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22 9.56E+08 0 0 

23 5.27E+08 -2.00E+03 0 

24 2.65E+08 -3.88E+01 0 

25 1.52E+08 2.00E+03 0 

26 1.01E+08 0 0 

27 4.52E+07 0 0 

28 2.23E+07 0 4.07E+03 

29 1.03E+07 0 0 

30 5.33E+06 0 0 

31 4.15E+06 0 -1.91E+03 

32 3.09E+06 2.05E+03 -3.95E+03 

33 2.14E+06 2.46E+01 0 

34 1.82E+06 6.40E+01 0 

35 1.34E+06 3.98E+03 0 

36 9.25E+05 2.08E+03 2.08E+03 

37 9.31E+05 0 0 

38 7.49E+05 0 0 

39 1.45E+06 4.07E+03 2.03E+03 

40 6.05E+05 1.23E+04 4.11E+03 

41 6.25E+05 3.53E+04 0 

42 5.51E+05 9.63E+04 6.00E+01 

43 4.84E+05 2.21E+05 2.01E+01 

44 4.42E+05 4.78E+05 4.04E+01 

45 6.06E+05 1.97E+06 2.01E+01 

46 9.99E+05 1.55E+07 2.05E+01 

47 1.21E+06 4.76E+07 2.23E+01 

48 9.92E+05 2.08E+07 4.21E-01 

49 6.96E+05 1.29E+06 1.56E+02 

50 4.72E+05 5.93E+04 7.28E+02 

51 3.58E+05 1.68E+04 2.46E+04 

52 2.56E+05 8.63E+03 3.49E+05 

53 1.88E+05 4.77E+03 2.37E+06 

54 1.43E+05 2.33E+03 6.55E+06 

55 1.05E+05 1.74E+03 6.82E+06 

56 8.35E+04 1.09E+03 3.10E+06 

57 6.95E+04 7.00E+02 6.21E+05 

58 5.43E+04 5.15E+02 7.74E+04 

59 6.21E+04 5.58E+02 1.15E+04 

60 8.31E+04 2.05E+02 4.58E+03 

Initial 1.74E+11 8.59E+07 2.07E+07 
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Table L.2 – Summary of the normalised elemental recovery data for the separation of 1 μg terbium from 

10 mg europium and 1 μg dysprosium. Calculated using equation 2.4. 

Fraction Number Eu (%) Tb (%) Dy (%) 

1 0.00 0.00 -0.01 

2 0.00 0.00 -0.01 

3 0.00 0.00 -0.01 

4 0.00 0.00 -0.01 

5 0.00 0.00 0.00 

6 0.00 0.00 0.00 

7 0.00 0.00 -0.02 

8 0.00 0.00 -0.02 

9 0.00 0.00 0.00 

10 0.01 0.00 0.03 

11 0.20 0.00 0.01 

12 5.61 0.00 0.00 

13 23.44 0.00 0.00 

14 21.75 0.01 0.00 

15 16.58 0.00 0.00 

16 11.05 0.00 0.02 

17 8.17 0.00 0.01 

18 5.25 0.00 0.00 

19 3.47 0.00 -0.01 

20 1.93 0.00 -0.01 

21 1.19 0.00 0.00 

22 0.61 0.00 0.00 

23 0.34 0.00 0.00 

24 0.17 0.00 0.00 

25 0.10 0.00 0.00 

26 0.06 0.00 0.00 

27 0.03 0.00 0.00 

28 0.01 0.00 0.02 

29 0.01 0.00 0.00 

30 0.00 0.00 0.00 

31 0.00 0.00 -0.01 

32 0.00 0.00 -0.02 

33 0.00 0.00 0.00 

34 0.00 0.00 0.00 

35 0.00 0.00 0.00 

36 0.00 0.00 0.01 

37 0.00 0.00 0.00 

38 0.00 0.00 0.00 

39 0.00 0.00 0.01 

40 0.00 0.01 0.02 

41 0.00 0.04 0.00 

42 0.00 0.11 0.00 

43 0.00 0.25 0.00 

44 0.00 0.54 0.00 

45 0.00 2.24 0.00 
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46 0.00 17.60 0.00 

47 0.00 53.98 0.00 

48 0.00 23.63 0.00 

49 0.00 1.46 0.00 

50 0.00 0.07 0.00 

51 0.00 0.02 0.12 

52 0.00 0.01 1.75 

53 0.00 0.01 11.90 

54 0.00 0.00 32.86 

55 0.00 0.00 34.23 

56 0.00 0.00 15.54 

57 0.00 0.00 3.12 

58 0.00 0.00 0.39 

59 0.00 0.00 0.06 

60 0.00 0.00 0.02 
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Figure L.2 - Elution profile illustrating the separation of bulk quantities of europium (50 mg Eu2O3) 

from trace quantities of terbium (1 μg) on an LN resin column (50-100 μm particle size, 7×200 mm 

column dimensions) 

Table L.3 – Summary of the internal standard, blank and dilution corrected ICP-MS data for the 

separation of 1 μg terbium from 50 mg europium and 1 μg dysprosium. 

Fraction Number Eu (CPS) Tb (CPS) Dy (CPS) 

1 -3.18E+06 0 8.38E+04 

2 -3.19E+06 0 4.32E+04 

3 -3.04E+06 4.84E+02 0 

4 -2.90E+06 -2.11E+04 0 

5 -3.22E+06 0 4.19E+04 

6 -3.28E+06 0 0 

7 -2.77E+06 0 2.02E+04 

8 1.46E+06 6.31E+04 0 

9 2.74E+09 2.08E+04 0 

10 1.49E+11 0 2.07E+04 

11 1.36E+11 -4.23E+04 0 

12 1.14E+11 -4.23E+04 4.11E+04 

13 6.48E+10 2.11E+04 0 

14 6.55E+10 2.08E+04 4.16E+04 

15 4.70E+10 0 2.09E+04 

16 -3.33E+06 0 2.04E+04 

17 3.26E+10 8.02E+04 0 

18 2.42E+10 6.07E+04 6.07E+04 

19 2.18E+10 -1.98E+04 0 

20 1.70E+10 -4.03E+04 0 

21 1.10E+10 0 0 

22 8.37E+09 0 0 

23 6.38E+09 0 0 

24 4.43E+09 0 0 

25 2.88E+09 0 2.07E+04 
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26 2.23E+09 0 0 

27 1.57E+09 -2.08E+04 -2.08E+04 

28 9.86E+08 -2.08E+04 5.21E+01 

29 4.66E+08 2.08E+04 0 

30 2.28E+08 6.02E+04 0 

31 9.24E+07 2.07E+04 -2.08E+04 

32 4.91E+07 0 -2.53E+02 

33 3.45E+07 -2.07E+04 2.04E+04 

34 2.44E+07 -2.07E+04 0 

35 1.59E+07 0 0 

36 1.23E+07 0 0 

37 8.87E+06 -4.16E+04 0 

38 6.94E+06 -6.30E+01 2.08E+04 

39 4.56E+06 -2.06E+04 0 

40 3.99E+06 -4.09E+04 2.00E+04 

41 4.82E+06 4.01E+04 -2.04E+01 

42 3.92E+06 9.94E+04 -6.12E+01 

43 3.31E+06 2.58E+05 0 

44 2.85E+06 5.96E+05 0 

45 3.90E+06 2.68E+06 2.06E+01 

46 5.16E+06 1.38E+07 0 

47 6.17E+06 4.30E+07 -2.17E+00 

48 5.15E+06 2.57E+07 -1.77E+00 

49 3.76E+06 2.95E+06 1.93E+01 

50 2.99E+06 1.83E+05 -2.11E+01 

51 2.16E+06 2.56E+04 2.22E+03 

52 1.71E+06 1.24E+04 7.44E+04 

53 1.07E+06 6.58E+03 7.01E+05 

54 1.07E+06 3.38E+03 3.88E+06 

55 6.39E+05 2.32E+03 7.43E+06 

56 5.15E+05 1.50E+03 5.76E+06 

57 4.00E+05 8.87E+02 1.90E+06 

58 3.18E+05 2.73E+02 3.08E+05 

59 2.58E+05 5.93E+02 3.85E+04 

60 2.14E+05 2.21E+02 8.49E+03 

Initial 8.12E+11 8.00E+07 1.96E+07 
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Table L.4 – Summary of the normalised elemental recovery data for the separation of 1 μg terbium from 

50 mg europium and 1 μg dysprosium. Calculated using equation 2.4. 

Fraction Number Eu (%) Tb (%) Dy (%) 

1 0.00 0.00 0.41 

2 0.00 0.00 0.21 

3 0.00 0.00 0.00 

4 0.00 -0.02 0.00 

5 0.00 0.00 0.20 

6 0.00 0.00 0.00 

7 0.00 0.00 0.10 

8 0.00 0.07 0.00 

9 0.39 0.02 0.00 

10 20.84 0.00 0.10 

11 19.08 -0.05 0.00 

12 15.94 -0.05 0.20 

13 9.10 0.02 0.00 

14 9.20 0.02 0.20 

15 6.59 0.00 0.10 

16 - 0.00 0.10 

17 4.58 0.09 0.00 

18 3.40 0.07 0.30 

19 3.06 -0.02 0.00 

20 2.39 -0.05 0.00 

21 1.54 0.00 0.00 

22 1.17 0.00 0.00 

23 0.89 0.00 0.00 

24 0.62 0.00 0.00 

25 0.40 0.00 0.10 

26 0.31 0.00 0.00 

27 0.22 -0.02 -0.10 

28 0.14 -0.02 0.00 

29 0.07 0.02 0.00 

30 0.03 0.07 0.00 

31 0.01 0.02 -0.10 

32 0.01 0.00 0.00 

33 0.00 -0.02 0.10 

34 0.00 -0.02 0.00 

35 0.00 0.00 0.00 

36 0.00 0.00 0.00 

37 0.00 -0.05 0.00 

38 0.00 0.00 0.10 

39 0.00 -0.02 0.00 

40 0.00 -0.05 0.10 

41 0.00 0.04 0.00 

42 0.00 0.11 0.00 

43 0.00 0.29 0.00 

44 0.00 0.67 0.00 

45 0.00 3.00 0.00 
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46 0.00 15.48 0.00 

47 0.00 48.13 0.00 

48 0.00 28.70 0.00 

49 0.00 3.30 0.00 

50 0.00 0.20 0.00 

51 0.00 0.03 0.01 

52 0.00 0.01 0.36 

53 0.00 0.01 3.41 

54 0.00 0.00 18.89 

55 0.00 0.00 36.17 

56 0.00 0.00 28.06 

57 0.00 0.00 9.24 

58 0.00 0.00 1.50 

59 0.00 0.00 0.19 

60 0.00 0.00 0.04 
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Appendix M – ICP-QQQ-MS measurement interference at m/z 175 

caused by high gadolinium concentration 

Table M.1 – The internal standard, blank and dilution corrected CPS values present in the main 

gadolinium fractions (fractions 11-30) where no terbium was expected. The percentage contamination 

in the m/z 175 signal was calculated to comment on the impact of gadolinium polyatomic species and 

tailing on terbium measurement. Repeats 1-3 were taken from the experimental data from the 

separation of 1 μg terbium from 10 mg gadolinium and 1 μg dysprosium 

In fractions 11-30 Repeat 1 Repeat 2 Repeat 3 

CPS at m/z 173 1.10E+11 1.06E+11 1.27E+11 

CPS at m/z 175 1.65E+06 1.28E+06 1.44E+06 

Proportion of m/z 173 

signal at m/z 175 
0.00150% 0.00121% 0.00114% 

 

Table M.2 – The internal standard, blank and dilution corrected CPS values present in the main 

gadolinium fractions (fractions 11-30) where no terbium was expected. Repeat 4 was taken from the 

experimental data from the separation of 1 μg terbium from 50 mg gadolinium and 1 μg dysprosium. 

Repeat 5 was taken from the experimental data from the separation of 1 μg terbium from 100 mg 

gadolinium and 1 μg dysprosium.  

In fractions 11-30 Repeat 4 Repeat 5 Mean (n=5) 

CPS at m/z 173 3.20E+11 4.27E+11 2.18E+11 

CPS at m/z 175 5.02E+06 6.95E+06 3.27E+06 

Proportion of m/z 173 

signal at m/z 175 
0.00157% 0.00163% 0.00141% 
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Appendix N – Webster et.al. (2018) 

B. Webster, P. Ivanov, S. Collins, B. Russell, A. Robinson, D. Read, Purification of Tb-155 

produced at CERN-MEDICS for applications in nuclear medicine. In: Annual Congress of the 

European Association of Nuclear Medicine, 13-17 October 2018, Dusseldorf, Germany, 

EJNMMI, 2018, 45, 1-844 
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Appendix O – Webster et al. (2019) 

B. Webster, P. Ivanov, B. Russell, S. Collins, T. Stora, J. P. Ramos, U. Köster, A. P. Robinson 

and D. Read, Chemical Purification of Terbium-155 from Pseudo-Isobaric Impurities in a Mass 

Separated Source Produced at CERN, Sci. Rep., 2019, 9, 1088486 
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Appendix P – Russell et al. (2020) 

B. Russell, P. Ivanov, B. Webster and D. Read, Agilent Application Note: Characterization of 

Rare Earth Elements used for Radiolabeling Applications by ICP-QQQ, 2020204 
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Appendix Q – Trinder et al. (2020) 

R. R. Trinder, T. Kokalova, D. J. Parker, C. Wheldon, B. Phoenix, P. Ivanov, B. Russel, B. 

Webster, P. Regan, A. Robinson, D. Cullen, S. Pells, R. Allen, S. Pirrie, A. Turner and P. Santa 

Rita, in Journal of Physics: Conference Series, IOP Publishing Ltd, 2020, vol. 1643, p. 

12209.117 
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Appendix R – Duchemin et al. (2021) 

C. Duchemin, J. P. Ramos, T. Stora, … P. Ivanov, … B. Russell, … B. Webster et al., CERN-

MEDICIS: A Review Since Commissioning in 2017, Front. Med., 2021, 8, 693682, 1-11219 
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