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By Alexander James Hately 

To decrease cost and time for nuclear decommissioning, a move towards automation in 
the waste characterisation process has been the subject of increasing study in recent years. 
This thesis utilised an Automated Sequential Radionuclide Separator (ASRS) to investigate 
the effects of expediting the separation and purification of Sr, Pu, Th and U from concrete 
matrices. This benchtop separation system consists of 8 chromatographic columns with 
forced flow of solutions through the columns being achieved using peristaltic pumps. 

Sr separation was found to be largely unaffected by increasing the flowrates up to 
those capable by the separator, and chemical recoveries of over 90 % were achieved. Pu, 
Th and U separation using three chromatographic materials demonstrated practically how 
different active site bonding method to the polymer support can affect uptake kinetics. The 
active site coated resin TEVA resin achieved equilibrium within 1 hour whereas Anion 
Exchange resin (that has the active site forming part of the polymer) took 2.5 hours.  

A sample analysis method incorporating expedited chromatographic separation was 
tested using a simulated concrete digest. Purified fractions of U, Th, Pu and Sr were 
produced at elevated flow rates using a Sr-spec column as well as a series of TEVA and 
UTEVA columns. Chemical yields were found to be adequate and fully corrected 
measurements were accurate and precise. Separation times for the 4 analytes were 
significantly reduced, from over 2 hours 40 minutes to 25 minutes.  

This thesis has proven the application of an expedited chromatographic separation 
system to the analysis of concrete samples for common radionuclides measured at nuclear 
facilities. The time savings, versatility, automation, and ability to be incorporated into fully 
shielded procedures make it an attractive prospect for both decommissioning 
organisations and multi-purpose laboratories.  
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Chapter 1 Introduction 

 Research context 

In recent years, research into rapid and automated radionuclide separation has been 

focussed on assessing the extent of radionuclide contamination in the wake of a nuclear 

incident (Habibi et al., 2017; Kim et al., 2015; Maxwell et al., 2017; Sadi et al., 2018). 

Although these rapid techniques are extremely useful in the event of a major radioactive 

release, the major incidents for which these systems are designed are relatively rare with 

only one event rated 7 on the International Nuclear Event Scale (INES) occurring in the last 

10 years (Fukushima Daiichi in 2011) (Wheatley et al., 2017). This means that for the 

majority of the time these techniques are applied only occasionally when they could, 

foreseeably, be utilised more regularly in environmental studies and potentially beyond. 

One major potential setting could be the nuclear decommissioning sector. 

Decommissioning of nuclear reactor sites is an expensive task, with timescales spanning 

from decades to over a century at individual sites (European Commission, 2018; Nuclear 

Decommissioning Authority, 2017). European nuclear operators estimate that over the 

next 30 years, EUR 120 billion will be required for decommissioning activities (European 

Commission, 2018). Worldwide, there are 449 operational nuclear reactors, 54 reactors 

under construction and 176 reactors that have been permanently shut down (IAEA PRIS, 

2019). Of the 176 permanently shut-down reactors, fewer than 10 have been fully 

decommissioned. In addition, countries may have plans to shut down a significant 

proportion of their operational reactors in the near future (Nuclear Decommissioning 

Authority, 2016). At the time of writing, nuclear power plants comprise a significant 

proportion of the UK grid’s power supply (16.1% in 2020) (Martin, 2021). Presently, there 

are 13 nuclear power reactors in the UK (operated and owned by EDF Energy), which are 

all expected to be shut down by 2035 (EDF Energy, 2017; Nuclear Decommissioning 

Authority, 2016; Roberts, 2017). The Nuclear Decommissioning Authority (NDA) is currently 

responsible for overseeing the decommissioning of 17 historic nuclear sites across the UK 

(Nuclear Decommissioning Authority, 2016). The operations undertaken by the NDA 

require significant funding. In the 2020/21 financial year the NDA’s expenditure was 

£3.059bn. Under a third of this (£0.612bn) was funded from income generated by the 
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NDA’s commercial operations, with the majority of NDA funding (£2.447bn) coming from 

the UK Government (Nuclear Decommissioning Authority, 2021). The UK Government, 

therefore, pays close attention to the NDA’s expenditure in order to prevent unnecessary 

costs being incurred to the taxpayer. Cost-effective and efficient techniques are required 

to fulfil the NDA’s requirements. The time-scales for clean-up after the reactor’s shutdown 

are also important in cost consideration. The longer it takes to clean the sites, generally, 

the higher the cost incurred. According to the NDA, the 17 historic nuclear sites within its 

estates will require decommissioning activities for a period of over 100 years, with final site 

clearance of Sellafield and Capenhurst estimated to finish in 2120 (Nuclear 

Decommissioning Authority, 2017). In 2017 the budget requirement forecast for this clean-

up was around £119bn, however, due to the uncertainty of forecasts the NDA 

acknowledges that the figure could range between £97bn and £222bn (Nuclear 

Decommissioning Authority, 2017). The cost and time implications faced by the NDA in the 

UK are comparable to the issues faced at nuclear facilities globally.  

Waste characterisation is one of the first steps in the decommissioning of a nuclear facility. 

Over the lifetime of a nuclear reactor, radioactive contamination of building materials and 

equipment will occur. In addition to this, a small number of sites have experienced nuclear 

incidents which rank on the INES, which further complicate the decommissioning process 

(IAEA, 2001; Webb et al., 2006). Waste disposal and remediation techniques are chosen 

based upon the activity and the elemental composition. The highest activity waste, 

comprising 95% of the radioactive content in a nuclear facility, is taken for cooling and 

requires special shielding during transport and handling (Ewing et al., 1995). Intermediate 

level wastes (ILW) require shielding but not cooling and comprise 4% of the radioactive 

content (IAEA, 2011). Low-level wastes (LLW) are the least active, but the largest in volume. 

Waste repositories for LLW are generally less contained than for HLW and as a result they 

have lower activity limits. The radioactivity contained within them may not be of immediate 

concern, however they can contribute significantly to long term repository dose limits, so 

accurate characterisation of nuclear waste is crucial to prevent inappropriate waste 

disposal practices (Suslova et al., 2015).  
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The decommissioning process is broken down into several key stages: 

1. Site shutdown and defueling 

2. Post-operational cleanout  

3. Ancillary building dismantlement 

4. Reactor dismantlement  

5. Land remediation 

(Bond et al., 2004; International Atomic Energy Agency, 2000). Guidelines for each stage 

are published by regulatory bodies such at the International Atomic Energy Agency and 

governmental organisations in each territory. Adherence to the protocols and guidelines is 

often very strict in order to ensure safety of workers and efficacy of clean-up.  

 Radionuclide origin and nature 

Radionuclides are unstable species of atoms, possessing excess nuclear energy, which 

undergo radioactive decay to achieve a more stable state. In doing so they emit alpha (α) 

or beta (β) particles. Gamma rays (γ) can be emitted alongside the alpha or beta particles, 

or they can be emitted as the primary manner of decay (Hanrahan, 2012). Emission of an 

alpha or beta particle changes the identity of the atom. An alpha particle consists of 2 

protons and 2 neutrons (a helium nucleus) and a beta particle consists of either a positron 

or an electron (dependant on the type of beta decay occurring). Gamma rays are a form of 

electromagnetic radiation consisting of the shortest wavelength of electromagnetic waves. 

They have much higher frequency and consequently carry much more energy than that of 

other light waves (Reichardt and Bacchi, 2005). Alpha particles are the most ionising of 

these radiation methods, however they are the least penetrating, due to their size. Gamma 

radiation is the least ionising yet the most penetrating, requiring increased shielding using 

dense materials such as concrete or lead to protect workers.  

Many radionuclides can be found naturally. Cosmogenic radionuclides are continuously 

produced through the bombardment of an atom with cosmic rays. This primarily happens 

in the Earth’s atmosphere (National Research Council (US), 1999). Primordial radionuclides 

found on Earth have been synthesised before the formation of the Earth, during the big 

bang or ancient supernova explosions. Commonly, primordial radionuclides have half-lives 

on the order of the age of the Earth. The other natural radionuclides are comprised of the 
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decay products of the primordial radionuclides (National Research Council (US), 1999). 

Examples of naturally occurring radionuclides include 232Th, 238U, 40K, and 14C.  

Generally, an atom is radioactive in nature if it contains too many protons, too many 

neutrons, or has a very large mass (>210 amu). Nuclides with excess protons and sufficient 

energy decay via beta plus decay, emitting a positron, while ones without sufficient energy 

decay via electron capture. Electron capture occurs when a proton-rich nucleus absorbs an 

inner atomic electron, prompting the changing of a proton to a neutron. This leads to the 

emission of an electron neutrino as well as x-rays and usually a gamma ray. Nuclides with 

excess neutrons decay via beta minus decay, emitting an electron. A field of stability exists 

between the beta minus and beta plus emitters. Alpha particles are generally emitted by 

heavier radionuclides; however, some exceptions exist (8Be for example). A plot of each 

known nuclide and its decay mode was first constructed in 1958 by W. Seelmann-Eggebert 

and G. Pfennig (Normand et al., 2009). The chart shows the general trend of the decay 

modes as well as the field of stability. The chart of the nuclides is a useful tool for 

determining the likely components of a sample, showing the possible daughter products 

and decay chains that exist given the known presence of a radionuclide (Figure 1.1).  

 

Figure 1.1. 
Karlsruhe Chart of the Nuclides  
Chart shows each known radionuclide and is colour coded for their major decay mode. Blue - β- 
decay, Green - β+ decay, Yellow - α decay, Black - Stable. 
 

Some radionuclides are so unstable that they decay via fission, which splits the nuclide into 

two fragments. The dawn of the atomic era brought the creation of a range of radionuclides 
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associated with the fission of heavy elements. Splitting of fissile materials such as 235U 

releases a large amount of energy and is useful for application to nuclear weapons and the 

production of electricity. Fission of these radionuclides is initiated on the addition of a 

neutron, and forms two lighter nuclides along with several free neutrons. The neutrons can 

then be absorbed by further fissile elements causing more fission reactions or by non-fissile 

elements, increasing their mass. The elements formed from the fission of the heavy nuclide 

are termed fission products, and the nuclides formed through the absorption of neutrons 

are called activation products.  

Fission products are produced in a statistically predictable way. Masses of fission products 

at the extremes (the heaviest or the very lightest) and those close to half the mass of the 

fissile parent are the most unlikely (Koning and OECD Nuclear Energy Agency, 2006). Figure 

1.2 shows the fission product yield for 235U, 233U, 239Pu and 241Pu with major yield peaks at 

around 140 and 100.  

 

Figure 1.2. 
Fission product chain yield curve for fissile U and Pu isotopes 
Data from Koning and OECD Nuclear Energy Agency (2006) 
 

Production of nuclear waste is unavoidable for nuclear facilities. The majority of the activity 

is contained in the fuel rods, however, contamination of other materials is commonplace 

and has to be accounted for during decommissioning. The nature of the contamination is 

dependent on the area within the facility, its use and history. Fission products and actinides 
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can be present as contaminants in areas storing or exposed to fuel rods. Activation 

products can be formed through the absorption of neutrons by materials surrounding fuel, 

such as concrete shielding, steel structures and control rods. An example of radionuclide 

production in a reactor is shown in Figure 1.3.  

 

Figure 1.3. Example of radionuclide production in a reactor (LWRs or AGRs) 
Adapted from Croudace et al., (2017)  
Showing select radionuclide contamination from a reactor using 235U as fuel 
 

 Rationale and objectives 

As the current necessity for decommissioning activities is set to increase, so has the need 

for development of applicable technologies. Modular, remotely operated, automated 

systems have the potential to make the decommissioning process more efficient and safer 

for workers (European Commission, 2018). Nuclear waste characterisation is an essential 

component in waste sentencing during the cleanout, dismantlement and remediation 

stages. Understanding of a waste’s radiological, chemical and physical properties are 



 Chapter 1  

7 

crucial in determining the appropriate disposal, treatment or reuse of the material. A 

variety of technical procedures for radiological characterisation of waste are advised by the 

IAEA (International Atomic Energy Agency). Included in these are the removal of samples 

which are subsequently analysed with or without mechanical tools. These can be taken 

from various depths in order to attain a holistic understanding of a waste package. Analyses 

of the samples can be conducted on or off-site to attain alpha, beta and gamma activities 

either after radiochemical separation or to acquire gross alpha or beta measurements. In-

situ measurements of dose rate and gross alpha/beta and gamma can be carried out. 

Additionally, a fully resolved gamma spectrum can be measured in-situ (Andrieu et al., 

2013). The choice of measurement technique is based on historical records of the area 

within the site containing the waste package. This occurs during a planning phase of the 

implementation of radiological characterisation (Andrieu et al., 2013). Characterisation 

methods fall under one of two general classes – destructive and non-destructive. 

Destructive analysis provides the most accurate activity determination, which yield lower 

uncertainties than non-destructive techniques (International Atomic Energy Agency, 2007). 

Destructive analysis involves sampling, preparation of samples and chemical separation 

methods before analysis. Sample preparation often involves dissolution techniques which 

are dependent on the sample type. Chemical separation seeks to reduce or eliminate 

chemical or radiological interferences. Determination of radionuclide content is carried out 

by instrumental analysis, which may or may not be destructive in their own right, however 

when combined with the preparation and separation techniques undertaken prior lead to 

an overall destructive technique. These analyses include alpha or gamma spectrometry, 

liquid scintillation counting and mass spectrometry among others. Non-destructive 

techniques involve the observation of spontaneous or stimulated nuclear radiation. These 

measurements can be used to estimate the radionuclide content of waste without affecting 

the physical or chemical form. Non-destructive analysis includes gamma spectrometry 

(identifying gamma emitters), neutron methods (capturing neutrons emitted from 

spontaneous fission or nuclear reactions) or calorimetry (relying on specific heat to quantify 

activity) (International Atomic Energy Agency, 2007). Non-destructive analysis can be 

undertaken much more rapidly than destructive analysis however does require accurate 

calibration and relies much more heavily upon information gathered during the planning 

phase.  
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Often the easiest, most time and cost-efficient method of characterising large waste 

volumes is to directly measure bulk or packed waste. However, many of the radionuclides 

important for long term waste management are difficult-to-measure (DTM) and cannot be 

measured directly (International Atomic Energy Agency, 2009). A common solution is to 

use Scaling Factors (SFs). Sometimes termed “waste fingerprinting”, this method utilises 

the relationship between easy-to-measure (ETM) nuclides and the DTM nuclides of 

interest. ETM nuclides are ones that can be determined by direct measurement of bulk or 

packed waste. This is completed by in-situ gamma spectrometric analysis which can fully 

resolve the gamma emissions present. If a correlation is apparent between a key ETM 

nuclide and a DTM nuclide of interest, the DTM content of a waste package can be 

estimated simply by measuring the ETM nuclides. The technique of ascertaining the 

radionuclide content using ETM nuclides is internationally recognised by the International 

Organisation for Standardisation (ISO Technical Committee: Nuclear installations, 

processes and technologies, 2007; Kashiwagi et al., 2007). 

This method is commonly employed for the sentencing of low and intermediate level 

radioactive wastes. In the construction of SFs for use in this context, accurate and timely 

measurements of both ETM and DTM nuclides are required. Commonly, ETM nuclides are 

ones that can be determined via gamma counting, and DTM nuclides are pure alpha, pure 

beta, X-ray and low level gamma emitters (International Atomic Energy Agency, 2007). 

These DTM nuclides usually require chemical separation and pre-concentration techniques 

for accurate analysis. 

Separation of radionuclides can be achieved by various techniques. Precipitative methods 

can be suitably fast and cheap, however they often lack the precise selectivity and require 

repeat precipitations to achieve adequate recoveries. Liquid-liquid extraction techniques 

have proven highly effective at separations on a large scale (PUREX process) however can 

be inefficient for use with multiple samples. Commonly, separation of DTM nuclides for 

accurate analysis is completed using column chromatography. This involves manually 

dripping digested sample and reagents through a chromatographic column, then collecting 

the fractions in glass beakers. A more eloquent and less time-consuming solution may be 

to automate the system, inducing forced flow of sample, and eluents through the column.  
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The high flow rates that can be achieved by automated systems significantly decrease 

overall radionuclide determination time. In addition, automation of the separation process 

can reduce labour costs and the risk of contamination through human error. Increasing 

flow rates, however, can have a negative effect on separation efficacy. The basic theory of 

chromatography is that there are 2 phases: a mobile phase and a stationary phase. 

Separation occurs due to sample component’s different affinity for these phases. In column 

chromatography the stationary phase is the resin containing an active site and the mobile 

phase refers to the aqueous solution or reagents passing through the resin. Higher flow 

rates decrease the time allowed for interaction between the components of the mobile 

phase and the stationary phase. This has can cause the early elution of mobile phase 

elements, which affects the decontamination or recovery of the target radionuclide 

fraction.  

The aim of the research presented in this thesis is to investigate the effects of increasing 

mobile phase velocity through chromatographic columns, facilitated by automated 

systems. Specific focus will be given to separations employed during the decommissioning 

of nuclear waste. Strontium separation will be analysed at increased flow rates using 

commercially available Sr-resin (Eichrom Technologies) in a chromatographic column. An 

investigation of actinide separation will be completed at expedited flow rates to compare 

the efficacy of different chromatographic materials (Anion Exchange resin, TEVA resin and 

UTEVA resin all supplied by Eichrom Technologies). Finally, a procedure will be analysed for 

the separation and measurement of multiple radionuclides from a single sample using 

expedited flow rates.  Where appropriate, further application to other fields of study shall 

be investigated, with the aim of highlighting the versatility of automated systems for use in 

multi-purpose laboratories. Understanding of how a chromatographic material’s 

characteristics affect their behaviour under increased flow rates will aid in further research 

of expedited separation systems using different materials. The investigation into the 

sorptive materials’ behaviour under increased flow rates shall be used in the construction 

of the multi-separation procedure, aiming to separate and purify multiple radionuclides 

from a single sample. Efficacy of the separations shall be assessed using common 

performance quantifiers used in extraction chromatography, decontamination factors and 

by comparing limits of detection to internationally recognised guidelines on bulk waste 

activity limits.  
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 Quantification of column performance 

Height Equivalent to a Theoretical Plate (HETP) is often used when assessing 

chromatographic separation efficiency. Plate theory was first outlined by Martin and Synge 

in 1941. It divides a chromatographic column into multiple hypothetical layers. Each layer 

is defined as the distance through the column the mobile phase is required to travel before 

that portion of the mobile phase is in equilibrium with the solid phase (Martin and Synge, 

1941; Stauffer et al., 2008). The solution issued from each layer is therefore in equilibrium 

with the mean concentration of solute in the solid phase throughout the layer. 

Chromatographic plate theory dictates that low HETP indicates the ability to achieve 

chromatographic separation with narrow elution peaks of constituents. HETP is calculated 

using the column length and the number of plates (Equation 1.2) (Ettre, 1993). The number 

of plates is obtained by analysing the elution profile of analyte using the same solvent. This 

is termed “isocratic elution” and produces an elution profile similar to that of Figure 1.4. 

 

 

𝑛𝑛 = 5.545 ∙ �
𝑡𝑡𝑅𝑅
𝑊𝑊ℎ

�
2
 

Equation 1.1. 
Plate number equation 
n – number of plates, tR – volume to peak elution, wh – full width at half peak height 

 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =
𝐿𝐿
𝑛𝑛

 

Equation 1.2. 
Chromatographic plate equation 
Following from Equation 1.1, HETP – Height Equivalent to Theoretical Plate, L - length of 
column, n - number of plates 
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Dominant column conditions controlling HETP are related in the van Deemter equation 

(Equation 1.3). The eddy diffusion parameter (A) is independent of mobile phase velocity 

and is dependent only on the size of the stationary phase (resin diameter). For this reason, 

A is unaffected by increases in aqueous phase velocity and is constant for a given column. 

The longitudinal diffusion coefficient (B) quantifies the tendency for analyte molecules to 

redistribute from regions of high concentration via diffusion to regions of low 

concentration. This effect is greatly reduced as flow rate increases (Figure 1.5).  

 

Equation 1.3. 
van Deemter equation 
Relating plate thickness and mobile phase velocity (u). C – resistance to mass transfer, B – 
longitudinal diffusion coefficient, A – eddy diffusion. 
 

Figure 1.4. 
Elution profile for isocratic elution of analyte 
Wh, tR, analyte concentration and eluate volume 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐴𝐴 +
𝐵𝐵
𝑢𝑢

+ 𝐶𝐶 𝑢𝑢 
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Figure 1.5. 
van Deemter Plot  
Effect of each individual constituent of the van Deemter equation on plate thickness 
 

Resistance to mass transfer (C) refers to the non-instantaneous transfer of analyte between 

the mobile and stationary phases. It is comprised of two parts; analyte transfer from mobile 

phase to stationary phase and vice versa. For this reason, the term C in the van Deemter 

equation can be expanded to Cs + Cm. These two components have opposing effects on 

elution profiles as a delay from mobile phase to stationary phase causes mobile phase 

analyte profile to be in advance of the equilibrium position. A delay in transfer from 

stationary to mobile phases causes the stationary phase profile to be slightly behind the 

equilibrium position (Figure 1.6) (Poole, 2000). Increasing flow rate increases the disparity 

between the mobile and the stationary phase profiles individually and between both phase 

profiles and the equilibrium position. Elution peaks observed at higher flowrates will, 

therefore, be broadened.  
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Figure 1.6. 
Graph showing the two components of resistance to mass transfer 
The actual positions of the solute zones are depicted as solid outline with fill and the equilibrium 
position by the dashed line with no fill. Adapted from Poole., (2000). 
 

 Kinetic control on separation 

Analyte uptake on the chromatographic material also affects the separation efficiency. This 

uptake is usually quantified as the ratio of analyte in the solid and liquid phases. For the 

purposes of this research, this shall be referred to as K’ (Equation 1.4). When the ratio 

reaches an equilibrium state, maximum uptake of analyte by the resin has occurred. This is 

often termed “distribution coefficient” and referred to as Kd. Higher Kd’s have the effect of 

retaining the analyte on the column for longer (Figure 1.7). If equilibrium (Kd) is not 

achieved due to shorter interaction times (caused by higher flow rates), analytes will elute 

from the column more rapidly, possibly during the elution of contaminants.  

 

Equation 1.4. 
Equation for distribution ratio 
Calculation of K’ using masses of analyte in the solid phase and liquid phase and the masses each 
phase 

𝐾𝐾′ =  
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑖𝑖𝑖𝑖 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎 

×  
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑝𝑝ℎ𝑎𝑎𝑎𝑎𝑎𝑎
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Figure 1.7. 
The relationship between Kd, HETP and elution profile  
 

In order to conduct this research, appropriate materials need to be utilised to ensure 

relevance to the nuclear sector. Traditional methods of radionuclide separation include 

liquid-liquid exchange, ion exchange chromatography and precipitation and these methods 

have been proven to be sufficient on a range of matrices (Butler, 1963; Kooi, 1958; Noshkin 

and Mott, 1967; Porter et al., 1967; Talvitie and Demint, 1965; Weiss and Shipman, 1957).  

With plans for further nuclear power developments already on the horizon, advancement 

in radiochemical separation techniques will be focussed on, in order to decrease time and 

associated cost (BIS, 2013). The following thesis will evaluate the effect of increasing flow 

rate during the chromatographic separation of radionuclides commonly studied during 

nuclear waste characterisation. Strontium-90 separation will be investigated due to its high 

fission yield (Takagai et al., 2014). As a result, it is a significant constituent of waste 

containing fission products. In addition, it is a pure beta-emitter giving off no gamma 

radiation. This means it is also classed as a DTM radionuclide.  

Uranium is commonly used as a nuclear fuel and the major isotopes of uranium decay via 

alpha decay. This can pose a risk to human health and the environment if contamination is 

significant. In addition, uranium has extensive decay chains which contain radioactive 

daughter isotopes as well as toxic heavy metals (e.g. polonium, lead) (Rožmarić et al., 

2009). Analysis is of U is regularly undertaken, not just during decommissioning, but also 

during fuel reprocessing and disposal in order to assess the fissile content.  
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Thorium separation and purification will be assessed due to its presence as a decay product 

of nuclear fuels. Thorium poses a risk to environmental and human health if present in high 

quantities due to the decay mode of the most common isotopes (alpha decay) (Gad, 2014). 

Analysis of Th is carried out during reactor operation and decommissioning. 

Plutonium is present as it is a common activation product in uranium fuelled reactors 

(especially 239Pu). Because of its radiological and biological toxicity accurate determination 

of the Pu content of waste is required during decommissioning and fuel reprocessing 

(Rodriguez, 2014). Therefore, Pu separation and purification will also be analysed within 

the context of expedited chromatographic separation.  
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Chapter 2 Expediting radionuclide separation and 

analysis 

 Introduction 

Conventionally, gravity flow columns are used to perform anion exchange and extraction 

chromatography (Horwitz et al., 1992; Kołacińska et al., 2017). However, to expedite 

chromatographic separation, increases in flow rate can be induced in several ways.  

 Vacuum boxes 

Most commonly, sample, reagent and eluent are drawn through using a vacuum box. 

Vacuum boxes can also be used to aid the preparation of chromatographic columns, 

commonly to ensure suitable packing of resin within the column (Habibi et al., 2017). Many 

studies have used vacuum systems to expedite the separation process, increasing flow 

rates through the columns (Grahek et al., 2018; Hurtado-Bermudez et al., 2017; Maxwell 

et al., 2017, 2016; Vajda and Kim, 2010). However, very little study exists on flow rate 

increases and its effect on separation efficiency. Vacuum boxes are an effective way of 

increasing flow rate, however study on flow rate effects using the vacuum systems may 

prove difficult because of the specific lack of control over the resulting flow rate. Flow rates 

may differ depending on size of resin bead, packing efficiency and effectiveness of sealing 

between the vacuum chamber and the ambient atmosphere. Studies such as Maxwell et 

al. (2016) that use vacuum systems in this way are only able to calculate the flow rates 

produced, not control the flow rate. Higher vacuums lead to increased flow rates, so only 

very rough control is possible but not precise control. Vacuum boxes are common for use 

in chromatographic separation procedures with methods existing for americium, 

neptunium, plutonium, thorium, curium, uranium and strontium using TEVA, TRU and Sr 

resins (Eichrom Technologies, LLC, 2006; Vajda and Kim, 2010). Vacuum box systems may 

help to reduce analytical time and overall labour costs with the ability to process multiple 

samples at once. However, manual handling and skilled workers are still required to add 

the sample and solutions to such systems.  
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 Pressurised injection 

Pressurised injection methods work by pressurising the vessel containing the sample and 

solvents with a gas, commonly N2. The positive pressure forces the solutions through the 

column at increased flow rates (Figure 2.1). This method of injection can achieve high flow 

rates, can be utilised to work with more viscous solvents and can be set up at a relatively 

low cost. However, studies into this method of column introduction have shown that the 

separations completed are not easily repeated, again, due to the low level of control on 

flow rate (Guérin et al., 2013). The pressurised injection technique has been applied to the 

separation of actinides using TEVA and DGA resins as well as the separation of Sr using a 

silica based extraction chromatographic material, similar to that of Sr resin (Guérin et al., 

2013; Zhang et al., 2008). 

 

Figure 2.1. 
Pressurised injection schematic 
Pressurised injection of reagents and sample onto the column 
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 Flow injection analysis 

To advance techniques, automation of the separation processes could be beneficial in 

several ways. The system would reduce the need for skilled personnel, increase throughput 

(in comparison to gravity flow columns), reduce contamination risks, increase safety and 

also allow for controlled and consistent analytical protocols (Chung et al., 2015). 

Automated processes can also facilitate the expedition of the separation process, through 

reducing steps or using higher flow rates. Automated addition of sample and reagents is a 

key process that vacuum box systems generally do not possess and precise control of flow 

rates to allow repeatable separation is not possible with either vacuum box or pressurised 

injection systems.  

One of the first examples of an automated system was a flow injection analysis system. It 

utilised a chromatographic column with injection of sample, reagent and eluent added by 

a pump system (Grate et al., 1996). An Sr-spec column was used in an on-line configuration, 

with liquid scintillation cocktail added to the eluate post-separation and liquid scintillation 

counting used as the detection method. The use of the Sr-spec column was as per Eichrom 

recommendation, with the columns prepared using 8 M HNO3, and sample loaded and the 

column washed with more 8 M HNO3 to remove interferences (including 90Y) before elution 

with deionised water. In Grate et al.’s (1996) experiment, both washing and eluate were 

counted by LSC as the liquid scintillation counter used was a flow-through counter 

equipped with a 0.5 mL flow cell. The sample loading, washing and elution was carried out 

at a flow rate of 0.5 mL/min (controlled by a peristaltic pump). Column rinsing and wash 

cycle post-LSC were completed at a rate of 1 mL/min. Grate et al. showed that two distinct 

peaks in activity were apparent from the LSC. The first was the 90Y (and other radioactive 

contaminants) elution during the column washing and the second being from the 90Sr 

eluate. Grate et al. stated that the apparent delay from the end of the 8 M HNO3 wash and 

the start of 90Sr elution is due to Sr resin extracting HNO3 from aqueous nitric acid solutions. 

The subsequent deionised water elution step will, for the first few millilitres, wash the nitric 

acid off the Sr resin until the column acidity drops to a sufficient level as to release the Sr. 

According to Grate et al., this occurs at a pH of less than 2.  Grate et al. (1996) also tested 

the system with a larger flow cell (2.5 mL) and a longer residence time. This increased the 

number of counts detected and therefore improve the counting statistics. However, it is 

only possible do to this once the elution curve has been completely resolved using the 
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smaller flow cell. This is because knowledge of the first radionuclide peak is required to 

avoid both washing and eluate activity being counted together. During the experiment with 

the larger flow cell, flow rate through the column was increased to 1 mL/min for the 

washing, but the elution step was kept at 0.5 mL/min. It is also mentioned that Ba is more 

strongly retained than that of most other potentially interfering species. This may present 

an issue in samples containing a significant amount of Ba (e.g. some concretes used in 

radiation shielding). However, the only Ba isotope likely to be present in nuclear waste is 
140Ba, which decays in 12.7 days and has a β- energy double that of 90Sr. Grate et al.’s study 

shows that automated techniques can be effective at preventing spills, minimising 

exposure to workers and increasing throughput. 

Flow injection analytical techniques consist of the same general setup. The procedure 

utilises a relatively small volume of sample for measurement with preliminary steps 

designed to preconcentrate, purify or prepare target analytes for analysis. These steps are 

carried out on flow-through modules. The measurements are carried out on flow-through 

detectors which can allow for sequential analysis of different analytes using the same 

apparatus. In these cases the kinetic differences between the analytes in the preliminary 

stages allows for multicomponent determination (Trojanowicz and Kołacińska, 2016).  

Several other flow injection techniques have been outlined in publications, most using an 

on-line arrangement (Mateos et al., 2000; O’Hara et al., 2009). O’Hara et al.’s and Mateos 

et al.’s systems utilise syringe pumps to induce forced flow meaning that the flow of 

aqueous phase through the column is stopped while the syringe pump is refilled. Systems 

employing peristaltic pumps to induce the flow through the system allowing for constant 

flow of sample and solutions (example of this in Figure 2.2). 

These online systems, where separation leads directly to measurement may not be as 

attractive as offline or hyphenated systems. Online systems cannot easily be adapted for 

different separation procedures or measurement techniques, whereas offline or 

hyphenated systems can. These online systems can only separate one sample at a time. In 

addition, Grate et al. acknowledge that due to the lack of evidence or research into the 

viability of reusing Sr resin, the column has to be replaced after every sample. This increases 

handling operations and slows sample throughput. It is accepted that changing the columns 

is most likely required for all Sr separation procedures, however a system able to separate 
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multiple samples at once before a collective column change seems like a far more elegant 

and efficient solution. 

 

Figure 2.2. 
Flow injection analysis schematic 
Peristaltic pump used to induce flow, syringe pump can also be used 

 

 Automated radionuclide separators 

In 2013 Chung et al. produced a paper outlining a novel automated radionuclide separator 

capable of separating 99Tc from 4 groundwater samples at once. The modular automated 

radionuclide separator (MARS) utilised one peristaltic pump and multiple valves to direct 

reagent, sample and waste. The example outlined in the paper utilised 4 columns but Chung 

et al. (2013) stated that the system could be expanded to include up to 8 columns with the 

software installed (LabVIEW™). The testing of the MARS conducted by Chung et al. 

consisted of separating 99mTc tracer from five groundwater samples collected from 

Gyeongju City (Korea). Separation was completed using TEVA resin. Groundwater samples 

were acidified using HNO3 and oxidised using H2O2 to ensure complete formation of 
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pertechnetate ions (TcO4-). TEVA resin was packed into the columns on the MARS. The 

columns were conditioned with 0.1 M HNO3 before the acidified (to pH 2) water samples 

containing TcO4- were loaded. The TEVA column was washed with 50 mL of 2 M HNO3 and 

Tc was eluted with 20 mL 8 M HNO3. 99Tc concentration was measured using ICP-MS after 

the eluate was evaporated and dissolved in 2% HNO3. Counting of the 99mTc tracer was 

completed using HPGe Gamma ray spectrometers to establish chemical yield. To produce 

elution curves GM (Geiger Müller) counters were employed at the base of the 

chromatographs. Elution curves were produced for 6 different elution flow rates (1.0, 1.5, 

2.5, 3.0, 5.0 and 7.0 mL/min). Chung et al. (2013) stated the highest tailing of the elution 

curves occurred at the highest elution flow rates, and that the ideal elution flow rate was 

1.5 mL/min. Even with the highest peak tailing, the baseline GM signal returned within 18 

mL of eluent (8 M HNO3). The loading, washing and rinsing steps were all undertaken at 5 

mL/min, and Chung et al. made no comment over what effect altering the loading and wash 

steps would have on chemical recovery of 99Tc. An average recovery of over 95% was 

achieved.  

Chung et al. (2013) concluded that the MARS system, applied to the function of Tc 

separation using TEVA resin, successfully separated the target radionuclide from 

groundwater samples. They also stated that by altering the protocols, the MARS could be 

adapted to the separation of various other radionuclides from different matrices.  

In 2015 two papers were published outlining the application of the MARS system from 

Chung et al. (2013) to the separation of radiostrontium from different matrices. Kim et al. 

(2015) outlined a procedure for separation of radiostrontium and plutonium from 

seawater. This was completed by using a sequential column setup. Sr and Pu in samples 

were concentrated by precipitation of PuCl3 and SrCO3 from the addition of FeCl3·6H2O and 

Na2CO3. The filtered and dissolved precipitate (in conc. HNO3) was loaded onto a TEVA resin 

chromatographic column in the MARS. The Sr was washed from the TEVA resin using 8 M 

HNO3, which was passed directly onto a Sr-spec column. The TEVA resin was washed with 

1 M HNO3 which was directed to waste and the Pu was eluted using 1 M HCl. The Sr on the 

Sr-spec column was washed with 8 M HNO3 before elution with deionised water. All steps 

using the MARS were carried out at 2 mL/min apart from the elution of Pu from the TEVA 

column, which was carried out at 1 mL/min. Kim et al. (2015) found that recovery of Sr and 

Pu using this method was 87.8% and 62.5% respectively. They stated that when the Pu 
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purification steps on the MARS were isolated, Pu recovery was higher than 90%. This 

suggests that the lower values of recovery originally produced were due to losses of Pu 

from the concentration/precipitation step (prior to TEVA column loading). 

Kim et al. (2015) concluded that although minimum detectable activity using this method 

was actually higher than that of background activity, the method described would be 

suitable in the case of an emergency, where Pu and radiostrontium concentrations in 

seawater are greatly increased. Kim et al.’s method demonstrated effective separation of 

multiple radionuclides from a sequence of chromatographic columns on the MARS.  

The second paper using the MARS for radiostrontium separation was applied to milk 

matrices. Chung et al.’s (2015) procedure used Dowex resin to preconcentrate 

radiostrontium in milk samples that had been spiked with 89Sr and 90Sr. The resin was added 

to the milk sample, the supernatant solution discarded and then the resin was washed with 

deionised water. The resin was loaded into a column in the MARS and Sr, Ca and Ba were 

stripped from the resin using 4 M NaCl. The Sr Ca and Ba were then precipitated as a 

carbonate using Na2CO3 which was dissolved in 8 M HNO3. The dissolved precipitate was 

then loaded onto a Sr-spec chromatograph in the MARS. Standard Sr separation procedure 

was followed, using an 8 M HNO3 wash to remove Ca and Ba, and elution of Sr was 

completed using deionized water. Loading of sample was undertaken at 3 mL/min, washing 

at 2 mL/min and elution at 2 mL/min also. Counting of eluate was undertaken using liquid 

scintillation counters for beta and Cherenkov counting of 89Sr, 90Sr and 90Y. Chemical 

recoveries were found to differ depending on the activity of the original milk sample. Higher 

activities yielded higher recoveries at an average of 87%, whereas lower activity samples 

had recovery yields of around 80% on average.   

Chung et al. (2015) conclude by stating that their study proves another successful 

application of the automated radionuclide separator to the separation of radiostrontium 

from a matrix commonly investigated during the aftermath of a nuclear incident. The paper 

does not investigate the effects of higher flow rates however it does comment on the 

temporal difference between using a forced injection method in comparison to gravity flow 

columns. 
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Figure 2.3. 
Automated radionuclide separator schematic 
Modular systems can increase number of selection valves, peristaltic pumps and eluate collection 
vials 
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Kim et al. (2015) and Chung et al. (2015) aimed to produce a safe and fast method of 

analysing environmental samples in the wake of a nuclear incident. As mentioned 

previously, these automated systems can potentially be beneficial not to only emergency 

situations but to regular analysis also. In this instant, the purpose of the analysis is to 

produce highly accurate characterisation of the radionuclide composition of a sample. 

Reduction of elapsed time and hence exposure of workers is of course of importance, but 

the efficiency of the separation must be paramount. For this reason, investigation into flow 

rate effects, matrix effects (mass as well as matrix composition) and repeatability must be 

tested. The application of the methods described by Kim et al. (2015) and Chung et al. 

(2015) were to samples which likely contained big increases of radionuclides in comparison 

to background, which would prove to be an immediate risk to the public, or any workers 

who might be exposed. In the nuclear decommissioning environment, overall 

concentrations may be relatively low, but long-term dose may be quite significant. A 

schematic of an automated radionuclide separator is shown in Figure 2.3. In comparison to 

flow injection analysis, pressurised injection and vacuum box systems, automated 

separators require larger numbers of components (e.g. pumps, columns, valves) which all 

have to be composed of materials resistant to chemical corrosion. This increases the cost 

of such systems. Comparison of the separation system is summarised in Table 2.1.  

In addition, in the event of a nuclear incident, the types of matrix analysed are very 

different to those which may be analysed during an assessment of nuclear waste 

composition. Milk, grass and seawater are three matrices which have direct link to the 

human food chain. In nuclear facilities, the most common materials analysed are cement 

and steel, so investigation into these matrices and how flow rate and radionuclide 

interference affects their behaviour on chromatographic materials is key.  
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Table 2.1. 
Table of expedited separation systems 
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Chapter 3 Materials and instrumentation 

 Chromatographic materials 

 Strontium separation 

3.1.1.1 Sr-Spec Resin 

For accurate and precise determination of radiostrontium, it is crucial to separate active 

interferences for radiometric counting and the large quantities of inactive elements like 

calcium, which are often present in environmental, industrial and biological samples 

(Horwitz et al., 1991). Separation from radiometric interferences allows for accurate 

activity determination when using radiometric techniques, especially when analysing 

nuclear waste samples. Separation from matrix elements can reduce isobaric and 

polyatomic interferences for measurement of Sr by mass spectrometry. Additionally, other 

matrix components may affect Sr determination without being a direct measurement 

interference. Separation from calcium is important as residual calcium decreases the 

ionization efficiency of Sr and also causes the ion beam to become unstable when analysing 

samples by mass spectrometry (Pin and Bassin, 1992). Horwitz et al. (1991) recognized that 

the most common calcium-strontium separation depended on greater solubility of calcium 

nitrate in strong HNO3. A new method was sought to reduce steps in separation procedure 

and increase separation efficiency.  

Precipitation techniques like precipitation of strontium sulphate (Fourie and Ghijsels, 1969) 

and strontium rhodizonate (Weiss and Shipman, 1957) have been reported, for which high 

strontium recoveries (>80%) were obtained. Ion exchange techniques have also been 

developed with the use of chelating agents (Noshkin and Mott, 1967; Porter et al., 1967), 

and liquid-liquid extraction techniques with organophosphorus acids used for milk matrices 

(Butler, 1963). 

However, each of these techniques has shortcomings. For example, the precipitation 

techniques were still unable to separate calcium and strontium completely, even though 

their chemical Sr recoveries were most adequate. Ion exchange procedures worked with 

very tight pH ranges, so acidity control was often an issue, resulting in varying amounts of 

Ca present in the final samples, even from identical protocols (Horwitz et al., 1991). 
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Developments in Sr separation from calcium utilised crown ether molecules, commonly in 

chloroform and showed more promising results (Kimura et al., 1977, 1979; Smułek and 

łada, 1979). However, it was noted that these procedures proved ineffective at separating 

highly acidic samples. This is inadequate for many environmental samples as some 

materials necessitate a preliminary stage of digestion which requires the use acidic 

solutions of high molarity to dissolve the sample. 

Horwitz et al. (1991) were able to overcome this by using the crown ether 4,4'(5')-bis(tert-

butylcyclohexano)-18-crown-6 (DtBuCH18C6) (Figure 3.1) in solvent 1-octanol, sorbed onto 

a purified, inert acrylic resin. This resin (referred to as Sr-spec material or Sr resin) was then 

transferred to a 10 cm glass Bio-Rad column to create a resin bed volume of 0.6 cm3. Rinsing 

of the resin was completed using 3 M nitric acid. Initial experiments showed that ideal 

loading solutions would consist of the Sr matrix in 3 M HNO3. Sr separation from Ca would 

be most ideal at loading solutions of 2 M HNO3 - 0.5 M Al(NO3)3. In this instance less than 

1% of the Sr was lost during column washing and 99% of the Ca was removed before Sr 

elution. 

 

Figure 3.1. 
Sr resin chemical structure 
Crown ether DtBuCH18C6 structure 
 

Horwitz et al. (1991) demonstrated the Sr resin's use for separating Sr from other 

radionuclides that are commonly present in nuclear waste. A 25-element solution (Ag, Al, 

Ba (2.1 × 10-4 M), Ca (1.4 × 10-3 M) Cd, Ce, Cr, Cu, Eu, Fe, La, Mg, Mn, Mo, Na, Nd, Ni, Pd, 

Pr, Rh, Ru, Sm, Sr (1.4 × 10-3), Y, and Zr) was used to mimic that of a typical sample of nuclear 

waste. Horwitz et al. point out that although U, Th, Pu and Np would also be present, only 

tetravalent Np and Pu would be retained by Sr-spec resin. In practice, both of these would 

be removed by passing the waste solution through element-specific extraction 
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chromatographic columns prior to treatment with Sr-spec resin. Horwitz et al. (1991) 

conclude that the resin and methodology described could be applicable to any 

environmental, biological, industrial or geological sample that would be prepared by 

digestion or leaching with nitric acid.  

Horwitz et al.'s 1992 paper describes the separation of Sr from HLW (High Level Nuclear 

Waste) containing a mixture of fission products and actinides. As described in Horwitz et 

al., (1991), Np and Pu are also retained by Sr-spec resin under normal operating acid 

concentrations. However, by complexing Np and Pu with oxalate ions (by using a load 

solution of 3 M HNO3 - 0.05 M H2C2O4), retention of these two actinides by Sr-spec resin 

can be effectively prevented with barely any effect on Sr retention. As shown in Horwitz et 

al.’s 1991 paper, recoveries of 90Sr were around 99%.  

The paper also notes the Sr-spec resin's retention of Pb. It is much higher than that of Sr in 

the operating HNO3 concentrations. This is due to Pb2+’s similar cationic radius at 

coordination number 6. Pb2+ has an ionic radius of 1.19 Å and Sr2+ has an ionic radius of 

1.18 Å (Burrows, 2013; Shannon, 1976). They therefore compete for space in the cavity of 

the crown ether. It is assumed that in a sample containing excess Pb in comparison to Sr, 

that Sr would be out-competed and would break through during sample loading. However, 

if Sr was present in excess, and the sample only contained trace Pb, Sr separation from Pb 

could be completed. Horwitz et al., (1992a) state that Sr elution could occur at low HNO3 

concentrations, whereas efficient Pb elution from Sr-spec resin requires dilute ammonium 

oxalate. Other radionuclides which can form ions of similar size can be disregarded due to 

their absence in HNO3. Horwitz et al. (1992a) state that the capacity of Sr resin for strontium 

is 21 mg of Sr in a 2 mL column. One would assume, that due to the similar size of the Pb2+ 

ions and the relative atomic mass of Pb, Sr resin’s capacity for Pb would be around 48 mg 

per 2 mL column. 

The product literature also states that Sr chemical yield is significantly reduced at higher 

strontium concentrations (Triskem International, 2015a). It is stated that a significant 

reduction of 89Sr chemical recovery was observed in a study using a 2 mL Sr-spec column 

and 8 mg of stable Sr carrier (Triskem International, 2015a).  

Horwitz et al. (1992a) published data on the acid dependency of retention of alkali and 

alkaline earth metal ions as well as actinides and other selected possible interferences on 
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the Sr resin. It shows that selectivity for Sr over most alkali and alkaline earth metal ions 

(e.g. Ba2+, K+, Ra2+) increases with increasing HNO3 molarity (Figure 3.2). Although this is 

not the case for Ca2+ ions the difference between the distribution coefficients of Sr2+ and 

Ca2+ is much larger than that of Sr2+ and Ba2+, so selectivity for Sr over Ca is still much greater 

than for Ba.  

One of the first studies to use Sr-spec resin was Pin and Bassin (1992) testing its 

effectiveness in the separation Sr from geological samples. Matrix effects were investigated 

for different in-house standards available to Pinn and Bassin, which aimed to cover a wide 

variety of elemental compositions. The matrices investigated were a peridotite, a basalt, a 

trachyandesite, a diorite and a granite. Chemical yields were assessed using ICP-AES 

(Inductively Coupled Plasma Atomic Emission Spectroscopy). All rock types except the 

peridotite yielded chemical recoveries of >96% (although this figure included dilution steps 

as well as the separation on the Sr-spec resin). The peridotite's lower recovery yield may 

be due to overloading the column with sample. The peridotite used had a much lower 

concentration of Sr in comparison to the other rock standards (at around 8.4 µg/g 

compared to 165-780 µg/g) so more sample had to be used to provide a fair comparison. 

 

Figure 3.2. 
Sr resin acid dependency graphs 
Modified from Horwitz et al. (1992). Graphs show acid dependency for actinides and select 
elements on Sr resin (FCV) differs with nitric acid molarity. FCV – free column volume to peak elution 
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Pinn and Bassin (1992) stated that Sr-spec resin is capable of isolating Sr from most major 

and minor elements found in silicate rocks. However, Ba proves more difficult and is 

retained by the Sr resin more effectively. Barium affects sample ionization because it is 

easily ionized and so it decreases the electron work function of filament material which 

could, in turn, suppress Sr ionization (Pin and Bassin, 1992). Horwitz et al., (1991) identified 

this problem as well, stating that even by changing the load composition to 2 M HNO3 - 0.5 

M Al(NO3)3, some Ba would still remain unseparated from Sr. Horwitz et al.'s solution was 

to use a smaller mean particle diameter (75 µm), a load solution of 3 M HNO3 and a larger 

volume of wash solution. Pin and Bassin also found that Ba separation could be achieved 

by using longer chromatographic columns or by washing the columns with 7 M instead of 

3 M HNO3. The paper concludes that Horwitz et al.’s Sr-spec resin provides some distinct 

advantages over traditional ion exchange separation techniques; namely efficiency, 

simplicity and high chemical recovery. Its use during geological research is appropriate due 

to its exceptional separation of Sr from Rb and Ca.  

Sr-spec resin was investigated in a nuclear context by Gjeçi (1996). Gjeçi stated that 

previous methods of Sr separation, specifically by precipitation, would take about 30 days. 

In the context of a nuclear incident, which causes the release of 90Sr into the environment, 

this may be inadequate. Gjeçi noted that Horwitz et al.’s Sr-spec resin (which had been 

made commercially available at the time of Gjeçi’s study) was, however, highly expensive 

in comparison to other techniques. Gjeçi used milk, bone, grass, soil and sediment matrices 

for his research. Preparation of matrices for Sr separation differed depending on matrix 

type, however each underwent a leaching or digestion process followed by a pre-

concentration procedure using oxalic acid to form precipitates. As per Horwitz et al., (1991) 

each sample matrix, spiked with 90Sr, was loaded into Sr-columns in 3 M HNO3. The columns 

were washed with 90 mL of 3 M HNO3 to remove non-retained elements and complexes, 

before strontium elution with 30 mL of distilled water. The eluates were then counted by 

liquid scintillation counting (LSC) to ascertain 90Sr recovery. The results proved that the 

separation of Sr by extraction chromatography from various matrices that would be 

investigated in immediate aftermath of a nuclear incident is highly efficient. In comparison 

to other methods, the use of Sr-spec resin and the associated processes described by Gjeçi 

take a much shorter time (less than a week).  
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Maxwell et al., (2016) recognised that expedited methods for the determination of Sr in a 

variety of materials could potentially benefit the nuclear decommissioning sector. This 

increases the scope of use from just a pure emergency response. Maxwell et al.'s 2016 

research used two extraction chromatographic materials; DGA resin (N,N,N',N'-

tetraoctyldiglycolamide) and Sr-spec resin on concrete matrices. Both were used in 2 mL 

cartridges at a particle size of 50-100 µm. Samples of concrete were prepared by crushing 

and sieving before the radiotracer 90Sr was added. In addition, Maxwell et al. also sought 

to test the removal of potential interfering radionuclides, namely 137Cs, by adding MAPEP 

32 soil (from Department of Energy Radiological and Environmental Sciences Laboratory) 

to the crushed concrete.  

The method used to digest the concrete sample was fairly complex. Maxwell et al.'s method 

required fusion with NaOH, precipitation with Fe(OH)2 (added as Fe(NO3)3) and 3.2 M 

(NH4)2HPO4 before dissolution of the solid in HCl. HF was used to precipitate CaF2 (and 

therefore SrF2) to remove Fe in the supernatant solution before final dissolution of Sr in 

HNO3. The final load solutions were formed of highly concentrated (8-9 M) HNO3. On Sr 

resin, Sr is retained on the columns at high HNO3 concentrations, and elution was carried 

out using 0.05 M HNO3 to prevent Pb elution. 

The purpose of the DGA resin was to purify 90Y after a period of ingrowth. It separated 90Y 

from 89Sr and 90Sr. After Sr separation with Sr Resin, the eluate (in 0.05 M HNO3) was 

transferred to planchets and evaporated to dryness. They were then counted for 89Sr and 
90Sr on a gas flow proportional counter. After this, the yttrium carrier was added to the 

planchet and the planchet solids were dissolved in 8 M HNO3. This 8 M HNO3 solution was 

then added to the DGA resin to purify the 90Y, and ICP-MS was used to establish chemical 

yield. 

The results of this study showed fairly inadequate Sr recoveries when using the sample 

preparation technique without phosphate addition during the initial precipitation step and 

passing through Sr-spec columns. Recoveries of around 50% were recorded for this 

method. Sr carrier yield was increased by over 10% to an average of around 65% yield on 

addition of PO4-3 during the precipitation step. However, Maxwell et al. state that this yield 

is still inadequate for the purposes of their study. Additional HF was added in case, due to 

the excess Ca present in concrete, the HF amount was a limiting factor in SrF2 precipitation. 
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This alteration to the method had little effect on recoveries, in fact the average yield 

decreased marginally. In response, Maxwell et al. added a larger quantity of phosphate in 

the precipitation step with Fe(OH)2. Sr recoveries were increased after this, with average 

yields of >75%.  

A rapid method of collecting 90Y was also described directly from the concrete sample. 

Concrete sample aliquots were loaded onto stacked TRU Resin and DGA Resin columns. Pu, 

U, Th and Bi were removed in the TRU column and the Y was separated from all other 

interferences using the DGA column. Y elution was performed using 0.25 M HCl. Maxwell 

noted that from the point of 90Sr separation, the decay of 90Y is roughly 1% per hour, 

however due to the rapidity of the separation process, counting can occur very soon after 

the removal of strontium. The test results show an 80% recovery efficiency. From this and 

using the precise time of measurement from Sr separation, 90Sr concentration in the 

original concrete sample can be determined.  

3.1.1.2 TK100 

Surman et al. (2014) used Sr resin to create a selective chromatographic material for use at 

lower pHs. As mentioned previously Sr-resin consists of a 1 M 4,4’(5’)-bis-t-

butylcyclohexano-18-crown-6 (DtBuCH18C6) in a 1-octanol solution. Surman et al. (2014) 

exchanged this octanol for HDEHP (di(2- ethyl-hexyl)phosphoric acid). In this solution, the 

metal cation (Sr2+) exchanges with the H+ ion from the HDEHP to force the metal cation into 

the organic phase. HDEHP therefore binds strontium ions at environmental pHs and this 

molecule is separated by size exclusion on the 1M DtBuCH18C6 crown ether. Much like 

standard Sr resin, washing of the column to separate Sr from other radionuclides and 

interferences is optimal with 8 M HNO3. The binding of Sr to the TK100 resin was found to 

be lowest when using solutions of 2 M HCl, so it was concluded that this was the best 

reagent to use for elution (Triskem International, 2015b).  

Surman et al. (2014) showed that a range of alkali and alkaline earth metals had a high 

affinity for the TK100, and like Sr resin, these were removed from the resin completely 

during the 8 M HNO3 column washing. Uranium and lead were not detected in any of the 

washing or eluate solutions indicating that, like Pb on Sr resin, they are both strongly 

retained on TK100 resin. The design and manufacture of this resin is highly important to 

environmental study. It shows that Sr separation can be completed on environmental 
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water samples without any pre-treatment, negating the need for acidification of samples 

prior to extraction chromatography. This shortens sample preparation time and lowers 

manual handling and exposure to workers. However, when investigating solid samples, pre-

treatment digestion and dissolution processes must be completed, and these are often 

facilitated by acid leaching. Therefore, for the present study, TK100 will not be applicable 

when investigating Sr separation from materials such as concrete or steel.  

3.1.1.3 Cost effective Sr separation techniques 

Alternative separation techniques to the use of Sr resin was described by Yang et al (2017). 

This new method was investigated due to the high cost of Sr and DGA resins. Yang et al 

stated that alternative methods than that of extraction chromatography were still 

important and perhaps key to the cheap characterisation of radioactive wastes. 

Samples of cement were leached and acidified in 1% HNO3 before spiking with 90Sr and 90Y 

and a stable Y tracer. Y and Sr was then precipitated with the formation of hydrous titanium 

oxide (HTiO). After the precipitate was separated from the supernatant solution and re-

dissolved in HCl, further precipitation was completed using concentrated HF to form YF3 

precipitate. The samples are then counted by Cherenkov counting. To ensure complete 90Y 

ingrowth the leached cement solutions are kept for 2 weeks prior to measurement. 90Sr is 

then calculated from this activity. Mean chemical recoveries of 90Y were 86 ± 8%.  

Although cheaper processes are available, for the purpose of decommissioning, accurate 

activities must be attained to correctly characterise the waste present. Sr resin’s high 

selectivity for Sr and the high chemical recoveries produced in much of the research using 

Sr resin, make it the primary candidate for use in the research to be undertaken. As shown 

by Maxwell et al (2016), the method of sample preparation is also key in producing good Sr 

recoveries. In order to ensure minimal losses during the digestion/dissolution stage, 

precipitation techniques are best avoided. It seems that the separation of the precipitate 

from the supernatant are the main cause of losses during these techniques. Using an aqua 

regia digest is the most promising method of digestion of cement. Aqua regia is effective 

at dissolving the calcium carbonate in the cement. However, the aggregate in the concrete 

is often composed, in large part, of quartz. Quartz is insoluble in aqua regia but due to the 

nature of the contamination, strontium is unlikely to penetrate the crystal structure 

(Broekmans and Jansen, 1998). Therefore, radiostrontium contamination will most likely 
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be surface contamination and digestion using aqua regia should still be adequate. The type 

of reagents used for sample preparation is also an important factor to consider in the 

design of a separation method. Acids like HF require extra care and training when used due 

to their hazardous nature, especially in comparison to aqua regia. This makes methods like 

Yang et al.'s less attractive, especially when trying to expedite the entire sample 

preparation process. 

In order to remove organic matter that may have adverse effects on both sample 

preparation and analysis, the samples should be dry ashed. This is a relatively standard 

practice for non-volatile elemental analysis of samples that could contain organic matter 

(Mitra, 2003). For a 50 g sample of crushed concrete, ignition at 450 °C for 12 hours seems 

adequate as losses of Sr during ashing to remove organics are minimal for extended periods 

of time (Edward et al., 1990).  

 Separation of actinides  

3.1.2.1 Anion exchange resin 

Observation of ion exchange was first published by H.S. Thompson (1850), who found that 

ammonium sulphate was absorbed by soils and was not washed out by water. Thompson 

found that much of the ammonium sulphate had been converted to calcium sulphate 

(Sillanpää and Shestakova, 2017). This phenomenon was further explored by J.T. Way 

(1850) who demonstrated that the silicates in the soil supporting calcium were involved in 

an ion exchange mechanism whereby the ammonium ion substituted for the calcium 

forming ammonium soil compounds and calcium sulphate. This is of course a cationic 

exchange mechanism however it provided a basic understanding for the mechanism which 

takes place in ion exchange reactions. Initial large scale inorganic ion exchangers were 

successfully applied to water softening plants, replacing naturally occurring ion exchangers 

(zeolites) (Schubert and Nachod, 1956). The concept of polystyrene supported ion 

exchangers was developed in 1944 by D’Alelio whose resins were later improved allowing 

for greater capacity and mechanical stability (D’Alelio, 1944; Schubert and Nachod, 1956).  

The production of ion exchangers is currently based around the polymerisation of styrene, 

with the addition of variable amounts of divinylbenzene. Divinylbenzene is used as a cross-

linking agent, between the polystyrene chains (Figure 3.3). Generally, an increase in the 
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divinylbenzene content of the resin leads to an increase in the capacity of the resin. 

Increased cross-linkages also increases the overall stability, density and resistance to 

deformation and particle breakage (Tooper and Wirth, 1956).  

Early anion exchangers were prepared from aromatic amines and formaldehyde, and 

produced a weakly basic anion exchanger (Tooper and Wirth, 1956). Latter products 

containing aliphatic amines were more strongly basic, yet still only able to operate 

effectively in acidic conditions (Tooper and Wirth, 1956; Wheaton and Harrington, 1953). 

The development of anion exchangers utilising quaternary amines as an active site allowed 

for effective operation over a much wider pH range and allowed for complete deionisation 

of water when used in combination with cationic exchangers (Bajpai, 2018; Bauman and 

Robert, 1952; Mcburney, 1952). 

 

 

Figure 3.3. 
Polystyrene DVB structure 
Schematic showing polystyrene structure with divinylbenzene cross-linkages 
 

Anion exchange resins have been utilised in a wide variety of contexts including protein 

purification, deionisation of water and inorganic purification of a variety of elements for 

radiological and stable elemental analysis (Carswell, 1957; Sillanpää and Shestakova, 2017; 

Sober and Peterson, 1954). For anion exchange resins, two quaternary amines are used as 
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the active sites; trimethylamine (Type I) and dimethylethanolamine (Type II) (Figure 3.4). 

They are formed by initial chloromethylation with methyl chloromethyl ether using a 

Friedel-Crafts type catalyst before amination with the desired amine (Tooper and Wirth, 

1956).  

 
Figure 3.4. 
Anion exchange resin quaternary amines 
Type I and Type II anion exchange resin quaternary amines (left and right respectively) 
 

The use of anion exchangers for the separation of actinides has been well documented. 

Separation of uranium and thorium nitrates were performed by Carswell et al., (1957) using 

strongly basic anion exchange resin De-Acidite FF (Naushad et al., 2013). Loading of 

thorium was achieved in 4 M HNO3 from a solution of both uranium and thorium. Thorium 

sorbed to the resin, however the uranium passed straight through. Elution of the thorium 

was completed using water for collection in its own purified fraction.  

Work by Ryan and Wheelwright (1959) showed that plutonium was adsorbed to anion 

exchange resin (Dowex 1 X-4) and yielded higher Kd values in calcium nitrate than in nitric 

acid solutions. However, Ryan and Wheelwright also stated that equilibrium in the calcium 

nitrate solution took significantly longer to be achieved than the nitric acid solution. 

Plutonium separation from uranium using anion exchange resin has been demonstrated by 

Navratil (1978). Thorium separation from plutonium can be achieved on an anion exchange 

column in hydrochloric acid as Th is not retained but plutonium is strongly adsorbed. 

Elution of plutonium can then be completed on addition of hydrobromic acid (Larsen and 

Oldham, 1975). The use of hydrobromic acid reduces the plutonium sorbed to the anion 

exchange resin from its (IV) form to (III) which is not retained on the resin. The use of 

ammonium iodide in hydrochloric acid has also been reported to reduce the plutonium on 

anion exchange in order to elute it (Warwick et al., 1999). 
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3.1.2.2 TEVA resin 

TEVA resin was first synthesised by Horwitz et al., (1995) during a study into the use of 

tandem column arrangements where the eluate of one chromatographic column served as 

the load solution for subsequent columns. TEVA resin utilises a liquid anion exchanger 

sorbed onto an inert polymeric support. The liquid anion exchanger used is commonly 

known as Stark’s Catalyst or Aliquat® 336 and consists of a mixture of trioctyl and tridecyl 

methyl ammonium chlorides with C8 predominating (Horwitz et al., 1995; Litaiem and 

Dhahbi, 2015)(Figure 3.5). The polymeric support used was Amberchrom CG-71ms, a 

commercially available acrylic ester polymer. The method of adding the quaternary amine 

to the inert support is very similar to the method of bonding the crown ether of Sr resin to 

its inert support and is described in Horwitz et al., (1990). They took the polymeric support 

and washed it using water followed by methanol several times, drying the polymer under 

vacuum after each wash. The purified resin was then contacted with the liquid anion 

exchanger in methanol and thoroughly mixed during rotary evaporation of the methanol 

(Horwitz et al., 1990). This ensures homogenous coverage of the extractant on the polymer 

resin. It was found that re-suspension of the almost dry TEVA resin in a small amount of 

methanol before repeating the evaporation led to sufficiently homogenous extractant 

coverage (Horwitz et al., 1995).  

 

Figure 3.5. 
Aliquat® 336 structure 
Trioctyl and tridecyl methyl ammonium chlorides 
 

Horwitz et al., (1995) stated that an actinide adsorbing material, TRU resin had been 

synthesised in a similar fashion to TEVA resin, with the extractant being octyl(phenyl)-N,N-

diisobutylcarbamoyl-methylphosphine oxide (CMPO) in tri-n-butyl phosphate (TBP). It was 

found that the separation of actinides from matrices and pre-concentration before 
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measurement yielded good recoveries and efficient results. However, the differences in 

elution behaviour between the actinides from the TRU resin were not sufficiently different 

as to permit single column purification of individual actinides (Horwitz et al., 1993). Horwitz 

et al., (1995) utilised previous work by Horwitz and Bloomquist (1974) which showed that 

tetravalent actinides had higher affinity for the liquid anion exchanger Aliquat® 336 than 

trivalent or hexavalent actinides did. This means that although both TRU and TEVA resins 

can effectively sorb actinides from nitric acid media, isolation of individual actinides is only 

possible when using TEVA resin.  

Publication by Horwitz et al., (2005) detailed the synthesis of another actinide adsorbing 

extraction chromatographic material – DGA Resin. The resin is available in two forms; 

Normal and Branched depending on the diglycolamide molecule used. The molecules 

N,N,N’N’-tetra-n-octyldiglycolamide (TODGA) and N,N,N’N’-tetrakis-2-ethylhexyldiglycol-

amide (TEHDGA) were used to make Normal and Branched DGA resin respectively. The 

diglycolamide molecules were bonded to an inert support (Amberchrom CG-71) by a similar 

method to that of TEVA and Sr resins. Horwitz et al., (2005) show that the resins produced 

have a good uptake of tetravalent actinides as well as trivalent actinides (specifically Am 

(III)) in HNO3. Other trivalent species adsorbed to DGA resin in nitric acid include yttrium, 

bismuth, europium and cerium (used as an analogue for actinium). The affinity for trivalent 

species as well as tetravalent make DGA resin’s use more appropriate in conjunction with 

other chromatographic resins in series such as TEVA resin as suggested by Horwitz et al., 

(2005). The technical documentation for DGA resins (both Normal and Branched) state the 

main applications for DGA resin is for the separation of Actinium and Americium, not for 

the separation and purification of tetravalent actinides (Triskem International, 2015c). The 

analytical methods for DGA resin suggests the use of this chromatographic material in 

series with other chromatographic materials, for the separation and purification of 

actinides and radium (Triskem International, 2019a, 2019b, 2014). In the suggested 

methods for DGA resin, the separation and purification of Pu, Th and Np is achieved by 

using a TEVA resin cartridge.  

The nitric acid dependencies calculated used the number of free column volumes to peak 

elution to represent retention on the column. In the product literature a conversion factor 

of 1.97 is provided in order to convert the free column volume to peak elution value to a 

distribution coefficient value (calculated using Equation 1.4) (Figure 3.6).  
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TEVA resin has been used for the separation of actinides from a variety of matrices in 

combination with other resins (UTEVA, TRU, DGA) due to the high adsorption of Pu, Th and 

Np in nitric acid (Maxwell and Nichols, 1998; Maxwell III and Culligan, 2006; Maxwell et al., 

2011a, 2014). Maxwell et al., (2011a) studied actinide separation from concrete and brick 

samples using a three column set up to separate Pu, U and Am for rapid analysis of these 

alongside Np and Cm. The study utilised a rapid fusion technique for total dissolution of 

sample before separation using TEVA, TRU and DGA columns and analysis by alpha 

spectroscopy. Tracer yields of around 90% and 77% were achieved for Pu and U respectively 

(Maxwell et al., 2011a).  

 

Figure 3.6. 
TEVA resin acid dependency graphs 
Acid dependency of select radionuclides in nitric and hydrochloric acid on TEVA resin. FCV – free 
column volume to peak elution.  
 

3.1.2.3 UTEVA resin 

Methods for the isolation and purification of uranium using solid phase chromatographic 

extractants initially focussed on the use of the organophosphorous extractant tri-n-butyl 

phosphate (TBP). This was due to ion-exchange’s lack of specificity (Horwitz et al., 1992b). 

Warf, (1949) was the first to report extraction of uranyl nitrates by TBP. Hamlin et al., 

(1961) used powdered Kel-F (polychlorotrifluoroethylene) to support TBP, attaining 
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recoveries of uranium above 99%. Although uptake was very good, the TBP cannot separate 

U from other actinides from Pu and Th. Huff, (1965) published a method whereby an anion 

exchange column was used in conjunction with a TBP coated support for separation of Pu, 

Th and U for analysis of uranium alloys.  

Development of a slightly different extractant based on TBP was undertaken by Mason and 

Griffin (1980). Their study showed that phosphorous based extractants which had a similar 

structure to that of TBP could be altered in order to enhance U extraction capabilities. One 

of the materials identified was diamyl amylphosphonate (DAAP) (Figure 3.7). It was found 

to function effectively in nitric acid solution allowing for use alongside other 

chromatographic materials if supported on a resin and used in a series of chromatographic 

columns (Horwitz et al., 1992b). The low U Kd’s at low acid concentrations allows for simple 

elution creating a purified uranium fraction that requires minimal pre-treatment before 

measurement. DAAP is insoluble in water which gives good stability on the column 

throughout the separation and leads to relatively inexpensive resin synthesis. All of these 

factors were taken into account when selecting the extractant for the UTEVA resin.  

 

Figure 3.7. 
DAAP structure 
Diamyl amylphosphonate  
 

Horwitz et al., (1992b) took DAAP and coated polymer resins Amberlite XAD-7 and 

Amberchrom CG-71ms in a similar fashion to the way Aliquat® 336 is supported in TEVA 

resin (Horwitz et al., 1990) (section 3.1.2.2). The selection of the two support materials 

(Amberchrom CG-71ms being Amberlite XAD-7’s smaller particle size analogue) was based 

on a study comparing a variety of support materials including porous glass, polyethylene 

and styrene-DVB polymers (Warshawsky and Patchornik, 1978). The study concluded that 

Amberlite XAD-7 had high capacities for various extractants, especially Alamine 336 for 
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which it had 3 times the capacity in comparison to porous glass and 23 times the capacity 

than a styrene 8% divinylbenzene copolymer. Horwitz et al., also stated that the Amberlite 

resin used was more stable during acid washing in comparison to other materials in the 

XAD series.  

The work completed by Mason and Griffin (1980) showed that the uranium extraction by 

DAAP follows the equation: 

 

 

 

 

As indicated from the equation and as found by further study, U sorption to DAAP increases 

with increasing nitric acid concentration. This trend occurs up to around 4 M HNO3 where 

the distribution ratio reduces. Mason and Griffin posit that this reduction in sorption is 

most likely due to a combination of activity effects, the formation of uranium nitrato 

complexes in the aqueous phase and a reduction in free extractant concentration (Horwitz 

et al., 1992b; Mason and Griffin, 1980). Work done by Horwitz et al., (1992b) on the UTEVA 

resin in a column showed that peak sorption of uranium on the solid phase occurs at 6 M 

HNO3 and significant sorption of uranium was achieved from nitric acid concentrations as 

low as 1 M (Figure 3.8). The performance of the UTEVA resin over this wide range of acid 

concentrations allows for uptake of U from a wide range of acid concentrations. 

Additionally, the low distribution ratios at dilute nitric acid concentrations (around 0.05 M) 

allow for simple elution of U after isolation on the column. Horwitz et al., (1992b) noted 

that the acid dependency of U on UTEVA made for a much simpler separation procedure 

than other U separation systems at the time, which often required the use of different 

eluents such as phosphoric acid, perchloric acid and hydrofluoric acid to strip U.  

Study of the acid dependency of other actinides showed that Pu, Np and Th exhibit 

significant affinity for the UTEVA column. Pu shows the strongest affinity, with Np and Th 

affinities comparable to that of U. Thorium uptake is slightly lower than that of U, the most 

significant divergence occurring at 1 – 2 M HNO3. This is demonstrated during isocratic 

elution of a solution of U and Th, whereby the Th is eluted significantly sooner than that of 

𝑈𝑈2(𝑎𝑎𝑞𝑞)
2+ + 2𝑁𝑁𝑂𝑂3(𝑎𝑎𝑎𝑎)

− + 2𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑜𝑜𝑜𝑜𝑜𝑜) ⇌ 𝑈𝑈𝑂𝑂2(𝑁𝑁𝑂𝑂3)2(𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)2 

 
Equation 3.1. 
Equation for the uptake of U by DAAP 
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U in a 2 M HNO3 solution. Separation of U from Np on UTEVA requires oxalic acid, in which 

Np sorption to UTEVA is reduced significantly (Horwitz et al., 1992b).  

 

Figure 3.8. 
UTEVA acid dependency graphs 
Adapted from Horwitz et al., (1992b). FCV – free column volume to peak elution 
 

Acid dependency in HCl shows U has good uptake, comparable to that of the maximum in 

HNO3 at 7 M HCl. Uranium sorption declines more steeply with a reduction of HCl 

concentration in comparison to HNO3 (Figure 3.8). The differences in sorption values 

between U and Np at 4 M HCl and between U and Th at 7 M HCl theoretically allow for 

sequential separation of these actinides on a single UTEVA spec column. However, due to 

the sensitivity of U sorption in HCl, acid concentrations must be tightly controlled in order 

to prevent simultaneous elution of the sorbed actinides (Horwitz et al., 1992b).   

Initial use of UTEVA proved its applicability to the nuclear sector as two reports utilised it 

in studies relating to spent nuclear fuel. Smith et al., (1995) utilised UTEVA resin for the 

separation of uranium and lutetium, which UTEVA is also able to adsorb. Li et al., (1995) 

utilised UTEVA to recover uranium and plutonium from dissolved solutions containing 
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fission products. Li et al., (1995) found that effective and rapid separation of uranium and 

plutonium was achievable through the use of UTEVA. Application of UTEVA to the 

separation of U from geological matrices by Carignan et al., (1995) proved its use in wider 

geochemical research.  

Work by Croudace et al., (1998) utilised UTEVA resin in the development of a rapid 

procedure for U and Pu determination from soils and sediments. Uranium and plutonium 

separation and isolation was completed using two columns in series, the first being an 

anion exchange resin and the second being a UTEVA column. This two-column system was 

employed in order to remove plutonium from the load solution onto the anion resin, and 

allow uranium to pass onto the UTEVA column and sorb there. The use of two columns in 

this way was first reported by Warwick et al., (1999) for the separation of Pu and U from 

aqueous samples. Croudace et al., (1998) found that the system was able to effectively 

separate both Pu and U from a borate fusion digest yielding accurate and precise results. 

More recently, study into the use of TEVA and UTEVA resins for the measurement of ultra-

trace levels of U and Pu has been undertaken. Metzger et al., (2019) analysed the U and Pu 

via HR-ICP-MS (high resolution inductively coupled mass spectrometry) and multi-collector-

ICP-MS and was applied to the measurement of cotton swipe samples taken during 

environmental sampling. Measurements of isotopic ratios of selected certified reference 

materials agreed well with the certified values. The method developed by Metzger et al., 

(2019) was also reported to be significantly faster and reduced the use of certain reagents 

by 35%.  
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Table 3.1. Summary table of chromatographic materials 
Table includes TK100 which was not used in this research as it does not have specific relevance to 
highly acidic digest samples, like those used in the analysis of nuclear waste. 
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 Decay counting techniques 

Recently, there has been interest in the quantification of longer-lived radionuclides in 

nuclear waste. The activity of all radionuclides is inversely proportional to their half-life. As 

such, longer-lived radionuclides require more sensitive analytical techniques than their 

shorter-lived counterparts. Their activity may not be of key importance during the working 

lifetime of a nuclear facility, however, due to the time spent in waste repositories, longer-

lived radionuclides contribute significantly to the dose estimates post-decommissioning. 

Although 90Sr does not have a significantly long half-life, in comparison to other fission 

products its specific activity is low, and its abundance in materials present at nuclear 

facilities make it important to decommissioning processes. Beta counters are often unable 

to resolve all spectral interferences so other radionuclides that are present may produce 

significant masking interferences for the measurement of 90Sr. For this reason, even when 

measuring by radiometric analysis, it is important to separate Sr (and, therefore, the 

ingrowing Y) from other radionuclides in the sample. Generally, in radiochemical studies of 

nuclear waste, the radiostrontium isotope of interest is 90Sr. Also measured is 90Y ingrowth 

from 90Sr decay. Isotopes of uranium, thorium and plutonium that are present in nuclear 

wastes are often alpha emitters and often occur in conjunction with other alpha emitting 

contaminants. This can make resolution of alpha spectra and determination of individual 

activities difficult or even impossible from an unseparated sample. Measurement by mass 

spectrometric techniques are also aided by separation and isolation as elements of similar 

mass can disrupt quantification of target radionuclides. Here, the measurement techniques 

used for the research are explained in order to provide insight into the reasons for their 

selection. 

 Liquid scintillation 

Liquid scintillation is commonly used for detection and quantification of low energy beta 

emitters but can be used for high energy beta emitters as well as alpha and occasionally 

gamma emitters (Vitkus et al., 2021). The sample is placed in a scintillation vial along with 

scintillation cocktail. The energy from the decay of the radionuclide within the sample is 

transferred to the molecules of the scintillation cocktail which then produce photons of 

light. The photons travel away from the scintillation cocktail molecule isotropically and are 

detected by photomultiplier tubes. Often a liquid scintillation detector will have two or 
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more photomultiplier tubes. These photomultiplier tubes function by collecting the 

photons using a photocathode and emitting electrons, which are then accelerated and 

multiplied by a series of dynodes. The detection and photomultiplication happens 

simultaneously in each photomultiplier tube for a single decay event. The electrical pulses 

produced by the photomultipliers are sent to a coincidence unit which then decides 

whether it has received two simultaneous pulses or only one pulse from the 

photomultipliers. If only one pulse is detected, the pulse is ignored. If two simultaneous 

pulses are received, they travel onto a multichannel analyser which sorts the pulses onto 

channels depending on the pulse energy. An amplification phase then takes place before 

the pulse is counted (Figure 3.9). The number of pulses is proportional to the amount of 

the radionuclide in the sample and the energy channel is proportional to the energy of the 

decay itself (Kramar, 2017; Vitkus et al., 2021).  

Another use for liquid scintillation counters is Cherenkov counting. Cherenkov counting 

does not use a scintillation cocktail. It relies on light produced from high energy beta 

particles making pulses of light from the interaction with the solution that the radionuclide 

is contained in, if that medium is dielectric (L’Annunziata, 2003). If the beta particles move 

through the medium faster than the speed of light in that medium, the spherical 

wavefronts of the photons emitted from the medium overlap. The constructive 

interference resulting creates a cone of light called Cherenkov light. Counting efficiency for 

Cherenkov counting is 40%, however the background levels are exceptionally low due to 

the unusual way light pulses are created (Vajda and Kim, 2010). Cherenkov counting of 90Y 

is a common technique used for 90Sr analysis, as it is 90Sr’s daughter isotope and it is a high 

energy beta emitter. Repeated measurements to observe 90Y ingrowth can be used to 

increase confidence of chemical purity of the sample (Hou and Roos, 2008). In this thesis, 

Perkin Elmer 1220 Quantulus Ultra Low Level Liquid Scintillation detectors were used.  
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Figure 3.9. 
Liquid scintillation counter schematic 
 

 Alpha Spectrometry 

The alpha spectrometers used during this work were Canberra alpha analysts. These 

systems utilise PIPS (passivated implanted planar silicon) detectors, a type of 

semiconducting detector. In order to understand the workings of a semiconductor, it is first 

essential to understand the concept of the band structure of solids. In a free atom, 

electrons are arranged into distinct energy levels (orbitals). However, in solids which 

contain many atoms these energy levels are broadened into bands order to satisfy Pauli’s 

Exclusion Principle. Pauli’s Exclusion Principle states that no two electrons can have the 

same four quantum numbers (number used to describe the movement and trajectories of 

an electron). This also explains why electrons that share the same orbital must have 

opposing spins. The bands are separated by energy regions in which electrons cannot exist 

(termed the forbidden energy gap). The uppermost band in which electrons sit is termed 

the valence band (inhabited by valence electrons) (Gilmore, 2008). It is possible for 

electrons to move from one atom to another atom. However, to do this they must move 

to a higher energy level than the valence band. This is termed the conduction band.  
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Different materials have different gaps between the valence band the conduction band. 

Materials which have a large forbidden energy gap and a full valence band are insulating 

materials. Here, the energy required to move a valence electron into the conduction band 

is too great to move it all the way through the forbidden energy gap, so it remains in the 

valence band. Materials which have no forbidden energy gap and an unfilled valence band 

have a conduction band which overlaps the valence band. Here the electrons freely move 

in and out of the conduction band. If an external voltage is applied to the material an 

electric current will flow (Figure 3.10). These materials are conductors. Semiconducting 

materials, like insulators have a full valence band but the forbidden energy gap is very 

small. This means that under certain conditions, if an electron were to gain extra energy it 

could move into the conduction band and the material will be able to conduct electricity.  

 

Figure 3.10. 
Electron energy bands 
 

Semiconductor detectors are composed of semiconducting materials. Silicon and 

germanium are two examples of such materials; however, they require different conditions 

in order to exhibit their semiconducting behaviour (room temperature for silicon and 80 K 

for Ge). As previously described, a material’s semiconducting nature is due to the energy 

required to move the valence electrons into the conduction band. Silicon’s valence 

electrons require roughly 1.115 eV at 293K. This intrinsic conductivity can be initiated by 

nuclear radiation, providing a valence electron with the energy required to move it into the 
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conduction band. It is important to note however, that some energy is lost due to crystal 

excitation. The liberated electron (in the conduction band) leaves behind a positively 

charged Si ion which is termed a “hole”. Each liberation of an electron from a 

semiconductor atom creates an electron-hole pair. Both electrons and holes diffuse 

through the semiconductor transferring charge from atom to atom.  If an electric bias is 

applied across the semiconductor, the electrons will flow toward the anode and the holes 

will flow towards the cathode.  

To enhance the semiconductor, donor and acceptor atoms are added to the crystal. These 

are elements which substitute for Si in the crystal matrix. The donor elements have an 

excess of electrons which are weakly bound, much more so than silicon’s valence electrons, 

allowing them to easily pass into the conduction band. Common examples of donor 

materials are phosphorous and arsenic. Doping with a donor element creates an n-type 

extrinsic semiconductor. Acceptor materials are ones which have fewer valence electrons 

that the surrounding material. This causes a vacant site to form in the crystal as the 

semiconductor (Si) has fewer electrons to bond with and therefore an incomplete octet 

structure. Electrons moving in the conduction band interact with the vacant sites and fill 

them in. This causes an excess of holes to form within Si-Si bonds and these outnumber the 

electrons in the conduction band. Examples of acceptor materials are boron, indium or 

gallium. Semiconductors doped with acceptor materials are termed p-type extrinsic 

semiconductors. 

It is important to note that although the dopant provides an excess of either holes or 

electrons, the overall charge on the crystal irrespective of type is still neutral. This is easiest 

to understand by considering the following example. The dopant phosphorous in a silicon 

crystal provides one extra conduction band electron per atom. This extra electron travels 

through the crystal transferring from one Si atom to another. The charge of this excess 

electron however, is counter balanced by the positive charge which phosphorous now has 

due to losing the electron. The net effect on the n-type crystal charge is that it is neutral. 

In terms of net charge, the same is true for the p-type material. Each acceptor atom creates 

a hole by taking a silicon electron, but the acceptor atom itself becomes negatively charged. 

Therefore, the net crystal charge is neutral.  
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Juxtaposing these two types of semiconductor material so that they are contained within 

the same crystal brings about the most useful property of a semiconductor (Figure 3.11). 

The contact between the p and n-type contact is termed the p-n junction. In the area 

around this, a few holes migrate from the p to the n-type material and a few electrons 

migrate from the n to the p-type material. In doing so the migrated electrons then combine 

with the resident holes in the p-type material and destroy each other and the same for the 

migrated holes and resident electrons in the n-type material. This area is usually a few 

microns thick and is termed the depletion layer. As the layer is depleted in terms of 

electrons and holes the charges on the dopant atoms are revealed. This makes it difficult 

for diffusion of holes and electrons from one material to another. As an electron from the 

n-type material migrates across the p-n junction it is repelled by the negatively charged 

acceptor atoms of the p-type material and is forced back into the n-type. The same is true 

for the holes, they are repelled by the positively charged donor atoms. This means the 

depletion layer acts as an area of resistivity and charge carriers are require a certain energy 

(voltage) if they are to make it across the depletion layer. This energy is termed barrier 

potential.   

 

Figure 3.11. 
Semiconductor diagram 
 

To utilise this property effectively for radionuclide measurement, a reversed bias external 

voltage is applied across the crystal. The negative terminal connecting to the p-type 

material has the effect of attracting the holes (positive charges) and pulls them away from 

the p-n junction. The positive terminal connected to the n-type material has the same 

effect on the electrons. This causes an increase in depletion layer size. The size of the 
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increase is directly proportional to the voltage applied across the semiconductor. If a 1 V is 

applied then the barrier potential increases by 1 V, effectively increasing the resistivity.  

When an electron-hole pair is created in the depletion layer, they are each accelerated 

towards the opposing electrode and a current can be detected in the external circuit. If the 

depleted layer is exposed to ionising radiation, an electron from a Si atom is liberated and 

an electron-hole pair is formed. The higher the energy of the radiation, the more energy it 

will impart to the electron. This electron can then go on to liberate more electrons initiating 

a cascade-like production of electrons and holes and causing an even larger current to flow 

in the external circuit. Therefore, the current is directly proportional to the energy of the 

radiation.  

Alpha spectrometers are usually surface barrier detectors, which are composed of a doped 

silicon diode wafer with a very thin depletion layer. The silicon is n-type with the exposed 

surface etched with gold (~ 40 µg/cm2) and the other coated in an equally thin layer of 

aluminium. These surfaces provide the electrical contact and are used to create a reversed 

biased semiconductor. The gold is used as the anode, and a voltage is set up across the 

silicon wafer to the aluminium cathode. As a result, a thin depletion layer is created in the 

silicon at and around the area of the etched gold layer. Alpha and beta particles can 

penetrate through the gold layer into the depleted silicon and liberate Si electrons creating 

electron-hole pairs which are collected at the electrodes.  

In this study, samples are electroplated onto a stainless-steel disc and placed within 5mm 

of the detector. During measurement a vacuum is placed between the sample and detector 

as α energy is easily absorbed and will cause a reduction in measurement if a vacuum is not 

maintained. Counting efficiency is at most 50% as only one surface of the disc is exposed 

to the detector. Radiation emanating in the opposite direction or at angles acute to the disc 

on the exposed side do not interact with the detector and are not counted. 

Alpha spectrometry is a commonly used analytical technique for alpha detection due to its 

relatively low cost, high sensitivity and simplicity (Hou and Roos, 2008). Measurement of 

Pu, Th and U is routine using alpha spectrometry, however separation of the actinides may 

be required to ensure most efficient counting (Thakur, 2017). 
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 Gamma Spectrometry 

The gamma spectrometers used for this research were High Purity Germanium (HPGe) 

semiconductor detectors. The theory behind the semiconductor is much the same as in the 

alpha spectrometers detailed in section 3.2.2. Electrons are liberated from the material of 

the detector through interaction with gamma rays produced by the radionuclide. The 

spectrum produced by a gamma spectrometer is very different to that of an alpha spectrum 

due to the way in which gamma rays (high energy photons) interact with the materials of 

the detector and its surroundings.  

A theoretical spectrum (Figure 3.12) shows the signal on a gamma spectrum from a single 

gamma emitting radionuclide. Each individual peak is created from an interaction between 

the incident photon (carrying the gamma energy). The most basic interaction is the 

photoelectric effect, whereby the incident photon carrying energy Eγ, interacts with an 

electron in the material imparting all of its energy. This ejects the electron which carries a 

kinetic energy equal to that of Eγ minus the energy required to liberate the electron (known 

as the binding energy). The photoelectric effect usually occurs at low photon energies (<200 

keV) (Mirion Technologies, 2021). When detected, the electron causes a count in the full 

energy peak region.  

For photons carrying gamma energies of 200 to 2000 keV, the primary mechanism of 

interaction is Compton Scattering. This occurs when the incident photon interacts with an 

electron of the material its travelling through and imparts less than 100% of its energy. The 

electron is ejected from the electron shell (as a “recoil electron”). However, the kinetic 

energy it has is less than Eγ minus the binding energy (K.E. < (Eγ - Ebind)). The energy not 

imparted to the electron remains in the photon which is scattered. The angle at which the 

reduced-energy photon is scattered is based on the initial gamma energy and is predictable, 

with higher energy photons scattering in the forward direction. A gamma ray that enters 

the detector, undergoes multiple Compton interactions and ends up initiating a 

photoelectric event and a count is observed in the full energy region. If a gamma ray 

interacts via the Compton effect only once, there is a maximum energy that is detected. 

This is equivalent to the energy imparted by the photon at an angle of 180°. Lesser energies 

created by Compton interactions occurring at < 180° generate counts below the maximum 

Compton energy. This effect manifests as a Compton continuum on a gamma spectrum, 
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with the maximum Compton energy resulting in a feature termed the Compton Edge 

(Figure 3.12). Incident rays which undergo multiple Compton interactions will have 

energies that sum above the energy of the Compton edge and create counts between that 

of the Compton edge and the full energy region (Mirion Technologies, 2021).  

 

Figure 3.12. 
Theoretical gamma spectrum 
Adapted from International Atomic Agency (2021) 

 

The final interaction occurs during the interaction of high energy gamma rays (usually 

>2000 keV, but certainly above 1022 keV).  The incident photon passes through the 

material, within the vicinity of an atomic nucleus. This initiates the conversion of the 

electromagnetic energy to matter, producing a positron and an electron. The positron and 

electron each have a rest mass equivalent to 511 keV, which is why the incident photon 

must have an energy of at least twice that (1022 keV) in order to produce the pair. The 

electron continues to travel through the material with kinetic energy equivalent to ½ Eγ 

minus the rest mass of the electron (511 keV). Secondary ionisation of other atoms in the 

detector material resulting from the kinetic energy of the electron produced will always be 

captured by the detector and represents the lowest energy captured in the interaction.  

The positron travels until it meets an electron, annihilating themselves in the process. Two 

photons are produced by this interaction, each with an energy equivalent to the rest mass 

of an electron or positron (511 keV). It is possible that one or both of these annihilation 

photons escape the detector without further interaction with the material. If this happens, 

the full energy of the initial incident gamma ray will not be deposited within the detector. 
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If both annihilation photons react and deposit 100% of their energy within the material of 

the detector, they will produce a count within the full energy region of the spectrum. If one 

of the annihilation photons leaves the detector without further interaction and all of the 

other’s imparted energy is fully contained within the material of the detector, a count will 

be produced with an energy of full energy peak – 511 keV. Once a significant number of 

single annihilation photon escapes occur, a peak in the gamma spectrum forms called a 

Single Escape Peak. If both annihilation photons escape the detector without further 

interaction with the rest of the energy fully contained a count with an energy of full peak 

energy – 1022 keV will be produced. Significant occurrence of this can result in the 

formation of a Double Escape Peak in the spectrum (Figure 3.12). Finally, if either 

annihilation photon undergoes Compton scattering, before leaving the detector, an 

indiscrete amount of energy is deposited within the detector. This produces counts which 

contribute towards the Compton continuum (International Atomic Energy Agency, 2021; 

Mirion Technologies, 2021).  

Use of gamma spectrometry in this study is primarily for measurement of 85Sr which is used 

as a chemical yield tracer. Use of gamma spectrometry for Sr yield monitoring is a well-

established technique and takes advantage of the gamma energy released during 85Sr’s 

decay to 85Rb (551 keV) (Be et al., 2004; Chen et al., 2002; Vesterlund et al., 2009).  

 ICP-QQQ-MS 

An Agilent 8800 - an Inductively Coupled Plasma Triple Quadrupole Mass Spectrometer 

(ICP-QQQ-MS) was used to analyse stable element solutions. Mass spectrometers rely on 

ionised sample components being separated according to their mass-to-charge ratio (m/z) 

before reaching the detector. The number of counts detected in a certain time is 

proportional to the concentration of the isotope in the sample.  

The samples in this study were solutions, introduced into the ICP via a nebulizer forming an 

aerosol and a spray chamber ensuring homogenous droplet size. Solid samples can be 

directly introduced without the need for dissolution by using Electrothermal Vaporisation 

(ETV) or Laser ablation (LA) (Carey and Caruso, 1992; Gray, 1985). Solutions were pumped 

into the nebuliser using a peristaltic pump and samples were selected using an 

autosampler.  
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ICP-MS’s utilise an argon plasma to ionise sample components. The plasma is created at 

the end of a quartz torch. The torch in the Agilent 8800 used consisted of three concentric 

tubes in once piece in an arrangement called a Fassel-type ICP torch (Thomas, 2004). The 

nebulizer gas which carries the droplets of sample from the spray chamber travels through 

the torch and into the plasma. Surrounding the end of the plasma torch is the radio 

frequency (RF) generator coil, which controls the movement of electrons in the plasma. 

The plasma is induced when a high voltage spark is applied across the plasma gas as it flows 

through the torch. This introduces free-moving electrons into the gas stream by stripping 

them from Ar atoms. The free electrons are then accelerated by the electromagnetic field 

set up by the RF coil.  

The energy required to strip an electron from an Ar atom is 15.8 eV (first ionisation 

potential (M+) given in electron volts). As this is the energy required to ionize the plasma 

gas, any element in the sample with an ionisation potential of less than 15.8 eV is likely to 

be ionised. Argon has the fourth highest first ionisation potential of all the elements in the 

periodic table whose ionisation potentials are known. There are multiple elements whose 

first and second ionisation potential are less than 15.8 eV. In this instance it is likely that 

doubly charged ions will be formed (M++). This will cause a halving of the m/z and the ion 

will be detected as half its actual mass. This can cause an interference if an off-mass analyte 

within the sample has a mass of double the analyte of interest (Thomas, 2004).  

The ions then travel from the plasma, through an interface zone and into the ion focussing 

zone. The ion beam is then purified and focussed using a series of lenses. In the case of the 

Agilent 8800, removal of photons, particulates and neutral species is completed using an 

off-axis omega lens. This method for the removal of undesirable particles and particulates 

from the ion beam is commonly termed a “Chicane design”. After the omega lens, the ion 

beam is narrowed and focussed using an Einzel lens (Agilent Technologies Inc., 2015; 

Thomas, 2004).  

The Agilent 8800 has two quadrupole mass filters in series with an octople 

reaction/collision cell in between, giving the ability to remove isobaric and polyatomic 

interferences after sample uptake (Warwick et al., 2019). The mass filters consist of 4 

molybdenum or stainless-steel rods set parallel to each other. Each opposing rod has a 

direct current (DC) and an alternating current (AC) placed on them creating an 
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electromagnetic field which steers the ions through the quadrupole. The ratio of AC/DC 

determines which m/z ratio will be electrostatically steered through the quadrupole, with 

all others being ejected from the ion beam, passing through the spaces between the rods 

(Somogyi, 2008; Thomas, 2004).  

It is not uncommon for the plasma gas and sample matrix components to cause spectral 

interferences as their mass may be the same as the analyte of interest. In addition to these 

isobaric interferences, plasma gas derivatives and matrix components may form 

polyatomic compounds whose mass equates to the analytes. Some examples of these are 

given in Table 3.2. To try and reduce these, a cold plasma condition can be applied in order 

to reduce the formation of argon containing interferences. However, in many cases for 

reduction in matrix component interferences it is common to place a collision/reaction cell 

before the analyser mass filter. In the case of an ICP-QQQ-MS, this is between the first and 

second quadrupoles. The collision/reaction cell in the Agilent 8800 is an octopole, operated 

in RF mode as to not separate the masses inside the ion beam. Instead it acts as a focussing 

element, ensuring the ions are in the optimal position in order to interact with the 

collision/reaction gas.  

 

Analyte Polyatomic/Isobaric interference  

56Fe 40Ar16O+ 

40Ca 40Ar+ 

39K 38Ar1H+ 

51V 35Cl16O+ 

80Se 40Ar2+ 

52Cr 40Ar12C+ 

75As 40Ar15Cl+ 

55Mn 40Ar14N1H+ 

Table 3.2. 
Common isobaric and polyatomic interferences 
(Longbottom et al., 1994; Thomas, 2004) 
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Using the octople, the ion beam collides with the reaction/collision gas, with the ions 

interacting in different ways in order to remove the interference. Either the interfering 

isobaric or polyatomic ions will interact with the gas, altering them to a non-interfering 

species, or the analyte will interact and be converted to another species which does not 

have an interference.   

The Agilent 8800 second quadrupole filters out all interferences from the reaction/collision 

cell and directs the ion beam towards the detector. The detector used in the 8800 is a dual-

mode, Discrete Dynode Electron Multiplier (DDEM). This type of detector allows for high 

and low ion concentrations to be analysed in one scan (hence “dual mode”). The DDEM 

(Figure 3.13) operates off-axis and utilises individual dynodes to perform the electron 

multiplication. The off-axis position further lowers detector background noise originating 

from stray radiation and any neutral species still in the ion beam. Analyte ions interact with 

the first dynode liberating secondary electrons, which are accelerated towards the second 

dynode, liberating more secondary electrons. This process is repeated until the mid-point 

dynode. If a high enough concentration of analyte has entered the detector and reached a 

threshold number of counts at this mid-point, the signal is processed through analogue 

circuitry. If the threshold has not been reached, the signal cascade continues through the 

rest of the dynodes. The signal is then processed as a pulse signal. The range for pulse mode 

circuitry is usually 0 – 106 cps, and for analogue the range is 104 – 109 cps. This method of 

detection allows for both high and low concentrations of analyte to be processed without 

prior knowledge of the solution concentration and without losing information during 

analysis of transient, short-lived peaks (Agilent Technologies Inc., 2015; Thomas, 2004). 

In order to fully utilise the DDEM capabilities, an accurate calibration needs to be 

established, especially in the overlap between pulse and analogue count regions. This 

decreases the likelihood of an inconsistent count vs concentration relationship over a large 

range of concentrations. If a suitable calibration can be established counts of 0 – 109 cps 

can be accurately detected in one scan.  
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Figure 3.13. 
DDEM detector 
Discrete Dynode Electron Multiplier 

 

 Sample preparation for ICP-MS analysis 

The ICP-QQQ-MS system utilised requires all samples and calibrations to be introduced in 

a solution of 2% HNO3. In addition, calibrations must be created which span the expected 

concentration range of the samples. This is done using laboratory standards of known 

concentrations of the analytes used. They are diluted to form solutions at the desired 

concentrations in 2% HNO3. These are then run together with the samples. A linear 

calibration curve is then constructed relating the known concentrations of analyte to their 

corresponding CPS measurement. When a sample is measured, its analyte concentration 

can be calculated using the calibration curve (Figure 3.14). This can be done either by the 

data analysis software that comes with the Agilent 8800 or offline. To save time between 

sample preparation and running on the ICP-MS, this data analysis was completed offline.  
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Figure 3.14. 
ICP-MS calibration curve 
 

For the Agilent 8800 utilised in this study, concentrations were kept below 100 ppb as the 

mass spectrometer is commonly used for trace metal analysis in low matrix samples. In 

order to ensure this, prior knowledge of the approximate concentration of analyte in the 

sample is required. If a sample of completely unknown concentration was to be measured, 

dip tests were performed whereby the sample is sequentially diluted by 10 or 100 times 

each dilution. This is done to ensure adequate dilution is achieved so as not to cause 

blockages in the system or overload the detector. The theoretical lowest concentration is 

then analysed first, and if the counts detected are below the range of the calibration, the 

next highest dilution in the sequence is run. Once an accurate concentration is measured 

within the calibration range, the concentration of the original sample can be calculated.  

Occasionally, inconsistencies and faults can occur during analysis. There are many causes 

of these, some examples are alterations in sample flow speed, a change in plasma power 

or change in detector sensitivity. These can cause inaccuracies in measurement.  In order 

to recognise these an internal standard is used. This is an element, or series of elements 

which are kept at the same concentration in all measured samples. If an inconsistency 

occurs (e.g. flow rate suddenly decreases due to a fault in the peristaltic pump), analyte 

signal will be significantly reduced. Without an internal standard, the reduction in signal 

could be interpreted as lower analyte concentration in the sample. However, if internal 
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standard signal was lower also, the user would be able to recognise the fault and either 

apply a correction or find the source of the inconsistency and re-run the affected samples.  

For the ICP-MS runs completed, In and Re were selected as the internal standards due to 

their range of masses. The majority of the analysis was completed under No-Gas mode, 

meaning no collision/reaction gas was introduced to the ion beam when it passed through 

the octopole. 

Mass spectrometric techniques offer faster analysis times (Bu et al., 2016). Study on mass 

spectrometric analysis of 90Sr has so far concluded that LODs are much lower for 

radiometric analysis. Taylor et al. (2006) describe an expedited technique for analysis of Sr 

in river water samples. Spiked river water samples were pre-concentrated on cation 

exchange resin before being acidified and separated from Sr on Sr-spec columns. Taylor et 

al. (2006) then analysed the eluate on both an ICP-MS and by Cherenkov counting. Removal 

of isobaric 90Zr was achieved by the separation protocol before ICP-MS analysis, but further 

suppression of 90Zr was achieved by addition of O2 in the reaction cell of the mass 

spectrometer. Zr forms the oxide more easily on reaction with O2 in comparison to Sr. By 

introducing O2 to the reaction cell, Zr forms the oxide and is filtered out by a mass filter 

prior to hitting the detector. Taylor et al. (2006) were able to achieve limits of detection of 

0.5 Bq g-1, 0.2 Bq g-1 and 5 Bq g-1 for sediment, plant and water samples respectively.  

Feuerstein et al. (2008) were able to achieve LODs of 0.02 Bq g-1 in sample solutions 

containing no Zr. In soil samples, again separated using Sr-spec columns, detection limits 

of 1 Bq g-1 were achieved. Both Taylor et al. and Feuerstein et al. conclude by stating that 

although the method of using ICP-MS is an expedited analysis method in comparison to 

radiometric techniques, limits of detection are still far off what can be achieved by gamma 

spec, LSC and Cherenkov counting. Lower LODs have subsequently been achieved by other 

studies utilising ICP-MS with O2 reaction cell gas. Takagai et al., (2014) achieved LODs of 

2.34 Bq L-1 from aqueous solution and 3.91 Bq Kg-1 from soil samples. 

Feuerstein et al., (2008) also state that peak tailing of 88Sr can affect 90Sr measurement due 

to the much higher abundance of 88Sr in samples. This occurs when the defocussing forces 

of the quadrupole are too small to cause rejection of the off mass ions within the transit 

time (Feuerstein et al., 2008). This then causes counts to occur at m/z 90 from ions of m/z 

88.  
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Tumey et al. (2008) utilised an accelerator mass spectrometer (AMS) to analyse Sr 

concentrations. A minimum background of 75mBq as achieved this way. However, AMS is 

very expensive and the time saved during analysis is often outweighed by the time it takes 

to set up an AMS for a specific analyte.  

More recent study by Russell et al. (2017) utilises a ICP-QQQ-MS system. Unfortunately, 

this study did not achieve lower LODs than previously but did, however, point out that the 

addition of O2 in the reaction cell significantly increased the detection limits. Under no gas 

mode 90Sr LOD was 0.9 Bq g-1 and if both mass filters were used this increased marginally 

to 1.2 Bq g-1. However, under gas mode 90Sr LOD increased dramatically. An optimal flow 

rate of O2 was found to be at 0.2 - 0.3 mL/min. If soil samples were leached using aqua 

regia, separated by hydroxide and carbonate precipitation and then separated using Sr 

resin, a limit of detection of 6.4 Bq g-1 could be achieved on the ICP-QQQ-MS. 

Measurement of plutonium has also been reported on an ICP-MS. Wang et al., (2018) 

separated and isolated plutonium on a TEVA column followed by a DGA column from a 

concrete digest. The digest procedure utilised perchloric acid and hydrofluoric acid for full 

opening out of the concrete matrix. Uranium-233 was used as an internal standard during 

the ICP-MS measurement. Plutonium-239, 240Pu and 241Pu were measured as analytes and 
242Pu was measured to establish chemical recovery yield. Uranium-238 was also measured. 

The hydride that forms (238UH+) and the peak tailing from the 238U signal itself are the main 

interferences for 239Pu measurement. Correction for this interference is achieved through 

the application of a subtractive equation (Equation 3.2). 

 

Equation 3.2. 
Uranium-238 hydride correction 
 

Study of this subtractive equation has shown that (238UH+ / 238U+) does not remain constant 

when overall 238U concentration varies (Zheng and Yamada, 2006). If 238U+ signal is 

significantly higher than that of 239Pu, separate measurement of 238U and 238UH+ may have 

to be completed using a purified uranium source. This is done in order to establish hydride 

formation at the 238U concentration measured in the Pu sample. The calculated hydride 

ratio can then be applied to the Pu sample. For the study completed by Wang et al., (2018) 

239Pu+ signal = Raw m/z 239 signal – ((238UH+ / 238U+) ∙ (238U+ signal)) 
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U decontamination factors through the use of extraction chromatography were 

significantly high enough to reduce the 238U interference to operational blank level. Wang 

et al., (2018) reported high chemical recoveries for 22 samples analysed (57-93%) and 

accurate determination of 240Pu/239Pu ratios for two standard reference materials (SRMs). 

Warwick et al., (2019) stated that 238UH+ interference on 239Pu can be further reduced by 

addition of O2 gas within the reaction cell.  

Schramel et al., (1997) produced a method for the determination of U and Th concentration 

from urine matrices using an ICP-MS. Limits of detection (LODs) were found to be 0.5 ng/L  

in aqueous solutions and 1 ng/L for urine samples. Accuracy of the measurements was 

carried out by comparison to alpha spectrometry analysis, and adequate recoveries were 

achieved. Shi et al., (2013) found that adequate uranium isotope analysis from human urine 

samples can be achieved using ICP-MS, but they note that TIMS multi-collector analysis will 

always be more accurate. The benefits of analysing samples using an ICP-MS lay in the 

reduced sample preparation time for analysis in comparison to TIMS.  

Thorium determination by ICP-MS is a well-established technique, and given the 

appropriate sample digestion procedure offers low detection limits and fast analysis times 

as well as offering accurate Th isotopic data (Holmes, 2001).  
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Chapter 4 Separation of Strontium-90 from cementitious 

matrices via extraction chromatography at 

higher flow rates 

 Introduction 

As previously mentioned, large scale bulk waste determination is completed by rapid in-

situ measurement and application of scaling factors (SFs). The development of these SFs is 

reliant on accurate determination of the radionuclide content of small sample of the waste, 

specifically the relationship between the ETM and DTM radionuclides.  

One difficult-to-measure (DTM) nuclide is the radiotoxic strontium isotope 90Sr. Strontium-

90 has a half-life of 28.8 years and is a pure beta emitter (546 keV). Chemical separation of 

the analyte from the sample matrix and any potential interferences is required for accurate 

activity determination. Strontium-90 has isobaric (e.g. 90Zr+, 90Y+, 180Hf++), polyatomic 

(CrAr+, MnCl+, YH+) and peak tailing (from 88Sr) interferences if measured by ICP-MS. It also 

has radiometric interferences (e.g. 234Pa, 137Cs) if measured by liquid scintillation or via 

Cherenkov counting 90Y that are prevalent in decommissioning wastes. Strontium-90 

constitutes around 6% of the 235U fission yield and 2% of the 239Pu fission yield (Takagai et 

al., 2014). During routine operation it is likely that construction materials in the immediate 

vicinity of the reactor will be contaminated with fission products. The level of 

contamination can be exacerbated if the site has a history of nuclear incidents (Grahek et 

al., 2018; Wallace et al., 2012). In addition, other processes related to power production 

also cause contamination of materials with fission products. Storage ponds for spent 

nuclear fuel contain large amounts of fission products and fragments of the fuel itself (Parry 

et al., 2011). These fission products contaminate the walls of the ponds.  Nuclear fuel 

reprocessing produces a large amount of radioactive waste. Fission products constitute a 

significant quantity of these wastes, which are vitrified in order to immobilise harmful 

radionuclides (Gin et al., 2013). Post irradiation examination (PIE) can also lead to exposure 

of construction materials to fission product releases, especially if the fuel pin has been 

subject to damage.  
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Concrete is widely used to construct the buildings and other crucial structures (such as 

storage ponds and bioshields) on these sites. The United Kingdom Radioactive Waste & 

Materials Inventory states that concrete constitutes a significant volume of ILW (12%) and 

LLW (31%) and the majority of VLLW (88%) (DEFRA, 2002; Department for Business, Energy 

and Industrial Strategy, 2019). The volumes for the waste categories increase with 

decreasing activity, so LLW and VLLW wastes represent the majority of waste on a nuclear 

site (~90%). Therefore, it is one of the most voluminous materials disposed of during 

decommissioning (Basu et al., 2013). Accurate determination of activities is crucial in order 

to direct a package of waste to the correct method of disposal. Because of the enormous 

quantities of concrete wastes produced (50 – 55 million tonnes per nuclear power plant), 

time saving techniques in the measurement of the radionuclide content of concrete wastes 

represent a huge cost-saving opportunity.  

 Expediting strontium separation 

Early strontium separation was chiefly used to establish nuclear weapons’ yield and 

investigate weapon fallout (Andrews, 1955; Crocker, 1963; Freiling, 1961). Separation 

techniques from this time used ferric hydroxide and barium chromate to separate the 

strontium from natural and artificial radionuclides (Bowen, 1970). Strontium’s yield 

determination from this separation was made gravimetrically. However, calcium’s similar 

chemical behaviour meant that the final precipitate of Sr was often contaminated with Ca 

(Goldin et al., 1959). To overcome this, Sr and Ca were separated using a selective nitrate 

precipitation from fuming nitric acid. This step resulted in a precipitate of pure strontium 

nitrate (Bowen, 1970; Budnitz, 1974). 

Another common method of Sr separation was through the use of ion exchange 

chromatography. Porter and Kahn (1964) described the use of Dowex 50W-X8 to determine 
90Sr activity in milk by measuring ingrown 90Y, separated from alkali earth metals present 

in milk. Noshkin and Mott (1967) reported a more direct measurement of 90Sr in seawater. 

This was achieved by complexation with cyclohexanediaminetetra-acetic acid (CyDTA) and 

sorption to Dowex 50-X12 cation exchange resin. Separation from Ca required careful 

control of pH, achieved through altering NH+ concentrations.  

The mid to late 1980’s saw an increase in the use of crown ethers in the separation of Sr 

from various matrices (Blasius et al., 1985; Mohite and Khopkar, 1987; Suzuki et al., 1987; 
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Wai and Du, 1990). Crown ethers effectively separated Sr from a wide range of elements 

with fewer preparatory steps, avoided the use of hazardous fuming nitric acid, and hence 

were more rapid than the ion exchange methods of the time (Kimura et al., 1979). This was 

due to their method of extraction which was based on size exclusion of Sr ions from the 

other matrix components.  

Horwitz et al., (1991) produced a crown ether loaded resin which allowed for Sr separation 

in highly acidic solutions. This resin consisted of (4,4'(5')-bis(t-butylcyclohexano)-18-crown-

6) bonded to an inert polymeric support. Typically, Sr analysis is performed on samples 

which require a preliminary digestion or leaching stage, using nitric acid or aqua regia, 

producing a highly acidic solution. The crown ether-based resin showed high selectivity for 

Sr in acidic media (Kd’s of 87-200 at  2-10 M HNO3) and good separation from a wide variety 

of metal ions (Horwitz et al., 1992a). Sr resin can effectively separate Sr from Pb, Cs, Ca, 

and U. This resin is commonly used today for separation of strontium and has a variety of 

applications (Horwitz et al., 1992a). 

Traditional chromatographic separation techniques using gravity flow columns can be time 

consuming, resulting in delays in obtaining 90Sr measurement. Recently, there has been 

much interest into the automation of column separation procedures. Work by Chung et al., 

(2015), Kim et al., (2015) and Chung et al., (2013) has demonstrated the application of an 

automated radionuclide separator to be advantageous for use in emergency situations. 

These circumstances require rapid screening of samples of unknown activity. Accidents like 

Chernobyl and Fukushima have driven research into expedited separation techniques, 

focussing on nuclides posing a risk to the environment and human health. Applying these 

techniques to routine analysis and for use in the nuclear decommissioning sector 

specifically, has been largely overlooked. Characterisation of samples is required 

throughout the lifecycle of a nuclear facility. Radiometric analysis is commonly undertaken 

by independent radiochemical laboratories, who may receive samples from a variety of 

different sites. Facilities such as these may also analyse samples from other fields of 

industry or research. Use of automated separation systems in laboratories such as this 

allow for a higher throughput of samples and has the potential to reduce labour costs. 

Encasing systems in appropriate shielding can increase worker safety while providing 

precise, repeatable separations for analysis.  
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The automated systems described in the above studies utilise peristaltic pumps to force 

solutions through separation columns at higher, more controlled flow rates than that of 

conventional gravity flow columns. The high flow rates that can be achieved by automated 

separators significantly decrease the time taken for 90Sr determination. In addition, 

automation of the separation process can reduce labour costs and the risk of 

contamination through human error. 

However, increasing flow rates can have a negative effect on separation efficacy. 

Chromatographic separation efficiency is governed by the Height Equivalent to a 

Theoretical Plate (HETP) and column residence time. Good chromatographic separation is 

achieved by narrow elution peaks of both analyte and contaminant and significant 

differences in uptake.  

 Investigation into wider geochemical application 

Expedited chromatographic separations not only have implications for the nuclear industry, 

but for wider scientific research as well. Research into expediting these processes can 

impact any laboratory’s productivity, and for research facilities looking to expedite 

separation processes, expediting chromatographic separations may be of interest.  

Many areas of geochemistry require chromatographic separations. Specifically, the 

separation of strontium is required in isotope geochemistry to radiometrically date ancient 

crustal rocks. Rubidium-strontium dating is a commonly used technique and utilises 87Rb’s 

long, 48.8 Ga half-life. Rubidium, although not forming any minerals independently, often 

replaces K due to its similar ionic radius (Attendorn and Bowen, 2012). This substitution can 

occur in all K-bearing minerals. Rubidium-87 decays via β- decay to 87Sr with a β- energy of 

282 KeV (Huang et al., 2021). The only other Rb isotope found in nature is 85Rb, which is 

stable, has an abundance of 72.172%  (Attendorn and Bowen, 2012; Takács et al., 2019).   

Strontium is a reactive metal, sharing similar chemical characteristics to Ca. As a result, 

strontium can replace Ca in many calcium-bearing minerals. However, due to Sr’s larger 

ionic radius, it is not able to substitute for Ca in all Ca-bearing minerals. Strontium 

substitution for Ca occurs more commonly at eight-fold coordination sites, whereas Ca ions 

can fill both eight and six-fold coordination sites.  
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Strontium has four isotopes found in nature, all of which are stable. Strontium-86 has a 

natural abundance of 9.861%. Even though 86Sr is produced by the decay of 86Rb, the half-

life of 86Rb is short (18.6 days) in comparison to 87Rb and is not found naturally. Therefore, 
86Sr concentration does not change and can be regarded as a constant. Strontium-87 is 

another Sr isotope present naturally and has an abundance of 7.001% (Huang et al., 2021). 

Strontium-87 is radiogenic, being produced from the decay of 87Rb. The concentration of 
87Sr increases over time in a mineral enriched with Rb. The growth of 87Sr is directly 

proportional to the half-life of 87Rb (Equation 4.1 and Equation 4.2). 

 

Equation 4.1. 
Equation for 87Sr ingrowth from 87Rb 
87Srt is the total number of strontium-87 atoms in the mineral sample at time t, 87Rb is the number 
of rubidium-87 atoms in the mineral sample at time t, and 87Sr0 is the number of 87Sr atoms present 
in the mineral sample at the date of crystallisation (time = 0). λ is the decay constant for of 87Rb. 

 

Equation 4.2. 
Decay constant equation 
Where t1/2 is the half-life, calculated in a unit of time consistent with t from Equation 4.1. 
 

Strontium-86 is used as a constant to produce ratios allowing for relative 87Sr and 87Rb 

determination. For the most accurate age determination, several measurements of 

different crystals from the same rock sample must be taken. Multiple crystals are analysed 

because differing initial 87Rb/86Sr ratios are required. This is possible because different 

minerals are composed of differing amounts of Ca or K. Therefore, the substitution of these 

for their respective replacements (Sr and Rb) during crystal formation will lead to different 

initial 87Rb/86Sr ratios. As time progresses, 87Rb decays to 87Sr, but 86Sr remains constant 

and thus the 87Rb/86Sr ratio decreases. Likewise, as the 87Rb decays, the 87Sr concentration 

increases, so the 87Sr/86Sr ratio increases. These are then used to construct an isochron 

(Figure 4.1).  

87Srt = 87Sr0 + 87Rb (e - λt - 1)  
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Figure 4.1. 
Rb/Sr isochron 
Ratios of 87Sr/86Sr and 87Rb/86Sr measured and the isochron constructed from their measurements 

 

The dark grey points represent measurable data at time t. If the samples measured were 

formed concurrently, they should lay on the same line of best fit (isochron). The light grey 

points represent the initial ratio values at the time of crystallisation. The intercept of the 

isochron represents the value of 87Sr/86Sr if no rubidium was present at crystallisation, and 

therefore, the initial 87Sr/86Sr value. The equation for the isochron: 

 

Equation 4.3. 
Equation for Rb/Sr isochron 
 

This involves the 86Sr component in Equation 4.1 and takes the form of a straight line (y = 

mx + c). The gradient of the line is therefore proportional to time which can then be 

calculated:  

 

Equation 4.4. 
Calculation of time from the gradient of the isochron 
The gradient (∇) is taken from the isochron constructed from the data. Time t is calculated in the 
same unit time as the time function used to calculate λ.  
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For an accurate elapsed time to be calculated, precise measurement of the Sr and Rb 

isotopes is required. To do this, mass spectrometry is used. Commonly, multi-collectors are 

used, the two main types being MC-ICP-MS (multi-collector inductively coupled plasma 

mass spectrometry) or TIMS (thermal ionisation mass spectrometry). For these techniques, 

Sr and Rb must be separated before measurement. This is because these mass 

spectrometers only distinguish between different masses and cannot easily resolve isobars. 

Preparative chemistry is therefore required to separate Sr from Rb. These fractions are then 

measured separately.  

It is therefore of upmost importance that the sample’s isotopic ratios are not altered during 

the preparation for measurement. The use of Sr resin in this context has been 

demonstrated (Dong et al., 2018; S. Li et al., 2019). Chromatographic separations in other 

systems are known to cause fractionation of isotopes based on their mass (W. Li et al., 

2019; Misra and Froelich, 2009; Russell and Papanastassiou, 1978; Sonoda et al., 2008). 

Efforts to minimise this are employed to attain the most accurate results. If mass 

fractionation were to occur, it would most likely be exacerbated if the chromatographic 

system were under higher flow rates. Consequently, for a forced flow chromatographic 

system to be applicable to Sr separation for Rb-Sr dating, it needs to exhibit minimal mass 

fractionation. Therefore, investigation into this mass fractionation under these conditions 

is required for application to preparative chemistry in geochemical analysis.  

 Experimental constraints 

Horwitz reports that Sr is most strongly bound to Sr resin (has the highest Kd) in an 8 M 

HNO3 solution. This study will therefore use 8 M HNO3 as the load solution for the matrix 

digests.  

Sample masses and contaminant concentration also affect strontium separation by Sr resin. 

Increasing the ionic content of the load solution leads to higher competition for crown 

ether binding sites. Sr resin has a high selectivity for cations with a similar ionic radius to 

Sr2+. Increasing the concentration of ions with a similar ionic radius to Sr2+ will lead to higher 

competition for binding sites. This could also lead to peak broadening of the Sr or 

contaminant elution peak, decreasing the efficiency of 90Sr separation. One potential 

competing ion is Pb2+ which has an ionic radius of 1.19 Å which is comparable to Sr2+ (1.18 

Å) and is prevalent in many environmental samples and industrial materials (Shannon, 
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1976). The Kd for Pb is >800 in 8 M HNO3 compared to Sr which is 200. Increased sample 

mass and contaminant concentration has the potential to affect Sr separation at any flow 

rate.  

The IAEA (International Atomic Energy Agency) state that solid material is considered 

radioactive waste if (a) it contains more than 1 Bq/g 90Sr or (b) it contains multiple 

radionuclides with A/B ratios summing to >1. In this instance “A” is the activity 

concentration of the nuclide in the material analysed. Term “B” is the activity concentration 

of that nuclide required to class the material as radioactive waste if that nuclide was 

present exclusively. In the case of Sr, “B” would be 1 Bq/g.  

The main aim of this research is to demonstrate the applicability of rapid and cost-effective 

Sr separation techniques to the determination of 90Sr in cementitious waste for waste 

classification and fingerprinting. This will be achieved by determining the following: 

• The effect of increasing flow rate on Sr separation from concrete matrices by 

assessing: 

a. Strontium elution profiles and HETP values 

b. Decontamination of interferences from the Sr fraction 

c. Precision of separation over multiple runs with high levels of contamination 

• The effect of increasing sample mass on Sr separation efficiency  

• The effect of reusing columns for multiple sample separations on Sr separation 

To fully demonstrate this applicability, the system has to deliver sufficient resolution. 

Considering the guidelines, regulations and 90Sr’s prevalence in nuclear waste, it is 

proposed that the limit of detection is 0.1 Bq/g 90Sr (i.e. 10% of the Environmental 

Permitting Regulations, 2016).  

Isotopic analysis of Sr profiles will determine if any Sr isotope fractionation effects occur at 

higher flowrates on Sr resin. This will demonstrate whether or not expedited separation 

systems can be applied to the separation of Sr from geological samples for accurate age 

determination.  
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 Experimental 

 Instrumentation 

An Automated Sequential Radionuclide Separator (ASRS) (Hanjin Eni Co., LTD., Daejeon, 

Republic of Korea) was utilised to separate the samples. The system uses 8 peristaltic 

pumps to perform simultaneous separations on 8 individual chromatographic columns or, 

when used in series, perform a 2-stage separation on 4 samples simultaneously. Loading, 

washing and elution can be completed at a flow rate of up to 6 mL/min. The ASRS can adjust 

flow rate in 0.5 mL/min increments and uses a LabVIEW program to control the hardware. 

A schematic of the ASRS and the LabVIEW control panel can be found in Appendix C. A 

Canberra p-type High Purity Germanium well detector GCW4523 (Mirion Technologies 

(Canberra UK), San Ramon, CA, USA) was used for the determination of 85Sr activity. Stable 
88Sr concentrations were measured using a Triple Quadrupole Inductively Coupled Plasma 

Mass Spectrometer 8800 ICP-QQQ- MS (Agilent, Santa Clara, CA, USA). Strontium-90 and 
90Y were measured on a PerkinElmer 1220 Ultra Low-Level Liquid Scintillation Spectrometer 

(PerkinElmer, Waltham, MA, USA). For the purposes of this study, 85Sr may be utilised as a 

radiostrontium tracer, in which case gamma spectroscopy may also be employed, along 

with LSC for work with 90Sr radiotracers. Single sample analysis for gamma spectrometry 

can take upwards of 2 hours and LSC of 90Sr up to half an hour. Due to the 

photoluminescence phenomenon, UV and visible light energy has to be dissipated from 

samples prior to LSC. This is a passive process and can be achieved by storing samples in 

the dark, away from any sources of white light (Chapon et al., 2016). Once this time is 

factored in, a single sample run of LSC can be up to 2.5 hours.  

 Reagents 

All reagents were of analytical grade unless otherwise stated. Nitric acid solutions were 

produced from a 70% (weight) concentrate (Fisher Scientific, Loughborough, England). HCl 

solutions were produced from a 37% (weight) concentrate for analysis (Fisher Scientific, 

Loughborough, England). For analysis by ICP-QQQ-MS, 2% nitric acid solutions were 

prepared from PrimarPlus-Trace analysis grade (>68% by weight) (Fisher Scientific, 

Loughborough, England). High purity water was generated using a Q-POD Milli-Q 

Advantage A10 Water Purification System (Merck, Darmstadt, Germany). A bulk concrete 
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sample sourced from an ex-residential demolition site in central London was used to 

prepare a matrix-relevant digest for the majority of the method development. A second, 

active concrete sample was used as a base matrix to create a worst-case-scenario matrix. 

This was obtained from a sample of bioshield concrete from the Steam Generating Heavy 

Water Reactor (SGHWR), a research reactor at the Magnox Winfrith site in Dorset, U.K., 

(Warwick et al., 2009). Stable strontium standard was produced from strontium chloride 

(May & Baker, UK). Strontium-85 standard solutions (ID: 2016-1838 and 2017-1686) were 

sourced from Physikalisch-Technische Bundesanstalt (Germany). Strontium-90 standard 

solution (ID: SIZ64) was obtained from AEA Technology (now Ricardo-AEA, Harwell, UK). 

Working dilutions of the radiotracers were prepared by gravimetric dilution. Gold Star 

Multi-Purpose Liquid Scintillation Cocktail (Meridian Biotechnologies, Tadworth, England) 

was used for the counting of 90Sr via liquid scintillation counting.  

Whatman 40 ashless filters were used for filtering concrete digestions. For rapid, small 

volume filtrations Millex®GP 0.22 µm PTFE syringe filters were used. Sr Resin (Triskem 

International, Bruz, France) of size 100-150 µm was used to separate Sr from the matrix 

solution. Sr Resin was packed into columns as a slurry to a bed of dimension 40 × 6.6 mm 

(i.d.) in a glass chromatographic column (Omnifit® Chromatography Column, Diba 

Industries, Danbury, CT, USA). 

 Separation procedure 

The ASRS separation procedure uses a 40 × 6.6 mm Sr-spec column and the procedure 

described in Figure 4.2. Pb retention on Sr resin is high, even at very low HNO3 

concentrations. To further avoid co-elution of Pb and associated 210Pb which may interfere 

with radiometric measurement of 90Sr via ingrowth of its 210Bi daughter, Sr was selectively 

eluted with 0.05 M HNO3. The dead volume of tubing in the ASRS between sample 

vials/reagent containers and the columns was calculated to be 1.5 mL.  Before use, the 

column was also washed with MQ and 0.05 M HNO3 to ensure any removal of any residues 

prior to conditioning and loading with nitric acid. Low concentration 0.05 M HNO3 was used 

to increase the solubility of potential residues present on the resin before separation.  
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Column washed with MQ post elution

Sr eluted using 0.05 M HNO3 from 
reagent bottle (at desired flow rate and 

between 15-20 mL volume)

Column washed with 11.5 mL 8 M HNO3 
via sample tubing (at desired flow rate)

Sample vial swapped with vial 
containing 8 M HNO3 to ensure sample 

left in tubing is pushed through the 
column

Sample loaded dissolved in 5 mL 8 M 
HNO3 (at target flow rate)

Column preconditioned with 10 mL 8 M 
HNO3 at 6 mL/min

5 mL 0.05 M HNO3 run through system 
to prepare for elution phase (at 6 

mL/min)

Column was washed with 10 mL MQ at 
6 mL/min

Figure 4.2. 
Flow chart of Sr separation on a Sr column 
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 Method development 

 Concrete digestion 

The concrete matrix digest was prepared from the bulk concrete sample. Fifty grams of 

powdered concrete was digested with 500 mL aqua regia for at least 2 hours on a hotplate 

at 90˚C. The mixture was then filtered using a Whatman 40 ashless filter into a second 

beaker. The filter was washed with 6 M HCl and MQ (Milli-Q) water, washings were 

transferred to the second beaker and evaporated to dryness. The filter paper containing 

the digest residue was transferred to a Pyrex beaker, dried on a hotplate and ignited at 

460˚C for 13 hours. This was treated again with 500 mL aqua regia, for at least 2 hours 

before being filtered as described previously, and added to the first digest. For active 

concrete samples, this second filter was retained for further digestion if required. The 

digests were evaporated to dryness. The resulting residue was then dissolved in 250 mL 8 

M HNO3 to produce a concrete digest equivalent to 1 g of concrete: 5 mL solution (0.2 

g/mL). For testing with active concrete samples, much smaller masses of powdered 

concrete were used. The ratio of aqua regia volume to sample mass was 0.5 g : 20 mL for 

the active concrete digestion. The final residue was dissolved in 20 mL 8 M HNO3. 

 Batch uptake experiments 

Batch uptake experiments were undertaken to determine the rate at which Sr reached 

equilibrium with Sr resin and how ionic interference affects this. Additionally, these tests 

enable comparison of Sr resin performance between this study and previous work (Horwitz 

et al., 1992a). Strontium in a solution of HNO3 with and without 0.5 g concrete matrix was 

studied. Dry Sr resin (0.1 g) was added to 5 mL 8 M HNO3 or concrete digest in 8 M HNO3, 

along with 21 Bq of an 85Sr tracer. Samples were placed on a roller mixer for a range of 

times (1, 2, 5, 10, 20 and 60 minutes and 2, 4, 7 and 24 hours). Solid and aqueous phases 

were separated using a syringe filter. Strontium-85 activity in the aqueous phase was then 

determined using gamma spectrometry. Aqueous phase activities were compared to the 

initial activity of the aqueous phase to determine the uptake of Sr by the Sr resin.  

To quantify Sr resin uptake, the ratio of Sr in the solid and liquid phase (K’) was calculated 

(Equation 1.4). At equilibrium the K’ is equal to the Kd, where maximum uptake of Sr by the 
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resin occurs. Faster equilibration times lead to thinner HETP and sharper chromatographic 

resolution. 

 Repeatability 

The Sr separation repeatability from a concrete digest was assessed by determining 

chemical recovery and elution profiles for 4 replicate separations. A solution consisting of 

2.5 mL matrix solution and 2.5 mL 8 M HNO3 was spiked with 90Sr to mimic a 5 mL solution 

containing 0.5 g of concrete. The sample loading, washing and elution were performed at 

1 mL/min. The eluate was collected in 1 ± 0.09 mL fractions to permit construction of an 

elution profile. The 90Sr activity concentration of each fraction was measured using gamma 

spectrometry. The cumulative 90Sr activity in all eluate fractions was used to calculate the 

chemical recovery. Each separation was performed using a fresh slurry of Sr resin. The 

column was emptied and washed with 5% HNO3 after each sample was run.  

 Effect of matrix  

The most likely component present in concrete digest is likely to be calcium. Stable calcium 

can undergo neutron activation to produce radioactive isotopes (most commonly 41Ca and 
45Ca). However, these are not of concern regarding measurement interferences with 90Sr 

due to their differing decay modes (in the case of 41Ca) and lower decay energy (in the case 

of 45Ca) compared to 90Sr or 90Y. However, historical Sr separation techniques suffered as a 

result of Sr and Ca’s similar chemical behaviour, especially when the final Sr precipitate 

recovery was determined gravimetrically (Goldin et al., 1959). To assess if Ca concentration 

affects Sr uptake, samples with differing concrete matrix concentration were separated. 

This effectively changed the Ca concentration. WDXRF analysis of the solid concrete sample 

showed the CaO composition to be 39%. The concrete digest solution (0.2 g : 1 mL) was 

then diluted to 0.1 g : 1 mL and 0.05 g : 1 mL in order to assess Sr separation with changing 

Ca concentration. Solution volumes of 5 mL were used and results were given in terms of 

solid mass equivalent (0.25, 0.5 and 1 grams per separation). These were loaded in 8 M 

HNO3 and 0.05 M HNO3 was used as the eluent. In addition, increasing the mass of concrete 

per sample decreases the limit of detection of 90Sr per gram of solid sample. 
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 Flow rate effect on HETP 

HETP is often used to assess and quantify column performance. To attain HETP values, 

isocratic elution of analytes is required. This was done using a 15 ppm stable Sr solution in 

8 M HNO3 in a 5 mL load solution and using clean 8 M HNO3 to elute the Sr. Aliquots of Sr 

were taken at regular intervals, diluted to 1/10th and their concentrations analysed via ICP-

QQQ-MS. Three flow rates were tested, and elution profiles of the Sr eluate concentration 

were produced. The graphs were smoothed using sigma plot’s 2D data smooth function. 

Peak width at half maximum was calculated using sigma plot’s transform tool. Plate number 

and HETP was then calculated using Equation 1.1 and Equation 1.2 . 

 Effect of flow rate on Sr recovery 

Column separations under gravity flow achieved flow rates of 0.60 ± 0.14 mL/min. Tests to 

investigate 90Sr peak broadening with flow rate increase were performed at 1 mL/min 

intervals from 1 - 6 mL/min using the ASRS system. Digests equivalent to 0.5 g concrete 

were used for each separation. Sample loading, washing and elution was completed at the 

same flow rate during each test. Sample load volume was 5 mL, column wash consisted of 

11.5 mL of 8 M HNO3 and elution of Sr was achieved using 20 mL 0.05 M HNO3. Strontium-

90 was used as a radiotracer and measurement was performed using liquid scintillation 

counting. Aliquots of the Sr fraction were collected as 1 mL fractions. Both total recoveries 

and elution profiles were used to assess the effect of flow rate on Sr adsorption on the Sr 

resin column. 

 Effect of flow rate on decontamination 

A synthetic solution was produced to represent the most likely contaminants present in a 

concrete matrix. The elements identified were Fe, Co, Ni, Sr, Cs, Eu, Pb and U.  Iron, cobalt 

and nickel are likely to be present if the concrete is reinforced with rebar and could 

contaminate concrete samples. Their inclusion is not meant to demonstrate the effect of 

dissolving a sample of rebar, merely minor contamination of a concrete sample. Prominent 

long lived activation products that are likely to be present in concrete are 152Eu, 154Eu, 60Co 

and 134Cs (Carroll, 2001). Uranium sorption to components of cementitious matrices has 

been previously demonstrated (Altenhein-Haese et al., 1994; Wellman et al., 2007). Pb is a 
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commonly found trace metal which may prove to be an interesting contaminant to study 

due to its high Kd. 

Stable solutions of Fe, Co, Ni, Sr, Cs, Eu, Pb and U were added (by mass) to a cleaned 20 mL 

scintillation vial in the volumes and concentrations. The solution was then evaporated on 

a hotplate at 60˚C to a dry residue. Twenty millilitres of 8 M HNO3 was then added to 

dissolve the residue and produce the final synthetic solution. Fe, Sr and Pb were made to 

100 ppm and Co, Ni, Cs, Eu and U were made to 10 ppm in the final solution. The 

concentrations of contaminants were dictated by the stable standards available. The 

solution was then used to complete a column separation using the same volumes and 

procedure as the flow rate tests. The final Sr fraction was collected as on 20 mL aliquot, 

then analysed via ICP-MS to determine contaminant concentrations. 

The degree of decontamination is quantified as a decontamination factor (DF) calculated 

in Equation 4.5.  

 

Equation 4.5. 
Decontamination factor equation 

 

The elution profile of these contaminants in the load and wash phases was also examined 

to determine the optimum wash volumes required to effectively remove the contaminant 

prior to Sr elution. 

 Column Reuse  

Reuse of columns has the potential to reduce analytical cost and time as one of the most 

time-consuming processes during the Sr separation is the preparation of the columns. By 

reusing columns, the need for preparation of fresh columns is reduced. Column preparation 

can be replaced by an extra column wash, which is far less time consuming - especially 

when conducted at higher flow rates. However, column degradation could occur with 

multiple uses so for the reuse of columns to be appropriate, they would need to show 

𝐷𝐷𝐷𝐷 =  
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑖𝑖𝑖𝑖 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
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consistent performance over multiple runs. Degradation may be the result of the physical 

action of the reagents through the column, chemical decomposition by strong acids or a 

combination of both causing leaching of the organic extractant from the resin. The column 

must be adequately washed between uses so that separations are not contaminated from 

previous separations, potentially resulting in cross contamination between samples and 

false positive results. To test this, Sr-spec columns were used to separate 90Sr from 5 × 0.5 

g concrete samples, run sequentially with a 20 mL MQ wash between each elution and the 

following separation’s procedure. Column reuse tests were conducted at 1, 3 and 6 mL/min 

to assess the impact of flow rate on column degradation and analyte separation. 

Decontamination factors for key interferences was determined using the methodology 

described in 4.3.7. The columns were reused 3 times at 1, 3 and 6 mL/min flow rates. The 

variation in Sr recoveries and DFs were calculated to assess performance. 

 Overall analytical performance 

The performance over the entire analytical procedure (sample preparation, digestion, 

separation, and measurement) for the separation of 90Sr was evaluated. Concrete 

composition varies significantly, dependant on the type of concrete required and the 

source of the raw materials. The expedited technique must therefore be applicable to a 

wide range of concrete compositions. To do this a worst-case-scenario type matrix was 

produced. A bulk concrete sample was acquired and spiked with known masses of trace 

elements to create a digest with high concentrations of all contaminants. This eliminated 

the need for a large range of samples. Various concrete compositions from the literature 

were compiled (Table 4.1), with a list of the major and minor components (Evans et al., 

1984; Harms and Gilligan, 2010; Shin et al., 2002; Warwick et al., 2009). Major component 

composition such as Al2O3, SiO2, and CaO was obtained from the bulk sample of bioshield 

concrete from the Steam Generating Heavy Water Reactor (SGHWR). Trace element 

compositions of the SGHWR concrete were altered to resemble the highest concentrations 

found in the literature. To do this, stable trace element standards were added to the 

powdered SGHWR sample before digestion. Concentration of trace element in bulk sample 

was calculated using the mass of element standard added and the mass of dry sample used 

(0.5 g). 
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Trace element concentrations were taken from data for the SGHWR bioshield bulk sample 

which was used as a base for the digest (Warwick et al., 2009). Samples of 0.5 g of the 

SGHWR concrete were spiked with stable standards of Ba, Ce, Ni, Pb, Sr, Th, U (depleted) 

and Mn. The theoretical concentrations of the spiked elements in the solid sample were 

calculated (Table 4.2). 

Assessment of the entire analytical procedure was achieved through replicate analysis of 

the spiked bioshield concrete. A known activity of 90Sr was added to each replicate. 

Strontium-85 tracer was added to assess losses during the procedure and overall 

recoveries. Inherent 90Sr and 85Sr in the bioshield concrete had been assessed in a previous 

study and reported as below the detection limit. Six replicates were processed using the 

digestion method described in 4.3.1 and the separation method in 4.2.3. The samples were 

eluted in 20 mL 0.05 M HNO3. Three of these replicates were spiked with stable Sr to assess 

the impact of Sr concentration in chemical recovery. The measured 90Sr in the eluate of 

each replicate was compared to the known activity added to assess the accuracy of the 

technique. Inter-replicate variability was used to assess the precision of the technique. 

The column capacity for Sr was calculated at 8 mg Sr/g resin (using estimate from Horwitz 

et al., 1992). The capacity for Pb would be over double this (19 mg) due to Pb’s higher 

atomic mass. From the concentrations in the solid sample calculated, the mass of Pb in the 

replicates was 0.31 mg and the mass of Sr was 0.08 mg in the non-spiked and 0.6 mg in the 

spiked replicates. These masses are well within the maximum capacity of the column; 

however, this is the only test presented in the study which analyses Sr mass effect on 

separation efficiency. 

Each 20 mL replicate solution was measured by gamma spectrometry to determine 85Sr 

activity relative to the original spike activity and losses during digestion. The 20 mL sample 

was then transferred to a centrifuge tube prior to loading into the separation system. The 

separation procedure was performed at a flow rate of 5.1 mL/min to evaluate separation 

at maximum flow rate capacity of the system. The total 20 mL solution was loaded onto 

the column and washed with 10 mL 8 M HNO3. Strontium was eluted with 2 × 10 mL 0.05 

M HNO3, with each eluate fraction collected separately.  
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Study Name and Concentration (ppm) 

Trace 
Element 

Harms and 
Gilligan, 2010 
(NPL) 

Evans et al., 1984 
(US Regulatory 
commission) 

Warwick et 
al., 2009 

Max 
concentrations 
from literature 

As 2.5 
 

2.3 2.5 
Ba 610 7060 48 7060 
Cd 5.0 

 
0.0 5.0 

Ce 12.5 52.0 28.2 52.0 
Co 2.5 31.0 16.7 31.0 
Cr 20.1 540.0 315.0 540.0 
La 8.0 28.0 2.0 28.0 
Ni 150 87 1244 1244 
Pb 

 
560.0 16.0 600.0 

Sr 720 940 151 1000 
Th 1.0 120.0 7.0 120.0 
U 1.7 4.4 3.5 4.4 
V 17.7 

 
14.6 17.7 

Zn 17 340 15 340 
Mn 

 
990 150 990 

Table 4.1. 
Concentrations of bulk concrete trace element concentration 
(Evans et al., 1984; Harms and Gilligan, 2010; Warwick et al., 2009) 

 

 

 

 

 

 

 

 

 

Element  RCW 1  RCW 2  RCW 3 RCW 4 RCW 5 RCW 6 

Ba (ppm) 7300 7500 7500 7400 7500 7400 

Ce (ppm) 80 85 85 80 85 85 

Ni (ppm) 1400 1400 1400 1400 1400 1400 

Pb (ppm) 600 630 630 630 630 630 

Sr (ppm) 1200 1200 1200 150 150 150 

Th (ppm) 130 130 130 130 130 130 

U (depleted) 

(ppm) 

4.5 4.6 4.5 4.5 4.6 4.6 

Mn (ppm) 1200 1200 1200 1200 1200 1200 

Table 4.2. 
Concentration of trace elements in samples 
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 Sr isotope fractionation 

As previously discussed, isotopic fractionation must be minimised during preparative 

chemistry during the analysis of Sr isotopes when dating geochemical samples via Rb-Sr 

dating. To test this a stable Sr ICP-MS standard was used to produce a 15 ppm Sr solution 

in 8 M HNO3. Isocratic elution of this solution was then performed through a 1.3 mL column 

at three different flow rates, and aliquots of the eluate were taken at regular intervals. 

These aliquots were diluted to the same concentration and then analysed via MC-ICP-MS. 

The aliquots’ 87Sr/86Sr ratios were compared to a dilute of the unseparated solution. Elution 

curves of 87Sr/86Sr ratios were also produced to identify fractionation trends if present.  

It is noted that when purifying Sr samples using Sr resin, gradient elution is used to strip 

the Sr from the column after washing, producing a relatively small volume of eluate. 

However, isocratic elution in 8 M HNO3 will highlight fractionation effects as Sr is not taken 

up by Sr resin in low concentrations of HNO3. In addition, larger eluate volumes will magnify 

any fractionation effects present.  

 Results and discussion 

 Batch Uptake  

The distribution coefficient (Kd) was found to be 250 in 8 M HNO3. Distribution coefficient 

for the 0.5 g concrete digest in 8 M HNO3 was significantly lower at 100. Both 8 M HNO3 

and the concrete digest reached equilibrium within 20 minutes (Figure 4.3).  

Horwitz et al., (1992a) defined uptake of Sr and other ions by a “volume to peak elution” 

value (Vp). A conversion factor (Kd / Vp = 2.17) allows for Kd to be calculated from the volume 

to peak elution (Triskem International, 2015a). Horwitz et al., (1992a) reported Kd’s of 200 

for Sr in 8 M HNO3, through gravity flow columns which is comparable to the Kd of 250 

measured in this study. Using this Kd and the reported conversion factor Sr break through 

is estimated to occur after the addition of 178 mL 8 M HNO3 and 75 mL of 0.5 g concrete 

matrix through 5 mm ø × 40 mm gravity flow columns. These volumes are significantly 

greater than the actual load volumes used and breakthrough of Sr during sample loading 

is, therefore, not considered likely even at increased flow rates. The difference in Kd 

between 8 M HNO3 and cement digest is due to suppression of Sr uptake because of matrix 
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derived species. These may directly compete for space in the Sr binding sites of the crown 

ether (e.g. Pb) or through non-specific interference caused by high concentrations of matrix 

elements (e.g. Ca). Non-specific interferences can decrease Sr uptake by complexation with 

the analyte (Sr) or by changing the solubility.  

 

Figure 4.3. 
Sr uptake by Sr resin with time for batch uptake experiments  
From two different solutions; nitric acid and concrete matrix in nitric acid 
 

 Repeatability 

Peak elution occurs on addition of 6-9 mL of 0.05 M HNO3 (Figure 4.4). Elution of 90Sr is 

completed within 13 mL for a flow rate of 1 mL/min. Recoveries of 90Sr were >95% for three 

replicates. There is slight variability between runs. Replicate 4 shows faster Sr elution 

initially, reaching 10% elution before commencement of elution for replicates 1 - 3. 

Replicate 1 shows the slowest elution, however 100% elution is still achieved on addition 

of 10 mL. Variability between the runs is most likely due to packing effects of the Sr 

columns.  
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Figure 4.4. 
Sr repeat test elution profiles 
Procedure completed at 1 mL/min on 3 fresh columns from a 0.5 g loading mass 
 

 Effect of matrix 

For concrete masses of 0.25 g, 0.5 g and 1 g, Sr elution occurs between 4 – 13 mL (Figure 

4.5). Recoveries were above 90% for all three masses. This data shows no variation on Sr 

elution or recovery with increasing concrete mass. FWHM for 0.25 g, 0.5 g and 1 g were 1.3 

mm, 1.3 mm and 1.0 mm respectively. The variation between the 3 masses analysed were 

within the variation seen in the repeatability tests (section 4.4.2). Given the Kd values 

established in 4.4.1, it is reasonable to expect variation in elution profiles between samples 

containing varying concentrations of matrix elements. However, because the elution of Sr 

in the matrix experiments was gradient elution, Sr was stripped and eluted from the column 

sooner than it would if isocratic elution in 8 M HNO3 was utilised. This makes observation 

of elution profile variation with increasing matrix mass more difficult, especially given the 

resolution. This experiment demonstrated that for the separation procedure described in 

4.2.3 and the column system used here, Sr elution and recovery is not notably affected by 

increases in matrix concentration up to 1g per 5 mL sample.  



Chapter 4 

86 

 

Figure 4.5. 
Sr elution profiles with varying matrix mass 
 

 Flow rate effect on HETP 

Over the flow rates tested, peak width increased with increasing flow rates (Figure 4.6). 

This is reflected in the HETP values which also increase with flow rate. The HETP values 

were 0.53, 1.4 and 2.7 cm for flow rates of 0.8, 2.3 and 4.5 mL/min respectively. The elution 

profiles show at the higher flow rates, breakthrough of Sr occurs more quickly. The Van 

Deemter equation (Equation 1.3) describes the effect of increasing flow rates on 

chromatographic separation characteristics. As the flow velocity of the mobile phase 

through the chromatograph increases, the exchange of analyte molecules between mobile 

and solid phases must be fast enough to maintain equilibrium (Stauffer et al., 2008). If this 

exchange is not fast enough a broadening of Sr peaks occurs. The two other controls on 

separation efficiency defined in the Van Deemter equation are eddy diffusion and 

longitudinal diffusion. Eddy diffusion does not change with flow rate and longitudinal 

diffusion effects are usually negligible in liquid chromatography (Nicoud, 2015). 

Additionally, it is important to note that if longitudinal diffusion was significant, increasing 

flow rate would decrease peak broadening (Stauffer et al., 2008). HETP values obtained 

from these experiments are comparable to that of results obtained by Horwitz et al., 

(1992a) and Grahek et al., (2006). Horwitz et al., (1992a) attained a HETP value of 0.59 cm 
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for a column of length 10.1 cm and diameter 0.27 cm, with 3.2 M HNO3 at a flow rate of 1-

2 mL/min. Horwitz et al., (1992a) also tested a finer particle size (50-100 μm), and achieved 

a much thinner HETP (0.11 cm). Grahek et al., (2006) used a 14.2 cm long column of 

diameter 1 cm, a HNO3 concentration of 3 M and a flow rate of 1 mL/min. HETP values of 

0.71 and 0.15 cm were obtained using Sr resin particle sizes of 100-150 μm and 50-100 μm 

respectively. 

Given the significant changes in HETP with increasing flow rate, investigation into Sr 

recovery is required to assess the separation performance at increasing flow rates. It is 

noted that previous study into Sr separation at higher flow rates was able to delay 

breakthrough by using significantly larger columns (Chung et al., 2015).  

 

Figure 4.6. 
Isocratic elution of Sr from Sr column  
 

 Effect of flow rate on Sr recovery in eluate fraction 

Elution curves for 90Sr elution were corrected for activity of sample during test and for 

overall recovery (Figure 4.7). Elution profiles for each flow rate remain largely unchanged 

and > 95% elution occurs within 18 mL for all flow rates. Slight variation in Sr elution is 

apparent after the addition of 8 mL of eluent. Flow rates of 0.8, 1.6 and 2.5 mL/min show 

90% elution of Sr on addition of 8 mL of eluent. Flow rates of 3.4 – 5.1 mL/min show a 
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slightly slower elution, with 90% achieved between 8 – 10 mL eluent addition. Volume to 

50% elution for all flow rates occurs at 7 mL eluent addition. Maximum recovery of 105% 

(± 7%) at 1 mL/min contrasts to the 94% (± 7%) recovery at 5.1 mL/min (Figure 4.8). 

Although these recoveries are comparable within uncertainty, there is an apparent trend 

of decreasing recovery with increasing flow rate. 

Strontium-90 elution curves also show that at the highest flow rates, Sr elutes from the 

column earlier than at the lowest flow rates. The overall effect of this peak broadening can 

be seen in the 90Sr recovery data (Figure 4.8). Although uncertainty is high for these 

recovery values, a negative correlation between Sr recovery and flow rate is observed. 

Selection of an appropriate volume of eluent (>18 mL) can minimise any variation in Sr 

recovery. Variations that remain can be corrected for by use of a strontium radiotracer (e.g. 
85Sr). It must be noted, however, that changes in elution charactristics (specifically fwhm) 

which are observed with changing flow rate are less significant than inter-run variability.  

 

Figure 4.7. 
Sr elution profiles at variable flow rates 
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Figure 4.8. 
Sr recovery versus flow rate 
Graph shows how recovery decreases with increasing flow rate 

 

 Effect of flow rate on decontamination 

The elution data of contaminants at 5.1 mL/min shows that Co, Ni, Cs, U, Fe and Eu are 

washed from the column after 11.5 mL wash (Figure 4.9). During the load and wash phases 

of Sr separation there are three distinct behaviours of contaminants. The first behaviour is 

of Co, Ni, Cs, Eu, and Fe all of which show distinct peaks after roughly 2 mL of wash (as 

represented by Cs – Figure 4.10), followed by a steep decline in wash concentrations with 

contaminant elution completing within a total elution volume of 7 mL. This behaviour is 

consistent over all three flow rates tested. Additionally, Cs, Ni, Co, Eu and Fe 

decontamination factors were all similar. A systematic decrease in DF with increasing flow 

rate, is observed for all elements tested (Table 4.3). Horwitz et al did not publish uptake 

data for Co, Ni, Eu, or Fe. It is expected that their Kd’s are much lower than for U because 

of the similarity in their elution profiles compared to Cs. The second behaviour was that of 

U. Uranium profiles at all flow rates show some retention with an associated slower elution 

from the column at higher flow rates. This is demonstrated by the broader peaks of the U 

profile in the wash phase (Figure 4.9 and Figure 4.11). The DFs for U decrease with 

increasing flow rate from 1000 to 80 (Table 4.3). Horwitz et al., (1992) reported Kd for U at 
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8 M HNO3 of 5.5. Although this distribution coefficient for U is much lower than that of Sr, 

it is over an order of magnitude higher than that of Cs (Kd = 0.15). The third contaminant 

behaviour was that of Pb. Lead’s DFs are much higher than that of all other elements 

studied here. This is due to Pb’s much higher affinity for Sr resin. The Kd for Pb is > 1000 at 

8 M HNO3 and remains high at low HNO3 concentrations (430 at 0.05 M HNO3) (Horwitz et 

al., 1992a). Lead, although retained with Sr, is not subsequently co-eluted. This could have 

implications for reuse of columns where Pb build-up may occur causing bleed of both Pb 

and Sr. Lead's decontamination factor also decreased with increasing flowrate, from 50,000 

to 1000 at the highest flow rate (Table 4.3). 

 

 

Figure 4.9. 
Profiles of contaminant washout and Sr elution at 5.1 mL/min 
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Figure 4.10. 
Cs washout profiles at 0.8, 2.5 and 5.1 mL/min 

 

 

Figure 4.11. 
U washout profiles for 0.8, 2.5 and 5.1 mL/min 
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The behaviour of U at the highest flow rate could, if present in large enough quantities, be 

present in the Sr fraction causing contamination of the purified Sr. Another consideration 

is that of the uranium-238 decay product 234mPa, (from 234Th decay) which has a similar 

beta decay energy to 90Y (2.3MeV). If 238U is present in significant quantities compared to 
90Sr and 234mPa is allowed sufficient time for ingrowth the measurement of 90Sr by 

Cherenkov counting 90Y may be affected. As previously discussed, measurement LD (limit of 

detection) of 0.1 Bq/g for 90Sr would be adequate for the waste sentencing of concrete. 

Typically, to determine 90Sr via 90Y ingrowth, the sample must be stored for 14 days, for the 
90Y to reach secular equilibrium. The concentration of uranium present in the original 

sample to cause 0.1 Bq/g 234mPa contamination after 14 days must be determined. In 

addition, it is important to assess the worst-case scenario: if 234mPa is allowed an ingrowth 

time long enough to reach equilibrium with 238U. A period of 1 year was assumed adequate 

enough time to allow for equilibrium to be reached between 238U and 234mPa. Secular 

equilibrium was assumed for 234mPa ingrowth from 234Th owing to the short half-life of 
234mPa (1.17 minutes). Given a decontamination factor of 90 (Table 4.3), to produce an 

activity equivalent to 0.1 Bq/g of 234mPa after 14 days of ingrowth, an activity concentration 

of over 24 Bq/g of U is required in the original bulk material. If the eluate was left for 

sufficient time for equilibria to be established between 238U and 234mPa, then over 8 Bq U/g 

is required in the original concrete sample. These values of 238U are far higher than the 

maximum 1 Bq/g activity concentration given by EPR and IAEA required for exclusion from 

radioactive waste legislation or exemption and clearance from regulatory control based on 

the materials activity (Department for Business, Energy and Industrial Strategy, 2018; 

International Atomic Energy Agency, 2012; Internationale Atomenergie-Organisation, 

2005). Thus, any concrete with a high enough 238U concentration to affect the 

determination of 90Sr would be classed as radioactive due to its 238U content.  

Element Fe Co Ni Cs Eu Pb U 
DF at 0.8 mL/min 3 × 103 3 × 103 3 × 103 3 × 103 3 × 103 5 × 105 1 × 103 
DF at 2.5 mL/min 1 × 103 2 × 103 2 × 103 2 × 103 2 × 103 4 × 104 3 × 102 
DF at 5.1 mL/min 1 × 103 1 × 103 1 × 103 1 × 103 1 × 103 1 × 103 90 

Table 4.3. 
Decontamination factors at 3 different flow rates 
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 Column reuse 

Slight variation in elution profiles became apparent with column reuse (Figure 4.12). 

Although overall recoveries decrease slightly with use (from 96.5% in Test 1 to 92.3% in 

Test 5) elution profiles and recovery data show effective removal of Sr from cementitious 

matrix even after 5 uses of the same column at 5.1 mL/min. Washing of the column after 

each elution was also deemed effective as elution of Sr began on addition of similar 

volumes of eluent (4 mL). As with previous test conducted in this present study, elution of 

Sr from the column ceased before 18 mL of eluent had been washed through the column. 

Reduction in Sr resin efficacy over the five runs may be down to one of two factors, or a 

combination of both. Firstly, uptake of Sr on the crown ethers may be inhibited by Pb ions 

present in the cement matrix. As the columns were washed with MQ, the majority of Pb 

would not have been washed off the Sr resin (due to Pb’s high Kd) and could prevent Sr take 

up in subsequent sample runs. Secondly, the Sr resin may be degraded as a proportion of 

the crown ether extractant may be removed from the solid phase during each elution cycle 

or degraded via chemical oxidation by the 8 M HNO3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. 
Sr elution profiles for the reuse of the same column at 5.1 mL/min 
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The decontamination of samples with multiple uses of the column shows no trend in terms 

of decontamination factor for Fe, Co, Ni, Cs and Eu (Table 4.4). Uranium showed a slight 

systematic decrease with reuse of columns, especially at flow rates of more than 0.8 

mL/min, and Pb shows a marked decrease in DF with reuse at all flow rates. This is most 

likely due to Pb and U not being adequately washed from the column during the wash 

phase in between each run. This is due to Pb’s very high Kd in 8 M HNO3 and it only being 

removed from Sr resin upon the addition of 6 M HCl. Uranium’s behaviour is similar 

however, it has a much lower Kd so the relative decrease in its DF with reuse is not as 

pronounced than Pb’s. 

 

 

As stated in 4.3.9, the column capacity for Pb is 19 mg. During the reuse decontamination 

experiments 380 μg Pb were added per run; a total of 1.1 mg over the 3 uses. Although this 

is significantly less than the 19 mg capacity of the column, a reduction in available binding 

sites in the column for Pb is the likely cause for the considerable decrease in 

decontamination factor. In addition, the crown ether binding sites occupied with Pb would 

be unable to retain Sr during the load and wash phases, further decreasing the separation 

efficiency of the column. Fewer crown ether binding sites means Sr sample has to travel 

further down the column before reaching Kd, increasing its HETP. Because of this, it is 

proposed that flow rate compounds the HETP increase during reuse of columns.  

Decontamination factor 

Flow rate Repeat # Fe Co Ni Cs Eu Pb U 

0.8 1 2 × 103 2 × 103 2 × 103 2 × 103 2 × 103 6 × 105 6 × 102 

2 1 × 103 1 × 103 1 × 103 1 × 103 1 × 103 2 × 103 4 × 102 

3 2 × 103 2 × 103 2 × 103 2 × 103 2 × 103 53 5 × 102 

2.5 1 2 × 103 2 × 103 2 × 103 2 × 103 2 × 103 4 × 104 4 × 102 

2 2 × 103 2 × 103 2 × 103 2 × 103 2 × 103 60 2 × 102 

3 2 × 103 2 × 103 2 × 103 2 × 103 2 × 103 30 1 × 102 

5.1 1 1 × 103 1 × 103 1 × 103 1 × 103 1 × 103 1 × 103 90 

2 1 × 103 2 × 103 2 × 103 2 × 103 1 × 103 50 60 

3 2 × 103 3 × 103 2 × 103 3 × 103 3 × 103 30 50 

Table 4.4. 
Reuse decontamination factors with 3 uses of the column 
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 Analytical performance of simulated sample 

Gamma analysis of the digest samples indicated < 10% losses of Sr from the digest 

procedure (Table 4.5). An average of < 10% of Sr breaks through the column during the load 

and wash phases. The average 90Sr activity concentrations (corrected for chemical recovery 

using 85Sr), shows a negative deviation between the expected 90Sr activity in the sample 

and the fully corrected measured activity concentration from the purified fraction (Table 

4.6). There was little difference at high Sr concentrations (RCW 1, 2 and 3). 

  

 

Test RCW 1 RCW 2 RCW 3 RCW 4 RCW 5 RCW 6 

Activity added concrete 
sample (Bq/g) 

21.4  
± 2.4 

22.2  
± 2.4 

22.0  
± 2.4 

21.9  
± 2.4 

22.0  
± 2.4 

21.9  
± 2.4 

Measured activity 
concentration post 
separation (Bq/g) 

20.1  
± 1.8 

21.1 
± 1.5 

20.1  
± 1.7 

20.5  
± 1.7 

22.3  
± 1.9 

21.3  
± 1.7 

Deviation (%) -6.1 -5.0 -8.6 -6.4 1.4 -2.7 

Table 4.6. 
Fully corrected 90Sr measurement from simulated concrete separation  
 

 

Test RCW 1 RCW 2 RCW 3 RCW 4 RCW 5 RCW 6 
85Sr Activity added to 

concrete bulk (Bq) 
10.8 
± 0.6 

10.9 
± 0.6 

11.0 
± 0.6 

11.1 
± 0.6 

11.1 
± 0.6 

11.2 
± 0.6 

85Sr Activity measured in 

sample after digestion (Bq) 
11.2 
± 0.8 

10.9 
± 0.7 

10.8 
± 0.7 

11.0 
± 0.7 

11.2 
± 0.7 

11.4 
± 0.8 

85Sr Activity measured in 

eluate (Bq) 
10.0 
± 0.7 

9.9 
± 0.5 

10.1 
± 0.6 

10.2 
± 0.6 

9.8 
± 0.7 

10.2 
± 0.5 

85Sr recovery (%) 93.5 91.7 91.8 91.9 88.3 91.1 

Table 4.5. 
85Sr yield data 
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Due to the elution of Sr occurring from a change in HNO3 concentration, the matrix of the 

solution in which 90Y is measured is different to that which the Cherenkov counters are 

calibrated. Cherenkov counting efficiency was calibrated in a matrix of MQ. The Sr fraction 

of eluate is composed of 8 M and 0.05M HNO3, different to the calibration matrix. To 

investigate the quenching effect this different composition would cause, aliquots of 90Sr 

tracer in equilibrium with 90Y were added to a solution of MQ and to 8 M HNO3. Counting 

efficiency in 8 M HNO3 and exact activity concentration of the 90Sr tracer was established. 

The counting efficiency in 8M HNO3 was found to be around 90% of that in MQ. This was 

included in the propagated method uncertainty budget. 

The limit of detection (LD) for the process was 0.060 ± 0.008 Bq 90Sr/g of concrete (Equation 

4.6, (Hurtgen et al., 2000)). This is below the target of 0.1 Bq/g discussed in 4.1.3. 

 

 

 

 

 

 

 Sr isotope fractionation 

Accurate determination of Sr isotopes can reveal the age of a rock’s formation, through 

analysis of different minerals within the geological sample. The precision of the age derived 

from Sr/Rb isotope analysis is dependent upon (i) the number of points used to construct 

the isochron, (ii) the variation in 87Rb/86Sr, (iii) the degree to which the phase formed in 

isotopic equilibrium and (iv) the error on the individual measurements of Rb and Sr isotope 

measurements. Depending on analytical capability, varying magnitudes of Sr isotope 

composition can be measured. Generally, large variations in Sr isotope ratios result from 

older samples. Subtler variations among whole rocks or mineral phases can be measured 

by more sensitive techniques (MC-ICP-MS or TIMS), commonly to the fifth decimal place 

(i.e. 0.0000X) (Nakai et al., 1993; Nebel, 2014).  

𝐿𝐿𝐷𝐷(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)  = 2.86 + 4.78�(𝐵𝐵 + 1.36) 

𝐿𝐿𝐷𝐷(𝐵𝐵𝐵𝐵/𝑔𝑔) =  
𝐿𝐿𝐷𝐷(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

60 × 𝑡𝑡
×

100
𝐸𝐸

×
100
𝑃𝑃

×
100
𝑅𝑅

×
1
𝑀𝑀

 

Equation 4.6. 
Limit of detection equations 
B = total background counts, t = count time in minutes, E = counting efficiency, 
P = probability of emission, R = chemical recovery, M = mass in grams 
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The Sr standard’s 87Sr/86Sr was measured as 0.707510 (± 2.4 × 10-5). At the average 87Sr/86Sr 

ratios were calculated for each flow rate (Table 4.7). Isocratic elution of the stable Sr 

solution in 8 M HNO3 showed no trend of fractionation of the Sr isotopes. At the highest 

flow rate tested (4.5 mL/min) major variations in isotope ratio were observed (Figure 4.13). 

However, as these fluctuations were seemingly random, it is unlikely that the fluctuations 

were caused by mass fractionation during elution. As gradient elution is used during normal 

operation, it is unlikely that the fluctuations observed during isocratic elution of Sr would 

manifest any notable effect on 87Sr/86Sr ratios. The uncertainties on the average 87Sr/86Sr 

ratios were between 1.1 × 10-4 and 2.4 × 10-5 which are comparable to uncertainties on 
87Sr/86Sr measurements used in geochemical studies (Brannon et al., 1992; Creaser et al., 

2004; Nakai et al., 1993; Zack and Hogmalm, 2016). 

 

 

 

 
Figure 4.13. 
Variation of Sr isotope ratio with elution volume  
A – at 0.5 mL/min, B – 2.3 mL/min, C 4.5 mL/min 
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Flow rate (mL/min) Average 87Sr/86Sr 2 s.d. 

0.8 0.707539 1.1 × 10-4 

2.3 0.707527 2.4 × 10-5 

4.5 0.707578 7.7 × 10-5 

 
Table 4.7. Average 87Sr/86Sr values achieved from isocratic elution of Sr 
In 8 M HNO3 at varying flow rates 
 

 Conclusions 

This study has shown that Sr resin can be used to effectively separate Sr from concrete 

matrices when used in a chromatographic column at high flow rates. High recoveries can 

be achieved (90% on average) at significantly higher flow rates than that achievable on 

gravity flow columns. Study of uptake kinetics shows that Sr resin can achieve equilibrium 

with Sr in solution in under 20 minutes. Comparison of HETP values during isocratic elution 

of Sr shows peak broadening occurring with increasing flow rate. Subsequent experiments 

utilised gradient elution to strip Sr from the column. This was done to initiate Sr elution 

prematurely and to contain Sr eluate in a smaller volume for analysis. During gradient 

elution, peak broadening occurs again as flow rate increases, however, compared to inter-

test variability the increase observed is not significant. Elution profiles of Sr and washout 

profiles of contaminants indicate that higher flow rates have little effect on Sr separation 

from cement matrices.  

Decontamination factors calculated from multi-elemental samples showed a systematic 

decline in decontamination capability for all elements tested when flow rate was increased. 

However, the lowest decontamination factor for all but one element, was on the order of 

103. Uranium decontamination was decreased to 80 at the highest flow rate tested. This 

behaviour is due to its slight retention on Sr resin in high HNO3 concentrations. 

This study has also demonstrated the efficacy of using the same chromatographic column 

for the separation of strontium from two or more samples. Peak broadening did increase 

with use and the efficacy is dependent on Pb concentration in the samples. Samples with 
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high Pb concentrations may cause a more rapid decline in Sr separation efficiency due to 

Pb and Sr’s direct competition for resin active sites. 

Separation of 90Sr from a concrete matrix formed from an acid digest yielded accurate and 

precise measurements with average recoveries of 91.4% ± 3.4. Limits of detection for the 

entire method were suitable for characterisation of solid waste using IAEA and UK 

guidelines. For the separation procedure described in 4.2.3, a conventional gravity flow 

separation (at 0.6 mL/min) using the same materials, reagents and column size would take 

at least 1.5 hours. The flow rates used in this study (6 mL/min) completed the separation 

procedure in under 10 minutes. This represents a significant time saving whilst achieving 

adequate recovery, good 90Sr measurement and using similar volumes of materials and 

reagents than conventional techniques.  

Although the procedure described in section 4.3.1 is fit for purpose, it is suggested that the 

following alteration is made based on the results gained from the method development. 

Due to slower washout of U from the column in comparison to other elements present it is 

advised that if high U are expected, a precipitative step of U using iron hydroxide is 

performed prior to sample loading on the Sr-spec column. This would greatly reduce the U 

present in the sample and likely reduce the likelihood of 234mPa disrupting 90Sr 

determination in high U samples. Gamma spectrometry can be used to determine 234mPa 

activity concentration. This can be done prior to digestion or before or after 90Y 

measurement in the eluate.  

This study has taken the first step to validate the use of higher flow rates when separating 

Sr for application to geochemical study. Strontium isotope ratios commonly used in 

radiometric dating (87Sr/86Sr) were found to vary over the course of isocratic elution 

however average ratios calculated attained uncertainty values similar to that used in 

geochemical study. Use of gradient elution (as is common during normal Sr separation 

procedures) would further reduce the possibility of isotope fractionation effects in the final 

purified Sr fraction.  

To fully develop this method, a range of geological matrices should be tested at the higher 

flow rates. Investigation into specific and non-specific interferences and their effects on Sr 

isotope fractionation at higher flow rates should be undertaken. Additionally, increasing 
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the column length would make any fractionation effect more obvious. This should be 

considered if longer columns are required for separations.  
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Chapter 5 Kinetic control on uptake of major actinides 

and thorium on chromatographic materials 

 Introduction 

Measurement of thorium, uranium and plutonium is routinely carried out throughout the 

life of a nuclear power plant to ensure safety and compliance. In addition, accidental 

release of these elements from nuclear facilities can lead to more extensive and expensive 

decommissioning processes. Determination of these actinides is crucial in ensuring the 

safety of the site after decommissioning activities have finished. Chromatographic 

separation of thorium, uranium and plutonium from industrial and environmental samples 

is often done to ascertain relative and absolute concentrations. These elements are often 

found in nuclear facilities due to their use as fuels and reactants or due to formation by 

neutron activation. Work done to expedite the concentration and purification of these has 

focussed mainly on use in emergency situations, most commonly after nuclear accidents 

(Maxwell et al., 2011b; Qiao, 2011). Isotopes of these actinides pose a threat to the 

environment and human health if they are unsafely released.  

Thorium is over three times more abundant than uranium in Earth’s crust and about as 

abundant as lead. Thorium is present as both a decay product of fuel elements and can be 

used as fuel itself. Thorium-232 can be used to create 233U, a fissile element (Wickleder et 

al., 2006). Activation of 232Th forms 233Th which decays via beta decay to 233Pa and then to 
233U. Thorium can be used for 233U fuel production either in-situ or the Pa produced can be 

separated during fuel reprocessing for use in recycled fuel. There are no stable isotopes of 

Th and Th build-up in nuclear reactors occurs as a consequence of its presence in the decay 

chains of fuel radionuclides such as 238U and 235U. Significant quantities of Th can pose a 

risk to the environment and human health due to their method of decay (227Th, 228Th, 229Th, 
230Th, and 232Th via alpha decay) (Gad, 2014).  Analysis of spent fuels and waste may be 

performed to assess Th content during reprocessing or disposal. Additionally, thorium’s 

presence in nuclear fuels presents an issue of interference when trying to measure other 

radionuclides.  
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Uranium is a naturally occurring radioactive element, isotopes of which can also be 

produced synthetically. Two uranium isotopes (233U and 235U) are fissile. It is the fissile 

nature of the two isotopes which has resulted in uranium’s main use: as nuclear fuel. 

Natural uranium consists of three isotopes; 234U, 235U and 238U, present in abundances of 

0.0054, 0.7204 and 99.2742% respectively (Kondev et al., 2021). Natural uranium is 

enriched in order to achieve a higher proportion of 235U, the only fissile U isotope found in 

nature. This is achieved by converting concentrated, purified uranium to uranium 

hexaflouride (UF6), which is gaseous at relatively low temperatures. The gaseous UF6 is then 

fed into a gas centrifuge – a cylindrical device that spins at high speed in a vacuum. 

Uranium-238 migrates to the outer edges of the cylinder, leaving the 235U containing 

compounds in the centre, which are then extracted (Harding, 2016). The other fissile U 

isotope, 233U, is synthesised from 232Th. Uranium isotopes used in nuclear reactors decay 

via alpha decay, and this presents a significant radiological hazard when found in high 

concentrations. Because of the long half-lives of uranium and the radioactive nature of 

many of the daughter isotopes, knowledge of U content of nuclear wastes is crucial in order 

to prevent human exposure and environmental damage (Rožmarić et al., 2009).  

Plutonium’s most predominantly monitored isotopes are 238Pu, 239Pu, 240Pu and 241Pu with 

half-lives of 87.7 years, 24110 years, 6561 years and 14.3 years respectively (Qiao et al., 

2009). Plutonium is rarely found in the natural environment as it requires specific 

conditions for synthesis (Rodriguez, 2014). Plutonium-239 is the most predominant Pu 

isotope created. This is because of the common use of uranium fuel in nuclear reactors. 

The most abundant isotope of uranium, 238U, is activated by a neutron (emitted during 

fission) to form 239U, which decays via beta decay (with a t1/2 of 23.5 minutes) to 239Np and 

then to 239Pu (with a t1/2 of 2.4 days). The formation of Plutonium during nuclear power 

production poses a challenge during standard operation as well as during the 

decommissioning of a nuclear facility, due to its highly radiological and biological toxicity 

(Rodriguez, 2014). Evaluation of Pu abundance in samples is required during assessment of 

samples for fuel reprocessing and waste disposal.  

Separation and purification of these radionuclides is often required for accurate 

quantification due to their measurement interferences. Plutonium and uranium isotopes 

can prove to be isobaric and polyatomic interferences (e.g. 236U+ with 236Pu+ and 238UH+ 

with 239Pu+) when measured via ICP-MS and analysis via alpha spectrometry of all three 
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radioactive elements often requires separation due to spectral overlaps. Ion exchange and 

extraction chromatography are commonly employed to carry out these separations. Recent 

work looking into expediting sample preparation has highlighted the advantages of forced 

flow over gravity flow columns. However, in order for these new techniques to be 

applicable, their efficacy when used at higher flow rates must be analysed and modelled. 

Streamlining and expediting Pu, Th and U separations in the context of nuclear 

decommissioning first requires preparative work to establish materials’ suitability. This 

study seeks to establish how the chromatographic materials typically used in actinide 

separation perform when mobile phase velocity is increased. Three commercially available 

materials were studied; anion exchange resin, TEVA resin and UTEVA resin.  

The use of anion exchange chromatography for the separation of U, Th and Pu has been a 

long established technique (Carswell, 1957; Korkisch and Tera, 1961). Modern anion 

exchangers can be bonded to a solid support to allow for a robust, streamlined separation 

technique with simpler waste disposal. Eichrom, Bio-Rad and Dowex all produce anion 

exchange resins in which the functional group, a quaternary amine, is bonded directly to 

the monomer from which the polymer is synthesised, producing a polyelectrolyte (Budd, 

1989). The physical properties of the resins (density, porosity and water retention capacity) 

are affected by the number of cross-linkages between the polymer chains. Ion exchangers 

with higher degrees of cross-linkages have lower pore spaces, higher exchange capacity but 

can only adsorb smaller anionic complexes. Ion exchangers with lower amounts of cross-

linkages have a higher porosity and can adsorb larger anion molecules (Kunin and Myers, 

1949; Tooper and Wirth, 1956). The functional group dictates the conditions that the resin 

is capable of performing in. Strongly basic functional groups allow for the resin to be use 

over the whole pH range. Weakly basic functional groups only allow for use in acidic media. 

The same is true for cationic exchangers - the more strongly acidic the functional groups 

are, the better they perform in acidic media. This in turn affects its separation capabilities. 

Type I and Type II anion exchange resins (described in 3.1.2.1) are available commercially 

(Bio-Rad Laboratories, 2021). 

TEVA resin was first synthesised in 1994 by Horwitz et al., (1995). Its separation 

characteristics are reported to be very similar to that of a strongly basic anion exchange 

resin (Horwitz et al., 1995; Saito, 1984). This is due to TEVA having a quaternary amine as 

its functional group. TEVA resin’s method of production however differs to anion exchange 
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resin, as it does not contain the functional group chemically bound to the polymer of the 

resin. TEVA resin consists of a liquid mixture of trioctyl and tridecyl methyl ammonium 

chloride (commercially available and known as Aliquat® 336) sorbed to an inert acrylic ester 

polymer (Amberchrom CG-71ms) (Horwitz et al., 1995). The resin is formed by cleaning the 

inert support material in methanol, then mixing the extractant (Aliquat® 336) mixture with 

the clean support and additional methanol. The methanol is then removed by slow rotary 

evaporation in order to ensure homogenous distribution of the extractant on the support. 

Physical properties of the resin such as pore diameter, surface area of the resin and amount 

of swelling are governed by the properties of the Amberchrom CG-71ms support. 

Therefore, the capacity of the resin is governed by the inert support used, as resin beads 

with higher pore diameter or larger overall surface area will allow for larger coverage of 

the extractant. Increased coverage of extractant per resin bead means there are a larger 

number of functional groups available to the anions in the liquid phase.  

UTEVA resin is the only resin of the three studied which is used for the separation and 

purification of uranium. It is an extraction chromatographic material, first synthesised by 

Horwitz et al., (1992). Similar to TEVA resin, UTEVA resin consists of an extractant sorbed 

to an inert support (Horwitz et al., 1992b). The extractant used is diamyl amylphosphonate 

(DAAP) and the process of sorbing it to the support material is the same as for TEVA resin. 

The inert support material used was Amberchrom CG-71 or Amberlite XAD-7, dependant 

on the resin diameter. Horwitz stated that the two support materials were essentially the 

same, differing only in particle size. The resulting material was termed UTEVA resin due to 

its ability to adsorb uranium as well as other tetravalent actinides, provided they were in 

the tetravalent form (Horwitz et al., 1992b). The resin was able to effectively sorb uranium 

from solutions of varying nitric or hydrochloric acid concentrations (0.5 - 10 M for HNO3 

and 6 - 12 M for HCl). Its ability to function in highly acidic conditions make it suitable for 

use in uranium purification from nuclear waste samples.  

The use of UTEVA in series with another chromatographic column is common for the 

isolation and purification of multiple actinides including uranium (Croudace et al., 1998; 

Metzger et al., 2019; Warwick et al., 1999). Often the anion exchanger (be it TEVA or anion 

exchange resin) is used to isolate the Pu, Th and other actinides, with the wash being 

transferred to the UTEVA resin.  
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The aim of this research is to assess the applicability of Anion exchange, TEVA and UTEVA 

resins to expedited separations using increased flow rates. This will be done in preparation 

for an expedited separation method for U, Th and Pu. In addition, the characteristics of the 

extractant and its effect on the sorption of target species will be evaluated. This will be 

achieved by assessing the following: 

• Resin uptake kinetics  

• The elution behaviour of sorbed species during isocratic elution 

• Elution behaviour of contaminants 

Comparison of two chromatographic materials with similar active sites (TEVA resin and 

Anion exchange resin) will aid in the understanding of how active site and their bonding 

method to the polymeric support affects uptake kinetics.  

 Materials and Methodology 

 Instrumentation   

Alpha spectrometric analysis utilised an AMETEK® ORTEC® Alpha Analyst (Berwyn, 

Pennsylvania, U.S.). Alpha samples were electrodeposited onto stainless steel planchet 

counting trays (27 mm diameter) provided by Nuclear Supplies Ltd. ICP-MS measurement 

was conducted using an Agilent 8800, an ICP-QQQ-MS, supplied by Agilent (Santa Clara, 

California, USA). 

An Automated Sequential Radionuclide Separator (ASRS) (Hanjin Eni Co., LTD., Daejeon, 

Republic of Korea) was utilised for the column experiments. Instrument control utilised a 

custom programme created using LabVIEW provided with the ASRS. Actual flow rates for 

each experiment were calculated gravimetrically from the elute produced.  

 Materials and reagents  

Elemental solutions of U, Th and contaminants in multi-element tests were produced from 

ICP-MS solutions. The 239Pu radiotracer was produced from dilutes of purified isotope 

solutions from the National Physical Laboratory (Teddington, UK) (ID: R24-01). The 242Pu 

radiotracer was sourced from AEA Technology (now Ricardo-AEA, Harwell, UK) (ID: 

PRP10020). Working dilutions of the radiotracers were prepared by gravimetric dilution. 
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All reagents were of analytical grade unless otherwise stated. Nitric acid solutions were 

produced from a 70% (weight) concentrate (Fisher Scientific, Loughborough, England). HCl 

solutions were produced from a 37% (weight) concentrate for analysis (Fisher Scientific, 

Loughborough, England). For ICP-QQQ-MS analysis, 2% nitric acid solutions were prepared 

from PrimarPlus-Trace analysis grade (>68% by weight) (Fisher Scientific, Loughborough, 

England). High purity water obtained using a Q-POD Milli-Q Advantage A10 Water 

Purification System (Merck, Darmstadt, Germany). 

Anion exchange resin 1x8 in chloride form, 100-200 mesh (75 – 150 μm) was supplied by 

Eichrom Technologies (IL, USA). TEVA and UTEVA resins (100 – 150 μm) were supplied by 

Triskem Intl. (Bruz, France). 

For rapid, small volume filtrations Millex®GP 0.22 µm PTFE syringe filters were used. Resins 

in column test were packed into columns as a slurry to a bed of dimension 40 × 6.6 mm 

(i.d.) in a glass chromatographic column (Omnifit® Chromatography Column, Diba 

Industries, Danbury, CT, USA). 

 Batch uptake of plutonium on anion exchange resin 

Mass of 0.1 g Anion exchange resin was taken and mixed with a 10 mL solution of 239Pu in 

8 M HNO3. Eight samples were prepared in this manner and the anion exchange resin was 

exposed to the Pu for different time intervals per sample. The time intervals were 1, 5, 10 

and 30 minutes, 1, 4, 7 and 24 hours. During this time the samples were left on a vial 

tumbler in order to ensure constant mixing of resin and sample solution. After the elapsed 

time the solution and resin were separated using a syringe filter. A known activity (50 mBq) 

Plutonium-242 was added to each sample as a tracer for the electrodeposition stage. The 

filtrate was evaporated to dryness with 5 – 6 drops of Na2SO4 to ensure efficient dissolution 

of Pu. The Pu was dissolved in 1 mL of 1.2 M HCl, 5 mL of 4% ammonium nitrate was added 

and the solution transferred to an electrodeposition cell along with washings. The 

plutonium was deposited onto a stainless steel disc by passing a 400 mA current through 

the solution, using the stainless steel disc as the cathode. After 1.5 hours the cell solution 

was neutralised with a few drops of concentrated ammonia solution before dismantling 

the cell. The steel disc was lightly rinsed with MQ and set to dry on a hot plate. Once dried, 

the disc was counted on an Alpha detector for >100,000 seconds. 
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Plutonium uptake was only tested on anion exchange resin in order for comparison to 

published data. Published uptake data for Pu on TEVA and anion exchange resin showed 

stronger adsorption than Th. Given that both Pu and Th adsorb to the materials in in the 

same way, Th was used as an analogue for Pu uptake during the study of uptake kinetics 

between TEVA and anion exchange resins.   

 Batch uptake of uranium and thorium on UTEVA, TEVA and anion exchange 

resin 

Method of exposure of the resin to the analyte (U or Th) was similar to that described in 

5.2.3. Mass of 0.1 g of either TEVA or UTEVA was taken and mixed with 10 mL of 1 ppm 

solution of U or Th in 8 M HNO3. Eight samples of each analyte and for each 

chromatographic material were prepared and mixed for the same time intervals as for Pu 

on anion exchange resin. After the respective time interval had elapsed the solution and 

chromatographic material was separated using a syringe filter. The filtrate was then diluted 

by 100 times in preparation for analysis by ICP-MS. The solution diluted to around 3% HNO3 

and indium and rhenium was added to give a concentration of 5 ppb for use as an internal 

standard. The diluted filtrate was analysed via ICP-QQQ-MS using a 7-point concentration 

calibration curve.  

The ratio of analyte in the stationary and mobile phase (K’) and the distribution coefficients 

(Kd) were calculated using Equation 1.4.  

 HETP tests 

HETP values for two chromatographic materials were determined; TEVA resin and Anion 

Exchange resin. Because of their similar active site, an analysis of their HETP will further 

demonstrate the uptake differences between the two materials. Solutions of analyte in 8 

M HNO3 were produced and loaded onto columns of TEVA and Anion Exchange. For anion 

exchange, a 1 ppm solution of U and 33 ppm solution of Th were produced and for TEVA 

resin, 700 ppb of U and 40 ppm of Th were produced as the load solutions. The 

concentrations of analyte were varied based on literature data and the results from the 

batch uptake analysis. Load concentrations were selected to permit measurement of the 

eluent without the need for serial sample dilution.  
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A 5 mL load solution was used and isocratic elution of the analyte was completed using 

further volumes of 8 M HNO3. Fractions of eluate were collected and their mass recorded 

to establish precise flow rates and eluate volumes during each test. Eluate fractions were 

diluted in the sample collection vessel using 2.5% HNO3 with 5 ppb In/Re as internal 

standard. The analyte concentration of each fraction was then measured by ICP-MS using 

a 6-point concentration calibration curve.  

 Multi element tests 

Stable multi element solutions were made using Fe, Co, Cs, Pb, Eu, Ni, U and Th of 

concentrations of 100 – 500 ppb. These elements were chosen due to their common 

presence in rebar reinforced samples and because of their occurrence due to activation of 

some elements in concrete. This was done to examine the behaviour of different elements 

on anion exchange, TEVA and UTEVA resin at 3 flow rates. Gradient elution was used to 

elute the different analytes to simulate the fractions collected during a separation 

procedure. For all materials, the load solution containing the elements was 8 M HNO3. For 

anion exchange and TEVA resins the wash phase consisted of 8 M HNO3 and the elution 

phase was 0.05 M HNO3. The procedure for UTEVA resin was altered to assess its ability to 

separate both U and Th into their own fractions. The wash phase after loading used 8 M 

HNO3 to elute the contaminants with both Th and U remaining sorbed to the resin. The Th 

was then eluted in 6 M HCl. Under these conditions U should remain sorbed to UTEVA 

(Horwitz et al., 1992b). Uranium elution was completed using MQ. 

Aliquots were collected at regular intervals (1.5 mL). Each aliquot was evaporated to 

dryness with the addition of a few drops of 2% NaSO4 to aid redissolution. The dried sample 

was redissolved in 2% HNO3 containing 5 ppb In/Re. Analysis was performed by ICP-MS 

using a 6-point calibration created using an aliquot of the bulk sample solution used for 

each test.  
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 Results and discussion 

 Batch uptake experiments 

Uptake tests show that in 8 M HNO3, Pu and Th are taken up on to anion exchange resin 

and yield distribution coefficients (average of 4300 and 270 respectively). Uranium on the 

other hand, is not taken up as well by anion exchange resin (Figure 5.1, top). The average 

distribution coefficient value for U on anion exchange was 10. The distribution coefficient 

(Kd) data correlates with published data for Pu, Th and U uptake in nitric acid (Faris and 

Buchanan, 1964). Maximum uptake (Kd) of Pu and Th on anion exchange resin is achieved 

after ~2.5 hrs.  

UTEVA resin exhibited the fastest reaction kinetics, with both Th and U reaching equilibrium 

by 10 minutes. UTEVA resin also yielded the highest distribution coefficients of the three 

materials investigated. Average UTEVA distribution coefficient values were 750 and 900 for 

U and Th respectively. These values are slightly higher than those reported in the product 

literature for UTEVA resin (500 and 420 for U (VI) and Th (IV) once a conversion factor of 

1.67 is used). Repeat experiments show higher Kd values for Th on UTEVA than U (Horwitz 

et al., 1992b).  

For Th uptake on TEVA resin, equilibrium was achieved after 30 – 60 minutes. Uranium 

uptake on TEVA resin, much like anion exchange resin, was low. Average distribution 

coefficients for Th and U on TEVA were found to be 550 and 50 respectively aligning with 

the 600 and 15 previously reported (Horwitz et al., 1995). Previous study found that uptake 

of Th and U on TEVA and UTEVA respectively reached equilibrium by 10 minutes (Horwitz 

et al., 1995). This time for TEVA resin is slightly faster and may be due to the smaller particle 

size used in the Horwitz study (50 – 100 μm). Plutonium distribution coefficients on TEVA 

and UTEVA resin are reported in their technical documentation. In 8 M HNO3 Kd’s for Pu 

are ~10,000 and ~2,000 for TEVA and UTEVA respectively (Horwitz et al., 1995, 1992b).  
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Figure 5.1. 
Uptake curves for three different chromatographic materials 
Pu, U and Th on anion exchange resin (top), Th on UTEVA and TEVA (Middle) and U on UTEVA and 
TEVA (bottom) 



 Chapter 5  

111 

The adsorption of an analyte from mobile phase to stationary phase is governed by a 

combination of different stages (Ho et al., 2000; Hristovski and Markovski, 2017; Sahoo and 

Prelot, 2020): 

1. Diffusion of the analyte from the bulk solution to the liquid film surrounding the 

absorbent 

2. External diffusion of the analyte across the surface liquid film 

3. Intraparticle diffusion of the analyte from the liquid film to the surface via pore 

diffusion or surface diffusion 

4. Interaction of the analyte with the active sites via physi- or chemisorption and in 

the case of reversible systems, desorption of analyte from the active site 

Kinetic models can aid in the description of adsorption. The kinetic model determines the 

time taken for equilibrium to be reached. Datasets for the analytes exhibiting significant 

sorption to the chromatographic materials were characterised to further pinpoint the 

control on uptake for each system. Pseudo-first-order and pseudo-second-order kinetic 

models are most commonly applied to chromatographic system kinetics. Both of these 

kinetic models have numerous non-linear forms which can be converted to linear forms. 

The analysis here was performed using the two most commonly used linear forms and 

assessing goodness of fit to the linear regression of each model.  

The pseudo-first-order (PFO) model is a kinetic model based on the assumption that the 

rate of change of analyte adsorption with time is directly proportional to the concentration 

of analyte at saturation, and the amount of analyte uptake with time. The Lagergren 

equation is commonly used to describe the PFO kinetics (Lagergren, 1907)(Equation 5.1). 

 

𝑑𝑑𝑞𝑞𝑡𝑡
𝑑𝑑𝑑𝑑

= 𝑘𝑘1(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) 

 

Equation 5.1. 
Pseudo-first-order equation 
t (min) is time, k1 (L min-1) is the rate coefficient of PFO adsorption qe and qt (mg g-1) are the 
stationary phase concentrations of analyte at time t and at equilibrium respectively 
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To convert to the linear form, the Lagergren equation is integrated using boundary 

conditions of qt = 0 at t = 0 and qt = qt at t = t: 

log(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) = log(𝑞𝑞𝑒𝑒) − �
𝑘𝑘1

2.303
� 𝑡𝑡 

 

Equation 5.2. 
Linear form of pseudo-first-order equation 
 

If log(qe – qt) is plotted against t a system following the PFO kinetic model would have points 

lying on the straight line with the y-intercept being the log of the experimentally 

determined qe. Pseudo-first-order describes systems where analyte adsorption occurs 

through diffusion of the solid-liquid interface (Sahoo and Prelot, 2020).  

The pseudo-second-order (PSO) model differential equation is given by: 

𝑑𝑑𝑞𝑞𝑡𝑡
𝑑𝑑𝑑𝑑

= 𝑘𝑘2(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡)2 

 
Equation 5.3. 
Pseudo-second-order equation 
k2 is the equilibrium rate constant for pseudo-second-order sorption (g/mg min) 
 

Which after mathematical development, applying the same boundary conditions and the 

PFO model is expressed in its linear form: 

𝑡𝑡
𝑞𝑞𝑡𝑡

=
1

𝑘𝑘2𝑞𝑞𝑒𝑒2
+
𝑡𝑡
𝑞𝑞𝑒𝑒

 

Equation 5.4. 
Linear form of pseudo-second-order equation 
 

Plotting t/qt vs t should yield a straight line if the system follows the PSO kinetic model. The 

slope of the line gives 1/qe and the y-intercept gives 1/k2qe2. From this k2 can be 

determined. Additionally, qe (mass of analyte adsorbed at equilibrium) can be calculated. 

The qe calculated here gives a useful check as the value calculated from the PSO linear 

equation can be compared to the data collected at equilibrium. This is not possible with 

the PFO linear equation as the experimental qe value is required in order to construct the 

plot. Systems following the pseudo-second-order kinetic model are assumed to have 
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chemisorption as the rate determining step (Ghaedi et al., 2011; Sahoo and Prelot, 2020). 

Additionally, the model is suitable to predict behaviour over the whole range of adsorption 

of analyte onto the resin. In PSO kinetics, adsorption rate is proportional to adsorption 

capacity (number of active sites occupied) and not on the concentration of active sites 

available.  

For the data analysed here the same time periods were assessed for all analytes on the 

three different materials. Time periods for sorption data collection were not evenly spaced 

but increasing with time, and the maximum time period analysed was 7 hours (420 

minutes). Seven hours was more than adequate to include the entire range of adsorption 

up to equilibrium for all materials and analytes. All sorption data was converted to mass in 

mg. SigmaPlot’s polynomial linear regression analysis tool was used to assess goodness of 

fit via the R2 value as well as providing the equation for the linear relationship.   

All systems exhibit pseudo-second-order adsorption kinetics (Table 5.1, Table 5.2 and Table 

5.3). The R2 values show that deviation from linearity of the PFO was more severe than for 

PSO. The larger deviation from linearity causes more inaccurate qe values for PFO fits. The 

calculated qe values or the PSO model fits are much closer. The modelling of the batch 

uptake data to the two kinetic models shows that for all 3 materials and for all adsorbed 

species that chemisorption is the rate-limiting step.   

 

 

Th 

adsorbent  

qe  

(exp.) 

Pseudo-first-order model  Pseudo-second-order model 

R2 qe (calc.) k1  R2 qe (calc.) k2 

Anion 

exchange 
0.0875 0.699 2.90x10-2 3.22x10-3  0.9995 0.092 1.54 

TEVA 0.0525 0.823 7.21x10-3 1.77x10-2  0.9997 0.052 189.3 

UTEVA 0.0521 0.018 3.86x10-3 6.91x10-4  0.9956 0.050 20.1 

Table 5.1. 
Th adsorption kinetics 
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Pu 

adsorbent   

qe  

(exp.) 

Pseudo-first-order model  Pseudo-second-order model 

R2 qe (calc.) k1  R2 qe (calc.) k2 

Anion 

exchange 
1.89x10-7 0.576 4.12x10-8 7.83x10-3  0.9919 1.86x10-7 5.26x106 

Table 5.2. 
Pu adsorption kinetics on anion exchange resin 
 

U 

adsorbent 

qe  

(exp.) 

Pseudo-first-order model  Pseudo-second-order model 

R2 qe (calc.) k1  R2 qe (calc.) k2 

UTEVA 0.0545 0.3565 2.49x10-3 5.99x10-3  0.9999 0.0535 -36.054 

Table 5.3. 
U adsorption kinetics 
 

The adsorption mechanism for tetravalent actinides is similar given the comparable 

functional group chemistry  (Horwitz et al., 1995; Tooper and Wirth, 1956). The difference 

in uptake kinetics between TEVA resin and anion exchange resin could be due to the 

manner by which the extractant is bonded to the resin bead. TEVA resin has the liquid anion 

exchanger (Aliquat 336®) coated to the outside of an inert support material, Amberchrom 

CG-71M (Horwitz et al., 1995, 1990). Anion exchange resin has the quaternary amine 

groups (trimethylamine) bonded to the styrene molecules. One of the stipulations of 

chemical collision theory is that reactions may only occur if the orientation of the molecules 

at the point of collision is such that the atoms involved in the sharing or transfer of 

electrons come into contact with each other (Moeller et al., 1980). It is suggested that the 

faster kinetics for TEVA are because the quaternary amines are more freely moving when 

coated to the surface of the inert support than when they are part of the forming structure 

(as is the case with anion exchange resin). This allows the functional sites of the TEVA resin 

to orient themselves around the target anions more effectively and could be the 

mechanism leading to TEVA resin’s faster uptake.  

Another possibility is that there are more active sites contained by the TEVA resin. More 

exchanger molecules in the resin bead would lead to a much larger probability of 

interaction between quaternary amine and analyte. The number of useable active sites on 

the bead of both materials would be proportional to the capacity of the resins. The 

materials’ capacities are available in product literature and show that TEVA resin has a 
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capacity for Th (IV) of 24.5 mg mL-1 (given a capacity of 70 mg Th per gram of resin and a 

bead density of 0.35 g mL-1) and anion exchange has a capacity for Th (IV) of 69 mg mL-1 

(given a quoted capacity of 1.2 meq mL-1). Therefore, the faster reaction kinetics exhibited 

by TEVA are not due to its higher capacity.  

The differences between the active sites of the two resins may also play a part in uptake 

kinetics. TEVA’s exchangers – trioctyl and tridecyl methyl ammonium chloride – contain 

significantly longer chain alkyl groups bonded to the nitrogen atom in comparison to the 3 

methyl groups in the anion exchange’s quaternary amine. However, research into uptake 

of pertechnetate ions using anion exchange molecules demonstrated that longer chain 

alkyl- amine groups actually slow the exchange kinetics (Bonnesen et al., 2000; Gu et al., 

2000). It is suggested that the quaternary amines of the TEVA resin should result in slower 

kinetics in comparison to the quaternary amines of the anion exchange resin used. Longer 

chain quaternary amines are required for the production of TEVA resin as shorter chain 

quaternary amines are soluble in water and would therefore be washed from the inert 

support in aqueous solutions (data from PubChem database (Kirk et al., 1978; Yalkowsky et 

al., 2019; Yalkowsky and Dannenfelser, 1992)). As the quaternary amines are bonded to 

the polymer support in anion exchanger resin, ones with shorter alkyl groups can be 

utilised. The slower kinetics of the longer chained alkyl-amines strengthens the argument 

in favour of active site bonding method to the support material being the cause of the faster 

kinetics.  

UTEVA’s uptake kinetics are faster in comparison to both TEVA and anion exchange resin. 

However, due to lack of a suitable comparison, it is not possible to tell if the kinetics of 

uptake are due to the method of DAAP bonding to the inert support, the extractant’s own 

kinetics, or both.  

 HETP  

Analysis of the isocratic elution is aided by the calculation of HETP. This is done using 

Equation 1.1 and Equation 1.2. Thorium elution characteristics at variable flow rates differ 

markedly between the TEVA and anion exchange resin. On TEVA resin, as flow rate 

increases, elution peaks broaden. On anion exchange resin, the elution peaks sharpen 

(Figure 5.2). The explanation for the difference in elution behaviour lays in the difference 

between the two uptake kinetics for the resins. For TEVA resin, higher flow rate leads to an 
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increase in the HETP. The HETP calculated at the highest flow rates tested (4.6 mL min-1) is 

actually greater than the length of the column (HETP of 5.7 cm for a column length of 4 

cm). This elution behaviour is predictable for a system where significant mass transfer 

between stationary and mobile phase takes place. In terms of the van Deemter equation, 

the C term is the term governing the HETP. As C is increased, the HETP increases also. 

For anion exchange resin, increasing flow rate leads to increasing HETP. However, unlike 

TEVA resin, the elution peaks sharpen with increasing flow rate. Despite the distribution 

coefficient of Th on anion exchange being relatively high (Kd = 550), as flow rate increases 

there is insufficient time for the Th to achieve equilibrium. This difference in elution 

behaviour from TEVA resin is due to the slower uptake (data from 5.3.1), as anion exchange 

resin takes a significantly longer time to equilibrate than TEVA resin.  

At the lowest flow rate tested (1.5 mL/min), the Th4+ is allowed adequate time to 

equilibrate with the anion exchange resin before reaching the end of the column. However, 

at higher flow rates, the Th cannot equilibrate at all. The increased mobile phase velocity 

moves the vast majority of thorium anions through the column before they have time to 

interact and sorb to the exchanger. Mass transfer between mobile and stationary phase 

still takes place, but the majority of the Th stays in the mobile phase. The resultant elution 

profile has an earlier, sharper peak. This is apparent in the values of full peak width at half 

maximum height (Wh) and the volume to peak elution (tr) (Table 5.4). In the van Deemter 

equation (Equation 1.3) the C term, which refers to resistance to mass transfer between 

the mobile phase and stationary phase, increases with increasing flow rate. As mass 

transfer between mobile and stationary phase still occurs, the C term has the majority of 

the influence over the HETP values at the higher flow rates. This results in HETP values 

larger than the length of the column (5.8 and 5.4 cm for 2.9 and 4.1 mL min-1 respectively) 

while the elution peaks become sharper.  

Differences are also apparent in the elution of U from the two materials. Uranium elution 

profiles from anion exchange resin exhibit sharper peaks with increasing flow rate, whereas 

U peaks from TEVA resin broaden with increasing flow rate (Figure 5.3). This elution 

behaviour is similar to thorium’s elution from the two materials. The HETP values for U on 

TEVA resin increase with increasing flow rate, remaining significantly thinner than the 

length of the column (0.71 cm at the maximum flow rate tested: 4.3 mL min-1).  



 Chapter 5  

117 

 

Figure 5.2. 
Isocratic elution of Th from anion exchange and TEVA resin 
Performed at 3 different flow rates, Left – Anion exchange resin, Right – TEVA resin 
 

Uranium elution from anion exchange resin yields decreasing HETP values with increasing 

flow rates. This is disparate from Th elution from anion exchange resin, where increasing 

flow rate leads to increasing HETP despite peak sharpening. This difference in elution 

behaviour is due to uranium’s especially low uptake on anion exchange resin even at 

equilibrium. Given sufficient time Th will yield a Kd of 550 on anion exchange resin, whereas 

U will only achieve a Kd of 10. Therefore, for uranium on anion exchange resin, the C term 

(mass transfer term) in the van Deemter equation is so small that it only has a minor 

influence on the value of HETP. The term governing the HETP trend in this instance 

becomes the B term, longitudinal diffusion, which decreases plate thickness with increasing 

flow rate.  

As the uranium anions in the mobile phase flow through the anion exchange column, there 

is barely any interaction between them and the anion exchange resin. At the lower flow 

rates, U is able to diffuse along the column, ahead of the peak. As the flow rate increases, 

the U diffusion in front of the peak occurs at the same rate (given constant temperature 

and pressure conditions). The increased velocity of the mobile phase, however, reduces 

the time between initial U elution and peak U elution and thus reduces peak fronting. 

Diffusion in the opposite direction to mobile phase flow is also reduced at higher flow rates, 

as U trailing the peak is forced along the column more rapidly. These cause an overall 

sharpening of the elution peak.  

Although the uranium distribution coefficient for TEVA resin was of the same order of 

magnitude as U on anion exchange resin, it is slightly higher (50 to anion exchange’s 10). 
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This coupled with the much faster uptake kinetics of the TEVA resin means that although 

uptake is low, adequate mass transfer between mobile and stationary phase occurs to 

cause broadening of the elution peak. Similar to the anion exchange resin, U on TEVA 

columns exhibit reduced peak fronting at higher flow rates. However, because of the 

increased mass transfer on TEVA, a minor amount of U is sorbed to the resin, delaying its 

elution leading to increased peak tailing. The HETP is therefore governed by the C term 

thus, the plates thicken with increasing flow rate.  

 

 

Figure 5.3. 
Isocratic elution of U from anion exchange and TEVA resin 
Performed at 3 different flow rates left – anion exchange resin, right – TEVA resin 
 
 

 

Figure 5.4. 
HETP of U and Th on anion exchange and TEVA resin with increasing flow rates 
Left – thorium, right – uranium. Dotted line indicated column length 
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 1.5 mL min-1 2.9 mL min-1 4.1 mL min-1 

tr 83.7 30.1 28.5 

Wh 175.3 86.1 78.0 

Table 5.4. 
Retention and peak width of Th on anion exchange resin 
tr – volume to peak elution (mL), Wh – peak width and half peak height 
 

 1.5 mL min-1 2.9 mL min-1 4.1 mL min-1 

tr 8.6 6.5 6.3 

Wh 8.8 6.3 5.2 

Table 5.5. 
Retention and peak width of U on anion exchange resin 
 

 Multi-element tests 

Tests to establish washout and decontamination are important for application of resins to 

the separation of U, Th and Pu. This is a three stage separation and requires the washing of 

sample and decontamination of a Pu, Th and U fraction.  

On all three materials, the selected contaminants added were washed from the column 

very rapidly (within 12 mL). On TEVA and anion exchange resin U was treated as a 

contaminant. However, due to its very slight uptake on the two materials, its elution from 

the column during the wash phase was slightly delayed (Figure 5.5). The washout of U on 

TEVA and anion exchange with variable flow rate follows the same trend as seen in the 

HETP experiments, with the U peak sharpening on anion exchange resin and broadening 

on TEVA resin. Elution of Th between the two resins is also significantly different. The eluate 

(low concentration HNO3) was able to produce a much sharper elution peak of Th on TEVA 

resin than on anion exchange resin. The start of the elution was marginally different, 

however the tailing of the Th elution peaks are much more pronounced from anion 

exchange resin than from TEVA resin. This elution behaviour is again most likely due to 

binding of the chemical exchangers to the resin. The liquid anion exchanger allows for 

easier orientation of incoming ionic groups which either replace the target anion groups 

already bound to the resin or interact with them, changing their coordination, causing their 

desorption from the resin.  



Chapter 5 

120 

UTEVA proved more effective at separating Th, U and the selected contaminants by use of 

elution of Th from UTEVA with 6 M HCl. Uranium is effectively retained on UTEVA resin 

under these conditions. As the flow rate increases, the elution peak of Th in 6 M HCl 

becomes broader, whereas the elution of the contaminants becomes sharper. This reflects 

the differences in affinity for UTEVA resin. As the contaminants do not sorb to the resin at 

all their elution profile is governed by lateral diffusion through the column, (just like U on 

anion exchange). Thorium’s Kd is very low in 6 M HCl. However, peak broadening occurs 

because of the desorption initiated by the ionic gradient set up as HCl replaces HNO3 as the 

mobile phase. This test showed that even under changing column conditions (HNO3 to HCl) 

U remains strongly sorbed to UTEVA resin.  

 

 

 

Figure 5.5. 
Multi element elution on three different materials 
Performed at 4-5 mL/min, left – anion exchange resin, light – TEVA resin, below – UTEVA resin. 
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 Conclusions 

This study has found that the efficacy of a chromatographic material is greatly affected by 

the way in which the extractant is supported on the resin. Investigation of the kinetics of 

uptake for Th on TEVA and anion exchange resin has shown that extractant bonded to the 

polymer chain exhibits slower uptake of species in comparison to extractant-coated resin. 

It is suggested that this is due to extractant molecules having the ability to orient 

themselves independently. This may also explain the fast uptake kinetics displayed by 

UTEVA resin. For expedited separation systems using chromatographic resins, having an 

insoluble extractant coated to the outside of the polymer support will yield faster uptake 

of sorbed species than resins with the same active site bonded to the polymer of the resin. 

Extractant coating allows the active sites to orient themselves around the sorbed species, 

increasing the uptake kinetics.  

This research has also laid the groundwork for the development of an expedited separation 

system to isolate Pu, Th and U from a single sample. Thorium’s isocratic elution using 8 M 

HNO3 from TEVA column showed longer retention than thorium on an anion exchange 

column. Uranium’s elution under the same conditions was marginally more delayed on 

TEVA resin and peak broadening was more significant on TEVA resin also. However, the 

faster uptake kinetics and longer retention of Th on TEVA resin outweigh the peak 

broadening effects of U. Due to TEVA’s inability to effectively sorb U, a second column 

consisting of UTEVA resin is required for uranium purification.  

The multi-element tests on TEVA resin showed strong retention of Th throughout the load 

and wash phases, and effective decontamination of U at the highest flow rates. UTEVA 

column multi-element tests showed strong retention of U at the highest flow rate even 

under changing column conditions. A notable omission from the multi-elemental tests was 

that of calcium. Calcium is a major component in cementitious matrices. Although calcium 

is not adsorbed to either anion exchange resin or TEVA resin its presence as a non-

competing interference should be investigated.  

For expedited chromatographic separation of Pu, Th and U a setup of a TEVA column above 

a UTEVA column will yield the most efficient separation and purification of the target 

elements. Strong U retention on UTEVA is of vital importance to the proposed column 

separation scheme in which the UTEVA load phase is comprised of both the sample load 
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and column wash from the TEVA column. The UTEVA column itself is then washed, to 

ensure decontamination of matrix components before U elution in its purified fraction.  

Further study could be undertaken to analyse the desorption of Th and from TEVA resin in 

HCl conditions. However, given the efficiency of desorption of Th from the UTEVA column 

in this study along with the reported Kd values of Th on TEVA resin it can be assumed that 

Th desorption from TEVA resin is similarly as efficient (Horwitz et al., 1995).  

To prove relevance to the nuclear decommissioning sector, separation and purification of 

these actinides must be performed from materials commonly found in nuclear facilities. 

Investigation into expedited separation of these actinides from concrete matrices will aid 

in the understanding of whether non-competing species (Ca for example) from real samples 

will affect separation efficiency or recoveries.  
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Chapter 6 Development of a method for the rapid 

determination of multiple radionuclides from a 

single sample  

 Introduction 

The decommissioning of nuclear facilities, both commercial and civil, creates a large volume 

of waste. A significant proportion of these wastes are contaminated with a variety of 

different radionuclides dependent on the location’s use and the material itself. The 

management and disposal of these wastes is dependent on their physical and chemical 

characteristics and the criteria by which each country classifies radioactive wastes. 

Concrete represents one of the largest material types used in nuclear facilities. It is not only 

used in the shielding of reactors but also extensively in the construction of ancillary building 

across the site (Hohmann et al., 2012). The accurate and timely determination of the 

radionuclide content of such materials can expedite the decommissioning process, 

lowering costs. The use of nuclear waste scaling factors is widely accepted practice by many 

facility operators and requires the accurate determination of radionuclide content in 

several subsamples of the bulk material (International Atomic Energy Agency, 2009). 

Characterisation of nuclear waste is essential in order to ensure public safety, limit 

environmental damage and minimise the amount of material requiring costly processing 

and storage. For characterisation of wastes on a nuclear site, a safe, quick method of 

radionuclide purification is required. The radionuclides of interest are isolated in order to 

determine their concentration accurately, whilst minimising interferences from associated 

radionuclides and matrix elements. Expediting this separation and purification process can 

have a knock-on effect on the whole procedure, allowing for much more rapid sample 

turnaround.  

Chromatographic techniques are commonly used to separate, preconcentrate and purify 

radionuclides before analysis. The use of an automated radionuclide separator for 

expedited chromatographic separations has several advantages over manual preparative 

techniques. One of the features of these separation systems is the ability to function at 

controlled flow rates.  Research so far has focussed on chromatographic material’s ability 



Chapter 6 

124 

to function at higher flowrates than achievable using gravimetric flow. However, for 

application to the nuclear decommissioning sector, a full separation using real or simulated 

material must be demonstrated. The development of a rapid, highly precise separation 

system must have the ability to purify and concentrate multiple target radionuclides from 

a single sample. This allows for a reduction in the total number of solid samples processed, 

optimising technicians’ time and reducing the total activity passing through the laboratory.  

This chapter will focus on the development and testing of a multi-stage preparative 

technique, incorporating an automated radionuclide separator in the measurement of 

multiple radionuclides from a single simulated sample.  

The actinides uranium, plutonium and thorium along with 90Sr were selected as target 

radionuclides as they are often associated with concretes following reactor operations and 

their characterisation typically involves radiochemical separation followed by radiometric 

or mass spectrometric techniques (Abe and Asakura, 2012; Brown et al., 2015; Joyce, 2018). 

Strontium-90 was chosen as it is a major fission product and a difficult-to-measure nuclide 

(International Atomic Energy Agency, 2009). The IAEA and the UK’s Department for 

Business, Energy and Industrial Strategy (BEIS) both class bulk solid waste as radioactive 

with regards to its Sr-90 content if it contains more than 1 Bq/g of 90Sr (Department for 

Business, Energy and Industrial Strategy, 2018; International Atomic Energy Agency, 2017). 

Previous study in this body of work has shown that separation of Sr at higher flow rates 

than that achievable with gravimetric systems can yield good results when using a Sr-spec 

column. The previous work also showed that Sr can be effectively leached from a concrete 

digest (Russell et al., 2017). However, in many instances, a simple acid leach digestion is 

not thorough enough to liberate some key radionuclides (Braysher et al., 2019). 

Uranium-238 was chosen due to its presence in nuclear fuel and cheap availability as an 

ICP-MS standard. Uranium-238 comprises the majority of the nuclear fuel in a uranium 

reactor (Chenoweth and Pool, 2003). Thorium can be present as a decay product of nuclear 

fuel, or it can be used in the production of nuclear fuels, through the activation of 232Th. 

Significant quantities of Th can pose a risk to the environment and human health due to 

their method of decay (alpha emission) (Gad, 2014). For 232Th and 238U in secular 

equilibrium with their daughter nuclides, UK BEIS department classifies was solid material 

as radioactive waste if it contains more than 0.01 Bq/g. Plutonium-239 is produced in 

uranium reactors through the neutron activation of 238U to 239U which decays via beta 
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decay to 239Np and then to 239Pu. The IAEA and UK’s BEIS department class bulk solid waste 

as radioactive with respect to its 239Pu or 242Pu content if is contains more than 100 mBq/g 

(Department for Business, Energy and Industrial Strategy, 2018; International Atomic 

Energy Agency, 2004). 

Extensive research into sample preparation methods for plutonium and uranium 

determination has been carried out. The use of acids to completely dissolve the sample 

matrix has been well documented and utilised (International Atomic Energy Agency, 1989). 

Sample leaching using acids such as HCl or HNO3 can permit high sample throughput, but 

often yield unsatisfactory results (Jia et al., 1989; Parsa, 1992). Dissolution of refractory 

radionuclide compounds often requires a more intense method of sample attack. Complete 

dissolution of sample matrices is required to ensure none of the radionuclides of interest 

remain in the sample matrix, especially in silicate minerals (Emerson and Young, 1995; 

Galindo et al., 2007). For silica rich materials, hydrofluoric acid is often employed alongside 

nitric and hydrochloric acid to ensure complete dissolution of both Pu and U. Using HF for 

complete opening-out of sample matrices is, however, both time-consuming and 

hazardous for the worker (Braysher et al., 2019). Additionally, the significant quantities of 

dissolved silica present in concrete and other materials’ digests can present issues during 

column chromatography, as there is a tendency for the silica gel to precipitate on anion 

exchange columns (Croudace et al., 1998).  

Alternative techniques to completely open up silica rich matrices have been successfully 

developed (Braysher et al., 2019; Cook, 2021; Croudace et al., 1998; Jäggi et al., 2019; Sáez-

Muñoz et al., 2020). These techniques allow for complete dissolution of sample. Fusion 

techniques are commonly utilised in geochemical study and employ high temperatures. 

The heated sample is dissolved in a solvent or flux. Generally, fusion techniques are only 

used on small sample sizes (up to 5 g) (Braysher et al., 2019; Suran et al., 2018). Although 

fusion techniques are more effective at dissolving refractory matrices, the process of fusion 

is generally more labour-intensive and volatile radionuclides like tritium or 14C will be lost 

during sample preparation. Therefore other techniques will be required in order to 

preserve and analyse these before fusion of the sample (Braysher et al., 2019). Various 

fusion techniques have been developed using different fluxes.  
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Sodium hydroxide fusions require temperatures of 600 °C and methods have been 

developed for samples of up to 2 g (Maxwell et al., 2015; U.S. Environmental Protection 

Agency, 2014). Sodium peroxide fusions have been developed for sediment and soil 

samples in order to dissolve actinides in sample sizes of 1 g (Galindo et al., 2007). Fluxless 

fusions have been developed in order to form a glass bead, which is subsequently analysed 

by X-ray fluorescence (XRF) or ICP-MS analysis using laser ablation as the sample 

introduction method. This has been successfully applied to the analysis of 1.5 g 

geochemical references, and uranium ores and their concentrates (Reading et al., 2017). A 

summary of sample digestion methods is available in Table 6.1. 

The use of lithium borate fusions has been used in a variety of contexts for complete 

opening out of sample matrices (Braysher et al., 2019; Croudace et al., 1998). Lithium and 

sodium borate fluxes are effective at dissolving silicate, carbonate and sulphate minerals in 

addition to a whole host of oxide compounds. This method of fusion can be completed 

relatively quickly (5-10 mins) at temperatures in excess of 1000 °C. The molten flux can be 

poured into an XRF bead mould to produce an homogenous glass bead suitable for XRF 

determination (Braysher et al., 2019; Croudace et al., 1998). The first lithium borate fusion 

used in a radioanalytical context was by Croudace et al., (1998). Their method employed a 

mixture of lithium metaborate (80%) with lithium tetraborate (20%). Higher proportions of 

lithium tetraborate (Li2B4O7) are used when producing beads for XRF analysis as it produces 

a clearer bead than lithium metaborate (LiBO2) (Braysher et al., 2019). Additionally, 

tetraborate fluxes are lower cost (Croudace et al., 1998). The use of lithium metaborate is 

preferred due to the higher solubility of most elements in pure LiBO2 (Braysher et al., 2019). 

The procedure was used to determine the Pu and U content of internationally referenced 

soil and sediment samples.  

Dry ignited soil sample masses of 5 g were mixed with 7 g of borate flux before heating to 

1200 °C for 30 minutes. Afterwards, the samples were quenched in MQ the mixture was 

acidified with concentrated nitric acid before heating to 40 °C and stirring for more than 4 

hours. It was found that although the borate fusion was able to open up the sample and 

dissolve the actinides of interest from the soil sample, significant quantities of silica 

remained in the mixture (Croudace et al., 1998). This is unlike hydrofluoric acid techniques 

which react with the silicates to produce volatile SiF4. On reduction of temperature the 

silica and boric acid form a gelatinous precipitate which is filtered from the sample and 
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washed with excess nitric acid. Croudace et al., states that some of the silica remains in 

solution in colloidal form and can precipitate during column chemistry, blocking the 

columns. Croudace et al., used polyethylene glycol (PEG-2000) to flocculate the colloidal 

silica by adding 1 mL of a 0.2 M solution to the nitric acid used to digest the glass after 

fusion. After 4 hours this was then filtered again to remove the silica. The removal of 

colloidal silica can also be achieved by centrifugation and may be a quicker method (L. L. 

Smith et al., 1995). The resulting supernatant solution should contain the actinides of 

interest.  

The use of parallel column setups for separation of radionuclides from a single sample has 

been previously studied (Maxwell et al., 2010; Solatie et al., 2002). The separation of Sr 

from actinides has also been studied, however many of these processes focus on using 

chemical precipitation in order to purify the Sr fraction (Buesseler et al., 1990; LaRosa et 

al., 1992; Lee et al., 2000; O’Donnell et al., 1997). All of these studies separate Sr from the 

sample digest prior to purification steps, using either precipitation or a chromatographic 

based technique. The most common method of separating the actinides from Sr is by using 

a hydroxide precipitation. Ageyev et al., (2005) reports the use of Fe(OH)3 with NH4OH to 

form a precipitate entraining Pu, Am, Cm, Ce, Pm, Eu, Y and La with Sr remaining in solution. 

Lee et al., (2000) uses a sodium carbonate precipitation for initial actinide/strontium 

separation and then goes on to use Fe(OH)3 to ensure complete removal of the actinides. 

However, once in separate fraction further purification is required to isolate the desired 

elements. 

The purpose of this study is to show how the expedited separation using an automated 

radionuclide separator is applicable to the separation of multiple radionuclides from a 

single sample. This seeks to optimise laboratory worker’s time and reduce the need for 

large sample sizes, which in turn can reduce exposure. It also increases sample throughput 

and reduces lead times for analysis which is commercially important and attractive to 

decommissioning project managers. The separation techniques examined so far in this 

thesis have analysed the performance of Sr resin (Triskem International, Bruz, France), 1X8 

anion exchange resin (Eichrom Technologies IL, USA), UTEVA and TEVA resin (Triskem Intl. 

Bruz, France). Use of Sr resin for the separation of Sr from a variety of matrices has proven 

to be highly effective and is used not just in the context of analysing nuclear wastes and 

fallout but also to wider geochemical study (Chung et al., 2013; Kim et al., 2015; S. Li et al., 
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2019; Schneider et al., 2007). This study has shown that effective Sr purification from a 

partially opened out concrete matrix can be achieved at constant flowrates above those 

achievable in gravity flow columns. From study of separation systems in this report and 

from the literature, the use of two columns in series seems to be the most effective way to 

purify U, Th and Pu from the same sample (Metzger et al., 2019). Due to the faster kinetics 

of TEVA resin over anion exchange resin discussed here, this chapter will focus on the use 

of TEVA in series with UTEVA to purify target actinides in parallel with Sr resin to purify Sr. 

These column separations will be undertaken after full opening out of a concrete sample 

and subsequent precipitation steps with an iron carrier to remove the actinides from the 

strontium fraction.  

The objective of this chapter is to investigate whether separation of U, Th, Pu and Sr at high 

flow rates from a concrete matrix is adequate for activity determination in line with solid 

waste exclusion guidelines published by the International Atomic Energy Agency (2004) and 

the UK’s Department for Business, Energy and Industrial Strategy (2018). This will be 

achieved by assessing the following for each purified fraction: 

• Chemical recovery   

• Decontamination of radionuclides present 

• Accuracy of results 

• Precision of repeat tests 

• Limit of detection for the whole procedure 

Comparison of this system to conventional techniques will be drawn in order to assess 

whether an automated system operating at expedited flow rates can be applied to the 

separation of multiple elements from concrete matrices.  
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Table 6.1. Overview of digestion methods from Croudace et al., (2016) 
* use of oxidants or nitric acid digestion may be required 

Digestion 
method Problems / comments Silicates Oxides Sulphates Carbonates Borates Phosphates 

Metals 
Carbides, 
Silicides* 

References 

Borate 
fusion +/- 
acid 
digestion 

Flexible method with no 
problems. Effectively digests 
all materials and is ideal for 
many elemental and isotopic 
analysis purposes. High 
purity lithium borate fluxes 
used to ensure low analytical 
blanks. Sample size can vary 
from 0.1–10 g. Sample: flux 
ratios from 1:1 upward. Pt-
Au crucibles used which are 
easily cleaned. Typical fusion 
temperature <1000–1200°C. 
Possible volatility issues with: 
Cs, Tc, Ru, I, Hg, Pb Po & Tl. 

X X X X X X X (Croudace 
et al., 1998) 

Flux free 
fusion +/- 
acid 
digestion 

Small sample volumes 
treatable. Conducted in inert 
Ar atmosphere. Typical 
fusion temperature >1300°C. 
May require addition of SiO2 
and MgO if silicate poor to 
help glass formation. 
Possible volatility issues with 
Cs, Hg, Pb & Tl. 

X X X X     X (Fedorowich 
et al., 1993) 

HCl, HNO3 Microwave digestion, heating 
in PTFE or PFA pressure 
vessels may be effective. Full 
recovery of analytes 
potentially low. Oxidation of 
sample may be required to 
prevent volatilisation. 
Difficult to achieve full 
dissolution. Possible volatility 
issues with: As, Ge, Po, S, Sb, 
Se, Tc. 

      X X   X (Bock, 1979) 

HF / HClO4 
Acid mix 

Only small sample masses 
readily treatable. HF needs to 
be removed prior to analysis. 
Insoluble fluoride 
precipitates in large sample 
volumes. Perchlorates 
potentially explosive. 
Frequently requires the use 
of HCl and/or HNO3. Possible 
volatility issues with: As, B, 
Ge, Po, Sb, Tc. 

X X   X X X X (Parsa, 
1992) 

HF / H2SO4 
Acid mix 

Small sample volumes 
treatable. HF needs to be 
removed prior to analysis. 
Many evaporation stages. 

            X (Bock, 1979) 

Alkali 
fluoride with 
pyrosulphate 

Hazardous as HF produced; 
requires treatment with 
pyrosulphate to remove 
fluorides. Will attack Pt 
hardware. 

X     X       (Sill et al., 
1974) 

NaCO3 fusion Opens out mineral lattices 
but requires lengthy 
treatment. Dissolution of Pt 
hardware possible. Elevated 
Pb or Fe(II) will alloy with Pt 
hardware. Possible volatility 
issues with: As, Hg, Po, Tc, Tl, 
Se. 

X     X X   X 
(Fisher and 

Kunin, 
1957) 

NaOH fusion 
Opens out mineral lattices 
but requires lengthy post 
fusion treatment. Dissolution 
of Pt hardware possible. 

X     X     X 

(U.S. 
Environmen

tal 
Protection 

Agency, 
2014) 

Na2O2 fusion 
or sinter 
with acid 
digestion 

Attack of Pt hardware 
possible. Typical fusion 
temperature of 250–500°C. 
Small sample volumes 
treatable. Time intensive 
procedure to dissolve the 
alkaline fusion cake. Possible 
volatility issues with Au & Ru. 

X           X (Galindo et 
al., 2007) 
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 Materials and equipment 

For the measurement of samples via alpha spectrometry an AMETEK® ORTEC® Alpha 

analyst was used (Berwyn, Pennsylvania, U.S.). Samples for alpha spectrometry were 

electrodeposited onto stainless steel Planchet counting trays provided by Nuclear Supplies 

Ltd. For the analysis of 90Y via Cherenkov counting, a 1220 Quantulus Ultra Low Level Liquid 

Scintillation was used. Gamma analysis was conducted using a Canberra p-type High Purity 

Germanium well detector (Mirion Technologies (Canberra UK), San Ramon, CA, USA). 

Detectors were calibrated against a mixed radionuclide standard solution. The standard 

was used to prepare a source of near-identical geometry to that of the samples. Gamma 

spectra were analysed and individual radionuclides quantified using Fitzpeaks spectral 

deconvolution software (JF Computing Services). The geometries used for gamma 

spectrometry were produced and are used commercially by a UKAS accredited laboratory 

(GAU-Radioanalytical Laboratories (GAU), Southampton, UK) certified to ISO/IEC 

17025:2017. Height corrections for each sample were calculated using previously 

established data as the counting efficiency of the well detector is altered when the sample 

is not completely filled (Croudace, 2012). 

An Automated Sequential Radionuclide Separator (ASRS) (Hanjin Eni Co., LTD., Daejeon, 

Republic of Korea) was utilised to separate the samples. It uses 8 peristaltic pumps to 

perform simultaneous separations on 8 individual chromatographic columns or, when used 

in series, perform a 2-stage separation on 4 samples simultaneously. Loading, washing and 

elution can be completed at a flow rate of up to 6 mL/min. Calibration of the system is 

performed using MQ from the reagent bottles, however significant differences in flowrate 

were attained when loading the columns from the sample bottles. This may be due to the 

differences in size of tubing and the valves used to control the direction of the 

samples/reagents to the column. As a result, flowrates were set to 6 mL/min on the 

instrument control programme (using a custom LabVIEW programme provided with the 

ASRS) and actual flow rets for each experiment were calculated gravimetrically from the 

elute produced.  

The reagents used were of analytical grade unless otherwise stated. Nitric acid solutions 

were produced from a 70% (weight) concentrate (Fisher Scientific, Loughborough, 

England). HCl solutions were produced from a 37% (weight) concentrate for analysis (Fisher 
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Scientific, Loughborough, England). For ICP-QQQ-MS analysis, 2% nitric acid solutions were 

prepared from PrimarPlus-Trace analysis grade (>68% by weight) (Fisher Scientific, 

Loughborough, England). High purity water obtained using a Q-POD Milli-Q Advantage A10 

Water Purification System (Merck, Darmstadt, Germany). For Pu elution a solution of 0.1 

M NH4I in 9 M HCl was prepared using 1.4 g solid ammonium iodide, dissolved first in 25 

mL MQ then diluted by 75 mL concentrated HCl (37% w/w). This ammonium iodide solution 

was prepared the day of use as the reagent degrades over time. 

Sr-spec, TEVA and UTEVA resins (100 – 150 μm) were all supplied by Triskem Intl. (Bruz, 

France). Resins were packed into columns as a slurry to a bed of dimension 40 × 6.6 mm 

(i.d.) in a glass chromatographic column (Omnifit® Chromatography Column, Diba 

Industries, Danbury, CT, USA). 

 Method 

This study focusses on the chromatographic separation of actinides from cementitious 

matrices. For this reason, both target radionuclides, their tracers and contaminants were 

added after sample dissolution. The preparation of the sample for the column chemistry 

was included in the analysis as this is a relevant step in the separation process.  

 Radionuclide spiking 

For these tests, an activity of 10 Bq of 90Sr was added to each sample giving a simulated Sr 

activity concentration of 20 Bq/g. Limit of detection was calculated to assess whether the 

technique is suitable for determining if the sample would fall under the exemption criteria. 

Strontium-85 was used as a strontium tracer as it is a gamma emitter and easy to measure. 

This allowed for relatively simple, non-destructive measurements that could be undertaken 

at various points in the separation process. Strontium-85 standard solutions (ID: 2016-1838 

and 2017-1686) were sourced from Physikalisch-Technische Bundesanstalt (Germany). 

Strontium-90 standard solution (ID: SIZ64) was obtained from AEA Technology (now 

Ricardo-AEA, Harwell, UK). 

The 238U standard was a depleted uranium ICP-MS standard and contained 234U and trace 
235U.  Uranium-236 was used as a radiotracer and sourced from AEA Technology (Ricardo-

AEA, Harwell, UK) (ID: UFP10030). A uranium standard was made to assess the 
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concentration of these isotopes in the standards used. Likewise, 232Th was used from an 

ICP-MS standard due to the ease of use and cost effectiveness with 229Th as a tracer. 

Thorium-229 radiotracer was obtained from NPL (National Physical Laboratory, 

Teddington, UK) (ID: R26-01). These thorium isotopes were plated in isolation and counted 

in order to establish precise activities. Both uranium and thorium activities were set at 50 

mBq per sample (100 mBq/g). Activities were calculated using the specific activities of 238U 

and 232Th (12,440 and 4,100 Bq/g respectively). 

Plutonium isotopes 239Pu and 242Pu were used. Plutonium-242 was used as a yield monitor. 

The 239Pu radiotracer was produced from dilutes of purified isotope solutions from the 

National Physical Laboratory (Teddington, UK) (ID: R24-01). The 242Pu radiotracer was 

sourced from AEA Technology (Ricardo-AEA, Harwell, UK) (ID: PRP10020). Each sample was 

spiked with 50 mBq of 239Pu and 242Pu.  

A range of gamma emitting radionuclides indicative of interfering species were added in 

order to assess decontamination from the Sr fraction. These included 210Pb and a mixed 

gamma source containing 241Am, 109Cd, 60Co, 137Cs, 54Mn and 65Zn (Table 6.2). All samples 

were analysed via gamma analysis before the separation procedure to ascertain both 85Sr 

activities and gamma emitter activities.  
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Radionuclide Activity to be 
in 0.5 g sample (Bq) 

Strontium  
90Sr Target 10 
85Sr Tracer 10 
Uranium 

 

238U Target 0.05 
236U Tracer 0.05 

Thorium 
 

232Th Target 0.05 
229Th Tracer 0.05 
Plutonium 

 

239Pu Target 0.05 
242Pu Tracer 0.05  

Contaminants  
Lead 

 

210Pb 10 
Mixed γ source 

 

241Am 8 
109Cd 3 
137Cs 8 
54Mn 0.1 
65Zn 0.1 
60Co 5 

Table 6.2. 
Radionuclides added to concrete samples 
 

  Composition of concrete sample  

An inactive concrete powder taken from a non-nuclear site was sourced. This was used as 

the base for the simulated concrete digest. Wavelength Dispersive X-ray fluorescence 

(WDXRF) analysis of the powder was undertaken to establish the precise composition of 

the material. Analysis of the concrete sample was carried out at the University of Leeds 

School of Earth and Environment and utilised a Rigaku ZSX Primus II WDXRF spectrometer. 

Major elemental compositions were determined on fused glass beads prepared from dried 

powders with a sample to flux ratio of 1:10. The flux consisted of 66% lithium tetraborate 

and 34% lithium metaborate. Major elemental composition shows SiO2 as being the major 

constituent, with CaO and Al2O3 substantial constituents as would be expected in a 

concrete sample (Table 6.3).  
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Compound Mass% 
SiO2 64.170 
TiO2 0.451 
Al2O3 7.195 
Fe2O3 2.635 
MnO 0.080 
MgO 1.060 
CaO 9.830 
Na2O 1.420 
K2O 1.126 
P2O5 0.073 
Cr2O3 <0.010 
LOI 9.390 
Total 97.436 

Table 6.3. 
Major elemental composition of concrete sample used 
 

Semi-quantitative analysis of the powdered concrete was also carried out. The sample was 

mixed with a CEREOX binder in a ratio of 4:1, pressed at a force of 10 tons to form a pellet 

of 32 mm in diameter. This was then analysed using the Rigaku ZSX Primus II using a pre-

calibrated EZ-scan semi-quant program which covered elements F – U. Simultaneous, 

repeat analysis of 2 certified reference standards was also carried out with the concrete 

sample (MRG-1 and STM-1) (Faye and Sutarno, 1976; Franklin and Knauss, 1992). 

Five grams of concrete powder was taken. Two, 2.5 g subsamples of the concrete powder 

were fused with 6 g of lithium metaborate flux at 1100 °C for 15 minutes to ensure total 

dissolution. Samples were removed from the furnace and immediately quenched in excess 

MQ water. Samples were drained and the solid was dissolved in 150 mL 8 M HNO3. The 

samples were set to dissolve on a stirring hotplate at 90 °C for two hours. After this the 

hotplate was turned off and the samples left to cool while stirring for 10 hours. During 

cooling and mixing, a fine precipitate formed. This solution was filtered through a Whatman 

40 filter supported on a glass fibre filter using a vacuum filter. The solution was retained 

and the precipitate disposed of. The solutions were combined to ensure homogeneity of 

the digest and then weighed.  

A calculated mass (1/10) of the bulk solution was taken equivalent to 0.5 g of solid concrete 

powder. The radionuclide spikes and radiotracers were then added to the digest. An FeCl3 
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carrier was added in excess (> 20 mg Fe) to co-precipitate actinides from the spikes digest 

solution. Ammonia solution (NH4OH) was added dropwise until Fe(OH)3 precipitate formed 

at pH >4. At this point the actinides co-precipitate with the Fe(OH)3. The precipitate was 

separated from the supernatant by centrifuging the solution and pouring the supernatant 

out. The supernatant was set aside whist the Fe hydroxide precipitate was redissolved in 

concentrated HNO3 and diluted. A second precipitation with NH4OH of Fe hydroxide with 

actinides was performed in order to liberate as much Sr from the precipitate as possible. 

The Fe(OH)3 precipitate was dissolved in concentrated HNO3 and set to evaporate on a 

hotplate. Once evaporated to dryness the solid was dissolved in 5 mL 8 M HNO3. In order 

to ensure Pu was in the tetravalent state, a small mass of NaNO2 (~0.2 g) was added to act 

as an oxidising agent. Once the solution had reacted with the NaNO2 this sample was taken 

for loading on the TEVA/UTEVA columns.  

The supernatant from the iron hydroxide precipitation was evaporated and the resulting 

solid left was dissolved in 8 M HNO3. The volume of HNO3 required to dissolve the solid was 

so large that the concentration of Sr would have been far too low to permit a load volume 

of 5 mL. As a result, an oxalate precipitation was performed to pre-concentrate the Sr 

before loading onto the column. The precipitation of Sr as an oxalate is used in many of the 

preparative chemistry reported (Ageyev et al., 2005; Lee et al., 2000; Maxwell et al., 2010; 

Solatie et al., 2002). The use of calcium oxalate to preconcentrate actinides is also a well 

reported procedure (Ageyev et al., 2005; Solatie et al., 2002). Actinides left in solution 

should be incorporated into the oxalate precipitate. One millilitre of 2 M CaCl2 was added 

to the nitric acid solution, followed by 50 mL of ammonium oxalate and 3 drops of 

bromocresol green to act as an indicator. Ammonia solution was added to adjust the pH 

until a pH of > 4 is achieved (bromocresol indicator turns blue). At this pH both calcium and 

strontium oxalate precipitate. The solutions were left on a hot plate at 60 °C to settle. The 

oxalate precipitate was filtered under vacuum onto cellulose nitrate filters. The precipitate 

on the cellulose filter was then ignited at 450 °C for over 10 hours to decompose the 

oxalate. The solid remaining was dissolved in 1 mL of concentrated HNO3 and set to 

evaporate to dryness and ignited at 450 °C once more for 2 hours. After the sample cooled, 

the residue was dissolved in 5 mL 8 M HNO3 in preparation or loading onto the column.  
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Figure 6.1. 
Sample preparation flow chart 
 

 Chromatographic separation 

For the separation of the actinides, a two column system was employed on an automated 

sequential radionuclide separator (ASRS). This system utilises peristaltic pumps to induce a 

forced flow of solution through chromatographic columns and the flow rates through the 

system can be roughly calibrated. The solution containing the actinides (formed from the 

Fe(OH)3 precipitate) was loaded onto the TEVA column. The eluate from this was then 

passed onto the UTEVA column. TEVA and UTEVA resins were used due to previous study 

on their kinetic behaviour and UTEVA was selected based on its ability to sorb U. All column 

separations were conducted at the highest flow rate possible (4.5 mL/min). This flow rate 

had also been tested in previous experiments.  

Two columns were prepared, one TEVA and one UTEVA column. Both measured 0.66 cm in 

diameter and 4 cm in height (1.37 cm3). Each column was rinsed with 10 mL MQ followed 

by 10 mL 0.05 M HNO3. The columns were then prepared with 15 mL 8 M HNO3 prior to 

sample loading.  
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The separation system is summarised in Figure 6.2. The load solution containing the 

actinides and any contaminants still present after the preparative chemistry were loaded 

into TEVA resin in 8 M HNO3. U should not sorb to the TEVA under these conditions and 

flow through to the UTEVA column. The TEVA column was then washed with 20 mL of 8 M 

HNO3 to elute U, with the washings from the TEVA resin flowing through to the UTEVA 

resin. After this the columns were separated so the eluate from the TEVA resin was no 

longer loaded onto the UTEVA column. The TEVA resin was treated with 15 mL 9 M HCl in 

order to elute the thorium. The eluate was collected and set aside in preparation for the 

electrodeposition step. 

For complete elution of the plutonium from the TEVA column, reduction to Pu (III) from Pu 

(IV) is required. This is done using a solution of 0.1 M NH4I in 9 M HCl. For each separation 

20 mL of this ammonium iodide solution was used for the elution of Pu.  

The UTEVA column containing the load and washings from the TEVA column was washed 

with a further 15 mL 8 M HNO3 to remove any contaminants. The uranium was then 

stripped from the column using 20 mL 0.05 M HNO3.  

Each eluate had concentrated HNO3 added, along with 1 mL 2% Na2SO4 solution to aid 

redissolution of actinides. They were then evaporated to dryness.    
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Figure 6.2. 
TEVA and UTEVA column separation system 
 

For the Sr separation, a Sr-spec column was employed, 4 cm in height and 0.66 cm in 

diameter. The 5 mL sample was loaded onto the column in 8 M HNO3. The column was then 

washed with 15 mL 8 M HNO3 and elution of Sr was achieved upon addition of 20 mL 0.05 

M HNO3. Strontium elution using 0.05 M HNO3 was completed in order to ensure retention 

of Pb on the Sr column, preventing Pb contamination of the Sr fraction (Figure 6.3). 
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Figure 6.3. 
Sr separation system 
 

 Preparation for analysis 

The three fractions from the TEVA/UTEVA separations are taken and their residues are 

dissolved in 1 mL 1.2 M HCl, followed by 5 mL 4% ammonium oxalate solution. Each fraction 

is warmed gently and electrodeposited onto a stainless steel disc which acts as a cathode 

and a platinum wire is used as an anode. A current of 400 mA is used for 1.5 hours. Before 

the plating is stopped, 0.5 mL NH4OH is added to neutralise the solution. The disc is rinsed 

with MQ and left to dry.  

The Sr fraction was transferred to a scintillation vial for direct measurement.  

 Analysis  

The Th, U and Pu fractions electrodeposited to the stainless steel discs were counted via 

alpha spectrometry. Each fraction was counted for >100,000 seconds. Procedural blanks 

for each fraction were created for both the preparation for measurement procedures as 

well as an unspiked sample that taken through the whole separation procedure. Spectra 
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were analysed using Maestro (Ortec) and spectral peaks were identified using 8th Edition 

of table of isotopes (Firestone and Baglin, 1999). Regions of interest were selected 

manually and the area of the peak represents the alpha counts detected. Calibration 

standards of known activity are used regularly to determine detector efficiencies. Tracer 

activities are measured simultaneously and are used to correct for losses during 

preparative chemistry, source attenuation and detector efficiency.  

Measurement of the Sr fraction is completed using two measurement techniques. 

Strontium-85, which is used as a yield tracer, is measured by gamma spectrometry as it 

decays via electron capture with associated gamma emission. Additionally, the gamma 

analysis is used to assess the decontamination of the contaminants added (210Pb and 

radionuclides present in the mixed gamma source). The 90Sr activity is determined by 

measuring 90Y via Cherenkov counting after a period of 14 days is left to ensure sufficient 

ingrowth of 90Y reaches from 90Sr. Instrumental background contributions were corrected 

for using a blank consisting of 20 mL MQ.  

 Results and discussion 

Radiometric analysis shows good yield of target nuclides (Table 6.4) and high accuracies 

once corrected for tracer recovery. Five tests were completed and an average was 

calculated. Radionuclide fractions were collected and analysed separately. Fully corrected 

target radionuclide accuracies were calculated and are presented in Table 6.5. for accuracy 

measurements zeta score was used for each measurement (Appendix B). Comparison of 

the ζ-score to ± 2.576 (corresponding to significance levels of α = 0.01) determines whether 

the values are in agreement. Measurements yielding values of ζ-scores outside of ± 2.576 

are regarded as not in agreement with one another, and the result is questionable 

(Analytical Methods Committee, 2016).  

 239Pu yield 232Th yield 238U yield 90Sr yield 
Test 1 100.4 60.7 44.4 83.2 
Test 2 96.5 66.4 51.2 83.1 
Test 3 100.0 76.5 78.0 84.7 
Test 4 94.1 64.7 69.5 84.6 
Test 5 96.2 44.5 59.3 83.5 

Table 6.4. 
Uncorrected target radionuclide recoveries for concrete tests 
As a percentage of the activity added 
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Table 6.5. Accuracy and precision measurements for multiple separation technique 
Activities measured in mBq for actinides and Bq for 90Sr. Percentage deviation from the expected 
value was calculated for each test to assess precision and ζ-score used to assess accuracy.  
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 Uranium fractions 

Measurement of the uranium standards used was completed to establish the precise 

activity of the 238U standard produced from dilution of a 1000 ppm ICP-MS solution. 

Uranium-236 was used as a tracer to establish chemical recovery during the plating of the 

standard. The 236U standard was of known activity and the 238U ICP-MS standard was a 

depleted uranium source from Spex CertiPrep (Metuchen, NJ, USA). A mass of each 

standard equivalent to 50 mBq activity was taken, plated and counted for 200,000 seconds. 

The spectrum produced showed 3 significant peaks (Figure 6.4). Uranium-238 and 236U 

were the most significant peaks present, however there was also a small peak for 234U. 

Activities for these three radionuclides were calculated using predetermined counter 

efficiencies. It was found that the yield from the electrodeposition of the uranium 

standards from a clean solution was very high (102.8 ± 5.8%). Activity concentrations of the 

standards were calculated in addition to the activity ratio of 234U to 238U. As the 236U 

standard only contains 236U, the source of the 234U and 238U in the spike is the depleted U 

ICP-MS standard. The abundance of both 238U and 234U in the standard was calculated from 

the activities measured. The 234U/238U activity ratio for the ICP-MS standard was 0.13. 

Uranium-234 was found to comprise 0.0007% of the measured uranium, much lower than 

that found naturally (0.005%) which is to be expected for a depleted source.  

Analysis of sample uranium fractions found significantly higher 234U/238U activity ratios that 

that established from the standard analysis (Figure 6.5) (0.24 - 0.30). It was assumed that 

the concrete itself contained some U that was then being recovered during the separations. 

This was further confirmed by 238U recoveries, which were in excess of 100% once tracer 

corrected. In order to establish the 238U content of the concrete digest, ICP-MS analysis of 

an unspiked dilute of the digest was carried out, using a 7-point calibration created from 

the depleted U ICP-MS standard used for spiking the digest. The 238U concentration of the 

unspiked concrete was found to be 19.8 ppb – equivalent to an activity concentration of 

0.24 mBq g-1, which given a digest mass of ~ 47.5 g can lead to a significant contribution to 

the final 238U activity. This excess 238U was then taken into account during the calculation 

of recoveries.  

Calculation of the 234U content of the digest was more difficult Because of its low 

abundance. Due to the requirement for dilution of the digest, the 234U concentration in the 
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sample analysed by ICP-MS would have been too low for effective quantification. However, 

because of the much shorter half-life of 234U (2.455 × 105 years) in comparison to 238U 

(4.468 × 109 years), analysis of the U content of the unspiked digest via alpha spectrometry 

was completed. Unspiked concrete digest was subject to a TEVA/UTEVA separation with 

fractions collected for Th, Pu and U. The U fraction was counted on the alpha spectrometer 

without yield tracer. The ratio of 234U/238U activities in the concrete was 1.004 ± 0.14. 

Percentage abundances of uranium isotopes in the digest were calculated. Uranium-234 

was found to comprise 0.0055% ± 0.0015 of the Uranium present in the unspiked digest. 

This value is comparable the value for the natural abundance of 234U (0.005%). 

From the concentration of 238U in digest and added in the spike, and the activity ratios 

calculated, theoretical 234U/238U activity ratios can be calculated for each sample. Activity 

ratios for unseparated concrete 234U/238U ratios were 0.291 ± 0.001. These values 

correlated well with the measure activity ratios in the uranium fractions for each spiked 

sample (0.272 ± 0.033). 

Accuracy of the measurements was achieved by analysing the activity added to the fully 

corrected measurement of the sample (Table 6.5). A ζ-score (zeta score) was calculated for 

each radionuclide in each separation. All values of the ζ-score were inside ± 2.576 (between 

0.066 and -1.373). Zeta scores increase as either deviation from the expected value 

increases or the uncertainty decreases. Large ζ-scores indicate large error or 

underestimated uncertainty. Precision of the measurement was completed using 

percentage deviation between activity added and fully corrected measurement. 

Percentage deviations from the expected value ranged from 0.40% to -6.97%.  

Limit of detection for uranium was calculated using Equation 4.6. LOD for the separation of 
238U from the concrete matrix was found to be 0.57 ± 0.22 mBq/g. This is much lower than 

the 10 mBq/g required for classification of solid waste as radioactive due to its 238U content 

(Department for Business, Energy and Industrial Strategy, 2018). 
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Figure 6.4. 
Alpha spectrum of uranium spike  

 

 

Figure 6.5. 
Alpha spectrum of uranium fraction 
Test 1 representative of U fractions from all tests 
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Figure 6.6. 
Alpha spectrum of uranium from unspiked concrete 
 

In addition to uranium, polonium-210 was also found in significant quantities in some of 

the uranium fractions (Figure 6.5). The origin of the 210Po was a product of the decay of 
210Bi from the 210Pb added as a contaminant to each sample. Due to the varying amounts 

of 210Po measured, calculation of 210Po added to each sample was completed in order to 

ascertain decontamination factors. Bismuth-210 and 210Po half-lives (5 days and 138 days 

respectively) are much shorter than that of 210Pb (22.3 years). It was assumed that secular 

equilibrium between 210Po and 210Pb had been achieved given the length of time that had 

elapsed from the creation of the 210Pb source (18 years) 

The decontamination of 210Po is in the order of 102 - 103 (Table 6.6). Slight retention of the 

Po on UTEVA in 8 M HNO3 may be occurring causing minor contamination of the uranium 

fractions. The decontamination of polonium is adequate for U measurement via alpha 

spectrometry as their alpha decay energies are significantly different and the masses are 

significantly different as well, so they can be resolved for during measurement via ICP-MS.  
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 Test 1 Test 2 Test 3 Test 4 Test 5 

210Po added (Bq) 14.12 12.98 12.15 11.84 12.98 
210Po present in U 

fraction (Bq) 
0.0244 0.0119 0.0081 0.0192 0.0049 

Decontamination 

factor in U fraction 
580 ± 220 1090 ± 440 1500 ± 620 620 ± 220 2640 ± 930 

Table 6.6. 
210Po decontamination factors in uranium fractions 
 

During the measurement of the U fractions, initial recoveries were especially low (<30%). 

Analysis of the Th, Pu and wash fractions showed minimal contamination with U. The 

aqueous portion of the uranium fraction had been saved after the plating process. This 

solution was evaporated to dryness and treated with concentrated HNO3. This was then 

evaporated to dryness again before the electrodeposition process was repeated once 

more, onto a new stainless steel disc. Analysis of the re-plating of the uranium fractions 

showed significantly higher U activities than the first plating. The first plating was kept and 

was not dissolved and added back to the original solution. The activities of the two uranium 

discs produced were added to produce the final U activity and achieved recoveries of 60.4% 

± 27.1. the uranium yield achieved in this study was slightly lower than from a similar study 

undertaken by Zapata-García and Wershofen (2017) (around 70% U recovery) 

The low electrodeposition efficacy of U is most likely due to the presence of the extractant 

in the uranium eluate. Dipentyl pentylphospate (DP[PP]) is thought to slowly bleed from 

the column during elution, and this residual extractant can affect the plating of U. In order 

for more efficient U plating and measurement, treatment of the uranium fractions with 

aqua regia, hydrogen peroxide in nitric acid or perchloric acid should be used to decompose 

any organic species. The resulting solution can then be evaporated to dryness and the 

plating procedure can be carried out. Treatment of the eluate with strong acids, specifically 

nitric and perchloric acids is advised in the literature pertaining to the electrodeposition of 

actinides on stainless steel planchets for alpha spectrometry (Talvitie, 1972). The issues 

experienced in this study may be due to the age of the resin, the temperature of the eluate 

solutions (18 °C) or the eluate itself. 
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 Thorium fractions 

Alpha spectrometric analysis of the thorium spike (both 232Th and 229Th) show the 

significant presence of the daughter nuclides of the Th decay (Figure 6.7). The daughter 

radionuclides of Th are more apparent than the daughter radionuclides of the 238U spike 

because of their shorter half-lives. Even though 232Th has a longer half-life than 238U (1.4 × 

1010 years compared to 4.47 × 109 years) a similar activity of Th was present in the sample 

after spiking (Kondev et al., 2021). The decay products of 238U (specifically 234U, 230Th and 
226Ra) in the decay chain have significantly longer half-lives than the decay products of 232Th 

(Figure 6.9 and Figure 6.10). This results in higher activities of 232Th daughter nuclides in 

the sample spike. It is noted that the 238U initial decay products 234Th and 234mPa have short 

half-lives but as these are beta emitters, they are not present in the alpha spectra. Each 

peak in the Th spike alpha spectrum was resolved and matched to the corresponding 

radionuclide (Table 6.7) (Firestone and Baglin, 1999). 

Average thorium yields were 63% ± 23. The variation in yields may be due to a similar issue 

to that of U yields. Although the kinetics of the TEVA resin are superior to that of anion 

exchange resin, active site leaching may occur more from TEVA resin given the method of 

active site attachment to the polymer support. Thorium fractions were not re-plated 

because all of the tests achieved yields above 30%. Thorium measurement accuracy yielded 

good ζ-scores (between 0.446 and -0.055), indicating good alignment with expected values. 

Percentage deviation from expected activity for all 232Th measurements was within 2.86% 

and -0.36% indicating good precision over the 5 tests. Limit of detection for the separation 

of 232Th from the concrete matrix was 0.48 ± 0.18 mBq/g, significantly lower than the 10 

mBq/g required to classify waste as radioactive based on its 232Th content.   

The alpha spectra of the Th fractions show the presence of 238U and 236U as well as 210Po 

from the 210Pb spike. Decontamination factors for uranium and polonium were calculated 

for U and Po in the Th fraction (Table 6.8 and Table 6.9 respectively). The average 

decontamination factors for uranium and polonium in the thorium factors were 64 and 95 

respectively. The variation in decontamination factors of 210Po in the thorium fraction bears 

little correlation to the decontamination of 210Po in the uranium fractions. Due to the high 

activities of 210Po added in comparison to U and Th activities the contamination in the Th 

fraction is most likely due to incomplete washing from the column. Study of Po has shown 
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slight retention on TEVA resin in 8 M HNO3 and 9 M HCl (Johansson, 2008). The changing 

of mobile phase during the elution of Th may have initiated the elution of Po when the Th 

eluent (9 M HCl) is added. The low decontamination factors for U are due to the slight 

retention exhibited by U on TEVA resin and incomplete washing of U from the resin. Despite 

this, decontamination factors were adequate enough to permit measurement of 232Th and 
229Th via alpha spectrometry without spectral interference.  

 

Figure 6.7. 
Alpha spectrum of thorium spike  

 

Figure 6.8. 
Alpha spectrum of thorium fraction  
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Figure 6.9. 
238U decay chain 

 

 

Figure 6.10. 
232Th decay chain 
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Peak Energy (KeV) Nuclide Origin 

4025 232Th Target nuclide added 

4700 230Th 
Abundant naturally (present 

in ICP-MS standard) 

4875 229Th Tracer nuclide added 

5350 228Th 232Th decay chain 

5440 228Th 232Th decay chain 

5700 224Ra 232Th decay chain 

5835 225Ac 229Th decay product 

6090 212Bi 232Th decay chain 

6140 221Fr 229Th decay product 

6290 212Bi 232Th decay chain 

6340 212Bi + 221Fr 
232Th decay chain and 229Th 

decay product respectively 

6780 216Po 232Th decay chain 

7060 217At 229Th decay product 

8360 213Po 229Th decay product 

8760 212Po 232Th decay chain 

Table 6.7. 
Thorium spike alpha peak identification 

 
Test 1 Test 2 Test 3 Test 4 Test 5 

      
238U added (Bq) 0.063739 0.064113 0.063668 0.064034 0.063707 
      
238U present in Th fraction 
(Bq) 

0.000797 0.001047 0.001524 0.001377 0.000696 

      
Decontamination factor in 
Th fraction 

80 ± 24 60 ± 16 40 ± 9 45 ± 11 90 ± 28 

Table 6.8. 
238U decontamination in thorium fractions 
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Test 1 Test 2 Test 3 Test 4 Test 5 

      
210Po added (Bq) 14.12 12.98 12.15 11.84 12.98 
      
210Po present in Th fraction (Bq) 0.044 0.16 0.69 0.59 0.45 
      
Decontamination factor in Th 
fraction 

320 ± 120 80 ± 32 17 ± 7 20 ± 7 28 ± 10 

Table 6.9. 
210Po decontamination in thorium fractions 
 

 Plutonium fractions 

Plutonium-239 recoveries were high, achieving an average of 97.5% ± 5.4. Plutonium 

recoveries achieved here are relatively high in comparison to other studies using similar 

separation techniques. Zapata-García and Wershofen (2017) attained recoveries of around 

60% for Pu separation from concrete samples digested using a lithium borate/metaborate 

fusion technique. Wang et al., (2018) utilised a TEVA column to separate and purify Pu from 

a HF digest of concrete achieving Pu recoveries ranging between 56.5 – 92.9% (79.4% 

average). Both Wang et al., (2018) and Zapata-García and Wershofen (2017) utilised 

vacuum boxes to induce higher flow rates, however neither study states the flow rate 

achieved. Limit of detection for 239Pu was calculated using Equation 4.6 and found to be 

0.31 ± 0.10 mBq/g. This is much lower than The IAEA and UK’s BEIS activity concentration 

for solid waste to be classed as radioactive with respect to its 239Pu content (100 mBq) 

(Department for Business, Energy and Industrial Strategy, 2018; International Atomic 

Energy Agency, 2004). Analysis of 239Pu precision yielded percentage deviation from 

expected activities between 3.48% and -2.33%. The accuracies of the 239Pu measurements 

are sufficient, demonstrated by the ζ-scores (between 0.532 and -0.390), showing good 

alignment with expected activities for all five tests.  

Alpha spectra show the presence of 241Am in the Pu fractions. Around 9 Bq of 241Am was 

added to each sample as a contaminant in the mixed gamma standard. Decontamination 

factors of 241Am were calculated. The average decontamination factor of 241Am in the 

plutonium fraction was found to be 2300 ± 720. Americium’s presence in the Pu fraction 

occurs as a result of Am’s incomplete elution from the TEVA resin during the wash and Th 

elution phases. Americium-241’s alpha decay peak energy is 5485 keV, which is significantly 
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far enough away from the Pu peaks detected in these tests. Because of the 

decontamination of 241Am and the distance between the emission energies of the Pu 

isotopes and 241Am, accurate measurement of Pu content in the sample is achieved.  

 

 

Figure 6.11. 
Alpha spectrum of plutonium fraction 
 

 

 Test 1 Test 2 Test 3 Test 4 Test 5 
241Am added (Bq) 9 8.6 8.9 8.5 8.7       

241Am present in 
Pu fraction (Bq) 

0.00397 0.00497 0.00349 0.00379 0.00328 

Decontamination 
factor in Pu 
fraction 

2277 ± 493 1728 ± 341 2546 ± 514 2256 ± 442 2657 ± 575 

Table 6.10. 
241Am decontamination in plutonium fractions 
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 Strontium fractions 

Measurement of 90Sr by Cherenkov counting of the daughter isotope 90Y was completed 

for all the samples. Strontium yields were on average 83.6% ± 1.2. These Sr yields are 

greater than that achieved by Maxwell et al., (2016) who utilised a vacuum box system to 

induce 1-2 mL/min flow rate through a Sr column when separating Sr from a concrete 

digest. Kim et al., (2017) used gravimetric flow through a Sr column to separate 90Sr from 

concrete and soil matrices, achieving average recoveries of 75.7%.  

Fully corrected measured activities yielded accurate results, with ζ-scores ranging from 

0.931 to – 0.774 (Table 6.5), showing good alignment with the expected activities. 

Calculated percentage deviation from the expected activities ranged from 7.14% to -5.57%. 

Limit of detection for the separation technique was 0.055 ± 0.001 Bq/g, significantly lower 

than the 1 Bq/g required for classification as solid bulk waste (Department for Business, 

Energy and Industrial Strategy, 2018; International Atomic Energy Agency, 2004). As the Sr 

fraction is eluted from the Sr-spec column using 0.05 M HNO3, and the load and wash 

solutions used consist of 8 M HNO3, the eluate will consist of a nitric acid solution of a 

concentration of at least 0.05 M. Due to the apparent sensitivity of Cherenkov counting 

with regard to sample quench, a blank sample was produced from a Sr column, treated 

with 20 mL 8 M HNO3 to simulate the load and wash phases (5 mL and 15 mL respectively). 

The column was then treated with 20 mL 0.05 M HNO3 which was collected as a simulated 

eluate. A known activity of 90Sr (in equilibrium with 90Y) was added the eluate simulant and 

counted multiple times. An average quench factor was established and applied to the Sr 

fractions.  

An additional consideration is that of other beta-emitters producing Cherenkov radiation 

within the Sr fraction. As 90Y reaches secular equilibrium with 90Sr after about 19 days, the 

relationship between the two is expressed as: 

 

Equation 6.1. 
Secular equilibrium equation 
Where A2 is the activity of 90Y and A1 is the activity of 90Sr at time 0 
 

𝐴𝐴2 = 𝐴𝐴1(𝑒𝑒−𝜆𝜆2𝑡𝑡) 
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If A2 at time period t is plotted against e-λt, a straight line should result where the gradient 

is equal to the activity of 90Sr at t = 0. If other radionuclides are present, the plot will not 

follow a linear regression. The y-intercept is the 90Y counts at t = 0. Figure 6.12 shows the 

plot for test 1 as a demonstration of the 90Y counts for all Sr fractions counted. The r2 value 

of 0.9966 shows a linear relationship and 314.08 was the 90Sr counts used in the calculation 

of 90Sr activity in Test 1. Additionally, the linear regression extended to the y-intercept 

shows almost 0 counts for t = 0. The variation in the y-intercept value is most likely due to 

a combination of background counts and slight inaccuracies in the recording of the time of 

Sr separation.  

In addition, fully corrected 90Sr measurements aligned closely with the expected activities. 

If the 90Y Cherenkov count were supported by another Cherenkov emitter, fully corrected 

activity measurements for 90Sr would be in excess of the activity added. 

 

 

Figure 6.12. 
90Y ingrowth to secular equilibrium for Test 1 
Representative of all tests conducted  
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 Conclusions 

Research undertaken in this chapter has demonstrated the applicability of an expedited 

separation system to the separation and purification of multiple radionuclides from a single 

sample of concrete digest. The analysis of each eluate fraction shows sufficient separation 

of Pu, Th, U and Sr. Recoveries of the target radionuclides were more than adequate to 

permit accurate measurement comparative to or higher than that of separation systems 

reported using lower flow rates (Kim et al., 2017; Maxwell et al., 2016; Wang et al., 2018; 

Zapata-García and Wershofen, 2017). This also indicates that the Fe hydroxide 

precipitations were sufficient for Sr separation and the calcium oxalate precipitation was 

effective at concentrating the Sr from the iron hydroxide supernatant. Decontamination of 

the fractions were sufficient, however Th fractions may benefit from larger wash volumes 

to increase decontamination of U even further. This may be necessary in high U samples. 

As is seen by the spectra and indicated by work in Chapter 5, higher flow rates did not cause 

premature elution of Th or Pu.  

Fully corrected measurements for all four target radionuclides yielded good accuracy and 

precise results. Limits of detection calculated for all four radionuclides demonstrated that 

the expedited separation system is more than adequate for determining the radioactive 

status of a solid waste packet by IAEA or UK exemption criteria.  

The main advantage of this separation system is one of time saving. The system examined 

in this chapter has proven accuracy and precision in the measurement of 239Pu, 232Th, 238U 

and 90Sr. However, in order to be of benefit, time saving must be demonstrated. 

Gravimetric flow rates through the columns used in this experiment were 0.6 ± 0.14 

mL/min. For a conventional, gravimetric separation system using the same procedure 

described in 6.3.3 the total separation time (not including sample preparation) would be at 

least 2 hours 40 mins. For the expedited separation system, the procedure took 25 minutes. 

This represents a significant time saving in the preparation of samples for measurement. In 

addition, the procedure described did not use significantly larger volumes of reagent in 

order to achieve expedited separation.  

The for the chromatographic separation is a constituent of the overall method described in 

6.3. The time taken for the overall analysis of a single sample is roughly 54 hours with the 

time saved from the expedited separation. This includes time for preparation of sample 
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and analysis. Without the expedited separation the overall time is around 56 hours. This 

represents a time saving for the entire technique of 3.5 %. Although the time saving made 

by the expedited chromatographic separation is small in comparison to the overall method, 

this study has shown the application for expedited separation within analytical methods. 

Use of an automated separator like the ASRS used in this study can also allow for 

simultaneous expedited separations, further reducing times and costs in comparison to 

conventional techniques using gravity flow columns.  

Further research building on this could focus on other bottlenecks in the method. The 

method described in section 6.3 could be expedited, specifically in the cooling times for the 

metaborate fusion, ignition times for the CaC2O4 precipitate and the analysis times. U and 

Th fractions should also be investigated with respect to how the plating step is affected by 

organic compounds present in the eluate. Better understanding of this may aid in the 

further reduction of LODs. Further research into separations from other commonly found 

materials during nuclear decommissioning such as stainless steel, Inconel and aluminium 

would also be required.  
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Chapter 7 Conclusions and future work 

The research presented in this thesis builds upon previous work produced within the 

department on the topic of expediting nuclear decommissioning processes. The use of an 

automated separation system has many benefits over gravimetric flow systems and other 

forced flow systems. However, due to the componentry involved, they are often a more 

expensive option. Use of these systems in emergency situations has been reported, but it 

is proposed that use of the systems more regularly can help to offset the costs associated 

with initial purchase. One such regular application would be the separation of radionuclides 

from nuclear waste materials during decommissioning, in order for the development of 

scaling factors. This study has examined the behaviour of separation systems at the flow 

rates a commercially available automated separation system is capable of.  

Strontium separation using Sr resin was found to be highly effective due to the fast uptake 

kinetics of the resin. The crown ether active site was highly selective and strontium 

fractions produced had high decontamination factors for commonly found contaminants. 

Separation and purification of Sr from an acid digest of concrete yielded good results with 

limits of detection well below the activity concentration required for classification of bulk 

waste according to the IAEA and UK government. Measurement of 90Sr using strontium 

yield tracer (85Sr) yielded accurate and precise results. The time saving using the expedited 

technique was around 1 hour 20 minutes (from 1 hour 34 minutes to under 15 minutes). 

Analysis of Sr isotopic fractionation completed in this thesis has shown that over the 

flowrates tested there is no notable trend in the fractionation of strontium isotopes. 

Study into the expedited separation of selected actinides (239Pu, 238U and 232Th) analysed 

their behaviour on three different chromatographic materials. Here, two methods of active 

site bonding to the polymer could be compared using anion exchange resin and TEVA resin. 

This was enabled due to the similarities in their active sites (both quaternary amines). The 

uptake kinetics of TEVA resin were far superior to that of anion exchange resin. It was 

posited that the difference in uptake was because the active site molecules of the TEVA 

resin are able to move more freely in comparison to those of anion exchange resin. Uptake 

kinetics of actinides on UTEVA are similarly fast. Analysis of the isocratic elution of Th and 

U from anion exchange resin allowed for further discussion of the relationship between 

sorption of species to the chromatographic material and uptake kinetics. An effective 
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system for the separation and purification of these three actinides would most effectively 

be done using TEVA and UTEVA columns in series.  

From the work on Sr and actinide separations a rapid sample preparation technique was 

devised utilising a borate fusion on a non-active concrete sample. Separation of U, Pu, Th 

and Sr from the same sample was completed and repeat experiments conducted to assess 

precision. The matrix solution produced simulated that of a concrete sample being 

completely opened out and total dissolution of refractory radionuclide compounds to 

which target radionuclides and their tracers were added. The entire separation system was 

assessed and purified radionuclide fractions were produced. Analysis of the fractions was 

performed by alpha spectrometry for the actinide fractions and gamma and Cherenkov 

counting for the strontium fractions. The data attained shows adequate yields for all target 

radionuclides, and accurate and precise fully corrected measurements for all fractions. The 

LODs calculated from the multi-separation technique were more than adequate for 

assessment of bulk concrete for classification by IAEA guidelines. By use of an expedited 

separation system the time taken for the separation of multiple elements from a single 

concrete matrix sample was reduced from 2 hours 40 minutes to 25 minutes, a time saving 

of 2 hours and 15 minutes. 

These multi-separation experiments showed some inefficiencies in the plating of U and, to 

some extent, Th from the purified fractions produced by the chromatographic separations. 

Study into the issues seen may further improve LODs for these fractions as the chemical 

yield would be increased.  

The time saving facilitated by automated systems has a knock-on effect on subsequent 

procedures. Expedited separation can allow for faster report times and larger sample 

throughput of a laboratory. For laboratory managers this may be an attractive prospect. 

The versatility of automated systems allows for use in a wide variety of research contexts. 

In regards to the nuclear waste characterisation, an automated radionuclide separator can 

be integrated into a completely automated sample preparation system. This has the 

additional benefit of reducing operator exposure when working with high activities.  Figure 

7.1 shows a schematic for general sample analysis, from sampling to disposal. For a fully 

shielded method, remote handling techniques (which are commonly used on nuclear sites) 

are required. These allow for operators to control equipment from a safe area. Robotic 
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remote handling equipment has been shown to be very useful in decommissioning 

activities and can withstand high radiation fields (Borchardt et al., 2011; Zhang et al., 2020). 

Remote handling would be required to collect and move the sample between each stage 

in the analysis method. Sample pre-treatment methods include cutting or crushing or 

ignition of sample before digestion of the solid. Methods currently used for sample pre-

treatment such as these are automated currently. For example, furnaces used for sample 

ignition currently have the ability to be heated to a defined temperature for a set period 

before cooling. It is also common for these heating and cooling rates to be controlled as 

well. Preparative chemistry is more difficult to automate as the actions for preparation of 

samples is often extremely specific and can vary widely, dependent on the material being 

analysed. This represents the biggest gap in the automation of the entire process and could 

benefit from additional research.  

 

 

Figure 7.1 Sample analysis schematic 
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As mentioned in section 2.4, online techniques have been developed, transferring sample 

straight to measurement technique. If a hyphenated system were to be employed, remote 

handling would be required to transfer sample between the automated chromatographic 

separator and the measurement. Remote handling would also be required for transfer of 

sample post-measurement to the desired disposal pathway. 

General use of the Automated Sequential Radionuclide Separator (ASRS) (Hanjin Eni Co., 

LTD., Daejeon, Republic of Korea) was relatively simple, given the clear and concise design 

of the LabVIEW program used to control the device. The changing of the chromatographic 

columns was also simple as they had screw connectors at the top and bottom. The glass 

columns available were sturdy and made column packing easy. However, throughout the 

research some issues with the hardware did occur and these should be considered when 

designing systems to be used for chromatographic separations. A small number of the 

plastic componentry which had direct contact with the reagents were not made of PTFE, 

which lead to them being rapidly degraded. These were then replaced with PTFE 

equivalents. Additionally, ASRS seemed to produce different flow rates when in analysis 

mode compared to when in calibration mode. This was negated by measuring the mass of 

each fraction and calculating the flowrate produced gravimetrically. Another factor 

affecting the performance of the ASRS was the degradation of the tubing used in the 

peristaltic pumps. This is more difficult to avoid given the material requirements for the 

tubing and can be combatted by regular flow rate calibration and replacement of the tubing 

during routine maintenance.  

For use in automated radionuclide analysis in shielded systems, an autosampler would be 

a better solution than the sample reagent bottle setup as it would eliminate the dead 

volume of the system. This would also help the flowrate disparity between analysis and 

calibration modes as the tubing diameter from the reagent bottles used in calibration mode 

was different to the tubing diameter from the sample bottles.  

Study of nuclide behaviour on chromatographic materials at increased flowrates can have 

a theoretical basis in the concepts discussed here, especially with regards to the nature of 

active site bonding and uptake kinetics. These can provide the basis of future research into 

expedited separation systems and can aid in the selection of the most appropriate material.  
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Future research should focus on other radionuclides important for the decommissioning of 

nuclear facilities. Activation products such as 63Ni, 59Ni, 55Fe, and 41Ca, fission products such 

as 99Tc, 94Nb and 129I and high mass neutron capture products such as 241Am, 243Cm and 
237Np are some of the nuclides of key interest (Hou, 2007). Materials for the separation and 

purification are available for many of these radionuclides, for example DGA resin is 

commonly used for Am separation and purification, Ni resin can separate Ni from other 

fission products and TK201 resin can be used to separate Tc in low acidic conditions 

(Triskem International, 2021a). The resins described have similar active site bonding 

methods to the polymer support than that of TEVA, UTEVA and Sr resins. However, the 

separation mechanisms differ depending on the nature of the active site used. Ni resin in 

particular works by on-column precipitation of Ni with the dimethylglyoxime at pH 8-9 

(Triskem International, 2022). 

A new resin produced by Triskem International called TK221 has active sites similar to that 

of both TRU and DGA resins (Vajda, 2021). It has a mixture of diglocylamide (DGA) and a 

phosphine oxide (similar to TRU active site). This resolves the partial adsorption of Am on 

TRU and of U on DGA in HNO3, as the diglocylamide is able to strongly retain AM and the 

TRU active site is able to strongly retain U from the same solution (Vajda, 2021). Further to 

this a wide range of lanthanides can be retained as well as Y and Sc. The technical 

documentation outlines a simple two column separation system for the separation and 

isolation of Pu, Th, U and Am from a single sample using stacked columns of TEVA above 

TK221 (Triskem International, 2021b). Investigation of how this system performs in 

comparison to the separation procedure detailed in Chapter 6 would be of interest.  
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Appendix A Determination of counting uncertainty 

Single measurement uncertainties for radiometric analysis were calculated using the 
following equations 

𝜎𝜎𝑐𝑐 = √𝐶𝐶 

Where C is the counts detected 

Combining uncertainties 

𝜎𝜎(𝐴𝐴+𝐵𝐵) = �𝜎𝜎𝜎𝜎2 + 𝜎𝜎𝜎𝜎2 

𝜎𝜎(𝐴𝐴−𝐵𝐵) = �𝜎𝜎𝜎𝜎2 + 𝜎𝜎𝜎𝜎2 

𝜎𝜎(𝐴𝐴𝐴𝐴) = 𝐴𝐴𝐴𝐴 × ��
𝜎𝜎𝜎𝜎
𝐴𝐴
�
2

+ �
𝜎𝜎𝜎𝜎
𝐵𝐵
�
2
 

𝜎𝜎(𝐴𝐴/𝐵𝐵) = �
𝐴𝐴
𝐵𝐵
� × ��

𝜎𝜎𝜎𝜎
𝐴𝐴
�
2

+ �
𝜎𝜎𝜎𝜎
𝐵𝐵
�
2
 

Quoted uncertainties were ± 2σ in order to have 95% coverage 

ICP-MS uncertainties were calculated from the standard deviation of repeat measurements 
of the same sample. Subsequent combination of uncertainties with uncertainties from 
calibration and internal standard measurement used the above equations. 
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Appendix B Zeta-score calculation 

From Analytical Methods Committee (2016): 

𝜁𝜁 =
𝑥𝑥𝑚𝑚 − 𝑥𝑥𝑒𝑒

�𝜎𝜎𝑚𝑚    2 + 𝜎𝜎𝑒𝑒   2
 

 

Where xm is the measured value, xe is the expected value (activity added) σm is the 
uncertainty on the measured value and σe is the uncertainty on the expected value.
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Appendix C ASRS configuration and control 

 

Appendix Figure 1 Diagram of the ASRS  
Showing the columns from Module 1 having connections to the flow selection valves at the top of 
the columns in Module 2. This allows for in-series separations using 2 different chromatographic 
materials. Each module has its own bank of sample vials and reagent bottles for single column set-
up. In single column set-up 8 samples can simultaneously be separated.  
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Appendix Figure 2 LabVIEW™ control panel in analysis mode 
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