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Scientific research and analysis underpin everything the Environment Agency does. It
helps us to understand and manage the environment effectively. Our own experts work
with leading scientific organisations, universities, and other parts of the Defra group to
bring the best knowledge to bear on the environmental problems that we face now and in
the future. Our scientific work is published as summaries and reports, freely available to
all.

This report is the result of research commissioned by the Environment Agency’s Chief
Scientist’s Group.

You can find out more about our current science programmes at
https://www.gov.uk/government/organisations/environment-agency/about/research

If you have any comments or questions about this report or the Environment Agency’s
other scientific work, please contact research@environment-agency.gov.uk.

Dr Robert Bradburne
Chief Scientist
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Foreword

This project has been undertaken for the Environment Agency by McQuillan
Environmental, working under the Defra Chemical, Biological, Radiological and Nuclear
(CBRN) Framework Contract. The laboratory experiments discussed are intended to better
understand the fundamental behaviour of radionuclides in wastewater environments. The
experiments are not intended to probe the consequences of a specific radionuclide
discharge event (permitted or emergency). The selection of samples from and around a
specific wastewater treatment works in Northern Ireland is not a statement of concern by
any of the environmental regulatory bodies in the UK, or the project contributors.

This project is the final of three pieces of research recently commissioned by the
Environment Agency to investigate the solid: solution partitioning behaviour of lutetium-
177 ("""Lu) in wastewater environments. The first project was a scientific literature review
of the environmental behaviour of 10 priority radionuclides to obtain up-to-date transfer
parameter values. These data are crucial for the Environment Agency’s Initial Radiological
Assessment Tool (version 2) (IRATZ2). The literature review revealed significant knowledge
gaps in the behaviour of '"7Lu, a novel medical use radionuclide, in wastewater systems.
To address this issue, the Environment Agency commissioned a field study to directly
measure '’Lu activity concentrations in wastewater environments (after a permitted
discharge of medical waste) and to derive new transfer parameter values for this
radionuclide. Owing to the complexity of the studied wastewater environment, the resulting
monitoring data were difficult to fully interpret. The literature review and field study are
being published as standalone reports at the same time as this laboratory study report.
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Executive summary

This project is the final of three pieces of research commissioned by the Environment
Agency to investigate the solid: solution partitioning behaviour of lutetium-177 ("""Lu) in
wastewater environments. The Environment Agency needs to evaluate and understand
radiation doses to people and wildlife resulting from proposed discharges of radioactive
waste to the environment. This includes medical discharges of liquid radioactive waste to
sewers. A key component of the Environment Agency’s approach to radiological dose
assessments is knowledge of the likely partitioning of radionuclides between different
environmental media following a discharge of radioactive waste into the environment.

The first project is a scientific literature review of the environmental behaviour of 10 priority
radionuclides to obtain up-to-date environmental transfer parameter values. These values
are crucial for the Environment Agency’s Initial Radiological Assessment Tool (version 2)
(IRAT2). The literature review revealed significant knowledge gaps in the behaviour of
77Lu, a novel medical use radionuclide, in wastewater systems. To address this issue, the
Environment Agency commissioned a field monitoring study to directly measure 77Lu
activity concentrations in the environment (after a permitted medical waste discharge) and
to derive new transfer parameter values for this radionuclide. Owing to the complexity of
the studied wastewater environment, the monitoring data were difficult to fully interpret.

This final project describes laboratory experiments undertaken to better understand the
behaviour of '77Lu and radioiodine in wastewater environments. Multiple radioiodine
isotopes are commonly used in nuclear medicine, such as iodine-123, iodine-124, iodine-
125, and iodine-131 ("3'1). As a result, radioiodine is often discharged to the sewer network
in medical waste streams. The Environment Agency investigated the partitioning
behaviour of 13"l in wastewater systems ~20-25 years ago and it is considered timely to
reexamine the fate and transport of radioiodine in these environments (Titley et al., 2000;
Punt et al., 2007). Laboratory rigs have been established to simulate low flow (stagnant)
water conditions in wastewater systems, in a controlled setting. These rigs contained
either a polyvinyl chloride (PVC) sewer pipe, concrete tank (used for storing wastewater),
or river sediment. The partitioning of stable isotopes of Lu and | between these solids and
the wastewater was evaluated by measuring their changing solution concentrations over
one month with inductively coupled plasma-mass spectrometry. The behaviour of ionic
and organically complexed forms of both Lu and | were characterised so that the influence
of the radionuclide chemical form on partitioning processes could be examined.

Under conditions that mimic a wastewater treatment works (WWTW), Lu initially remained
in the dissolved phase of the wastewater. After 1-2 weeks, ~80% of the Lu then partitioned
to the particulate phase, most likely due to its association with the suspended solids in
solution. Lutetium showed no binding affinity for the PVC or concrete materials during the
one-month partitioning experiments. For the laboratory rig that contained river sediment, a
similar partitioning to the particulate phase of the wastewater was observed in the first
week. Lutetium adsorption onto the river sediment commenced thereafter, with an
equilibrium uptake of ~90% of the initial Lu solution concentration reached after 2 weeks.
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Overall, these project findings are consistent with the Environment Agency’s field
monitoring study. Here, Lu showed a strong tendency to remain in the wastewater, with a
minor fraction associated with the sediment after 3-7 days. Of note, the monitoring
timescales were typically shorter than the time required for Lu adsorption to river sediment
to occur, as indicated by this laboratory project. Slow Lu adsorption kinetics imply that a
significant fraction (but not all) of the radioactivity will undergo radioactive decay ('"Lu
half-life ~7 days) before partitioning to sediment occurs. Hence, the Lu partitioning
processes recorded in this study may not be the most important factor for environmental
radiological assessments, at least in the short term and under similar conditions. Further,
the chemical form of Lu had no effect on its partitioning behaviour in these laboratory
experiments. lonic and organically complexed forms of Lu yielded almost identical solution
profiles in all laboratory rigs tested. This may be due to the dissociation of the Lu-organic
complex in the wastewater.

The iodine (1) partitioning experiments were compromised by the release of intrinsic
sources of | from the PVC, concrete, and sediment into the wastewater. This uncontrolled
leaching phenomenon made it impossible to quantitatively assess any partitioning of the
added | contaminants to the solid phases. However, differences in the solution profiles for
the ionic and organic forms of | indicate that radioiodine partitioning behaviour is affected
by the radionuclide chemical form. This finding was clearest for the laboratory rig that
contained river sediment. Here, 3-iodobenzylamine hydrochloride (an organoiodine salt
that has a similar chemical structure to meta-iodobenzylguanidine, a common
radiopharmaceutical) appeared to accumulate onto the sediment to a greater extent than
sodium iodide. This difference may be attributed to the negatively charged surfaces on the
sediment surface which strongly attract cations, like the organoiodine salt, but repel anions
such as iodide. Accordingly, the fate of different radioiodine compounds could diverge in a
freshwater environment, depending on their chemical forms. The dominant | chemical from
in the river system may be influenced by both the identity of the radiopharmaceutical and
any chemical transformations that occur as | passes through a WWTW.

lodine chemical speciation effects were less evident for the laboratory rigs that contained
PVC or concrete. For PVC, a slightly lower | equilibrium solution concentration was
recorded in the iodide system than the organoiodine system. This may indicate an
increased uptake of iodide, potentially through the replacement of chlorine atoms in the
PVC material. Such a substitution would likely be sterically hindered for a large
organoiodine molecule (unlike the relatively small iodide anion). Almost identical | solution
profiles were recorded for the iodide and organoiodine compounds in the laboratory rigs
that contained concrete. For this reason, it was unclear if any of the added | contaminants
adsorbed to the concrete. Further research may be desirable to determine the extent of
radioiodine retention on the inner surfaces of wastewater collection (PVC) and storage
(concrete) infrastructure after a hospital waste discharge containing this radionuclide.
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1 Introduction

1.1 Background

The Environment Agency has a statutory responsibility under the Environmental Permitting
(England and Wales) Regulations 2016 (EPR 2016) to ensure that radiation doses to the
public from permitted disposals of radioactivity do not exceed specified limits. Moreover,
the Environment Agency ensures that permitted discharges do not have adverse effects
on wildlife. For hospitals, universities, and other non-nuclear licensed sites, the primary
disposal route for liquid radioactive waste is discharge to sewers. Radiological discharges
to sewer and the subsequent treatment of sewage mean that radioactivity in wastewater
will be redirected into two main waste streams. These are: (i) treated sewage effluent
discharged to surface waters, and (ii) processed sewage sludge that may be spread onto
land, incinerated for energy recovery, or disposed of to landfill. As part of the permit
authorisation process, the Environment Agency assesses the potential radiological
exposure to critical groups (e.g., sewage treatment workers, members of the people, and
wildlife) that could arise following (i) the discharge of treated effluent to receiving waters
and (ii) the management of wastewater and sewage sludge at WWTWs.

The Environment Agency has developed the ‘Initial Radiological Assessment Tool (version
2) (IRAT2) to estimate the doses to a range of representative persons and wildlife from
proposed discharges of radioactive waste to the environment, including sewer systems
(Environment Agency, 2022). IRATZ2 is a methodology and spreadsheet-based modelling
tool that is used for simple and cautious prospective radiological dose assessments. The
calculations that underpin IRAT2 use transfer parameters that quantitatively describe the
dispersion and distribution of radionuclides in the environment. The Environment Agency
has recently undertaken a review of the published scientific literature to obtain up-to-date
transfer parameter values for 10 different radionuclides where their importance in
environmental radiological assessment is novel and/or increasing (Mobbs et al., 2026).

Lutetium-177 ("""Lu) plays an essential role in novel radiotherapy treatments for prostate
cancer and is becoming a regular component of the medical radioactive waste that is
discharged to sewers (George and Samuel, 2023). The Environment Agency’s literature
review of transfer parameter values revealed that little is known about the behaviour of
77Lu after its release into the environment (Mobbs et al., 2026). To address this
knowledge gap, the Environment Agency recently measured '"“Lu activity concentrations
in field samples from a wastewater system after a permitted radioactive waste discharge
from a nearby hospital (Copplestone et al., 2026). Monitoring and sampling were
performed at a wastewater treatment works (WWTW) that received permitted discharges
of "7Lu from a hospital and a river that received treated liquid wastewater from the same
WWTW. The field sampling study indicated that '"’Lu behaves differently to other
lanthanide elements, exhibiting a greater tendency to remain in the aqueous phase rather
than partition to solids such as river sediment and/or sewage sludge. However, the
monitoring data were multi-faceted and challenging to analyse to determine the
fundamental behaviour of '"7Lu in wastewater environments. The major chemical form(s)
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of 77Lu in wastewater systems over time, and the implications of the different forms for its
fate and transport, were identified as an important uncertainty to address.

lodine-131 (*3') and other radioiodine isotopes have been used to diagnose and treat
thyroid conditions for several decades (Ferris et al., 2021; Fakih et al., 2025). Accordingly,
radioiodine is a regular component of the medical radioactive waste that is discharged to
sewers. Multiple investigations have characterised radioiodine partitioning behaviour in
wastewater systems, generating data at various sections of a WWTW (Punt et al., 2007a;
2007b, McGowan et al., 2014). These studies suggest that stages of the wastewater
treatment process affect radionuclide partitioning between solid and liquid phases. This
conclusion is in broad agreement with the findings of the recent '7’Lu monitoring study.
However, the lack of direct comparisons between the behaviour of different chemical
forms of '3l in sewer systems is potentially a key issue for environmental radiological
assessments. An investigation reported major variations in the fate and transport of ionic
and organically complexed forms of '3l in a wastewater treatment works in Michigan, USA
(Fenner and Martin, 1997). Chemical speciation effects may be a contributing factor to the
wide range of radioiodine transfer partitioning values in the published literature, and this
possibility justifies further research (Ham et al., 2003).

Some of the radionuclide-sewer investigations in the literature reported small ‘losses’ in
the studied systems. This corresponds to a non-negligible difference between the amount
of radioactivity discharged to the sewer and the total amount of radioactivity measured in
the wastewater and sewage sludge (after accounting for losses due to radioactive decay).
This discrepancy may introduce meaningful uncertainties into some dose assessments
and suggests that another radionuclide partitioning route is available in a WWTW. There is
evidence that radionuclides, under certain conditions, can adsorb onto the inner surfaces
of wastewater collection and treatment infrastructure (US EPA, 2023). Such radionuclide
accumulation phenomena may account for the radioactivity ‘losses’ recorded in previous
sewer studies, although this has not been demonstrated. Greater knowledge of the
partitioning behaviour of radionuclides in wastewater environments, and the importance of
chemical factors, such as the radionuclide chemical form, is desirable.

This report describes a series of laboratory experiments performed to better understand
the uptake of 3!l and ""’Lu onto three surface types found in wastewater environments.
The three surface types were: (i) polyvinyl chloride (PVC) sewer pipes, (ii) concrete tanks
that store wastewater in a WWTW, and (iii) river sediment that could come into contact
with WWTW discharged effluent. Laboratory rigs were used to mimic documented
conditions in these wastewater systems. Partitioning experiments were conducted using
ionic and organic compounds of both | and Lu to assess the influence of the radionuclide
chemical form on their distribution between solid and solution phases. Furthermore,
radioiodine has been implicated in radiation incident scenarios and may be transferred to
wastewater systems after an uncontrolled release of radioactivity into the environment
(Strand et al., 1988). Accordingly, the evidence generated in this project offers important
insights into the behaviour of radionuclides in wastewater environments after both
authorised and unauthorised (i.e., emergency) discharges.
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1.2 Project aims

The purpose of this project is to conduct laboratory experiments to better understand the
solid: solution partitioning behaviour of "7Lu and '3'l in wastewater environments. The
specific aims of this project are:

Establish laboratory rigs that simulate a typical WWTW in the UK and a river that
receives treated effluent from a WWTW (during periods of low water flow rates).

Measure the uptake of '7Lu and '3'l onto PVC sewer pipes from wastewater.

Measure the uptake of '7’Lu and 3!l onto concrete tanks (in a WWTW) from
wastewater.

Measure the uptake of '"7Lu and '3'l uptake onto river sediment from wastewater.

Determine the influence of the radionuclide chemical form on the partitioning
properties of "77Lu and 37l in wastewater environments.

Contextualise this project by comparing its findings with previous studies, including
(but not limited to) the Environment Agency’s recent '"“Lu field monitoring
investigation.
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2 Methodology

2.1 Materials

Wastewater and sediment were both sourced from a section of the River Lagan which
receives treated effluent from one WWTW in Northern Ireland (i.e., the point of effluent
discharge from the WWTW into the river). This type of wastewater has a physical
consistency that makes it more amenable to Lu and | solution analysis than untreated
wastewater (see Section 2.4 for further details on the analytical procedure used). For that
reason, treated wastewater that had been discharged into the River Lagan was used
exclusively as the solution matrix in this project. In general, a WWTW also processes
untreated wastewater that typically contains relatively high levels of suspended solids and
bacterium. The implications of different wastewater characteristics on Lu and | solid:
solution partitioning processes are discussed in Section 4.

Concrete and PVC materials were obtained from the same WWTW in Northern Ireland for
use in the partitioning experiments (see Section 2.4 for further details). These materials
were in active use at the WWTW for several years prior to the experiments and are
therefore considered representative of aged WWTW infrastructure. In general, sewer
pipes are typically made of either PVC or vitrified clay, depending on the age of the sewer
system (Makris et al., 2020; Kuliczkowska et al., 2022). PVC is one of the primary
construction materials used in modern residential sewers and is widely used in UK building
drainage systems, including those in hospitals (DoH, 2016; Mohammed et al., 2025).
Consequently, medical radionuclides excreted by patients (before and after discharge to
their homes) may be transported through PVC pipes to the receiving WWTW. For these
reasons, PVC was selected as the piping material for the laboratory experiments
conducted in this project.

2.2 Wastewater characterisation

The physical, chemical, and biological properties of the wastewater were determined using
a variety of analytical methods. These measurements were undertaken to help rationalise
the Lu and | partitioning results that were the focus of the research (see Sections 3.3, 3.4,
and 4 for further details). The analytical procedures used are described below.

2.2.1 Electrical conductivity

The electrical conductivity of the wastewater was measured with an electrical conductivity
meter Orion Versa Star. The measurement range was 10.0-50,000 uS cm™'. Wastewater
samples were analysed within 3 days of collection. Samples were stored in 250 mL plastic
bottles at 4 + 3 °C prior to analysis. The conductivity of a sample provides key insights into
the identity and total concentration of dissolved ions in the wastewater, complementing the
other types of solution analysis conducted (see below).
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2.2.2 Total suspended solids

The concentration of total suspended solids in the wastewater was determined using a
gravimetric method. Here, 25-100 mL aliquots of wastewater were filtered through a glass-
fibre filter with a vacuum pump. The filter was then dried at 105 + 5 °C and the mass of the
resulting residue retained on the filter was determined by simple weighing. For a 100ml
sample volume, each 1 mg L' of suspended solid matter corresponds to a change in mass
of 0.1 mg on the filter paper. Wastewater samples were analysed within 3 days of
collection. Samples were stored in 250 mL plastic bottles at 4 + 3 °C prior to analysis.

2.2.3 Ammonia levels

The ammonia (NHs) concentration in the wastewater was determined using a modified
version of the Berthelot reaction. Here, 0.1 M salicylate (a substituted phenol) and 0.1 M
dichloroisocyanurate (acting as a source of hypochlorite ions) solutions were added to the
wastewater, reacting with NHs to form indophenol blue. Sodium nitroprusside was used as
a catalyst. The concentration of the indophenol blue product (and by extension the initial
concentration of NH3) was measured with a Gallery Plus Analyser Thermo at the 660 nm
wavelength position.

2.2.4 Solution pH

The solution pH of the wastewater was determined electrometrically using an Orion Versa
Star meter with pH glass electrode in combination with a reference electrode. This method
entailed a potentiometric determination of the total hydrogen cation concentration (i.e.,
pH). The range of this method is 1.00-14.00 units on the pH scale. Wastewater samples
were analysed within 3 days of collection. Samples were stored in 250 mL plastic bottles
at4 £ 3 °C prior to analysis.

2.2.5 Biochemical Oxygen Deman (BOD)

The Biological Oxygen Demand (BOD) of the wastewater was measured by employing an
electrochemical probe method. 100 mL of wastewater was diluted by sequentially adding
10 mL aliquots of test water. These aliquots of test water were rich in dissolved oxygen (O)
and contained a seed of microorganisms. The resulting mixture was incubated at 20 + 1

°C for 5 days in a light-tight plastic bottle. 1.0 g of Allylthiourea was added to the mixture to
suppress nitrification reactions during the incubation period. Of note, the dissolved O
concentration was determined before and after incubation using a WTW Dissolved
Oxygen Meter Oxi7310 with ATC. The O mass consumed per unit volume of wastewater
sample was then calculated. Wastewater samples were analysed within 2 days of
collection to maintain stability. Samples were stored in 500 mL polyethylene bottles with
the bottle filled (no headspace) at 4 + 3 °C prior to analysis. A Dissolved Oxygen Probe
was used which consisted of a membrane-covered, Clark-type polarographic sensor with a
built-in thermistor for temperature measurement and compensation.
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2.2.6 Elemental composition

The elemental composition of the wastewater was determined by inductively coupled
plasma-mass spectrometry (ICP-MS). 10 mL of the wastewater was acidified in 60 mL of
1% HNOs3 for a minimum of 16 hours. Following acidification, 10 mL of the resulting
solution was removed and transferred to a 1.25 mL solution of 67% HNO3 (1 mL) and 30%
H202 (0.25 mL) so to digest sample solids. Elemental concentrations were measured
using and ICP-MS iCAPQ Thermo and measurements were performed in triplicate.

2.2.7 Bacterial species identification and analysis

The following procedure was used for measuring Escherichia coli (E. coli), total coliforms,
and faecal coliform colonies in the wastewater. Here, 500 mL of wastewater was filtered
through a 0.45 pm polytetrafluoroethylene (PFTE) membrane filter, entrapping bacteria.
The filter was then placed on plates containing the selective growth medium Membrane-
Lactose Glucuronide Agar (MLGA), which contained lactose, phenol red as an indicator of
acidity, and the chromogenic substrate 5-bromo4-chloro-3-indolyl-B-D-glucuronide (BCIG)
to indicate the production of B-glucuronidase. For total coliform and E. coli analysis, plates
were incubated at 30 °C for 4 hours and then at 37 °C for 14 hours. Colonies characteristic
of coliforms and E. coli were counted and picked off for confirmation. For faecal coliform
analysis, plates were incubated at 30 °C for 4 hours and then at 44 °C for 14 hours.
Colonies that were characteristic of faecal coliforms were counted and picked off (isolated)
for confirmation. Isolated coliform colonies were identified by protein profiling using a
Bruker autoflex® maX Matrix-Assisted Laser Desorption/lonisation-Time of Flight Mass
Spectrometry (MALDI-TOF MS) system. Prior to analysis, microbiological samples were
immediately transferred to dark storage between 2—8 °C. Samples were analysed on the
day of collection and data are given as colony forming units (cfu) per 100 mL of sample.

A similar procedure was used for measuring enterococci coliform colonies in the
wastewater. 500 mL of wastewater was filtered through a 0.45 ym PFTE membrane filter,
entrapping bacteria. The membrane filter was then placed on a selective growth medium
containing triphenyltetrazolium chloride and incubated at 37 °C for 48 hours. Thereafter,
characteristic colonies were counted and picked off (isolated) for confirmation using the
MALDI-TOF MS method described above. Microbiological samples were stored in the dark
at 2-8 °C prior to analysis. Samples were analysed on the day of collection and biological
data are expressed in cfu per 100 mL of sample.

2.3 Solid materials characterisation

Analogous to the wastewater characterisation, solid material composition data was
obtained to aid interpretation of the Lu and | partitioning results. The procedure used to
characterise the composition of the 3 solid material samples was almost identical to the
procedure described in Section 2.2.6. Specifically, 0.1 g of either concrete, PVC, or river
sediment was crushed into a powder and acidified in 60 mL of 1% HNOz3 for at least 16
hours. Thereafter, 10 mL of the resulting solution was removed and transferred to a 1.25
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mL solution of 67% HNO3s (1 mL) and 30% H202(0.25 mL) in order to digest solids in the
sample. Elemental concentrations were measured using and ICP-MS iCAPQ Thermo and
measurements were performed in triplicate.

2.4 Lutetium and iodine partitioning studies

A series of laboratory experiments (rigs) were established to assess Lu and | solid: liquid
partitioning behaviour in wastewater systems. Here, the changing Lu and | solution
concentrations over time were measured to infer how much of the 2 contaminants had
accumulated to each of the 3 different solid surfaces investigated.

Concrete, PVC, and river sediment coupons with dimensions of 20 x 20 x 10 mm (I x w x
h) were washed with ethanol and dried in air before the partitioning experiments. The
coupons were then exposed to 540 mL of wastewater in air-tight high density polythene
bottles for 56 days. This initial conditioning was undertaken to allow surface films to form
on the coupon surfaces, representative of actual wastewater systems (US EPA, 2023).
Thereafter, 50 ug L' of stable isotopes of Lu and | were added to the wastewater to
replicate a sewer network and WWTW that has received '"’Lu and '3l bearing influent. It
should be noted that medical radionuclide concentrations in wastewater systems are
several orders of magnitude lower than the 50 pug L' value used in this study. However,
this Lu and | starting concentration was selected to ensure consistency with previous
radionuclide-wastewater system contamination studies and to simplify analysis (Punt et al,
2007b; US EPA, 2023). The wastewater was stagnant (i.e., not stirred or otherwise
agitated) in all laboratory rigs to simulate low water flow conditions in wastewater systems.
For each laboratory rig, the partitioning behaviours of ionic and organically complexed
chemical forms of | and Lu were assessed. These forms were:

e 3-iodobenzylamine hydrochloride (ICsH4CH2NH: - HCI): an analogue for meta-
iodobenzylguanidine (MIBG), a radioactive substance that is used in established
radiotherapy treatments (Samim et al., 2024; Chang et al., 2024).

e Sodium iodide (Nal): the non-radioactive form of Na'3'l, a radioactive substance
that is used in established radiotherapy treatments (Fenner and Martin, 1997).

e Lutetium-ethylenediaminetetraacetic acid (EDTA) complex ([Lu(EDTA)] (aq)):
an analogue for the '"’Lu-dodecane tetraacetic acid (DOTA) complex
(["""Lu(DOTA)I(aq)). Chelate complexes based on '"Lu and DOTA (or DOTA
derivatives such as DOTATATE) are increasingly being used in novel radiotherapy
treatments (Das et al., 2019).

e Lutetium nitrate (Lu(NOs)3): a source of dissolved Lu®* ions in the wastewater.
The dissolution of simple Lu salts such as Lu(NO3)3 occurs rapidly in aqueous
solution, forming [Lu(H20)x]**, where x = 8 or 9 (Kaltsoyannis and Scott, 1999).

[Lu(H20)x]3* complexes are not currently used in radiotherapy treatments. However, it has
been speculated that ['""’Lu(DOTA)]- (and similar) chelate complexes exhibit markedly
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different solid: solution partitioning properties to those of the [Lu(H20)x]** complexes that
are more commonly encountered in natural waters (Copplestone et al., 2026). To examine
this possibility, it is necessary to study the partitioning behaviour of Lu3*ions when bound
to water (only) and chelating agents, under identical experimental conditions.

High purity chemicals were used to prepare these contaminant bearing materials. The Lu-
EDTA chelating complex was prepared by mixing aqueous solutions of Lu(NOs)s with
tetrasodium-EDTA (C10H12N2NasQOs), in a 1:1 molar ratio. This is in accordance with the
methodology of a previous study into the interactions between Lu and chelating ligands
(Asano et al., 1965). Lutetium and | partitioning to the solids was measured by removing
20 mL aliquots of solution from the laboratory rigs at 8 fixed time intervals: 0.17, 1, 6, 24,
168, 336, 504, and 672 hours. Thereafter, total Lu and | solution concentrations in the
aliquots were analysed using the ICP-MS method described in Section 2.2.6. Dissolved Lu
and | concentrations were also analysed by filtering aliquots through a 0.45 uym PFTE
membrane filter, to remove particulate Lu and I, prior to ICP-MS analysis. Each partitioning
experiment was performed in triplicate, and the average Lu and | values are provided.
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3 Results

3.1 Wastewater analysis

Analysis of the wastewater showed that the solution contained ammonia, suspended
solids, and various bacteria colonies. This information is summarised in the following table.

Table 1: Key properties of the wastewater used in this project. Values are given to 3
significant figures.

Wastewater property Measured result

Solution pH 7.03

NHs concentration 39.6 mg L
Suspended solid concentration 404 mg L™’

Biological Oxygen Demand 278 mg L'

E. coli coliform counts >2.42 x 10° cfu/100 mL
Faecal coliform counts 5.10 x 106 cfu/100 mL
Enterococci coliform counts 1.80 x 108 cfu/100 mL
Total coliform counts >2.42 x 108 cfu/100 mL
Electrical conductivity 855 uS cm™’

These substances have been shown to affect the solid: solution partitioning behaviour of
radionuclides, often in wastewater systems (Kamei-Ishikawa et al., 2016; Emerson et al.,
2017; Barton et al., 2023). The influence of wastewater constituents on Lu and | reaction
schemes are explored in Sections 3.3, 3.4, and 4. Complementary ICP-MS analysis of the
wastewater revealed an abundance of dissolved metal and non-metal ions, accounting for
the solution’s relatively high electrical conductivity. Measured concentrations of the major
elements and specific elements of interest (e.g., Lu and I) are shown in the following table.
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Table 2: Chemical composition of the wastewater used in this project. Values are
given to 3 significant figures.

Concentration (mg L)

Na (dissolved) 47.7
Na (total) 47.8
Mg (dissolved) 8.22
Mg (total) 8.49
Al (dissolved) 0.0447
Al (total) 0.256
Si (dissolved) 3.41

P (dissolved) 7.44

P (total) 8.15
K (dissolved) 17.7

K (total) 18.0
Ca (dissolved) 37.2
Ca (total) 40.2
Fe (dissolved) 0.680
Fe (total) 0.752
S (dissolved) 347
Sr (dissolved) 0.0931
Ca (dissolved) 37.2
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Element Concentration (mg L)

Ca (total) 40.2

Cl (dissolved) 0.117

| (dissolved) 0.00572
| (total) 0.00987
Lu (dissolved) <0.0003
Lu (total) <0.0003

Small discrepancies exist between the total and dissolved solution concentrations of
several chemical elements, including Na, Mg, Al, K, Fe, and Ca. This suggests that a
minor fraction of these metals is present as suspended solids in solution, most likely in the
form of carbonate, bicarbonate, nitrate, phosphate, and/or chloride salts (Prakash et al.,
2023). Organic suspended solids are also expected to be abundant in the wastewater. The
roles of the dissolved ions and suspended solids in the wastewater on Lu and | partitioning
phenomena are discussed in Sections 3.3, 3.4, and 4.

Furthermore, the wastewater contains | (~10 pg L") that will slightly increase the | solution
concentrations during the experiments. Such a contribution must be factored into the data
analysis. The chemical form of this intrinsic source of | has not been investigated, although
iodide (I") and iodate (IO3°) are major | species in neutral solutions (Gilfedder et al., 2010).
The trace level of Lu in the wastewater (<0.3 ug L") is considered negligible compared to
the starting Lu contaminant concentration used in this project (50 ug L™").

3.2 Solid materials analysis

The ICP-MS technique was also used to determine the chemical composition of the solid
materials used in this project. The concentrations of the major elements and specific
analytes of interest (e.g., Lu and |) are shown in the following table.
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Table 3: Chemical composition of the solid materials used in this project. Data are
expressed as mass concentrations with the unit's mg g-'. Uncertainties are standard
deviations expressed at 2-Sigma (20). N.T denotes not tested.

Element Concrete River sediment
Na 7.6883 + 0.0870 54.9300 + 0.6474 12.5084 + 0.9801
Mg 4.0929 + 0.0107 29.1574 + 0.3650 34.4278 + 1.376
Al 0.0066 + 0.0001 0.0623 + 0.0006 21.1388 + 0.8590
Si 0.8291 + 0.0092 6.2748 + 0.0250 255.3725 + 1.4421
P 0.9108 + 0.0089 6.3808 + 0.2250 N.T

S 11.4570 £ 0.0711 80.7767 + 0.2500 0.1999 + 0.0320
Cl 0.0276 + 0.0036 0.2121 £ 0.0034 0.1312 £ 0.0326

K 1.7663 + 0.0036 12.8447 + 0.0875 58.4288 + 0.9362
Ca 22.3278 + 0.1046 162.5834 + 0.9844 | 123.2478 £ 0.1046
Cr N.T N.T 0.0228 + 0.0038
Cu N.T N.T 0.0119 + 0.0025
As N.T N.T 0.0042 + 0.0011
Sr 0.0543 + 0.0004 0.3801 + 0.0041 <0.0001

Cd N.T N.T 0.0001 £ 0.00002
Cs <0.0003 <0.0002 <0.0002

I 0.0195 + 0.0001 0.1134 £ 0.0042 0.0210 £ 0.0045
Lu <0.00002 <0.00002 <0.00002
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Element Concrete River sediment

Pb N.T N.T 0.0060 = 0.0003

Similar to the wastewater, the three solid materials contain non-negligible amounts of | that
could influence the outcome of the partitioning experiments. This possibility is examined in
Sections 3.4 and 4. For all solids, the Lu content was below the limit of detection of the
ICP-MS technique, indicating that this element is not present in any appreciable amount.

3.3 Lutetium solution analysis

Solution ICP-MS data for the laboratory rigs containing PVC and Lu showed that the
behaviour of ionic and organically complexed forms of Lu was similar. In both cases, little
change in the concentration of dissolved Lu species was observed in the first week of the
experiment (Figure 1). A sharp decline then occurred between 1 and 2 weeks before an
equilibrium concentration of ~20 ug L' was reached at 4 weeks. Examination of the total
Lu solution data revealed a constant concentration value over the entire reaction period,
which is similar to the initial loading of 50 ug L-'. These results suggest that Lu (in both
ionic and organically complexed forms) does not bind to PVC piping material from a sewer
network. Rather, the decrease in the dissolved Lu concentration in the rigs corresponds to
a major transfer of dissolved Lu species to the particulate phase within the wastewater.
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Figure 1: Effect of exposure time on Lu solution concentration during (A) ionic Lu
and (B) organically complexed Lu reaction with PVC piping material in wastewater.
Error bars are standard deviations expressed at 20.

An almost identical time series of Lu solution concentrations was obtained for the concrete
experiments (Figure 2). That is, the most important feature of the laboratory rigs containing
concrete is the gradual but significant partitioning of Lu from the dissolved to the
particulate fraction of the wastewater. Similar to the PVC experiments, this phenomenon
appears to be independent of the initial chemical form of Lu. No Lu uptake to concrete was
observed. Overall, these results indicate that '"7Lu discharged to sewers is not retained on
the inner surfaces of a sewer network or the connecting WWTW infrastructure.
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Figure 2: Effect of exposure time on Lu solution concentration during (A) ionic Lu
and (B) organically complexed Lu reaction with concrete tank material in
wastewater. Error bars are standard deviations expressed at 20.

For both river sediment experiments, dissolved Lu species converted to particulate forms
over the course of the first week (Figure 3). This is essentially the same process as
witnessed in the PVC and concrete laboratory rigs and may be a characteristic feature of
Lu behaviour in wastewater systems. Thereafter, the total Lu solution concentration
decreased to match the dissolved Lu concentration (~2 ug L™"). This indicates that Lu in
the particulate phase was largely removed from solution and partitioned to the sediment.
As before, the similar solution profiles for the ionic and organically complexed forms of Lu
confirmed that the partitioning behaviour of Lu in this rig is insensitive to its chemical form.
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Figure 3: Effect of exposure time on Lu solution concentration during (A) ionic Lu
and (B) organically complexed Lu reaction with river sediment in wastewater. Error
bars are standard deviations expressed at 20.

3.4 lodine solution analysis

A feature of the | solution data for all systems investigated is that the measured levels
often exceed the expected concentration at the start of the experiment. The expected |
concentration was ~60 ug L' (comprising 50 ug L' of added contaminants and ~10 ug L™’
of pre-existing | in the sourced wastewater). Based on the chemical compositions of the
PVC, concrete, and sediment samples (Table 3), the elevated levels of | in solution may
be attributed to the leaching of this element from the solids into the wastewater. This
makes it challenging to accurately determine the behaviour of | in the laboratory rigs, as
the partitioning of added contaminants may be masked by the extensive release of
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intrinsic sources of | from the solids. However, clear differences exist between the time
series for solutions containing the ionic (iodide) and organic (organoiodine) forms of |.
Such variation indicates some accumulation of the | contaminants to the solids, and to a
varying extent depending on the | chemical form. It is possible that the added
contaminants exchange with intrinsic sources of | in the solids.

ICP-MS analysis showed that the | solution concentration in both PVC laboratory rigs
gradually increased over time (Figure 4). For the ionic form of |, an apparent steady state
of ~85 ug L™ (total |) was reached after 1 week (Figure 4A). The shape of the total and
dissolved | solution profiles were essentially identical, suggesting minimal conversion
between dissolved and particulate forms of I. A constant value of ~25 ug L-' was calculated
for particulate |, based on the average difference between the total solution and dissolved
concentrations. A similar result was obtained for the MIBG analogue system, although a
significantly higher steady state (~120 ug L of total |) was seen after 2 weeks (Figure 4B).
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Figure 4: Effect of exposure time on | solution concentration during (A) iodide and
(B) organoiodine reaction with PVC piping material in wastewater. Error bars are
standard deviations expressed at 20.

The solution profiles for the iodide and organoiodine systems were remarkably similar for
the concrete laboratory rigs (Figure 5). Here, a gradual and continuous increase in the
total | solution concentration was evident, with no clear steady state reached. These
results suggest that | leaching from the concrete samples into solution is extensive and an
important feature of these systems. The strong overlap of the total and dissolved | solution
profiles indicates that all the aqueous | exists in the dissolved fraction of the wastewater.
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Figure 5: Effect of exposure time on | solution concentration during (A) iodide and
(B) organoiodine reaction with concrete tank material in wastewater. Error bars are
standard deviations expressed at 20.

The total | solution concentration for both the Nal and MIBG analogue river sediment
experiments was initially high (~100 ug L") and continued to rise over the first 3 days
(Figure 6). Analogous to the PVC and concrete laboratory rigs, this behaviour indicates
significant leaching of | from the river sediment into solution. Thereafter, the total | solution
concentration decreased for both the iodide (Figure 6A) and organoiodine (Figure 6B)
systems. Interestingly, the decline in | solution level is more pronounced for the MIBG
analogue system. The equilibrium solution values for the iodide and organoiodine systems
are measured as ~75 ug L-"and ~25 ug L (total ), respectively. Comparison of the total
and dissolved solution data reveals identical profiles for both river sediment systems,
showing that | is only present as dissolved species in the wastewater.
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Figure 6: Effect of exposure time on | solution concentration during (A) iodide and
(B) organoiodine reaction with river sediment in wastewater. Error bars are standard
deviations expressed at 20.
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4 Discussion

The experimental results are now discussed and compared with the findings of the
Environment Agency’s '"7Lu field monitoring study and the wider scientific literature.

4.1 Lutetium discussion

Solution ICP-MS data from the PVC laboratory rigs showed that Lu accumulation onto the
plastic surface was negligible. This was evident for both ionic and organically complexed
forms of Lu. As such, PVC may have a low inherent affinity for Lu in wastewater systems.
Investigations into the adsorption of metallic radionuclides onto the surfaces of PVC (and
other common plastic materials) have largely sought to better understand the importance
of microplastics as radionuclide carriers in aqueous environments. Collective works have
reported a wide variation in microplastic adsorption capacities for radionuclides (Johansen
et al., 2018; loannidis et al., 2022; Li et al., 2025). This is likely due to differences in
environmental conditions (e.g., solution pH and ionic strength), microplastic identity and
degradation state, radionuclide identity, or analytical method across the literature. No
studies were found in the published literature which had examined the uptake of Lu onto
PVC (under any conditions). As a result, it is difficult to contextualise the findings of this
part of the wastewater project with the wider literature.

The total absence of Lu accumulation onto the concrete sample is an interesting result as
cementitious materials are known to adsorb a wide range of radionuclides through ion
exchange and precipitation mechanisms (Evans, 2008). One possible explanation is that
other trivalent metal ions (AlI** and Fe3*), or the large excess of low valent metal ions (Na*,
Mg?*, K*, and Ca?*), in the wastewater outcompete with Lu3* ions for ionic adsorption sites
on the concrete surface (Awual et al., 2013). Moreover, Fe3* forms a more stable complex
with EDTA than Lu3* and is therefore expected to exchange with the Lu metal ion centre in
the [LU(EDTA)]- complex (Harris, 2015). Such a reaction would produce “free” (unchelated)
Lu3* ions which would exhibit similar partitioning behaviour to the Lu(NO3)3 contaminant
used in this work. The dissociation of the initial [Lu(EDTA)]- complex may account for the
identical behaviour of the ionic and organically complexed forms of Lu in all laboratory rigs
tested. While '"“Lu chelate complexes in administered radiopharmaceuticals are designed
to remain intact in the body, their stability in wastewater systems over extended timescales
(i.e., several weeks) may be relatively low. There is evidence in the scientific literature that
Ca?* and Fe?* ions can compete with '"“Lu for complexation with the DOTA chelating
agent under certain conditions (Watanabe et al., 2015). Similar chemical processes may
also occur in wastewater environments, and this possibility warrants further investigation.

In sharp contrast to the PVC and concrete systems, partitioning of Lu to the river sediment
was extensive. These findings are consistent with previous research which has shown that
lanthanide elements can be effectively removed from natural waters by various adsorbents
(Johnson et al., 2012). Furthermore, Lu uptake to sediment in this work appears to occur
after an almost complete transfer of Lu to a particulate phase in solution. The wastewater
contains suspended solids (404 mg L-') and bacteria colonies (>2.42 x 10° cfu/100 mL)
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and dissolved Lu®* species may associate with these particulate phases. Influent
wastewater is expected to contain higher levels of suspended solids and bacteria than the
effluent wastewater used in this project. This distinction might result in differences in Lu
partitioning behaviour during the various stages of the wastewater treatment process.

The partitioning behaviour of the lanthanide elements in natural waters has received some
consideration in the scientific literature. One investigation found little variation in the total
solution concentration of the 14 lanthanide elements in many of the world’s largest rivers
(Gallardet et al., 2003). Other datasets suggest that the lanthanides preferentially partition
to a particulate fraction of the solution, consistent with the Lu behaviour withessed in this
wastewater study (Sholkovitz, 1995). Of note, an earlier wastewater study concluded that
lanthanides possess high affinities for the particulate phase in wastewater environments
(Turcotte et al., 2022). Although, the affinity for the particulate phase is slightly diminished
for the heaviest lanthanides e.g., Lu. This may be because heavier lanthanides can form
stronger complexes with organic and inorganic ligands in aqueous environments, keeping
the lanthanides in the dissolved phase (Lee and Byrne, 1993; Luo and Byrne, 2004). As
previously noted, complexation appears to be a minor pathway for Lu in this wastewater
project. This is likely due to the presence of competing metal ions in the aqueous solution.

Publications on the fate and transport of Lu in WWTWs (and the lanthanide elements more
generally) are sparse. The handful of available studies have focused on the analysis of
municipal and industrial wastewater and sewage sludge samples to quantify lanthanide
concentrations in WWTWs and identify their probable sources (Kaegi et al., 2021; Kostriz-
Sikora, 2024). Elucidating the partitioning behaviour of lanthanides in WWTWSs and the
underpinning mechanisms are typically out of scope of published research investigations.
However, field monitoring studies sometimes reveal important differences between the
properties of the 14 lanthanide elements. For example, lanthanide adsorption onto Al and
Fe rich precipitates in an acid mine drainage treatment system in Portugal was found to
increase with the atomic number of the lanthanide (Obregon-Castro et al., 2023). This
study also highlighted a sensitivity of lanthanide adsorption phenomena to the solution pH,
where uptake onto sediment was reduced under acidic conditions (when there was little
mixing of acidic and near-neutral water). Comparable total and dissolved lanthanide
solution concentrations were reported, indicating that these elements had a weak affinity
for the particulate phase in the mine system. This is possibly due to the low pH conditions
and different lanthanide behaviours may dominate in other wastewater environments.

A noteworthy study measured lanthanide solution concentrations in 6 WWTWs in Canada
at different stages of wastewater treatment (Turcotte et al., 2022). Here, dissolved and
particulate levels of all 14 lanthanide elements were measured in influents and effluents.
The proportion of the lanthanide in the dissolved phase of the wastewater samples was
shown to slightly increase with lanthanide atomic number. That is, heavier lanthanides
(e.g., Lu) were enriched in the dissolved phase compared to the lighter lanthanides (e.g.,
Ce). This is comparable to findings of the lanthanide studies in natural waters. Lanthanide
behaviour in a WWTW may also be ascribed to the general increase in the stability of
lanthanide-ligand complexes with atomic number, inhibiting association of the heavier
lanthanides with particulate substances (Weltje et al., 2002). However, these studies did
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not consider the effects of competitive ions or the kinetics of lanthanide partition to the
particulate phase. More broadly, the rates of some lanthanide chemical reactions in
solution are known to decrease with atomic number, broadly supporting this project’s
observation of slow Lu partitioning kinetics (Kaltsoyannis and Scott, 1999).

Interestingly, the Turcotte et al. study recorded variation in the ratio between the dissolved
and total Lu solution concentration across the 6 WWTWSs evaluated (Turcotte et al., 2022).
While not explicitly discussed by the authors, the proportion of Lu in the dissolved phase
generally increased with wastewater residence times at the WWTW. Higher Lu removal
rates from wastewater (due to increased transfer to sewage sludge) were also reported for
those WWTWs with the longest wastewater residence times. This indicates an increased
association of this lanthanide with solids that are retained in the sewage sludge. It is
reasonable to suggest that the redistribution of dissolved Lu species to the particulate
phase (e.g., suspended solids in the wastewater) occurs slowly and only becomes
apparent over prolonged timescales. Such a conclusion is consistent with one of the main
findings of this project: the majority of Lu gradually converts from a dissolved form to a
particulate form in wastewater systems. However, it should be noted that liquid residence
time is not the only distinguishing feature of the 6 WWTWs examined in the Turcotte et al.
investigation. The researchers noted that 2 of the 6 WWTWs used alum, a flocculating
agent to remove phosphate from the wastewater, and this compound may also complex
with and remove heavy lanthanide elements (Turcotte et al., 2022). Hence, the impact of
temporal effects on Lu partitioning behaviour in the Canadian WWTWs is not certain.

The results of the Environment Agency’s recent '"’Lu field monitoring investigation may be
re-examined with particular emphasis on the environmental sampling and analysis
timescales. Overall, the monitoring investigation concluded that Lu largely remains in
solution and has a low affinity for solid phases (Copplestone et al., 2026). This was based
on the calculated Lu sludge partitioning factor (0.18) and freshwater-sediment distribution
coefficient (3,000 L kg™"). These values are notably lower than those of cerium (Ce), an
element that is often used as a chemical analogue for Lu in environmental radiological
assessments (Mobbs et al., 2026). Importantly, field samples and measurements were
typically taken within 1 week after the administration of the 77Lu radiotherapy treatment.
Considering the results of this laboratory research, limited uptake of Lu onto solid phases
may be attributed to the short timescales adopted for the field monitoring project.
Increased partitioning of Lu to sewage sludge and/or river sediment may have been seen
if additional samples were collected ~2 weeks after the initial discharge event. Although,
this laboratory study was conducted under static flow conditions that are not always
representative of real-world wastewater environments. The dynamic flow conditions of
WWTWs and rivers will increase the physical movement of Lu and the other constituents
of the solution, and this agitation may affect Lu partitioning kinetics.

4.2 lodine discussion

The fate and transport of | in wastewater systems has been well documented. This is in
sharp contrast to '"’Lu and reflects the long-standing use of '3l in hospitals and
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prevalence in radioactive wastes from nuclear power stations. Previous studies indicate
that up to 80% of 3"l entering a sewer system is discharged with the treated effluent to
receiving waters (Stetar et al., 1993; Puhakainen, 1998; Mosos et al., 2020). By contrast,
limited activity appeared to transfer to the sewage sludge (2-14% of the total '3I)
(Erlandsson et al., 1989; Dalmasso et al., 1997). Despite these findings, it has been
suggested that | readily partitions to solids in wastewater and may therefore be effectively
removed during sewage treatment (Punt et al., 2007a). This assessment was informed by
the typically long storage and processing times of sewage sludge at WWTWs (days-
weeks), that lead to a significant reduction in 3"l activity levels through radioactive decay.
Importantly, 137] activity losses are not always accounted for in scientific studies, resulting
in an underestimate of the extent of | partitioning to sludge.

Low 3!l concentrations have previously been measured in WWTW effluent, implying
extensive radionuclide partitioning to solid phases (Heaton, 2000). Another field study
directly observed that a majority of '3l activity had transferred to sewage sludge (Titley et
al., 2000). It has since been shown that '*'l can become associated with the organic
substances that are removed in sewage sludge, and that the transfer of inorganic | to an
organic form is probably facilitated by microbes in the wastewater (Hormann and Fischer,
2017). Similar processes may be relevant for the laboratory rigs used in this project. On
the other hand, one study reported that only ~1% of the total '3'l activity administered at a
French hospital was ultimately recorded in dewatered sludge at a nearby WWTW (Barci-
Funel et al., 1993). It is also possible that | binds to entrained solids in raw sewage before
arriving at a WWTW and is subsequently removed during preliminary treatments. Overall,
differences across field investigations can be linked to several key parameters:

e Variations in the number and frequency of administrations of '3'| will lead to
differences in the total '3'| activity concentration in a WWTW at any given time.

o Different WWTW designs and operations will lead to variations in 3'l activity levels
and solids in the wastewater and sewage sludge (Rose et al., 2013). Of note, this
project used treated wastewater, which is expected to have a lower solid content
than the untreated (raw) wastewater analysed in some field studies.

¢ Inconsistent sampling and analysis timescales may lead to different results as
radioactivity moves through the different stages of wastewater treatment. For
example, analysis of dewatered sewage sludge will lead to a higher calculated '3l
activity concentration than analysis of the same sewage sludge before treatment.

Accordingly, making comparisons across different field studies is difficult. The general
trend in the literature indicates an affinity of | for solid phases in wastewater environments,
which is consistent with the main findings of this project (see below).

One notable feature of the | partitioning experiments in this laboratory study was the high
solution concentrations of | recorded. This has been attributed to the leaching of intrinsic
sources of | from the solid adsorbents. These samples were sourced from an actual
WWTW, suggesting that the | leaching phenomenon observed in this study are broadly
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transferrable to other WWTWs. Although, operational differences between WWTWs may
result in differences in the | content of WWTW infrastructure.

For the PVC laboratory rigs, differences in the | equilibrium solution concentration were
apparent for the iodide and the MIBG analogue systems. A lower final concentration in the
iodide system implies enhanced accumulation of the | ionic form onto the PVC substrate.
There is evidence that the primary uptake mechanism for iodide onto PVC is nucleophilic
substitution (Kameda et al., 2009). This iodination process entails the partial replacement
of the chlorine atoms of PVC by iodide ions in solution. It is reasonable to assume that the
nucleophilic substitution reaction is sterically hindered for large organoiodine compounds
such as MIBG. Accordingly, uptake of the MIBG analogue onto PVC would be diminished
compared to iodide, and this is observed in this wastewater project. Uptake of | onto PVC
is consistent with earlier research that considered the retention of radioiodine in a sewer
network to be an important pathway in wastewater environments (McGowan et al., 2014).
However, the authors’ conclusion was based on the low activity levels of 31l in the WWTW
treated effluent (~20% of the total activity of discharged '3'l). The accumulation of '3'l onto
the piping network was not directly observed. Another field study reported that | binds to
solids in a sewer system, strengthening this assessment (Punt et al., 2007a).

The ICP-MS datasets for the concrete laboratory rigs were effectively identical for the
iodide and the MIBG analogue contaminants, where the characteristic feature of these
experiments was | leaching from the concrete. The absence of any distinguishing features
between the iodide and organoiodine systems means it is not possible to assess the
importance of chemical speciation effects on | accumulation onto the concrete storage
tanks. Conducting new partitioning experiments with a radioactive isotope of | (i.e., a
radiotracer) is required to enable the added | contaminants to be distinguished from the
background sources of |. Such an approach may offer useful insights into the behaviour of
different | chemical species in the laboratory systems and identify potential divergences.

Examination of the literature suggests that the partition of | to concrete tank in WWTWs is
not well understood. Rather, the adsorption of radioiodine onto cementitious materials has
typically been framed in the context of the immobilisation of solid radioactive waste
(Andersson et al., 1983; Atkinson and Nickerson, 1988). Studies indicate that radioiodine,
a longer-term radiological risk in higher activity waste streams, can strongly bind to the
cement paste in concrete. In these cases, the dominant adsorption mechanism depends
on several factors, including the | chemical form (e.g., iodide or iodate) (Guo et al., 2020;
Lange et al., 2025). A similar relationship was identified during an investigation into the
partitioning behaviour of an ionic and an organically complexed form of 3'l in the Ann
Arbor WWTW in Michigan, USA (Fenner and Martin, 1997). The authors found that the
fates of the two chemical forms of | were markedly different. It was suggested that the
iodide anion was repelled from the negative charges present on many types of solid
surfaces, inhibiting transfer from the wastewater to sewage sludge and river sediment. In
contrast, dissolved organoiodine compounds such as MIBG carry positive charges in
neutral solutions, promoting | association with the solids in wastewater environments.

The influence of chemical speciation effects on | partitioning was also apparent in the river
sediment laboratory rigs. Despite a significant | background signal originating from
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sediment leaching effects, major variations in the time series of iodide and MIBG in
solution can be seen. Specifically, the equilibrium | solution concentration was significantly
lower for the MIBG analogue system than the iodide system. This result indicates that
MIBG forms a stronger association with the sediment than the iodide anion, consistent
with the Fenner and Martin study. Another study found that iodate adsorbs to sediment to
a greater extent than iodide, implying relatively weak interactions between sediment and
iodide (Xu et al., 2015). Nevertheless, iodide is known to partition to sediment and similar
processes cannot be discounted in this wastewater project (Smith et al., 2008).
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5 Conclusions and recommendations

The fate and transport of radionuclides in wastewater systems have been studied under
laboratory conditions to help inform dose assessments for radioactive waste discharges to
sewers. This research focussed on the partitioning behaviour of the medical radionuclides
77Lu and '3l between wastewater and WWTW infrastructure (PVC sewer pipes and
concrete storage tanks) or river sediment. The effect of the radionuclide chemical form
was assessed, with experiments performed using ionic and organic forms of Lu and I.

The results of this specific study indicate that Lu does not interact with either PVC or
concrete and so remains exclusively in the wastewater. On that basis, Lu entering sewers
may not be retained in the sewer network and connecting WWTW following a hospital
discharge of '"7Lu waste. However, Lu uptake onto river sediment was apparent in the
rigs, with similar levels of accumulation measured for ionic and organically complexed Lu
chemical forms (~80 % of total Lu). The first step in the sediment contamination
mechanism was the conversion of dissolved Lu to a particulate form. Indeed, a major
transfer of Lu from the dissolved to particulate fraction of solution was a characteristic
feature of all laboratory rigs and was largely unaffected by the identities of the solid phase
or the initial Lu chemical form. This outcome is likely due to strong interactions between
Lu3* ions and suspended solids in the wastewater. Previous studies have typically
reported high removal rates of lanthanide elements from wastewater in WWTWs and their
subsequent transfer to sewage sludge. The high particle affinity of Lu witnessed in this
project is therefore in good agreement with the scientific literature. Nevertheless, this
project focused on a narrow set of experimental parameters and does not reflect the
expected variations in wastewater and sediment composition in real-world situations.
Caution is therefore needed when making general conclusions from this project’s findings.

This research also provides novel insights into the kinetics of Lu solid: solution partitioning
phenomena. Lutetium association with solid particles (in the wastewater or sediment) was
identified as a key but gradual chemical process, taking 2 weeks to reach completion. This
result has clear implications for environmental dose assessments. Slow Lu partitioning
kinetics in wastewater systems indicates that exposure to '"7Lu contaminated water will
dominate human and wildlife doses in the short term. Dose pathways involving exposure
to '77Lu contaminated solids (e.g., river sediment) may become more important over time.
Although, the relatively short half-life of '7’Lu (~7 days) indicates that a significant fraction
of the radioactivity would decay over the partitioning timescales (i.e., weeks). It is also
important to reemphasise that this laboratory study was conducted under simplified
conditions with stagnant (i.e., not flowing) wastewater. Water flow rates in actual WWNWTWs
and rivers can vary substantially, depending on climatic and geographical factors, and are
not always low. Higher water flow rates would reduce the contact time between Lu in
solution and surrounding solid surfaces and inhibit Lu partitioning. On the other hand,
agitation may promote Lu association with suspended solids in solution. Accordingly, Lu
uptake to sediment in a flowing river may be different than in a laboratory setting.

Collectively, these project findings may help reduce uncertainties surrounding the
Environment Agency’s recent '’Lu monitoring study. That investigation found that Lu acts
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conservatively in water and weakly associates with solid phases (sewage sludge or river
sediment), contradicting the conclusions of other lanthanide/wastewater studies. This
laboratory study suggests that the discrepancies can be attributed to kinetic factors. The
Environment Agency monitoring study typically measured '"“Lu concentrations in the
environment within one week of the discharge event. Under such short timescales, Lu
does not significantly accumulate onto river sediment or other solids (e.g., those
incorporated into sewage sludge) and remains in the wastewater. Greater partitioning
would likely have occurred over longer time periods. Slow partitioning kinetics may
therefore provide chemical control of the fate and transport of Lu in wastewater systems.
More broadly, differences in the partitioning behaviour of the lanthanide elements in
wastewater systems may be partially due to variations in adsorption kinetics. This project
and previous studies collectively suggest that river sediment can possess high adsorption
capacities for the lanthanide elements. However, the extent of lanthanide adsorption
appears to be sensitive to specific environmental conditions, and adsorption kinetics is
rarely reported in the literature.

The partitioning behaviour of | proved difficult to evaluate in this work due to the leaching
of intrinsic sources of this element from the solids into the wastewater. This was indicated
by | solution levels in the laboratory rigs regularly exceeding the starting concentration.
Despite these issues, differences were observed for the iodide and organoiodine solution
profiles, suggesting that the radionuclide chemical form plays an important role in 37|
partitioning phenomena. Key qualitative findings of the | laboratory experiments included:

e |odide accumulation onto the sewer piping material (PVC) from the wastewater was
slightly higher than that of the MIBG analogue, an organoiodine compound.

¢ |odide and MIBG analogue solution data for the concrete storage tank were
essentially the same. It was unclear if any | adsorption to concrete had occurred.

e MIBG analogue accumulation onto river sediment from the wastewater was greatly
enhanced compared to that of iodide.

e For all laboratory rigs, almost all of | that remained in the wastewater was contained
in the dissolved fraction (for both the iodide and organoiodine forms).

This research study suggests a tendency of | to accumulate onto PVC and river sediment
within wastewater environments. Some of the | activity entering sewers could deposit in
the sewer network or a WWTW following a release of radioiodine to sewers. Similarly,
radioiodine discharged in treated effluent to rivers (from a WWTW) may accumulate onto
sediment, and this could be an environmental sink. Chemical speciation effects were
implicated in the | partitioning outcomes, so that the time series for solutions with iodide
and organoiodine were different. As a result, environmental assessments for medical (or
nuclear emergency) discharges of radioiodine may need to consider the role of the
radionuclide chemical form. However, the presence of a significant and uncontrolled
source of | in the laboratory rigs introduces uncertainties into this project’s main findings.
This source was attributed to the presence of pre-existing Lu in solid material surfaces
which leached into the rig fluid. New partitioning studies using radiotracers may be a

36 of 50



useful next step. This would enable the behaviour of the radioiodine contaminant of
interest to be distinguished from the unwanted background of stable I.

The following recommendations for further research are proposed to help address gaps
identified in this study and possible near future requirements:

Recommendation 1 — Laboratory scale wastewater experiments might be desirable for
other important radionuclides for which there is currently limited WWTW partitioning data.

This project has demonstrated the value of laboratory rigs in obtaining key information on
Lu and | partitioning mechanisms in wastewater environments. Similar research could be
beneficial for other novel medical use radionuclides. For example, the behaviour of
actinium-225 (??°Ac) in wastewater environments appears to have received little attention
in the published scientific literature (Mobbs et al., 2026). Further studies could generate Ac
specific transfer parameter values to replace the analogue datasets that are currently used
in environmental radiological assessments. While this laboratory study focussed on
permitted discharges of radioactivity, caesium-137 ('3’Cs) and other radionuclides may
enter sewer systems after a major radiation incident. This was the case after both the
Chernobyl and Fukushima nuclear accidents in 1986 and 2011, respectively. Additional
research into the partitioning of '3’Cs in wastewater systems and the dose implications for
key exposure groups may be useful to aid emergency response and recovery planning.

Recommendation 2 — Conduct radiotracer studies to better understand the fate and
transport of radioiodine in wastewater environments.

The stable | experiments used in this project provided qualitative insights into the fate and
transport of radioiodine in a WWTW and an adjoining river that receives treated effluent.
However, the release by leaching of significant quantities of pre-existing | from the three
solid substrates into the wastewater masked the adsorption behaviour of the added |
contaminants, complicating data analysis. Establishing new laboratory rigs with radioactive
| would overcome such issues. This in turn would permit a more comprehensive
examination of | partitioning processes. Moreover, future laboratory rigs could be subject
to agitation to mimic the turbulent mixing that can occur in actual wastewater systems.
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List of abbreviations and acronyms

Term Definition

BOD Biological Oxygen Demand

CBRN Chemical, Biological, Radiological and Nuclear

DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
EDTA Ethylenediaminetetraacetic acid

| lodine

ICP-MS Inductively Coupled Plasma-Mass Spectrometry

IRAT2 Initial Radiological Assessment Tool (version 2)

L Litre

Lu Lutetium

MALDI-TOF MS Matrix-Assisted Laser Desorption/lonisation-Time of Flight
Mass Spectrometry

MIBG Meta-iodobenzylguanidine

mg Milligram; 10-3 grams

mL Millilitre; 1073 litres

MLGA Membrane Lactose Glucuronide Agar
NHs Ammonia

PTFE Polytetrafluoroethylene

PVC Polyvinyl chloride

V]e] Microgram; 106 grams
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Term Definition

WWTW Wastewater Treatment Works
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Glossary

Term

Adsorption

Definition

Sometimes abbreviated to sorption. A chemical process in
which substances bind to the surface of a solid material.

Berthelot reaction

Chemical reaction where ammonia reacts with phenol and
hypochlorite to form indophenol blue. Often used as a
colorimetric method for determining ammonia levels in an
environmental sample.

Chelate complex

One type of chemical complex where the ligand is a
chelating agent/chelator e.g., DOTA, EDTA etc.

Chelating agent

Also known as a chelator. A molecule that uses more than

one atom to bind to a metal ion, such as a radionuclide ion,
to form a chelate complex. Chelating agents are often used
in radiopharmaceuticals.

Chemical analogue

Chemical element with similar properties to the
radionuclide of interest.

Chemical complex

Chemical structure consisting of a central metal ion (e.g., a
radionuclide) bonded to at least one surrounding molecule
(e.g., a chelating agent such as DOTA or EDTA).

Distribution One type of environmental transfer parameter. Describes

coefficient the partitioning of a radionuclide between a solid (e.g., river
sediment) and a surrounding liquid (e.g., river water).

DOTA Dodecane tetraacetic acid. An organic molecule that forms
strong chemical complexes with metal ions in aqueous
solution. Hospitals are using complexes based on lutetium
and DOTA in new radiotherapy treatments.

EDTA Ethylenediaminetetraacetic acid. An organic molecule that

forms strong chemical complexes with metal ions in
aqueous solution, such as lutetium ions.

Environmental
transfer parameter

Sometimes abbreviated to transfer parameters. Empirical
values used in models to quantitatively describe the
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Term Definition

partitioning of radionuclides between different parts of the
environment e.g., soil, air, water, wildlife etc.

Isotope

Sometimes referred to as radioisotope. Varieties of a
chemical element characterised by different numbers of
neutrons in the atomic nucleus. Isotopes of an element
may be radioactive or non-radioactive.

Ligand

Molecule or ion that uses at least one atom to bind to a
metal ion, such as a radionuclide ion.

MIBG

Meta-iodobenzylguanidine. An organoiodine compound
and an established radiopharmaceutical.

Nucleophilic
substitution

Chemical reaction in which an electron rich species
(nucleophile) replaces another chemical species on an
electron deficient organic compound.

Organoiodine

Chemical compound containing at least one carbon-iodine
chemical bond.

Radioiodine

Radioactive isotope of iodine.

Radionuclide

Radioactive isotope of a chemical element.

Radiopharmaceutical

Medicinal compound containing a radioactive substance.
Used to identify and treat some types of cancer.

Sewage

Sometimes referred to as wastewater. Waste material that
is carried by sewers to wastewater treatment works.

Sewage sludge

Solid residue that is generated as a by-product during the
treatment of wastewater.

Sewage sludge
partitioning factor

One type of environmental transfer. Describes the
partitioning of a radionuclide between sewage sludge and
wastewater in a wastewater treatment works.

Sigma (o)

Statistical term associated with measurement values. 2-
Sigma (20) corresponds to ~95% confidence level.
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Term Definition

Wastewater Sometimes referred to as sewage. Used (waste) water that
is carried by sewers to wastewater treatment works.

Wastewater Sometimes referred to as sewerage system. Collects liquid
treatment works waste from sewers, removes pollutants, and discharges the
treated wastewater to receiving waters e.g., a river.
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Would you like to find out more about us or your
environment?

Then call us on:
03708 506 506 (Monday to Friday, 8am to 6pm)

Email: enquiries@environment-agency.gov.uk

Or visit our website
www.gov.uk/environment-agency

Incident hotline

0800 807060 (24 hours)

Floodline

0345 988 1188 (24 hours)

Find out about call charges (https://www.gov.uk/call-charges)

Environment first

Are you viewing this onscreen? Please consider the environment and only print if absolutely
necessary. If you are reading a paper copy, please don’t forget to reuse and recycle.
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