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Abstract

Colloids have the potential to enhance the mobility of radionuclides in a range of
scenarios, including legacy spent nuclear fuel storage facilities at sites such as Sellafield,
UK. Some of the spent nuclear fuel stored in these facilities has corroded, resulting in
the formation of corroded sludge. A greater understanding of the radionuclide
speciation in these legacy facilities is required to predict radionuclide behaviour during
sludge retrieval operations and decommissioning activities. Of particular interest is the
highly abundant U and *°Sr, a high yield fission product with high specific activity. Colloid
formation may increase radionuclide migration within effluent plants, including the site

ion exchange effluent plant (SIXEP).

In this study the formation, stability and structure of U(IV) silicate colloids, and the
interactions of Sr with UO, and U(IV)-silicate phases was investigated. Particle size and
colloidal stability were examined using ultrafiltration, SAXS and DLS. Colloids were stable
at pH 6-10.5 when silicate concentrations exceeded those of U, and formed particles
<10 nm. The colloids were more stable and less prone to aggregation under higher
silicate concentrations. A combination EXAFS and PDF suggested a core-shell structure
for these colloidal particles with a crystalline, 1.5 nm UO; core coated by a poorly
ordered, silicate rich, U(IV)-silicate shell. Additionally, UO; and U(IV)-silicate were both
shown to interact strongly with Sr, with UO; showing higher Sr sorption than U(IV)-
silicate. EXAFS, TEM and desorption studies indicated Sr incorporated into the surface
of UO; at pH >10 and formed Sr-silicates at pH >10 in the presence of U(IV)-silicate. The
effect of CO, gassing on U(IV)-silicate with sorbed Sr was also investigated as CO; gassing
is an important step in SIXEP that reduces the pH of effluents from ~11.5 to 7. CO;
gassing resulted in immediate desorption of the majority of Sr from the U(IV)-silicate but
also mobilisation of U(IV)-silicate colloid and increased dissolved U(IV) over 8 days,
indicating that carbonation is successful in desorbing Sr but may mobilise U(IV). These
results indicate that it is important to consider U(IV)-silicate colloids and UO; when
assessing radionuclide mobility, particularly for °°Sr. The improved understanding of
U(IV)-silicate colloid particle structure and formation, and previously unknown Sr-U(IV)
interactions are crucial to predicting radionuclide speciation and behaviour during

nuclear decommissioning.
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Chapter 1: Introduction

1.1. Project context

The UK has had a civil nuclear power programme since the opening of the Calder Hall
power station in 1956. Since then, a range of different reactor types have been used in
the UK including Magnox reactors, advanced gas-cooled reactors (AGRs) and pressurized
water reactors (PWRs) which has led to a various different types of nuclear wastes.
Sellafield, located on the west coast of Cumbria, UK, has been the hub of UK nuclear
activity since the 1950s and has stored and/or reprocessed a significant amount of the
UK’s spent nuclear fuel (SNF). SNF has been stored in multiple facilities in the subsequent
decades and waste retrieval and decommissioning for a number of older legacy storage
facilities is a high priority. These facilities include SNF storage ponds such as the First
Generation Magnox Storage Pond (FGMSP), and legacy silos. Due to the extended
periods of time that SNF has remained in these facilities, it has undergone corrosion.
Currently, the focus at Sellafield is moving from waste reprocessing towards
decommissioning of the site and waste retrieval operations. Therefore, understanding
the composition of these wastes and the potential mobility of radionuclides within
effluent treatment systems is essential to understanding the potential environmental

impact.

Waste streams from these legacy storage facilities are passed through one of several
effluent treatment plants including the site ion exchange effluent plant (SIXEP). These
effluent treatment plants remove radionuclides from waste streams to allow the safe
discharge of the solutions to the Irish Sea (Gray, Jones and Smith, 1995). Effluent
treatment plants also manage effluent streams from spent fuel reprocessing activities.
For example, sludge and effluents from FGMSP are transferred to settling tanks. Here,
large particulates precipitate and the supernatant is transferred to SIXEP, where it is
processed to remove dissolved radionuclides. The processed effluent can then be
discharged to the sea while the solid sludge is contained for eventual encapsulation
(currently the encapsulation approach for these wastes is grouting) and long term

disposal.
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One major area of interest in effluent treatment is colloids, which are suspended
nanoparticulate solids, typically 1-1000 nm in size. Colloidal particulates are mobile in
aqueous streams and are neither a true solution species nor large, easily filterable or
settling solids. This makes them difficult to remove from solution using many
conventional means such as particulate settling or ion exchange, resulting in them being
considered a potential vector for radionuclides not just in effluent treatment but also at
nuclear contaminated sites worldwide (Kersting et al., 1999; Kersting, 2013; Zéanker and
Hennig, 2014). There are two different types of colloid that can form; intrinsic colloids
form when the element of interest (in this case the radionuclide) is integral to the
particle structure, and pseudo-colloids, where the radionuclide is absorbed to a pre-
existing colloidal particle. These two different colloidal forms can show very different
behaviours. It is therefore essential to understand the formation of colloids under
conditions relevant to SNF storage, and their behaviour within effluent treatment
systems, in order to effectively predict the potential hazard they may pose in future
decommissioning activities. This project focuses on the characteristics of colloidal and
nanoparticulate phases likely to form in legacy SNF storage ponds containing spent

Magnox fuel, and the impacts these phases may have on mobility of U(IV) and Sr.

Uranium (U) is the major component of SNF by mass, making up approximately 95% of
most spent nuclear fuel inventories (excluding non-radioactive components e.g.
cladding) (Bruno and Ewing, 2006; NDA, 2017a). This means that U chemistry will not
just dictate the behaviour of U in SNF storage, but it may also affect the mobility of other
radionuclides. Under reducing conditions U(IV) will dominate U speciation. At high pH
U(IV) has very low solubility, leading to solid formation and reduced mobility of U under
alkaline, reducing conditions. However, if U(IV) could form a colloid under these

conditions, this would greatly increase U mobility in SNF.

This project is focused on the conditions of SNF storage ponds containing spent Magnox
fuel and corroded metallic U. However, a large amount of the work can also be applied
to a variety of different systems. Radionuclide mobility is of concern in a range of
scenarios, including those resulting from U mining activities at sites such as a wetland in
France where colloidal U was found in excess of 10,000 ppm (Wang et al., 2013), U
contamination of groundwaters surrounding nuclear sites such as Sellafield, UK

(Sellafield Ltd, 2014) and Cs at Hanford, USA (Flury, Mathison and Harsh, 2002), and
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nuclear weapons test sites, as colloids have been shown to mobilise Pu at the Nevada
Test Site (Kersting et al., 1999). Therefore, the fundamental, underlying scientific
progress that has been achieved, particularly in Chapter 4 and Chapter 5 focusing on the
structure of U(IV)-silicate particles and Sr interactions with U(IV) phases, have

applications for a wide range of scenarios and are not limited to SNF storage facilities.
1.2. Aims and objectives

The aim of this project was to gain an understanding of these colloidal U(IV) particles to
understand how they form and behave under a range of conditions relevant to SNF
storage and the other scenarios discussed above. To do this, molecular scale
investigations into particle characteristics were performed to comprehensively
understand particle formation, structure and colloidal stability. Additionally, the
interactions of Sr, to represent the high-yield fission product ?°Sr, with two relevant

U(IV) phases; U(IV)-silicate and UO, were investigated.
The following areas of research were therefore explored:

e Identifying U(IV)-silicate colloid formation and U(IV)-silicate particle structure
under the conditions found in SNF storage facilities. U(IV) colloids are known to
be stabilised by silicate (Dreissig et al., 2011), but their structure and stability at
high pH is not yet well understood. Colloid stability at high pH and under varying
silicate concentrations was explored as this is key to predicting the conditions in
which these particles may be colloidal, and therefore mobile, in nuclear facilities.
Furthermore, the particle structure was investigated with the aim of identifying
the role of silicate in colloid stabilisation, which would lead to a better
comprehension of the factors that affect colloid formation. U(IV)-silicate
particles were formed at alkaline pH (9-12) under a range of silicate
concentrations (0-4) and their colloidal stability was monitored over time. The
molecular-scale structure of these particles was also investigated across this
range of conditions to highlight the structural characteristics that lead to high
colloidal stability.

e Theinteractions of Sr with U(IV)-silicate and UO;. U(IV) phases have the potential

to affect the mobility of °°Sr, a high-yield fission product and major contributor
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to radioactivity in spent nuclear fuel. If ®°Sr is associated with U phases within
SNF, this would alter Sr behaviour and impact on predicted Sr releases during
waste retrieval operations. Additionally, if Sr is associated with colloidal U phases
then this could have implications for effluent treatment plants, specifically the
ion exchange beds found in SIXEP. The potential capacity for Sr sorption to these
colloids will be high due to their high surface area. Therefore the capacity and
mechanisms of Sr sorption to U(IV)-silicate and UO, are key factors in the
mobility of 2°Sr in SNF. Sr sorption to these phases was measured across a wide
range of pH (4-14) and the mechanism of these interactions was investigated in
order to assess the capacity and reversibility of Sr-U(IV) interactions. This
included spectroscopic investigations into Sr binding on both of the phases and
sorption reversibility experiments.

e The impact of carbonation on U(IV)-silicate colloids, a step in the SIXEP effluent
treatment plant. Effluents will be exposed to a carbonation tower during SIXEP
which reduces effluent pH to 7 and increases the carbonate content for the
solution. These colloids may not be affected by a SIXEP-like carbonation reaction
as previous investigations showed these colloids were stable at pH 7 (Dreissig et
al., 2011). If this is the case, the colloids may well persist during SIXEP treatment.
Although the risk posed by a small amount of U passing through the effluent
treatment plant is low, if these colloids can act as vectors for other radionuclides,
such as 2°Sr, 24Py and 2**Am, then this would increase the radioactivity of these
particles and also their hazard. We investigated the changes in U(IV)-silicate
particle size distribution, structure and Sr sorption capacity was analysed over 8
days after carbonation to assess the stability of these particles in effluent

streams.

1.3. Thesis structure

This thesis has a research chapter dedicated to each of the hypotheses discussed above.
These are preceded by a review of the relevant literature and previous work within these
research areas and a detailed account of the methodologies used. The chapters are

broken down as follows:
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Chapter 2: Literature review. The nuclear fuel cycle and nuclear waste in the UK,
focussing on the legacy storage ponds and effluent treatment processes. U(IV)
chemistry, mineral formation and colloid formation. Interactions of U(IV) with silicate,

and silicate colloidal behaviour. Sr solution chemistry and interactions with surfaces.

Chapter 3: Methodology. Contains descriptions of all the experimental methodologies

used in this project, including both theoretical and practical details.

Chapter 4: Stability, composition and core-shell particle structure of uranium(IV)-
silicate colloids. Research chapter. This chapter presents the results of extensive
characterisation of U(IV)-silicate colloidal nanoparticles formed under alkaline,
anaerobic conditions. A multi-technique approach, including extended X-ray absorption
fine structure (EXAFS) spectroscopy, pair distribution function (PDF) analysis, small angle
X-ray scattering (SAXS), ultrafiltration, transmission electron microscopy (TEM), dynamic
light scattering (DLS) and zeta potential, was used to identify a core-shell structure to

the particles, and define and rationalise their stability range.

Chapter 5: Interactions of Sr with UO; and U(IV)-silicate phases. Research chapter. This
chapter presents the results of investigations into the sorption behaviour of Sr when in
contact with two different U(IV) phases. Ultrafiltration, TEM and EXAFS analysis were
used to probe the sorption capacities for the two U(IV) phases and also the mechanisms

of Sr sorption.

Chapter 6: Impact of carbonation on U(IV)-silicate particle stability and capacity for Sr
sorption relevant to effluent treatment. Research chapter. This chapter combines the
understanding developed in the previous two chapters to the impact of effluent
treatment processes, specifically the CO,-gassing step in SIXEP, on U(IV)-silicate colloids
and their potential as vectors for °°Sr. Ultrafiltration and EXAFS were used to study the

changes in U(IV) particle size and structure, as well as Sr sorption behaviour.

Chapter 7: Conclusions and further work. This chapter provides a summary of the
results achieved and the wider implications the work has to nuclear decommissioning
and other areas. Considerations for future directions for work in this area are also

outlined.
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A full list of references is provided after Chapter 7. A Separate reference list is retained

for research chapter 4 to maintain the journal style.

Appendices include details of UV-vis investigations into U oxidation state and a list of

conference presentations.

1.4. Paper status and author contributions

Chapter 4: Stability, composition and core-shell particle structure of uranium(IV)-silicate

colloids accepted for publication to Environmental Science and Technology in July 2018.

Author Contributions

T.S. Neill Principal author. All laboratory work including collection of SAXS, XRD,
TEM, DLS, XAS and PDF data, experiment design and sample
preparation and all data analysis.

K. Morris Input to experimental concept, aided with XAS data collection,
extensive manuscript review pre- and post-submission.

C.I. Pearce Input to experimental concept, manuscript review pre-submission.

N. K. Sherriff  Provided information about Sellafield SNF ponds and effluent
treatment systems, manuscript review pre-submission.

M. G. Burke  Aided with TEM data collection.

P. A. Chater  Aided with PDF data collection and analysis and manuscript review
pre-submission.

A. Janssen Aided with TEM data collection.

L. Natrajan Provision of UCls powder starting material.

S. Shaw Input to experimental concept, aided with SAXS, XAS and PDF data

collection, extensive manuscript review pre- and post-submission.

Chapter 5: Interactions of Sr with UO; and U(IV)-silicate phases, to be submitted to

Journal of Hazardous Materials, estimated September 2018.

Author

Contributions

T.S. Neill

K. Morris

Principal author. All laboratory work including collection of TEM and
XAS data, experiment design and sample preparation and all data
analysis.

Input to experimental concept, aided with XAS data collection,

manuscript review.
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C.l. Pearce Input to experimental concept.

N. K. Sherriff ~ Provided information about Sellafield SNF ponds and effluent
treatment systems.

S. Shaw Input to experimental concept, aided with XAS data collection,

manuscript review.

Chapter 6: Impact of carbonation on U(IV)-silicate particle stability and capacity for Sr

sorption relevant to effluent treatment

Author Contributions
T.S. Neill Principal author. All laboratory work including collection of TEM and

XAS data, experiment design and sample preparation and all data
analysis.

K. Morris Input to experimental concept, aided with XAS data collection,
manuscript review.

C.I. Pearce Input to experimental concept.

N. K. Sherriff  Provided information about Sellafield SNF ponds and effluent
treatment systems.

S. Shaw Input to experimental concept, aided with XAS data collection,

manuscript review.
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Chapter 2: Literature review

2.1. The UK’s nuclear legacy

2.1.1. The nuclear fuel cycle

Nuclear power is generated from the energy released by fission of heavy atoms e.g. U,
which is typically used as the fuel for nuclear power plants and is often enriched in the
fissile 23°U isotope. In Magnox reactors commonly used in the UK, metallic, unenriched
uranium is used. Magnox, a Mg rich alloy cladding, has a composition that allows a
neutron chain reaction to be sustained using non-enriched uranium. Nuclear fuel
typically resides in a nuclear reactor for between 1 and 2 years, after which the fuel is
generally stored in either dry or wet storage to allow for the decay of the most short-
lived, radioactive isotopes (Wilson, 1996). For Magnox spent nuclear fuel (SNF), this is
normally achieved through storage in ponds maintained at a high pH (11.5-13)
(Crossland, 2012). While a range of approaches to managing SNF have been employed
in the past, modern approaches often involve reprocessing of SNF for separation of
fission products, minor actinides, and U and Pu. U and Pu are often combined into mixed
oxide (MOX) fuel. MOX is either reused as nuclear fuel (in a partially closed fuel cycle) or

stored prior to future disposal as part of an open fuel cycle.

The complete fuel cycle, comprises of (Wilson, 1996):

Mining and milling uranium ore

e |solating the uranium in the ore and enriching the 23°U content (if required)

e Using the fuel in a nuclear reactor

e Interim storage of SNF to allow decay of most radioactive isotopes

e Reprocessing SNF to separate uranium and plutonium from other minor
actinides and fission products (for reprocessing/closed fuel cycles)

e Reusing uranium and plutonium as MOX fuel (closed fuel cycle)

e Disposal of wastes

Although the composition of SNF varies greatly depending on the initial composition and

the burn up (the duration it has spent in a nuclear reactor) , it generally consists of U
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(>90 %) with fission products, plutonium and minor transuranics (Crossland, 2012).
Therefore, along with the cladding material that contains the fuel, U will be the most
abundant component of SNF. For this reason it is important to understand uranium
speciation and behaviour in SNF during both short term storage and long term disposal.
Furthermore, due to its abundance, U behaviour may impact on the mobility of other

radionuclides in these scenarios.

As Figure 2.1 below indicates, despite the amount of U in nuclear wastes, it is not a major
contributor to the radioactivity of intermediate level waste (ILW) in the first 100,000
years after generation. The most significant contributors to the radioactivity in the first
100 years for ILW and high level waste (HLW) are activation products and fission
products such as ?°Sr and 137Cs, after which transuranics are responsible for the much of
the radioactivity (Figure 2.1). These high specific activity fission products will therefore
account for a large amount of the hazard posed by nuclear waste during interim storage,

but are less significant over longer timescales of geological disposal.
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Figure 2.1: The decay activity for components of intermediate level waste (ILW) (a) and
high level waste (HLW) (b) generated in the UK. Adapted from (NDA, 2017b).

2.1.2. Spent nuclear fuel storage and effluent treatment at Sellafield

The Sellafield site contains a range of facilities from across the UK’s nuclear history
including nuclear reactors, spent fuel storage ponds and silos, and fuel reprocessing

plants. Decommissioning of the UK’s nuclear legacy is a major and costly undertaking.
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The majority of the cost is focussed on the decommissioning of Sellafield, which is
expected to make up 74 % of the predicted total cost (NDA, 2016). One of the main
targets of this decommissioning process is the retrieval of high hazard materials from
Sellafield legacy ponds and silos (NDA, 2016). Legacy ponds and silos are some of the
most hazardous nuclear facilities in the country (Sellafield Ltd, 2017). They are large
concrete structures containing a complex mixture of fuel elements, debris, sludges and
pond furniture requiring retrieval (Gregson, Hastings, et al., 2011). One of these ponds,
the first generation Magnox storage pond (FGMSP), is constantly purged with sodium
hydroxide solution to maintain an elevated pond pH (approximately 11) and reduce
radioactivity of pond effluent (Maher et al., 2016). To facilitate the decommissioning of
legacy facilities, waste retrieval operations will be undertaken which involve the removal
of the waste from the ponds for processing, containment and disposal; the waste from
these legacy facilities is not reprocessed. Due to historic issues with pond maintenance,
the contents have resided in the pond for prolonged periods of time thus leading to the
formation of corroded Magnox sludge (CMS), named after the Mg-rich Magnox cladding
that was used for the fuel stored in the facilities. Retrievals will disturb the settled,
corroded nuclear fuel which could lead to the mobilisation of certain phases from within
the sludge, either as a dissolved or suspended solid species. This will result in novel
waste streams for the treatment plants that handle these effluents, such as the site ion
exchange effluent plant (SIXEP, Figure 2.2). An understanding of the potentially mobile
phases that can form under the conditions found in these legacy storage facilities is
essential to be able to predict the effectiveness of pre-existing effluent treatment

processes.

There are several effluent treatment plants on the Sellafield site which are specifically
designed to process the wide range of effluents generated. FGMSP effluents are
processed by SIXEP which has been treating effluent from pond purges since 1985 (Gray,
Jones and Smith, 1995). However, as waste retrieval operations begin to take place it is
anticipated that these operations will generate effluents of different composition that
will need to be processed. The main objective of SIXEP is to remove both solid and
soluble radionuclides from the effluent streams, making them safe to discharge to the
Irish Sea (Gray, Jones and Smith, 1995). For SIXEP to remain effective during waste

retrieval and decommissioning phases it is essential to understand the composition of
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the corroded SNF and radionuclide speciation in effluents. The presence of any colloidal
matter in these feeds could complicate the process as colloidal particles may be mobile
in effluents and would therefore be transported to SIXEP, where their interactions with

the radionuclide removal processes are not well understood.
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Figure 2.2: A simplified schematic of the site ion exchange effluent plant (SIXEP). Any
feeds containing solids are first stored in bulk storage tanks to allow sedimentation
and separation of solids and liquor. The effluent from the pond purge water passes

through a sand bed filter to remove solids, before passing through a carbonation tower
to lower the pH to approximately neutral. The effluent then passes through
clinoptilolite ion exchange beds to remove strontium and caesium from the effluent
before moving to the discharge tanks (Adapted from Parry et al. (2011)).
Interim spent fuel storage facilities such as FGMSP at the Sellafield site are maintained
at a high pH to prevent corrosion of the SNF (Wilson, 1996). However, due to extended
storage times, some of the SNF in legacy facilities has undergone extensive corrosion
(van Veelen et al., 2012). As the Magnox fuel was clad with a Mg alloy and the fuel
consisted of metallic uranium, this has led to the formation of CMS. The major
component of CMS is brucite (Mg(OH)z), from the corrosion of the Mg rich Magnox fuel
cladding, however other Mg-containing phases including hydrotalcite
(MgeAl2(CO3)(OH)16.4H,0) like phases and possibly Mg-carbonate phases (e.g.
Hydromagnesite, Mgs(CO3)4(OH);-4H,0) and U, Pu and fission product containing phases
have also been observed (Gregson, Goddard, et al., 2011). These Mg phases are often
present as interlocked platelets between 100 and 1000 nm in size, with brucite also
known to form small colloids 1-6.5 nm in size (Pitois et al., 2008; Gregson, Goddard, et
al., 2011; Maher et al., 2016). While efforts are being made to characterise the sludge
(Gregson, Goddard, et al., 2011; Gregson, Hastings, et al., 2011; van Veelen et al., 2012),

predicting the physical and chemical behaviour of CMS during waste retrieval operations
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is not straightforward due to the range of components, including corroded cladding and
uranium, transuranics and fission products. Additionally, it has been shown that sludges
from different areas within legacy fuel storage ponds can exhibit diverse characteristics;
a range particle morphologies were observed in samples from different regions
(Gregson, Goddard, et al., 2011). Caused by different flow levels and waste forms, these
local variations illustrate the complicated nature of the characterisation of CMS and
decommissioning of these facilities. Furthermore, due to the radioactivity of CMS, there
are limitations in the amount of investigations that be carried out on samples. This
makes it hard to predict the behaviour of CMS under the wide ranging conditions found

in effluent treatment plants.

Gregson, Goddard et al. (2011) found the sludge had morphology consistent with brucite
with elevated Al concentrations in some particulates and possibly some Mg-
hydroxycarbonate phases. U, Ca, Ti Cr and Fe were found in discrete phases. The
uranium encountered in this study was found to be UO; or similar based on Raman
analysis, consistent with the corrosion of metallic uranium under anaerobic conditions
(Kaminski et al., 2005; Gubel et al., 2013). The UO; particles analysed by Gregson et al
were surrounded by an amorphous solid which was not identified. Fourier Transform
Infra-Red (FT-IR) spectroscopy of the sludge samples indicated the presence of sorbed
carbonate and a strong Si-O absorption peak at 1000 cm™. The detection of these
species suggests they are collocated with uranium in CMS. Maher et al. (2016) recently
investigated the distribution of Am and Pu in feed waters to the SIXEP plant. It was found
that the majority of the Am and Pu was associated with Mg containing colloidal material
1 - 200 nm size, with Am being associated with larger particles under lower carbonate
concentrations. Under high carbonate concentrations, Am was predominantly in the <1
nm (solution) and small colloidal fractions (1-6.5 nm). This is supported by a separate
investigation (Gregson, Hastings, et al., 2011) which also found Pu associated with the
suspended solids in legacy storage pond and holding tank samples from the Sellafield
site. It has been shown previously that brucite, the major component of CMS, can form
colloidal species when in contact with a solution (Pitois et al., 2008). As actinides,
particularly An(lV) species, have a low solubility under alkaline, reducing conditions,
colloids could present a transport vector for these otherwise immobile solid species

present in the legacy ponds.
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An investigation into the role of brucite colloids in the uptake of >2Eu, an analogue of
trivalent transuranics such as Am3*, found that sorption to colloidal brucite was
significant at low carbonate levels (< 10 M) (Pitois et al., 2008). However, when Eu was
exposed to bulk and colloidal brucite, preferential sorption to bulk was observed. Parry
et al. (2011) showed Pu was removed from solution by a colloidal CMS simulant
synthesised by corrosion of Magnox alloy turnings. At high pH and in the absence of
carbonate the CMS simulant was most effective in removing Pu, showing a high capacity
for Pu sorption. With addition of electrolyte the brucite colloid flocculated and Pu and
CMS simulant were co-filtered from solution resulting in a high decontamination factor
(DF, the ratio of activity prior to and after filtration). It was noted, however, that high
carbonate concentrations led to a much lower DF of Pu in these systems due to the

formation of Pu-COs solution complexes.

To separate solid and liquid wastes in waste streams at Sellafield, particulate containing
effluents from storage facilities are transferred to Bulk Storage Tanks (BSTs) for times
from 10 hours to a week in order to separate solids from supernatant before the solution
is processed in SIXEP (Maher et al., 2016). The SIXEP process (Figure 2.2) involves several
steps to facilitate removal of radionuclides from effluents, prior to disposal of the
cleaned effluent to the Irish Sea (Maher et al., 2016). First, sand bed filters remove
particulates from the effluent. Secondly, the effluent is passed through the carbonation
tower where CO; is bubbled through the effluent to reduce the pH from ~11 to 7 (Maher
et al., 2016). This is done to increase the efficiency of the ion exchange beds, which are
made up of clinoptilolite ((Na,K,Ca)2-3Al3(Al,Si)2Si13036:12H20), a naturally occurring
zeolite. The clinoptilolite is used as it is able to remove two major fission products, *3’Cs*
and 2°Sr%*, from solution selectively (Kaplun et al., 1992; Minglu, Shijun and Chunkou,
1994; Borai et al., 2009; Elizondo-Villarreal et al., 2016). High selectivity is required due
to the abundance of Ca?* and Na* in solution from NaOH doping of the ponds and the
high radioactivity of 2°Sr and 3’Cs (Wilson, 1996). It is important to note that while
clinoptilolite shows high selectivity for dissolved Sr?* and Cs* the effectiveness of
clinoptilolite in removing colloidal radionuclides is unknown, meaning colloids have the
potential to impact the mobility of °°Sr and '3Cs within SIXEP and therefore the

efficiency of the plant. Furthermore, colloids will not settle out with other solids during
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the settling stage in BSTs and may not be filtered out by sand bed filters, making them

potentially an important factor in effluent treatment efficiency.

While the research discussed above has highlighted the potential importance of colloids
for the transport of a range of radionuclides in alkaline SNF storage, there has been
limited characterisation of the colloids. Understanding the structure and stability of the
colloids that could form is needed in order to predict their behaviour under the wide
ranging conditions found across sites such as Sellafield. This knowledge will also be
applicable to the similar conditions found in geological disposal facilities, which are

discussed below.
2.1.3. Geological disposal of nuclear waste

Alongside decommissioning of existing nuclear sites, the long-term disposal of nuclear
waste is another major challenge for the nuclear industry. Nuclear waste is classified as
one of the following, based on the level of radioactivity; very low level waste (VLLW),
low level waste (LLW) intermediate level waste (ILW) or High level waste (HLW). Once
the spent fuel has been removed from the legacy storage ponds, it will be separated
from pond liquor and contained in preparation for long term geodisposal with ILW and
HLW. In the UK VLLW and LLW is disposed of at the low level waste repository (Defra,
2007). The planned method for long term disposal of SNF, ILW and HLW internationally
is a Geological Disposal Facility (GDF), an underground facility at a depth of between 200
and 1000 m below the surface, depending on the host geology (Department of Energy
& Climate change, 2014). The GDF will use a multi-barrier approach to waste
containment over the planned 100,000 — 1,000,000 years required for the waste to
decay to background radioactivity (Department of Energy & Climate change, 2014).
These barriers include the wasteform itself (e.g. the glass wasteform for vitrified waste),
the waste container, which would be made up of steel or copper, a bentonite or
cementitious backfill and the host geology (RWM, 2008; Hicks, White and Hooker, 2009;

Department of Energy & Climate change, 2014)(Figure 2.3).
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Figure 2.3: Schematic of the multi-barrier concept for the geological disposal of high

level waste. The waste will be contained within a canister, which in turn is in a metal

waste container. This container is then surrounded by a backfill of either cement or

clay. Finally, the host geology of the site will also act as a barrier to incoming
groundwater and any mobilised radionuclides.

Research around GDF capability and the safety case focusses on the mobility of
radionuclides within the groundwater that will eventually permeate the multi-barrier
system (RWM, 2008). As the aim of a GDF is to contain the radioactivity of the nuclear
waste for sufficient time that it decays to background levels (>100,000 years), the
mobilisation of radionuclides is the biggest concern for the safety case of a GDF.
Radionuclides within the GDF could be mobilised via a number of routes; dissolution of
the solid matrix into a stable dissolved species, formation of colloids, suspended
nanoparticulate matter that is mobile within an aqueous system, or pseudocolloids,
where the radionuclide is bound to a pre-existing colloid (Hicks, White and Hooker,

2009). To be able to understand whether radionuclide migration will occur, each of

these scenarios must be comprehensively investigated.

Under geological disposal conditions, it is anticipated that eventual groundwater
intrusion into the system will result in the formation of a cementitious plume (in cement
backfilled repositories) (Beattie and Williams, 2012). This plume would initially have a
high pH of ~12.5 which would eventually dilute leading to a reduction in alkalinity (Small
and Thompson, 2009). In the wasteforms, there will be an abundance of metallic
components, such as steel or copper waste canisters and possibly fuel cladding and

building material. It is likely that subsequent to the intrusion of groundwater, the GDF

34



will initially be anaerobic due to the corrosion of these materials and the low O; levels
in deep groundwaters (Beattie and Williams, 2012). A range of backfill materials and
host geologies have been investigated for GDFs worldwide and the preferences vary
between the countries (RWM, 2008; Department of Energy & Climate change, 2014).
Compacted bentonite clay is considered by many to be the best backfill material due to
its low porosity and high availability (Hicks, White and Hooker, 2009; RWM, 2011).
Understanding the behaviour of radionuclides in this environment is crucial in order to

predict their mobility, which is essential for the safety case for a GDF.

The speciation of uranium in a GDF scenario is a major part of the safety case due to its
abundance in SNF. At the basic pH anticipated in a ground water intruded GDF, many
species, in particular actinides, would be expected to be insoluble. Therefore, one of the
most prominent areas of interest concerning radionuclide mobility is the formation of
colloids (Mori et al., 2003). Bots et al. (2014) recently highlighted the potential for U(VI)
to form colloids under high pH, cement leachate conditions. If U(IV) can also form
colloids under similar conditions then this would mean uranium could be potentially
mobilised under both reducing an oxic conditions. It is therefore essential to understand
the behaviour and mobility of U and other radionuclides in nuclear wastes in order to
safely contain and decommission nuclear sites in the short term, and safely dispose of
the waste in long term geological disposal facilities. Due to the low solubilities of many

radionuclides, colloids may play an important role in this.

2.2. Uranium and actinide chemistry

2.2.1. Uranium redox, solubility and solution chemistry

Many actinides have multiple stable oxidation states (Table 2.1) which exhibit a range
of characteristics. The different charges of actinide ions in different oxidation states
result in diverse behaviours for these elements, depending on the redox conditions. For
example, the tendency of actinides to form complexes follows the trend: An%>
An3*=An02**>An0,*, reflecting the effective charge on the actinide ion (Clark, Hobart
and Neu, 1995). At higher oxidation states (> +5), actinides have a tendency to form
actinyl AnO;™ complexes where n = 1, 2 or 3. Due to the covalent nature of the An=0

bonds in actinyl complexes, the formation of these complexes leads to a reduction in
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the effective charge of the An ion in comparison to lower valence species. For example,
the effective charge on U(IV) (U*) has been calculated using a hard sphere model to be
4.37, compared to an effective charge of 3.23 for U(VI) (UO2%*)(Moriyama et al., 1999)

resulting in a higher charge density of the lower oxidation state U** ion.

Due to the formation of actinide-water complexes in solution and the high charge
density of most actinide ions, they readily undergo hydrolysis. The degree of hydrolysis
is dependent on the charge to radius ratio of the actinide ion and the solution pH.
Hydrolysed actinides can oligomerise to form larger particles and solids (Knope and
Soderholm, 2013), often leading to very low solubilities for actinides in anything but very
acidic solutions. For example, U** will readily hydrolyse in solutions with even acidic pH
([H*] < 0.1 M) resulting in formation of U(IV)-oxyhydroxide solids. U(VI), present in
solution as the uranyl UO,** species, does not undergo hydrolysis until above pH 3
because of the lower effective charge on the uranyl U(VI) than U(IV) (Clark, Hobart and
Neu, 1995). This leads to the low solubility of U(IV), relative to U(VI) and hence U(IV) is
often considered immobile in agueous systems due to this low solubility and propensity

to form solids.

Table 2.1: The oxidation states of the most common actinide elements. Oxidation
states in bold are the most environmentally relevant. Adapted from (Clark, Hobart and

Neu, 1995).
Th Pa U Np Pu Am Cm
+3 +3 +3 +3
+4 +4 +4 +4 +4
+5 +5 +5 +5
+6 +6 +6

+7

The most common oxidation states for the major actinides are shown in Table 2.1. For
uranium, the +4 and +6 oxidation states are the most common, with U(IV) forming under
reducing and anaerobic conditions and U(VI) being common in oxic environments. U(V)
does exist in certain scenarios, usually in non-aqueous solvents and solid phases
(Roberts et al.,, 2017) but is not stable in solution due to the tendency to

disproportionate to U(IV) and U(VI) although a recent study has suggested the rate of
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this disproportionation may be slower than previously thought (Collins and Rosso,

2017).

Inorganic ligands such as carbonate (COs?’) can dramatically increase the solubility of
actinides. Carbonate is of particular relevance in SNF storage ponds, as the high pH
solutions are exposed to air and therefore likely to contain carbonate from dissolution
of atmospheric CO;. It has been shown previously that the presence of carbonate can
increase the solubility of the uranyl species by formation of bidentate uranyl carbonate
complexes UO,(COs3)n>"where n = 1, 2, 3 (Grenthe et al., 1984; Elless and Lee, 1998;
Gorman-Lewis et al., 2008). This effect has also been observed for U**, where U(CO3)s®
dominates U speciation at high carbonate concentrations (Ciavatta et al., 1983; Hennig,
Ilkeda-Ohno, et al., 2010) and U(OH)>(CO3)2* can be significant at lower carbonate
concentrations (Rai et al., 1998). In SNF storage facilities where basic, anaerobic
conditions are anticipated so U(IV) will be present and likely very insoluble but
carbonate complexes may increase this solubility. Solutions of 0.05 M U(IV) were
possible at pH 8.3 and 1 M CO3% due to the formation of the [U(COs3)s]® complex. This is
significantly higher than U(IV) solubility in carbonate free solutions (Figure 2.4) which
rarely exceeds 107 M (Hennig, lkeda-Ohno, et al., 2010; Dreissig et al., 2011). These
actinide-carbonate complexes have also been observed for Np, Pu and Th (Neck and
Kim, 2000; Guillaumont et al., 2003; Parry et al., 2011) . Due to the abundance of
carbonate likely in high pH solutions relevant to SNF storage, it is important to take into

account the role these complexes may have on actinide solubility and mobility.

Another ligand of interest in SNF storage and geodisposal scenarios is orthosilicate
(Si04*), frequently simplified to silicate. Silicate is expected to be present in legacy spent
fuel storage ponds due to dissolution of cement from pond walls and legacy use of non-
deionized water for pond purges. In a GDF scenario, silicate will be present in the ground
water ingressions, and dissolution of vitrified waste and the cement backfill. It has been
shown previously that silicate can complex uranium at low concentrations in solution at
the underground laboratory site, Horonobe, Japan (Kozai, Ohnuki and Iwatsuki, 2013).
Although U(VI) silicates display a low solubility, resulting in the abundance of U(VI)-
silicate minerals in nature e.g. weeksite (K2(UO2);SieO15-4(H20)) and botlwoodite
(HK(UO3)(Si04)-1.5(H20)), it is possible that silicate can increase the solubility of U(IV).

This has been observed previously for Th(IV) with the formation of the aqueous
37



Th(OH)3(H3Si04)3> complex at pH 6-12 (Rai et al., 2008), and has been suggested for
U(IV) (Mesbah et al., 2015). Interestingly, the pH range for formation of this Th-silicate
complex coincides with the pH of legacy storage ponds such as FGMSP and potentially
geodisposal scenarios. Figure 2.4 below shows the relative solubilities of U(IV) and U(VI)
in the presence of carbonate and silicate. It can be seen that U(IV) has much lower
solubilities generally than U(VI). U(VI) has higher solubilities at low (< 4) and high (> 11)
pH, with a solubility minimum in all systems except carbonate at pH ~ 8. Carbonate is
seen to increase U(VI) solubility, while silicate reduces solubility due to the formation of
U(VI)-silicate minerals as solubility limiting phases. In the U(IV) systems, 5 mM carbonate
has very little effect on U(IV) solubility despite the fact that high carbonate
concentrations (1 M) can significantly increase U(IV) solubility (Hennig, Ikeda-Ohno, et

al., 2010). 5 mM silicate, however, increases solubility of U(IV) by up to 10* between pH

7 and 13.
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Figure 2.4: Comparisons of U(IV) (left) and U(VI) (right) solubility in the absence of
complexing ligands, in the presence of 5 mM carbonate, or in the presence of 5 mM
silicate. For U(IV), no ligand is overlapped by UCOs. Solubility limiting phases used were
U02.2H,0 for all U(IV) phases, UO2(OH); for U(VI)-CO3 and no ligand, and Soddyite
((UO2)2Si04:2H,0) for U(VI)-silicate system. Data is modelled using phreeqc using the
SIT thermodynamic database and Mesbah et al. (2015).

2.2.2. Uranium mineralogy

Uranium mineralogy is a well-studied area due to the necessity for uranium as nuclear
fuel. The Earth’s crust contains approximately 2.7 ppm uranium (Taylor, 1964), with over
200 uranium-containing mineral species discovered (Fleischer, 1995). As mentioned
previously, uranium is normally found in either the +4 or +6 oxidation states with few

examples of U(V). U(VI) is found in a wide range of minerals with a complex range of
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structures, whereas U(IV) minerals tend to have higher symmetry and are isostructural
with other tetravalent cation containing minerals e.g. Zr # and Th*" (Burns and Finch,
1999). U(IV) is generally coordinated to 6-8 ligands, with the two most common U(IV)
minerals being uraninite (UO;) and coffinite (USiOa4) (Figure 2.5). Uraninite, nominally
UO: but normally found as the partially oxidised UQO2.x, is the most common U(IV)
mineral species (Janeczek and Ewing, 1992b) with geologically aged uraninite also
containing other cations e.g. Pb*, from radioactive decay of U, and Ca?* via cationic
substitution. Coffinite, USiO4:nH,0 where n = 0-2, is the second most abundant U(IV)
mineral species (Burns and Finch, 1999). Coffinite is isostructural with zircon (ZrSiO4) and
cationic substitution at both the U and Si sites has been observed for a wide range of

cations (Deditius et al., 2010).

Figure 2.5: The coordination environment of U in uraninite (UO2) (A) and coffinite
(USiO4) (B). Grey spheres are U, red spheres are O and blue spheres are Si.
Both uraninite and coffinite are important in the storage and geological disposal of SNF.
Nuclear fuel is commonly in the form of UO,, uraninite, or occasionally U metal which
corrodes to UO; in the presence of water (Kaminski et al., 2005; Gubel et al., 2013), and
this is likely to mix with silicate-rich ground waters (Amme et al., 2005). This process has
previously been shown to form coffinite, although the mechanism for this is poorly
understood (Guo et al., 2015). Whether it is a direct alteration phase of uraninite, or
forms via oxidised, dissolved uranyl intermediates is not clear (Deditius, Utsunomiya and
Ewing, 2008). While coffinite is abundant in nature, there have been numerous studies
that highlight the difficulties in synthesising pure coffinite in the laboratory (Pointeau et
al., 2009; Mesbah et al., 2015; Szenknect et al., 2016). Studies have previously identified
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mixed-phase products dominated by the thermodynamically favoured UO; and SiO;
(Labs et al., 2013), and recent work has identified possible colloidal and/or
nanocrystalline phases responsible for the formation of coffinite in the laboratory
(Mesbah et al., 2015; Szenknect et al., 2016). These studies into coffinite formation used
synthesis conditions that coincided with those of U(IV)-silicate colloid formation
(Dreissig et al., 2011). Evidence of the potential contribution of colloidal particulates to
coffinite formation in nature were also recently described, where U(IV)-silicate
nanoparticles were present in a deep granitic aquifer containing coffinite. (Suzuki et al.,
2016) The evidence of nanoparticulate uranium phases in natural samples further
reinforces the relevance of these particles in environmental transport of radionuclides

and the range of processes they may influence.

It has been suggested that the formation of coffinite is linked to U(IV) solution
complexes as well as U(IV)-silicate colloid formation (Mesbah et al., 2015). The structure
and thermodynamic stability of U(IV) solution complexes are not well understood, yet
Mesbah et al. (2015) have approximated the solubility product constant for
U(OH)3(H3Si04)3% based on available data for the thorium complex Th(OH)3(H3SiO4)3%
(Rai et al., 2008). By doing this, they were able to show a pH range under which this
complex is likely to form, pH 8-11, which coincides with the ideal conditions for coffinite
synthesis in the laboratory. Additional work has shown that coffinite can form when UO;
is exposed to a silicate containing solution, with [Si] > 1 mM, providing further evidence
of the presence of U(IV)-silicate solution complexes (Janeczek and Ewing, 1992a).
Silicate has also been shown to stabilise colloidal U(IV), Th(IV) and Np(IV), which will be
discussed in more detail later (Dreissig et al., 2011; Hennig et al., 2013; Husar et al.,

2015; Zanker et al., 2016).

U(VI) minerals exhibit a wider range of structures, leading to the much larger number of
U(VI) minerals found in nature. U(VI) minerals generally retain the linear uranyl UO,**
cation (Evans, 1963), with a range of coordination polyhedra around the U cation from
octahedral to hexagonal bipyramidal. The range of possible U(VI) coordination
environments and the possibility of them coexisting within the same mineral leads to

the high number of different U(VI) minerals.
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2.2.3. Actinide clusters and mineral precursors

Actinides are known to form clusters between 6 and 60 actinide atoms in size. These
clusters are potentially important intermediates to particle formation according to non-
classical nucleation theory (Gebauer et al., 2014) and consequently relevant to the
formation of many solid phases. These clusters are formed by controlled hydrolysis of
actinides in solutions containing capping ligands that prevent extensive hydrolysis into
actinide oxyhydroxide nanoparticles. For U(IV) and Th(IV) these clusters are very small,
with most consisting of less than 12 actinide atoms per cluster, and structures have been
confirmed for 2 (Albrecht-Schmitt, Almond and Sykora, 2003; Natrajan et al., 2005; Pohl
etal., 2009; Knope et al., 2011), 3 (Kadish et al., 1988), 4 (Calderazzo et al., 1978; Rogers,
Bond and Witt, 1991), 6 (Takao et al., 2009), 8 (Knope et al., 2012) and 12 (Nocton et al.,
2010) actinide atom clusters using a variety of techniques. Many of these clusters
contained capping ligands such as dibenzoylmethanate (Nocton et al., 2010), fomate
(HCOO") (Takao et al., 2009) and selenate (Se04%) (Knope et al., 2012) which have similar
properties to ligands present in the environmental or engineered scenarios such as
carbonate, silicate and organics (e.g. humics), suggesting similar structures have the
potential to form under more environmentally relevant conditions. Similar reactions
with Pu(IV) resulted in larger, rod like structures which were found to be between 1 and
8 nm in diameter and up to 200 nm in length (Thiyagarajan et al., 1990). Interestingly, a
mixed oxidation state U(IV), U(V) pentamer with U-O bridges has also been identified
with the authors suggesting the potential for these mixed oxidation species to be
relevant to the speciation of uranium in the environment (Mougel, Pécaut and Mazzanti,

2012).

As well as small clusters, U(VI) peroxide nanoclusters made up of ([UO2(02)OH]e0)®% core
have been shown to self-assemble in U(VI)/H20; solutions (Soltis et al., 2016). Recently
Fe(lll)13-Keggin clusters have been identified as an important precursor in ferrihydrite
formation (Weatherill et al., 2016), which falls in to a wider area of research on
prenucleation clusters and their relevance to particle formation (see (Gebauer et al.,
2014) and references therein). This work illustrates the potential importance of these

small clusters to the eventual formation of larger nanoparticles, colloids and even
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mineral formation as these clusters or similar structures will likely be some of the initial

products of actinide hydrolysis.
2.2.4. Corrosion of metallic uranium in spent nuclear fuel

Metallic U was the fuel of choice for Magnox reactors employed in the UK and, as
discussed previously in section 2.1.2., some spent Magnox fuel located in legacy wet
storage facilities have undergone corrosion. In contact with water U metal is known to
corrode to UO,, generating a thin film of corrosion product (Kaminski et al., 2005; Sinkov,
Delegard and Schmidt, 2008). UO; is much less dense than U metal, meaning this
corrosion results in an expansion of the surface and cracking and breaking up of the UO;
film. Due to the formation of this UO- film, which coats the more reactive U metal and
is rapidly replenished on the metal when cracking occurs, the kinetics of oxidation are
controlled and this oxidation does not occur rapidly (Sinkov, Delegard and Schmidt,
2008). Under oxic conditions, the oxidation of UO, continues, forming first UsO9 and
then U307 (Gubel et al., 2013). The U oxide produced from anoxic corrosion experiments
is often a very fine particulate (Sinkov, Delegard and Schmidt, 2008). Under anoxic
conditions, the product of the reaction of U metal with water was believed to be slightly
hyperstochiometric UO2.«, where x is typically 0.08 (Hilton, 2000; Kaminski et al., 2005),
however more recent studies have suggested the hyperstochiometric UO;.x product
may be a result of the propensity for oxidation of small UO2.+0.00 particles, which are the
true product of anoxic corrosion. The reaction of U metal with water releases Hz, which
also leads to the formation of UH3 from the corrosion of U metal, which in turn reacts
with water to form UO; (Delegard and Schmidt, 2008; Sinkov, Delegard and Schmidkt,
2008). From characterisation of corroded U metal sludges at Hanford, USA, a wide range
of U-oxides, including UO,, UsQg, U(VI) schoepites and U(VI) peroxides have been found,
illustrating the complex nature of U corrosion and oxidation behaviour (Delegard and

Schmidt, 2008).

Interestingly, Kaminski et al. (2005) showed that the corrosion of metallic U in the
presence of silicate can lead to the formation of a UOz.x colloid, where x = 0.08. Although
it is known that U metal oxidised to UO, forms a nanoparticulate phase, it was expected
to not be colloidal because of the tendency for aggregation in UO2 particles, which is
due to their low surface charge at near neutral pH. However, in this study the UO2.
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particles only showed limited aggregation and remained in suspension over the duration
of the experiment (125 days). The colloid formed in this study also showed similarities

to U(IV)-silicate colloids, which are discussed more comprehensively in section 2.3.3..

2.3. Colloids

2.3.1. DLVO theory and colloid stability

Colloids are defined as particles suspended in solution with any dimension between 1
and 1000 nm in length (Hiemenz and Rajagopalan, 1997). However this definition is not
absolute and particles both above and below this size range can form colloids in certain
cases. Environmental colloids come from a variety of sources spanning both inorganic
and organic materials. Natural and synthetic colloids have diverse applications, including
physical chemistry (ion exchange) (Roy and Dzombak, 1996), environmental science (e.g.
water purification) (Wolthoorn, Temminghoff and van Riemsdijk, 2004), petroleum
science (oil recovery) (Thomas and Farouq Ali, 1990) and imaging technology (printing
inks) (Tang, Yang and Wang, 2010). Colloids experience competition between
destabilising gravitational force and random Brownian motion. In the case of a stable
colloidal dispersion, these forces are in equilibrium. The small size of colloidal particles
results in both small gravitational forces and significant Brownian motion, meaning the

particles do not precipitate out of suspension.

There are many factors that dictate the stability of colloids. Colloids have two main
routes to destabilization; they can dissolve to form a true solution, or the colloidal
particles can aggregate into larger particles which may then sink out of suspension.
Many colloids, in particular inorganic colloids, are thermodynamically unstable and are
prone to irreversible aggregation and settling out. Their stability is generated by the
kinetic stability of the system, which is caused by the electrostatic repulsion between
charged surfaces (Hiemenz and Rajagopalan, 1997). As surface species will carry an
overall charge at most pH, the electrostatic repulsion between these surfaces with the
same charge and the double layer that is generated from this charge will be large. As a
result of this there is a large kinetic barrier towards aggregation. Changing the conditions
of the solution can reduce or increase this barrier. Increasing ionic strength, for example,

can decrease this kinetic barrier by reduction of the electric double layer size (Figure 2.6)
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and potentially cause aggregation in a previously stable colloidal system. On the other
hand, addition of a surfactant, a species that stabilises the often unfavourable water-
colloid surface interactions, can reduce aggregation rates in colloidal systems by
reducing the thermodynamic drive for aggregation, or by sterically inhibiting
aggregation (Tadros, 2011). Changing the pH of the system can either increase or
decrease the stability of a colloidal system, depending on whether the change in pH

increases or decreases the surface charge of the colloidal particles.

The colloid stability mentioned above is described by DLVO theory, which outlines the
attractive and repulsive forces in effect in colloidal systems (Verwey, 1947; Derjaguin
and Landau, 1993). The theory takes into account the attractive van der Waals forces
and the repulsive electrostatic force between two charged lyophobic particles (particles
that form unfavourable interactions with the solvent) which exhibit irreversible

coagulation. The principles of DLVO theory can be summarised as:

1. The greater the charge potential of the double layer, the larger the interparticle
repulsion will be.

2. The lower the electrolyte concentration (ionic strength of the solvent), the greater
the distance from the particle surface to a major repulsion decrease.

3. A large Hamaker constant (determined by the polarisability of the interacting

particles and the medium) results in a large attraction between particles.

DLVO provides an explanation for the interaction between two particles in terms of their
potential energy (¢r), as a product of the attractive van der Waals force (¢a) and the

repulsive electrostatic force (¢r).

¢T = A+ dR (2.1)
The van der Waals attraction can be described as the sum of all molecular interactions
between the two particles and the molecules of a particle and the solvent, where r is
the spherical particle radius, Sis the distance between the particles and A is the Hamaker

constant (Hiemenz and Rajagopalan, 1997).

_ A 212 2r? (S2 + 4rS) l} (2.2)
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The electric repulsive potential can be written as:
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¢R = 2meg r{?e ¥ (2.3)
Where ¢ is the solvent’s dielectric constant, € is vacuum permittivity, { represents the
zeta potential and « is a function of the ionic concentration known as the Debeye

parameter (Park and Seo, 2011), which is defined as:

(2P x 103\ (2.4)
o= eggRT

Where | is the ionic strength in moles and F is the Faraday constant.

As the van der Waals attraction is not affected by the ionic strength (/), yet the repulsive
electrostatic force is strongly dependent on the ionic strength of the solution, the overall
potential energy is significantly affected by / as these two contributions will not cancel
out. This means that / can have a significant effect on colloidal stability. / is a factor in
electrostatic repulsion of colloids due to the formation of an electric double layer in
solution, shown in Figure 2.6. The thickness of this double layer is equal to k' in meters
and therefore, according to Equation 2.4, inversely proportional to /2 meaning that the
double layer size and electrostatic repulsion both decrease with increasing ionic
strength (Stumm and Morgan, 1995). This means that, at high /, the charge of the
particle surface is rapidly diffused by a small, densely charged double layer which results
in less interparticle repulsion. This reduces the barrier to particle coalescence and

therefore results in a less stable colloidal suspension.
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Figure 2.6: lllustration of the electric double layer for a negatively charged particle. The
Stern (‘fixed’) layer consists of counterions at the particle surface and the slipping
plane contains ions that are mobile with the particle. There is a higher concentration of
positively charged counter ions near the negatively charged surface.

Due to the complex nature of colloidal particles and colloidal stability, there are several

assumptions made by DLVO theory:

e The surface of the particle is an infinitely flat solid surface with uniform charge
density

e There is a constant concentration profile of counter ions and surface ions

e Surface electric potentials remain constant

e There are no chemical reactions between surfaces and solvents

These assumptions can lead to shortcomings when looking at colloids that interact with
the dispersion medium, for example with hydrogen bonding between water and biotic
and abiotic colloids (Grasso et al., 2002) and pH dependencies of stability on edge sites
of clay nanoparticles (Missana and Adell, 2000). In addition, small colloids will have a

highly curved surface, making the simplification to a flat surface less accurate.

Further to the points above, it is worth outlining the main limitations of DLVO theory
(Park and Seo, 2011). Firstly the dispersion must be sufficiently dilute so the particles of

interest are not affected by other particles in terms of charge density, distribution and
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electric potential. No interfering forces such as a magnetic field or a contribution from
gravity are considered. The geometry of the particles is assumed to be near spherical so
the surface properties of the particle are uniform. Finally, the double layer is determined
by only electric force, Brownian motion and entropic dispersion. These shortcomings
mean that DLVO theory is not capable of accurately predicting colloidal behaviour for
many systems that fall outside of its limitations. It does, however, outline the basic
contributions toward the stability of a lyophobic colloidal dispersion. There have been
many advances to DLVO theory since its creation, including the incorporation of non-
uniform, roughened surfaces (Swanton and Vines, 2003), at high ionic strength where
surface groups will interact more strongly with ions (Ehrl et al., 2009), and with the
addition of Lewis acid-base interactions (van Oss, 2008). Unfortunately, although these
improvements have been shown to be effective in the specific areas of interest, they are
often retrospective and there have been no complete solutions to the shortcomings of

DLVO theory that can encompass predictions of all colloid systems.

Colloidal particles will be usually be suspended when they have a gravitational settling
velocity (us) of below 102 cm s (Stumm and Morgan, 1995). The value of us can be
calculated using Stoke’s law as described in Equation 2.5. Here, g is the gravity
acceleration, p and ps are the mass densities of water and the particle respectively, n is
the absolute viscosity of water which is equal to 0.001005 kg m s at 20°C and d is the
particle diameter (Stumm and Morgan, 1995).
vy = iis % d2 (2.5)

Therefore, according to Equation 2.5, the settling velocity is proportional to d? and
increases significantly with increasing particle size. As aggregation increases particle
size, this will in turn increase the gravitational settling velocity of the particles by the
square of the particle size. Additionally, the gravitational settling velocity is proportional
to ps — p, meaning an increase in the particle density will result in an increased
gravitational settling velocity. For actinides this is significant as oxides such as UO; have
a high density (10.97 g/cm3, (Greaux et al., 2008)). Due to this, particle aggregation is
particularly relevant for actinide colloid stability, with larger aggregated particles of
dense actinide oxides leading to high gravitational settling velocity and low colloid

stability.
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Silica (SiO2) colloids, of high relevance in this thesis, show many non-classical DLVO
characteristics. Many of these are down to the more favourable surface-solution
interactions of silica surfaces (ller, 1979). This is discussed in more detail in section

2.34..

2.3.2. Colloids and radionuclides

Colloids are of particular interest when looking at radionuclide mobility due to the low
solubility of many radionuclides. Many inorganic and organic colloids found in both
natural ground waters and in nuclear fuel storage facilities have been shown to sorb
actinides and fission products strongly due to their high surface area and reactivity
(Kersting et al., 1999; Farr, Schulze and Honeyman, 2000; Pitois et al., 2008; Gregson,
Goddard, et al., 2011; Gregson, Hastings, et al., 2011; Kersting, 2013; Maher et al.,
2016). Some of these studies have shown how colloidal transport can greatly enhance
the distance travelled by radionuclides, particularly those which possess low solubility
(e.g. An(IV)) and therefore do not exist at significant concentrations as dissolved species.
In these cases mobility would be expected to be very low, meaning colloid formation
greatly enhances transport. However, the extent of radionuclide transport often
depends on the form of colloids, as binding to pre-existing colloids, also known as
pseudo-colloids, is often reversible. If the sorbed species is reversibly bound to the
colloid surface in an outer/inner sphere sorption complex, it will dissociate from the
colloid if the local concentration of the sorbed species drops or a change in pH leads to
increase solubility, potentially resulting in limited transport (Zanker and Hennig, 2014).
This is often the case for radionuclides such as °°Sr at neutral pH (Vilks and Laboratories,
1991; Bekhit et al., 2006; Albarran et al., 2011), where it is known to bind in an outer
sphere complex (O’Day et al., 2000; Carroll et al., 2008; Wallace et al., 2012; Fuller et al.,
2016). Therefore, colloidal transport of Sr at neutral pH has been shown to be limited
because of this reversibility of sorption. However, if the radionuclides are integral to the
structure of the colloidal particles, forming an intrinsic colloid (or Eigen colloid), this can

lead to greater transport (Farr et al. 2007).
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(A) (B)

Figure 2.7: The possible fates of radionuclides, including (A) radionuclides as a solution
species, (B) radionuclides immobilised by sorbing to sediment/rock (left) and forming
intrinsic precipitate (right) (C) radionuclides form intrinsic colloid and (D) radionuclides
sorb to organic or inorganic colloid to form a pseudo-colloid. Radionuclides are mobile
in scenarios A, C and D.

Intrinsic colloids can also form from supersaturated solutions that would normally result
in precipitation of immobile solid sediments (Kim et al. 2008). Formation of actinide
colloids, which have low aquatic solubility (Fanghanel and Neck, 2002) can proceed via
hydrolysis as actinides form intrinsic colloids (Neck and Kim, 2001). These intrinsic
colloids have been shown to form for Pu (Neck et al., 2007; Walther et al., 2009) and
U(VI) at both high and low pH (Priyadarshini et al.,, 2013; Bots et al., 2014) . For
tetravalent actinides, which would be expected to be present in the anaerobic
conditions found in SNF storage, An(IV)O: colloids have been observed at low pH. These
colloids have been seen for UO;, ThO3, PuO; and in some cases have been responsible
for overestimates in An(1V) solubility due to their very small size being mistaken for true
solution species (Neck and Kim, 2001; Neck et al., 2002; Dreissig et al., 2011). However,
of these, only PuO; is commonly believed to form stable oxide colloids at pH > 3 (Mori

et al., 2003; Huber et al., 2011; Zdnker and Hennig, 2014). This is due to the
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hydrophobicity of the AnO; particle surfaces and the low surface charge of the particles
at near neutral pH, which results in aggregation and precipitation. There is some
evidence of colloidal and nanoparticulate U(IV) forming in nature from investigations
into formation of uranium ore deposits. Both U(IV) silicate and UO; nanoparticles have
been observed in coffinite and uraninite deposits respectively (Suzuki et al., 2016;
Schindler et al., 2017), indicating that U(IV) nanoparticles have the potential to form in

natural systems.

U(IV) colloids have been formed from the corrosion of metallic U found in SNF (Kaminski
et al., 2005). Non-irradiated and irradiated nuclear fuel were corroded in well water at
pH 8.4, 1.5 mM silicate and 90 °C under oxic and anaerobic conditions (Kaminski and
Goldberg, 2002; Kaminski et al., 2005). Under anaerobic conditions a U(IV) colloidal
phase formed that was stable for at least 125 days either as an intrinsic colloidal
dispersion in the absence of clay, or mixed with clay colloids when they were present.
When the anaerobic systems were exposed to air, the colloid remained present for a
long period of time (>70 days) before eventually forming a U(VI)-silicate precipitate. The
colloidal U(IV) phase formed was identified as UO; from selected area electron
diffraction (SAED) but it is possible that silicate played a role in the colloidal stabilisation
by coating the particles, previously observed in iron oxide and calcium carbonate
systems (Mayer and Jarrell, 1996; Doelsch et al., 2003; Kellermeier et al., 2012). Silicate
was present in high concentrations in the well water solution used and the colloidal
particles formed possessed similar characteristics to U(IV) silicate colloids in terms of
particle size and surface charge (Dreissig et al., 2011). Additionally, when these colloidal
particles were exposed to air they formed weeksite (K2(UO2).Sis015:4H,0), a U(VI)-
silicate precipitate, suggesting a U(IV)-silicate phase may be present prior to oxidation.
This is supported by recent investigations highlighting a group of An(IV)-silicate colloids
(where An=U, Th, Np), which have been shown to form at pH 7-9.5 (Dreissig et al., 2011;
Hennig et al., 2013; Husar et al., 2015; Zanker et al., 2016).

2.3.3. Silicate stabilisation of colloidal nanoparticles

Intrinsic U(IV)-silicate colloids have been formed by the dilution of a U(IV) carbonate
solution in a silicate solution at pH 7-9.5, achieving a colloidal U(IV) concentration of up
to 1 mM (Dreissig et al., 2011). When the concentration of silicate exceeded that of
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U(IV), this resulted in the formation of U(IV)-silicate colloids. The colloidal nanoparticles
were very small, below 10 nm in size under certain conditions, and stable for at least 3
years. The structure of these particles was confirmed by EXAFS as a U(IV) silicate phase,
which appeared to be similar to coffinite, however the exact structure was not resolved.
Colloidal stability was observed to increase with increasing silicate in solution (up to 2.7
mM) and increasing pH (up to pH 9.5), suggesting these colloids have a stability range
beyond the pH explored in the study. When no silicate was present in the reactions, no
stable colloid was formed by the U(IV)-oxyhydroxide product. The results show that
silicate is required to form the U(IV) colloid, and that with increasing silicate
concentrations, smaller particles and more stable colloids are formed. Additionally, zeta
potential measurements showed that the pHp.c of these particles decreased with
increasing silicate concentrations, from pH 6 to pH 4.5, with values becoming closer to
those of silica particles (~ pH 2 (ller, 1979)). This suggests that it is the silicate in the
structure of the colloidal nanoparticles that is stabilising them as a colloid and at high
silicate concentrations the particles have more silica-like properties. However, the
mechanism for the colloid formation and the structure of nanoparticles is not yet fully

understood.

Studies on the pHp.c of a series of colloidal An(IV)-silicates showed they were
significantly lower than their corresponding oxides (Dreissig et al., 2011; Hennig et al.,
2013; Husar et al., 2015). Additionally, silicate enrichment at the particle surface was
observed for Th(IV)-silicate systems by X-ray photoelectron spectroscopy (XPS) analysis,
where a higher Si:Th ratio was seen on the particle surface than in the bulk (Hennig et
al., 2013). A silicate rich surface may lead to the high colloidal stability in these systems,
relative to An(IV)-oxide nanoparticles. However, the composition and structure of these
An(IV)-silicate particles has not been fully explored, especially for the redox sensitive
U(IV) and Np(IV). Furthermore, their formation has not been characterised. It has
previously been hypothesised that An(IV)-silicate particles form via a two-step process
with hydrolysis of aqueous An(IV) followed by reactions with the silicate present in
solution (Zanker et al., 2016). As An(lV) hydrolysis is fast compared to silicate
polymerisation, this results in the silicate enrichment at the particle surface observed
for Th(IV)-silicate particles. While this formation process appears likely, there is a paucity

of mechanistic evidence and the intermediates of this process are not well understood.
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Therefore, more information is needed to be able to accurately predict the conditions

of formation of such species and fully understand their formation process.

A silica-like coating has been seen previously on amorphous calcium carbonate
nanoparticles (Kellermeier et al., 2012). The particles were between 0.5 and 3 nm in size
and the silica coating resulted in a stable amorphous calcium carbonate structure. In
systems without silicate present the particles crystallized, suggesting the silicate was
responsible for the preserved amorphous structure. The presence of silicate in solution
led to silica-like coating of these pre-nucleation clusters which stabilised them in
suspension as a colloid, preventing extensive aggregation and crystallization. While at
pH 11 the silica coating prevented crystallization and stabilised the particles as a colloid,
under lower pH conditions of pH 9.3-10.3, extensive aggregation of these particles
occurred. At pH 10.3, the aggregation was sufficient enough to induce sedimentation
and gel formation, but did not result in crystallisation of calcium carbonate, with the
amorphous structure preserved. However, at pH 9.3 pre-nucleation clusters merged
over time into larger calcium carbonate crystals. Interestingly, in the stable colloidal
systems, the kinetic barriers to coalescence were estimated to be ~1.1 kT, which is
significantly below the value of ~10 kT normally required to prevent aggregation in
colloidal systems when using a purely DLVO based model of colloidal stability (Buscall
and Ottewil, 1985). This indicates that the colloidal behaviour here is not typical of a

simple DLVO based model, which is characteristic of silica colloids.

Silicate has also been shown to stabilise Fe(lll) colloids across a pH range (3-10), in which
Fe(lll)-oxyhydroxide particles would not normally form a colloid (Mayer and Jarrell,
1996). At environmentally relevant levels (0.45 mM), silicate was found to promote
ferrihydrite (Fe203.0.5H,0) formation over more thermodynamically stable phases such
as lepidocrocite (y-FeO(OH)), upon oxidation of Fe(ll) to Fe(lll). This is a similar
phenomenon to the calcium carbonate-silicate system discussed previously, where
silicate prevents extensive crystallization to a more thermodynamically favoured phase
by acting as a capping ligand while also stabilizing the nanoparticles as a colloidal phase.
The ferrihydrite product of spherical particles approximately 0.1 um in size were very
similar to those observed in natural systems, suggesting a similar mechanism may
stabilize natural Fe(lll) colloids. Although these studies are laboratory based with limited

field studies carried out on silicate stabilized colloids, much of the evidence from either
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nanoparticles present in U(IV)-silicate ore deposits, or Fe(lll)-oxides, suggests that many

metal oxide colloids could be stabilised by silicate under environmental conditions.
2.3.4. Colloidal behaviour and chemistry of silica and silicate

Many of the systems discussed above show enrichment of silicate at the surface of the
colloidal particles and similarities to the colloidal behaviour of silica. Therefore
comparisons to silica colloids and the known properties of these particles are useful.
Silica colloids exhibit very unusual colloidal behaviour; most inorganic colloids display
behaviour very similar to that described by DLVO theory, but silica colloids do not due
to their hydrophilic surface (Yotsumoto and Yoon, 1993; Chapel, 1994; Koopal, 1996;
Grasso et al., 2002; Valle-Delgado et al., 2005; Johnson et al., 2008). This means that
silica or silicate-coated particles will have more favourable surface-solution interactions
than most inorganic phases and therefore less of a thermodynamic driving force for
particle aggregation and colloidal destabilisation. Consequently, there is a reduced
dependence on kinetic stabilization, e.g. particle surface charge, for stability. The high
colloidal stability and non-DLVO behaviour of silica is illustrated by the presence of silica
colloids at the pHp.c of silica and it’s resistance to high ionic strengths, both of which
would be expected to destabilize a colloid according to DLVO theory (Allen and
Matijevi¢, 1969). Silica colloid stability shows a general trend of aggregation and
flocculation with increasing pH (Tschapek and Sanchez, 1976), which is also
contradictory to DLVO theory given their increasing surface charge with higher pH. Silica
shells can stabilise colloids made from a range of different phases, including TiO, (Duan
and Liu, 2014), Agl (Kobayashi et al., 2016), zero valent iron (Honetschlagerova et al.,
2015), CaCOs (Kellermeier et al., 2012) and iron oxides (Mayer and Jarrell, 1996; Doelsch
etal., 2003).

In solution, monomeric silicic acid (SiO4Hx)** exists in varying degrees of deprotonation
depending on pH. At high concentrations and alkaline pH, silicate can also oligomerise
in to dimers, trimers and higher degrees of polymerisation in a range of different
structures. The degree of polymerisation depends on a range of variables including
concentration of silicate, pH, temperature and the ionic strength of the solution.
Furthermore, each of these oligomers may have a range of charges depending on pH
and the degree of deprotonation (Tobler, Shaw and Benning, 2009; Gebauer et al.,
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2014). Silica nanoparticles and colloids form from the aggregation of silicate polymers
in saturated solutions. Polymers form initially, with continued oligomerisation leading
to larger 1-2 nm particles, which continue to grow; first through surface reactions and
then via aggregation and Ostwald ripening (Tobler, Shaw and Benning, 2009). These
polymeric silicates were identified by Dreissig et al. (2011) as a significant factor in U(IV)-
silicate colloid stabilisation, as U(IV)-silicates formed in the presence of polymeric
silicates were more likely to form a colloid. The speciation of silicate in solution is
significant as polymeric silicates have been shown to bind ionic metal species stronger
than monomeric silicate (Taylor, Jugdaohsingh and Powell, 1997). This means that the
possibility of a cation being complexed by silicate increases as the degree of
polymerisation of silicate increases. As discussed previously, in the case of U(IV) and
Th(IV) silicates, the Th(IV)-silicate solution complex Th(OH)3(HsSiO4)s% (Rai et al., 2008),
which has also been estimated for U(IV), will form in the pH range 7-12 (Mesbah et al.,
2015) when sufficient silicate is present, meaning silicate may also influence U(IV) and
Th(IV) solution speciation and solubility. Due to the links between silicate chemistry and
U(IV)-silicate particle formation, and the inherent connection between silica and U(IV)-
silicate colloidal properties, an understanding of silicate chemistry and the
characteristics of colloidal silica are important when considering U speciation in the

presence of silicate.
2.3.5. Radionuclide pseudo-colloids

While intrinsic colloids may be important to radionuclide mobility, there has been more
significant evidence of pseudo-colloid transportation of radionuclides under
environmental conditions. Previous studies have observed pseudo-colloid mediated
transport of a range of radionuclides, including U (Wang et al., 2013), Np (Suzuki et al.,
2002), Pu (Kersting et al., 1999), Am (Degueldre and Wernli, 1993; Artinger et al., 2002)
and Sr (Chawla et al., 2010). Pseudo-colloid formation is more likely under
environmental conditions due to the abundance of colloids present in natural aqueous
systems and the low concentration of the radionuclides in most environmental
scenarios. In the above studies on pseudo-colloid transport, the formation of
radionuclide pseudo-colloids has dramatically increased their mobility. In the case of

Kersting et al. (1999), Pu containing colloids were detected 1.3 km away from the site of
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contamination, significantly further than would be predicted for a dissolved species in
groundwater. This could, in part, be due to the size-exclusion effect whereby a colloidal
particle will be more likely to travel down larger, wider channels in the subsurface and

therefore travel faster than the bulk groundwater.

Pseudo-colloids can form from either organic or inorganic colloidal phases with both
proving to be significant in radionuclide transport (Ball, 1992; Degueldre and Wernli,
1993; Artinger et al., 2002; Chawla et al., 2010). The focus within the following section
of the literature review will be on the sorption of radionuclides to inorganic colloids and
sediments and the implications this has. In particular, the sorption behaviour of Sr under
high pH conditions relevant to SNF storage. Although there is a paucity of knowledge on
Sr sorption to colloidal phases, or Sr pseudo-colloids, there is a significant amount of

research on Sr sorption behaviour to a range of minerals and sediments.
2.4. Strontium sorption and its relevance to spent nuclear fuel storage

Due to it short half-life and high fission yield, ®°Sr is a major contributor to the
radioactivity of SNF. °°Sr has a half-life of 28.8 years meaning it is relevant on the time
scale of interim SNF storage and decommissioning at sites such as Sellafield. In agueous
systems Sr predominantly exists as the hydrated, divalent Sr?* ion at pH <12 and is
relatively highly soluble in the absence of carbonate. At neutral pH Sr mobility is dictated
by sorption to solid phases, predominantly in weakly bound, outer sphere complexes.
At higher pH the solubility of Sr?* is reduced, particularly in the presence of carbonate
or silicate and precipitation of Sr-carbonate (Busenberg, Plummer and Parker, 1984) and
Sr-silicate (Nishi, 1997; Chorover et al., 2003; Felmy et al., 2003; Chang et al., 2011)

phases can dictate the mobility of Sr.

Sr has been shown to sorb to many sediments and minerals across a wide pH range, with
outer sphere sorption occurring at pH <12.5. Generally, Sr sorption increases at higher
pH as the surface charge of the substrate becomes increasingly negative and therefore
has a higher affinity for the positively charged Sr?* ion. Studies investigating the
reversibility of Sr sorption onto sediments, clays, uranyl peroxides and iron oxides have
found that under near neutral conditions Sr sorption is often reversible, suggesting the

formation of an outer sphere complex with weakly bound Sr (Sureda et al., 2010;
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Wallace et al., 2012; Fuller et al., 2016). At pH >12, inner sphere sorption occurs on Fe(lll)
oxides, clays (Fuller et al., 2016) and neo-formed zeolites (Wallace et al., 2013),
indicating a different binding mechanism that has been attributed to the formation of
the hydrolysis product Sr(OH)* in solution in this high pH region. This inner sphere
sorption could be more resistant to changing conditions such as ionic strength, with
inner sphere sorption at high pH potentially being less reversible than the outer sphere
sorption observed at lower pH, however this has not been systematically investigated in

these systems.

At high pH, Sr is more likely to form solid phases that would retard Sr mobility. Of
particular interest are strontium carbonate and strontium silicate phases, due to the
presence of carbonate and silicate in SNF storage from dissolution of atmospheric CO;
and cement pond linings respectively. Strontianite (SrCOs) (Busenberg, Plummer and
Parker, 1984), a tobermorite-like Sr silicate phase (SrsSicO16(OH)2:5H,0) (Felmy et al.,
2003) and strontium metasilicate (SrSiOs) (Nishi, 1997) are increasingly insoluble with
increasing pH up to ~ 13, meaning these phases are likely to occur in any areas of
elevated Sr concentrations. There is likely to be a significant amount of inactive Sr also
present in alkaline solutions in contact with cementitious materials, e.g. legacy nuclear
fuel storage ponds, as cement will contain a certain amount of Sr substitution in Ca sites.
Sr content has been recorded as between 0.02 and 0.39 wt% by for Portland cement

(Diamond, 1955).

Under alkaline conditions related to SNF storage, Sr has been shown to sorb strongly to
monosodium titanate (NaTi,OsH) (Hunt et al., 2005) and iron oxides (Arafat et al., 2010).
Monosodium titanate has been investigated as a potential sink for aqueous °°Sr at the
Hanford and Savannah River sites (Hunt et al., 2005; Kirillov, Lisnycha and Pendelyuk,
2006). It has also been found that Sr sorbs more to amorphous manganese
oxide/titanium oxides than their crystalline counterparts (Kirillov, Lisnycha and
Pendelyuk, 2006). This is relevant to the mobility and partitioning of °°Sr in legacy
storage facilities, where particulates will have a range of crystalline and amorphous
states. Sr interactions with two U(VI) phases; studtite (UOs4) and uranophane
(Ca(U02)2(Si030H),.5H,0) have also been investigated. For studtite, Sr sorption
increased with increasing pH, with almost complete removal of Sr from solution at pH

>10 (Sureda et al., 2010). Sr sorption was also high on uranophane (>90 % Sr was
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removed from solution at pH 7), however this sorption was also reversible, with much

lower sorption occurring at higher ionic strengths (Espriu-Gascon et al., 2018).

Although sorption is often associated with the immobilisation of Sr, sorption to a
colloidal species would not reduce the mobility of solution species and could in fact
increase mobility in certain scenarios due to the size exclusion effect. Colloids are also
significant in SNF storage and effluent treatment facilities, where existing treatment
methods involve filtrations of large particulates or removal of solution species. It is
possible, given the nanoparticulate nature of colloidal material, that they could evade

both of these measures.

The sorption of Sr to silica colloids has been investigated at pH 4-7 in a column transport
study (Bekhit et al., 2006). At pH 4 - 5.4, it was found that the silica colloids retarded the
mobility of Sr in the columns, caused by destabilisation of the silica colloid. This led to
the silica precipitating, meaning the Sr was sorbed to a non-colloidal solid phase,
although the authors also note the high sorption capacity of silica colloids for Sr under
the conditions investigated. As mentioned previously, one of the limiting factors for the
effectiveness of pseudo-colloids in contaminant transport is desorption. This has been
observed for Sr in a range of scenarios including an investigation into Sr sorbed onto
bentonite colloids (Albarran et al., 2011). Here the Sr was sorbed on to bentonite
colloids prior to entry into a granite column, and upon entry to the column Sr desorbed
from the bentonite and sorbed to the granite of the column instead. A similar result was
seen using natural colloids in a granitic fracture. In this case the Sr was found to sorb
moderately to the granite, compared to the strongly sorbing Am(lll), in the absence of
any colloid (Vilks and Baik, 2001). Only a slight increase in Sr mobility was seen when Sr
was sorbed to the colloidal phase prior to introduction into the facture suggesting the
Sris not irreversibly bound to the colloids and in fact had a higher affinity for the granite
itself. °°Sr has previously been found associated to a colloidal phase in natural samples
of Alpine soil solutions (from atmospheric deposition), but the degree of this binding
was relatively low compared to Pu (Chawla et al., 2010). In this study, the majority of
the colloidal matter was thought to be organic and Pu showed >80 % association with
the colloidal fraction while Sr was more evenly distributed between colloidal, bulk and
solution fractions. These studies illustrate the importance of understanding the

mechanism of colloid formation, and the interactions of the radionuclides with the
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colloids. If a radionuclide containing colloid has formed, this does not necessarily mean
that this will result in increased transport of the radionuclide, especially if the colloid
formed is a pseudo-colloid and the radionuclide is not incorporated into the colloidal
particle’s structure. In the case of Sr, pseudo-colloid mediated transport at
circumneutral pH does not appear to be significant due to competing sorption from bulk
solid phases, reversibility of Sr sorption and the inherent instability in many colloidal

systems.

The studies discussed in the previous paragraph which show reversible binding of Sr to
colloids are consistent with EXAFS investigations into Sr sorption at circumneutral pH.
At neutral pH Sr was shown to bind as an outer sphere, and therefore exchangeable
complex on a range of substrates (Sahai et al., 2000; Carroll et al., 2008; Wallace et al.,
2012; Fuller et al., 2016; Espriu-Gascon et al., 2018). There is a shortage of studies on
colloidal stability of Sr at higher pH where it is known to sorb as a potentially less
reversible, inner sphere complex. No studies were found that combined investigations
into Sr sorption onto colloids with EXAFS, or a similar technique to interpret the
mechanism of Sr sorption on colloidal materials. Furthermore, there is very little
research to date on the interactions of Sr with U phases in the area of SNF storage and
nuclear waste (Sureda et al., 2010; Espriu-Gascon et al., 2018). This is surprising given
the colocation of Sr and U in SNF and the hazard posed by the high specific activity of
%0Sr. Sr has been shown to incorporate into the structure of UO; at high temperatures
(Fujino, Yamashita and Tagawa, 1988; Perriot et al., 2015) in studies relevant to nuclear
reactor conditions and formation of *°Sr from nuclear fission within a UO, matrix. Under
more ambient temperature, aqueous conditions found in SNF storage ponds, it is not

clear how Sr will interact with the U(IV) phases present.

Based on previous studies, it would be expected that Sr would bind as an outer sphere
complex to U(IV) substrates at low pH and form inner sphere complexes at higher pH,
however there is some evidence that Sr may incorporate into UO; from research into
the behaviour of fission products in UO, fuel. These studies carried out at high
temperature (T >1000 K) showed that Sr can substitute into sites within the UO; lattice
during the production of fission products within a UO, matrix (Fujino, Yamashita and
Tagawa, 1988; Perriot et al., 2015). This could be due to the similarities in ionic radii of

Sr2* (1.26 A for 8 coordinate Sr?*) and U* (1.00 A for 8 coordinate U**) making
58



substitution possible (Shannon, 1976). Further support is found in natural systems,
where Ca?* is commonly found substituting for U* in uraninite (UO3) (Burns and Finch,
1999). A recent study (Bower et al., 2016) provided evidence that Sr can incorporate
into TiO; particles in a legacy SNF storage pond. The resulting structure was a perovskite-
like SrTiO3 structure common for di- and tetravalent cations e.g. Ca1xSr«TiOs (Yamanaka,
Hirai and Komatsu, 2002) and SrZrOs (Ahtee et al., 1976). The possibility of Sr forming a
perovskite-like structure, or substitution for U** in UO3 is therefore important and may
affect the sorption capacity and, crucially, the reversibility of sorption for Sr on U(IV)

phases.

2.5. Summary

Legacy storage facilities at sites such as Sellafield, UK, are coming to the end of their
expected lifetimes. Waste retrieval is now a high priority at these facilities and with
waste retrieval operations a greater range of effluent feeds is expected. Understanding
the composition of these feeds in essential, in particular the potential for mobile
particulates and colloids to form. Knowledge of the intrinsic properties of colloids that
could form from alkaline SNF storage is required to predict their stability and assess

viable treatment procedures.

While the importance of colloids to the transport of radionuclides is apparent, there
have only been a few studies looking into the potential formation of colloids in alkaline
SNF storage. U(IV) colloids have been shown to form from corroded metallic U spent
fuel (Kaminski et al., 2005), while U(IV)-silicate colloids have been shown to form under
moderately alkaline conditions (Dreissig et al., 2011). If these species can form under
more alkaline conditions they could potentially mobilise U(IV) in effluent streams. There
is, however, a paucity of knowledge on the underlying characteristics of these species,
in both their formation pathways and molecular scale structure. Further understanding
of the particle structure, stability range and formation pathway are required to
understand their behaviour. While it is known the particles contain U(IV)-silicate
bonding, their structure is not known and the exact role silicate has in stabilising the
colloids has not been resolved. It is important to identify these characteristics to be able
to assess the possible formation and persistence of U(IV)-silicate colloids in legacy
storage ponds, and their behaviour during effluent treatment.
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The hazard posed by mobile U(IV) particulates could be greatly increased by co-
mobilisation of other radionuclides by a variety of mechanisms, including sorption,
incorporation and coprecipitation. As discussed in Section 2.1.2., other radionuclides
have been shown to associate with colloidal matter in SNF storage (Maher et al., 2016),
and this could, in the case of Sr, result in incomplete removal from effluents. As colloids
have a very large surface area, due to their small particle size, they have a large capacity
for sorption, making them a likely candidate for Sr sorption. The potential for ®°Sr to
interact with colloidal phases is high given the tendency of Sr to sorb to a range of
surfaces at neutral and alkaline pH. At high pH, Sr is known to sorb as an inner sphere
complex and even incorporate in some instances (Tits et al., 2006; Wallace et al., 2012,
2013; Fuller et al., 2016). Despite the importance of understanding Sr mobility at nuclear
sites, the interactions of Sr with colloidal phases at high pH are poorly understood. Sr is
also known to incorporate into the structure of UO; at high temperature and TiO; in an
alkaline spent fuel storage pond (Ball, 1992; Huang et al., 1997; Bower et al., 2016).
Understanding the capacity for Sr sorption to U(IV) phases and the mechanism of this
sorption is required to assess whether U(IV) phases will impact upon Sr removal from

effluents as decommissioning and waste retrieval operations take place.

Finally, while the SIXEP plant at Sellafield has been successfully operating for over 30
years, effluent feeds from spent fuel retrieval and decommissioning of legacy facilities
will present effluents of different compositions. Understanding the impact that the
effluent treatment process has on potential mobile species in these novel feeds is
necessary to assess the effectiveness of SIXEP and other effluent treatment plants going

forward.
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Chapter 3: Experimental Methodology

This chapter outlines the experimental methodology used in this project and describes

the theory of the techniques used.
3.1. Experimental overview

To prevent oxidation of U(IV) to U(VI), all manipulations were carried out in a anaerobic
N2/H, atmosphere (Coy Chambers, USA). Routine analysis of samples at stages
throughout the experiments using UV-vis spectroscopy was performed to confirm no
oxidation of U(IV) to U(VI) had occurred (Appendix 1). All solutions were made up from
degassed, deionised water (DIW) that had been degassed using Ar or N; for 15 minutes
and equilibrated in an N2/H, atmosphere for 24 hours. All analyses outside of a glove
box (e.g. EXAFS analysis) were carried out in air-tight sample containers, and any U(IV)
sample handling outside of the glove box was done under a flow of N, to prevent

oxidation of U(IV).

Table 3.1: Summary of experimental conditions, description of investigation aims and
analytical techniques used for each set of investigations carried out.

[Si)/ pH Sr Investigation Analytical Chapter
mM present? techniques
0 9, 10.5, | No Characterising particle UF, EXAFS, TEM, |4
12. PDF
2 9, 10.5, | No U(IV)-silicate colloid stability, | UF, SAXS, DLS, Zeta | 4
12. particle size, composition | potential, EXAFS,
and structure TEM, XRD, PDF
4 9, 10.5, | No U(IV)-silicate colloid stability, | UF, SAXS, DLS, Zeta | 4
12. particle size, composition | potential, EXAFS,
and structure TEM, STEM
0 3.7,6, 8, | Yes* Sr sorption onto UO2 - | UF, TEM, EXAFS 5
10, 12. sorption capacity and
mechanism
4 4, 6, 8, | Yes* Sr sorption onto U(IV)-silicate | UF, TEM, EXAFS 5
10, 12, — sorption capacity and
14. mechanism
4 11.5 Yes* The effect of carbonation on | UF, EXAFS 6
U(IV)-silicates and  their
capacity for Sr sorption

*Sr was present at 0.058 mM. UF = ultrafiltration, EXAFS = extended X-ray absorption
fine structure spectroscopy, TEM = transmission electron microscopy, PDF = X-ray pair
distribution function, SAXS = small angle X-ray scattering, DLS = dynamic light scattering,
XRD = X-ray diffraction.
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3.2. Synthesizing U(IV)-silicate and nanoparticulate UO;

U(IV)-silicate colloids were synthesised from a method adapted from Dreissig et al.
(2011). UCls powder was prepared as described in Hermann et al. (1957) and dissolved
in 0.25 M HCl, to give a U(IV)-HCl solution with [U] = 50 mM. The concentration of U was
confirmed using inductively coupled plasma-mass spectrometry (ICP-MS) and the
solution was also filtered with a 3 kDa filter to confirm it was a true solution (see section
3.7.1. below for more details on ultrafiltration). U(IV)-HCl solution was then diluted in a
1.66 M NaHCOsin a 1:1.5 U(IV)-HCI:NaHCOs solution ratio, forming a U(IV) carbonate
solution with [U(IV)] = 20 mM and [(CO3)*] = 1 M. The high carbonate concentration
allowed an elevated U(IV) concentration in true solution at a near neutral pH (pH ~
8)(Hennig, lkeda-Ohno, et al., 2010; Dreissig et al., 2011). This solution was once again
filtered with a 3 kDa filter to confirm a true solution and not a colloidal suspension was

formed.

Silicate solutions were prepared by dissolving known amounts of sodium metasilicate
nonahydrate (Na;SiO3-9H,0) in degassed DIW. Solutions with 4.2 and 2.1 mM Si, as well
as Si free solutions, were prepared to yield final experimental concentrations of 4, 2 and
0 mM Si. To adjust the pH of the final solutions, 1.5 M HCl or NaOH were added to the
silicate solutions to yield the target concentration prior to addition of the U(IV)
carbonate solution. The required amounts of acid or base were calculated using phreeqc
thermodynamic modelling software (Parkhurst and Appelo, 2013) (more details in
section 3.5). Dilution of the U(IV) carbonate solution in silicate solutions, at a 1:19 ratio,
resulted in the formation of a U(IV) silicate phase (Dreissig et al., 2011), with final
concentrations of 1 mM U and 0, 2 or 4 mM Si. Samples were shaken immediately after
spiking the U(IV) solution, pH was measured and adjusted if necessary using 1.5 M HCI
or NaOH and the experiments were stored in sealed bottles for aging and analysis.
Between pH 6 and 11, and silicate concentrations 22 mM, these U(IV)-silicate phases
were stable as a colloid. The full range of experimental conditions and analyses are listed
in Table 3.1. The samples were stored under a Ny/H; atmosphere to prevent any
oxidation over time. Control samples were made in the absence of both U(IV) and Si to

verify both were required to form a colloidal suspension. In the absence of U(IV), Si
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remained in solution and in the absence of Si a solid precipitated U(IV)-oxyhydroxide

phase formed.
3.3. Strontium sorption experiments

Strontium sorption experiments on both U(IV)-silicate (with a concentration of 4 mM Si)
and U(IV)-oxide (UO,) were prepared as described above, to form U(IV)-silicate and UO;
at pH 9. To prevent formation of strontianite, SrCOs, from the excess carbonate in the
experiments the U(IV)-silicate and UO; phases formed at pH 9 were acidified to pH ~4
by addition of 1.5 M HCl. The samples were then stirred for 30 minutes to facilitate
degassing of CO, from solution. According to phreeqc thermodynamic modelling, this
would result in >99.9% removal of CO3* from solution and therefore prevent formation
of SrCO3 in the experiments. These systems were then readjusted to set pH values (3.7,
4,6, 8,10, 12 or 14) using NaOH (1.5 M for pH 3.7-12 systems and 8 M for pH 14). lonic
strength of experiments between pH 3.7 and 12 was balanced using NaCl to yield a total
[Na*] of 0.15 M. The samples were then equilibrated for 7 days before spiking with Sr.
Strontium chloride solutions were prepared by dissolution of SrCl,.6H.0 in DIW. The
concentration of a 20 mM Sr solution was verified by ICP-MS and this solution was spiked
into the CO»-free, pH adjusted U(IV) systems to give a final Sr concentration of 0.058
mM. The spiked Sr experiments were sealed and stored in an N2/H, atmosphere and

shaken daily for 7 days prior to filtration and EXAFS analysis on the solid phase.

For the Sr UO; systems at pH 3.7, 8, 10 and 12, desorption experiments were used to
assess the lability of bound Sr. Here, samples of Sr sorbed to UO; were prepared as
described above, then the pH of all the samples was reduced to 3.2. The samples were
equilibrated for 24 hours and samples were filtered using 3 kDa filters (details in section
3.5.1.). The pH was subsequently adjusted to 2, and the samples were again filtered (3
kDa filters) after 24 hours. For both the original experiments and desorption

experiments, filtrations were done in triplicate.
3.4. SIXEP carbonation tower simulation

To simulate the effect of the carbonation tower at the site ion exchange effluent plant
(SIXEP) at Sellafield, a U(IV)-silicate sample was exposed to CO; gas acidification. In

SIXEP, carbonation occurs by bubbling CO; gas up through a downward flow of effluent.
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This occurs rapidly, with the total dwell time of effluent in SIXEP approximately 10
minutes. A4 mM Si, 1 mM U, U(IV)-silicate system was prepared and CO; was removed
from solution as described in Sections 3.2. and 3.3., and the pH was adjusted to 11.4
prior to spiking with Sr (0.058 mM). This sample was then equilibrated for 7 days. An
Applikon MiniBio reactor was used for the CO, gassing experiment (Figure 3.1.
(Weatherill et al., 2016)). The reactor vessel was purged with N2 gas for 1 hour prior to
addition of U(IV)-silicate to generate an inert atmosphere and prevent sample oxidation.
A positive pressure was maintained throughout the experiment to prevent O, ingress.
Once the U(IV)-silicate sample was injected into the Applikon MiniBio reactor, stirring at
150 rpm under a positive N2 pressure for 15 minutes was initiated. At this point, CO, was
bubbled through the system and the N; inlet was switched off for 10 mins, resulting in
a reduction in pH from 11.4 to 7. When the pH had dropped to 7, the CO; inlet was
turned off to prevent further acidification and the N; inlet was turned on to maintain an

0O,-free atmosphere during sample extraction.
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Figure 3.1: Schematic of the Applikon BioReactor configuration used for carbonation
experiments.
Periodically, samples were removed from the reactor and stored in capped syringes

during transport to the anaerobic chamber for analysis. Once inside the anaerobic
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cabinet samples were transferred to closed, parafilm-sealed centrifuge tubes and
rotated on an orbital shaker at 40 rpm. Samples were taken periodically for
ultrafiltration (at -0.25 h, 0.25 h, 1 h, 4 h, 24h and 8 days after carbonation) and EXAFS
(at -0.25 h, 0.25 h and 8 days) analysis. pH was recorded for each sample prior to

analysis.
3.5. Phreeqc

PHREEQC thermodynamic modelling (Parkhurst and Appelo, 2013) was used to assess
the solution speciation of uranium and strontium in the experiments, as well as U and
Sr solubilities and thus the potential for formation of solid phases. Phreeqc calculations
were performed using the SIT (specific ion interaction theory) database with additional
equilibrium constants for U(OH)2(C0Os),? (Rai et al., 1998) U-silicate U(OH)3(H3Si04)3% (aq).
The U-silicate species is adapted by Mesbah et al. (2015) from the equilibrium constant
for Th-silciate derived by Rai et al. (2008). The equilibrium constant was therefore an
approximation based on the relative solubilities of UO2(am) and ThOz(am). For uranium
calculations, the solid phase used in the modelling to calculate solubility was U0,.2H,0
(am). Calculations were performed to examine the speciation of U and Sr across a range
of pH and Si concentrations and investigate the effect of silicate on radionuclide
speciation.

Table 3.2: Additional species used in Phreeqc calculations that are not present in the
SIT database

Species Reaction Log10K® Reference

U(OH)3(H3Si04)3%  U* + 3H,0 + 3H4Si04 < 184+1.7 Mesbah et al. (2015)
U(OH)3(H3Si04)3% + 6H*

U(OH)>(C0Os)* U4 - 2H* + 2C03%* + 2H,0 11.33 Rai et al. (1998)
&> U(OH)2(C03)2*

3.6. Solid state sample preparation (for XAS and XRD/PDF analysis)

For analysis of solid samples, specifically for X-ray diffraction (XRD) and X-ray absorption
spectroscopy (XAS), colloidal and sedimented samples required separation from
solution. This was done using one of three methods depending on the colloidal stability

of the sample. Firstly, if the sample was a sedimented solid without any colloid, the solid
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was separated by centrifugation for 10 minutes at 7000g followed by decanting of the
solution and harvesting the solid. Secondly, for colloids formed with a silicate
concentration of 2 mM, a colloid destabilization approach was used; lowering the pH of
the solution to 4 using 1.5 M HCl (Dreissig et al. 2011). At pH 4, separation by
centrifugation as described above was possible. As centrifugation was done
immediately, the colloid was in contact with the lower pH solution for a short amount
of time and it was not anticipated that this method had any impact on the structure of
the colloidal particles. Finally, for the 4 mM Si colloidal systems, colloidal destabilization
could not be induced even after the pH was reduced to 4 for 1 hour. It was not possible
to leave these systems at pH 4 for longer than 1 hour as this may have resulted in an
altered particle structure. Therefore, the particulates were isolated by ultrafiltration
using a 3 kDa centrifuge filter. Centrifugation-filtrations were repeated using several
filters to collect sufficient amounts of sample for solid analysis. Using this methodology
it was not possible to isolate sufficient solids for diffraction, therefore all diffraction and
PDF investigations were only done on the 2 mM silicate, or silicate free (UO2) systems.
In all cases particles were left partially hydrated to allow a true representation of the

structure in contact with the aqueous phase.

3.7. Solution and particle size analysis

3.7.1. Ultrafiltration

Ultrafiltration is a common technique for characterising the size distribution of small
particles, typically below 1 um. This makes it ideal for characterising colloidal
dispersions. No pre-treatment of the filters was required as they were shown no to
retain any solution species. This was tested by sequentially filtering a solution through
3 x 3 kDa filters, whereby no reduction in the concentrations of the solution species was
observed in the latter 2 filtrations, indicating that the filters were not removing any of
the elements of interest from the solution via sorption to the membrane. Pall Nanosep
centrifuge filters, with polyethersulfone (PES) membranes were used due to their small
pore sizes, small sample volumes required and the resistance of PES membranes to

alkaline solutions (stability range pH 1-14).
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Samples were analysed by ultrafiltration using Pall Nanosep ultracentrifugation filters
(3, 10, 100 and 300 kDa, approximately corresponding to spherical particle size cut-offs
of 1.5, 3, 7 and 12 nm) (Granath, 1958; Laurent and Granath, 1967; Dreissig et al., 2011),
and 0.22 um syringe filter (Merck Millipore, PES membrane). Ultracentrifugation filters
were spun for 12 minutes at 8,000 g. Concentrations of uranium and strontium in
filtrates were analysed after acidification to 2 % HNOs using ICP-MS and ICP- atomic

emission spectroscopy (ICP-AES) was used to measure silicon concentration.
3.7.1.1. U(IV)-silicate colloid stability investigations

For initial U(IV)-silicate colloid stability investigations (section 3.2), samples were
prepared under a range of conditions (pH 9, 10.5 and 12, [Si] 0, 2 and 4 mM).
Ultrafiltrations were performed at set time points (1 h, 2 d, 10 d, 30 d, 60 d) to
investigate the size distribution of the colloidal particles over time. Initially, a full range
of filters was used (3, 10, 100 and 300 kDa, and 0.22 um), however if no colloid was
formed further filtrations were done using only 0.22 um filters to verify colloid formation

did not occur over time. U and Si concentrations in filtrates were analysed.
3.7.1.2. Sr sorption onto U(IV)-silicate and UO:

For Sr sorption investigations (section 3.3), samples were ultrafiltered 7 days after Sr
spiking. For each pH (4, 6, 8, 10, 12 and 14 for U(IV)-silicate, 3.7, 6, 8, 10 and 12 for UO>),
experiments were done in triplicate. 3 kDa and 0.22 um filters were used. U, Sr and Si
(when present) were monitored in the filtrates. Results were averaged across triplicate

experiments and errors were calculated as 1 standard deviation of the 3 data values.
3.7.1.3. Carbonation experiments

Ultrafiltrations of carbonated samples (section 3.4) were done at set time points before
and after carbonation (-0.25 h, 0.25 h, 1 h, 4 h, 24h and 8 d). 3 and 300 kDa, and 0.22
um filters were used for ultrafiltration and U, Sr and Si concentrations were analysed in

the filtrates.

It has previously been reported that ultrafiltration analysis of samples can lead to

artefacts such as induction of aggregation on the membrane which would increase the
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apparent particle size (Maruyama et al., 2001). Therefore further, non-invasive particle

sizing techniques, SAXS and DLS, were also employed.

3.7.2. Inductively coupled plasma-mass spectrometry (ICP-MS) and

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)

U, Si and Sr concentrations in solutions and filtrates were measured by ICP-MS (for Sr
and U) and ICP-AES (for Si). Samples were diluted in 2 % HNO3 and samples for ICP-MS
had Srand U concentrations < 100 ppb and for ICP-AES Si concentrations were < 10 ppm.
After every 10 samples, standards were run with a concentration range above and below
that of the samples (e.g. for samples ~50 ppb U, standards of 0, 1, 5, 10, 50 and 100 ppb

U would be run).
3.7.3. UV-vis spectroscopy

UV-vis spectroscopy was routinely used in experiments to verify the +4 oxidation of
uranium in solutions and colloidal suspensions. Samples were sealed in quartz cuvettes
(10 mm path length) prior to analysis. Samples were analysed on a Jenway 6850 UV/vis
spectrophotometer. Spectrum scans of samples at each stage of preparation (U(IV)-HCI
solution, U(IV)-carbonate solutions and U(IV)-silicate colloidal suspensions) were
recorded, and the absence of a multiplet of peaks at 400-475 nm confirmed no U(VI)

was present (see Appendix 1).
3.7.4. Dynamic light scattering (DLS) and zeta potential

Dynamic light scattering (DLS) is a particle sizing technique that utilises the Stokes

Einstein equation for determining particle size relating to Bownian motion:

kT
Dy = — (3.1)
3nn D, '

Where Dy, is the hydrodynamic diameter of the particles, D+ is the translational diffusion
coefficient which is resolved by DLS, kg is the Boltzmann constant, T is temperature and
n is viscosity (Fischer and Schmidt, 2016). As the majority of components in the equation
can either be controlled or are constants, only D: is required to derive particle size, Ds.
DLS resolves particle sizes by measuring the rate of changes in scattered light intensity

68



by a sample, which is caused by the speed at which the particles in the sample are
moving. The faster the changes in light intensity, the faster the particles are moving
hence a larger D:. There is an inverse relationship between D: and Dy, Dr a 1/Dy, so the
larger D, the smaller the particle size. These changes in light intensity at the detector
are translated into an autocorrelation function. The intensity at a certain time point is
compared to the same signal at a different time point. This can be plotted as a
correlation curve, shown in Figure 3.2, which can be resolved by multi exponential fitting

to result in a size distribution plot.
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Figure 3.2: Schematic of how a size distribution is gained from dynamic light scattering.
From the scattering data over time, a correlation plot is made. This is transformed into
size distribution data using multi exponential fitting (Ramos, 2017).

While DLS is a technique that is widely used to determine particle sizes of monodisperse
systems, the calculation of the autocorrelation function is more difficult for polydisperse
samples. Due to the light scattering intensity measurements being heavily weighted
towards larger particles (intensity a r®), scattering caused by smaller particles can be
undetectable in the presence of larger particles (Dreissig et al., 2011). In systems with a
large degree of polydispersity, or multiple size populations, the accuracy of DLS
measurements can be reduced. One way of overcoming these issues is weighting of the

data, size distributions from DLS can be weighted by intensity, volume or number. These
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3 weightings are proportional to the hydrodynamic radius (rn) as rn ®, rn 3 and rp?
respectively. The effect of using these 3 different weightings on a bimodal particle
population is illustrated in Figure 3.3 which shows the relative sensitivity of each
weighting for smaller or larger particles. One advantage DLS has over several other
particle sizing techniques, such as ultrafiltration and standard TEM, is that it is non-
invasive. This means samples can be analysed in-situ without altering the conditions of
the sample. This is important for colloidal materials as changing conditions can alter

particle size, especially via particle aggregation.
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Figure 3.3: Particle size distributions acquired for a bimodal particle size distribution,
showed as an intensity weighted size distribution (left), a volume weighted size
distribution (centre) and a number weighted particle size distribution (right).

Zeta potential can be used as a measure of the charge at the slipping plane of a particle,
and as an extension using DLVO theory (section 2.3.1.) to predict the stability of a
colloidal system. The zeta potential is measured by applying a potential across the
sample and measuring the velocity of the particles as they move towards the electrode.
Generally, particles with larger zeta potentials (either positively or negatively charged)
show higher colloidal stability, however there are exceptions to this rule, with colloids
able to form from particles with low zeta potentials, and some colloids being unstable
despite high zeta potential values (Smith et al., 2017). While zeta potential is an effective
estimate of surface charge, and therefore colloidal stability, it is not a measurement for
the true surface charge of the particle or the Stern potential which is the net charge of
the particle and directly sorbed ions. Instead the zeta potential is the measure of the
charge at the slipping plane, which is the layer of ions that are mobile with the charged

particle (Figure 3.4).
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Figure 3.4: The electric double layer model for a negatively charged particle showing

the stern layer of ions fixed at the particle surface and the slipping plane, where ions

are mobile with the particle in solution. Graph below indicates how electric potential

changes with distance from particle surface.

DLS and zeta potential measurements were recorded using disposable DTS1060 zeta
potential and sizing U-bend cuvettes. Samples were prepared at the University of
Manchester and measured at the FENAC laboratory at the University of Birmingham.
Therefore, samples were loaded into capped syringes and stored in oxygen free jars for
transport and analysis. To load the samples into the cuvettes, a flow of N; gas was first
passed through the cuvette to remove any oxygen. The syringe was then uncapped
under the flow of N2and the sample was injected into the U-bend cuvette and both ends
were sealed with Teflon-coated stoppers. This method was successful in preventing
oxidation of the samples before and during analysis. Samples were analysed on a
ZetaSizer HPPS (Malvern Instruments) at 25 °C with a He-Ne laser (A = 633 nm)
measuring back-scattered light at 173°. At least 5 consecutive scans were collected per
sample. Samples were analysed using Zetasizer Software (Malvern) and size

distributions were reported as volume weighted size distributions. To translate from
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intensity weighted volume distributions, the refractive index of coffinite (1.74) was used

(Moench, 1962).
3.7.5. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is used to image features on the um and nm
scale using an electron beam. Electrons are used for imaging on this scale due to the
higher achievable resolution compared to visible light. The limit of resolution in
microscopy is represented as § in Equation 3.2, where psinB, the numerical aperture,
can be approximated to 1 and A is the wavelength of radiation (Williams and Carter,

2009).

0.61A
0= —
usinf3

(3.2)

For visible light, for example A = 550 nm (green light), § is equal to 335.5 nm meaning
this is the absolute limit of achievable resolution for a visual light microscope. Therefore,
it is not possible to image very small particles using a visible light microscope. The
wavelength of an electron of a given kinetic energy (eV) is described in Equation 3.3; h
is Planck’s constant, mo is the resting mass of an electron and c is the speed of light in a

vacuum:

h
A=

eV

[ZmOeV (1 + W>]

(3.3)

The above equation accounts for relativistic effects that will be relevant for most TEMs
due to the high accelerating voltage. For an electron in a TEM with accelerating voltage
of 200 kV, the relativistic wavelength of this electron will be 0.00251 nm. Using Equation
3.2 above this gives § =0.00153 nm. Due to machine-based constraints within electron
microscopes, it is not possible to approach this theoretical wavelength-limited

resolution but much higher resolution than optical light microscopes is achieved.

In TEM, images are acquired as an electron beam interacts with the sample. This leads
to contrast in the resulting image that is predominantly caused by either mass-thickness
or diffraction. Mass-thickness contrast is caused by incoherent elastic scattering of

electrons by a sample. It is dependent on the atomic number of the elements contained
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in the sample (or, alternatively, sample density) and the sample thickness. Diffraction
can occur on crystalline samples when the electron beam angle satisfies Bragg’s law
(section 3.8.3.). Scanning TEM (STEM) mode can be used on some TEMs which allows
scanning of samples and mapping of samples using several techniques. In this case, the
electron beam is focused on to a small spot and the beam is rastered across the sample
to build an image (Williams and Carter, 2009). STEM imaging allows the use of high angle
annular dark field (HAADF) imaging with a high z-contrast, and elemental mapping of
samples using either energy dispersive X-ray (EDX) spectroscopy or electron energy loss
spectroscopy (EELS). In this project, as well as traditional TEM and HAADF imaging, EDX
was used for both elemental mapping of samples and bulk sample composition analysis.
EDX probes the emission of X-rays from a sample excited by an electron beam. The
energies of the X-rays emitted are recorded on an energy-dispersive spectrometer and

are characteristic of element specific emission lines.

Selected area electron diffraction (SAED) can also be applied using TEM (Williams and
Carter, 2009). SAED uses the same theoretical basis as X-ray diffraction (XRD, section
3.8.3.). The wavelengths of electrons in TEM are shorter than interatomic distances, so
TEM samples can act as a diffraction grating for the electron beam. One advantage SAED

has over traditional XRD is that specific areas of a sample can be analysed.

One disadvantage of standard TEM imaging is that samples must be dry to be analysed.
For colloidal samples this can induce aggregation and the loss of structural water can
alter particle morphology (Bailey and Mecartney, 1992; Michen et al., 2015). These
changes can lead to larger, more aggregated particles being imaged than those that truly
exist in suspension, or denser aggregates and particles forming upon drying and loss of
hydration. Alternative sample preparations are possible, including in-situ TEM and cryo-
TEM, however these techniques were not used in this project due to difficulties in
sample preparation, machine access and reduction in resolution which would mean

imaging of primary particles would not be possible.

Samples were prepared for TEM by dropping 2-3 ulL of suspended solid onto a carbon
coated copper grid. The sample was then left to dry until almost all of the water had
dried off, resulting in deposition on sample onto the grid. This step was repeated 2-3

times for low concentration samples. Once the sample had been deposited onto the
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grid, the grid was washed twice using DIW. A similar procedure was followed; a 2-3 uL
DIW droplet was placed onto the grid, left for 30 seconds then wicked off the grid. This
was done to remove any salt residues on the grid and the short contact time with DIW
was deemed insufficient to significantly alter the phases of interest. For Sr-containing
samples, it was found that washing of samples prior to imaging resulted in the
dissolution and removal of Sr. Therefore, for Sr-containing samples the TEM grids were
not washed with DIW after deposition of the sample. Prior to TEM analysis, all TEM grids
were imaged on an optical microscope to ensure good sample coverage of the grid was
achieved before being stored anaerobically prior to analysis. Either an FEI Talos F200X
analytical transmission electron microscope operated at 200 kV, equipped with an
integrated Super-X EDS system with 4 windowless silicon drift detectors
(SDD)EDX/SAED, or an FEI TF30 analytical FEG TEM running at 300kV equipped with an
Oxford Instruments Silicon Drift Detector EDS system using Oxford INCA software was

used to image particles.

3.8. Synchrotron techniques

3.8.1. Synchrotron radiation

A synchrotron light source generates a high flux of radiation by the bending of the path
of electrons travelling at relativistic speeds (approaching the speed of light). Bending the
path of electrons results in a loss of energy in the form of radiation emitted in the
direction of the electron motion. The radiation wavelengths range from hard X-ray to
infra-red and, due to the difficulties in generating high-flux X-rays from other sources, it
is the X-rays that are most commonly utilised at synchrotron sources. The extremely
high flux at synchrotron sources allows collimation and monochromation of the beam
without sacrificing signal strength. This means that low concentration analysis, rapid
measurements for in-situ reactions or element specific techniques are all possible and a

high signal to noise ratio can still be achieved.
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Figure 3.5: Schematic of a typical synchrotron facility.

Figure 3.5 outlines the basic components of a modern synchrotron. The electrons are
first injected into a linear accelerator (LINAC) and then into a booster ring. Here, the
electrons are further accelerated to speeds approaching the speed of light. From the
booster ring, the electrons are injected into the storage ring, which is not a true circle
and has a number of straight sides. Here, the electrons are circulated by use of bending
magnets at the vertices and the electron velocity is maintained using radio frequency.
The ring is maintained under ultra-high vacuum to prevent loss of electron momentum
through collisions with air. It is the bending of the electron path in the storage ring that
generates the radiation, and this can be amplified by implementation of insertion
devices. Insertion devices such as wigglers induce repeated lateral movement of the
electrons which results in the increased flux of radiation generated. The light beam
generated from a bending magnet, and insertion device if present, is utilised in a
beamline that is specialised to use a specific technique, or set of techniques. The beam
first passes through an optics hutch where it is focused and filtered. Then the collimated
beam enters the experimental hutch where it interacts with the sample and the data is

recorded.

The synchrotron based experiments in this project were done at Diamond Light Source,

which is a 3™ generation synchrotron based in Oxfordshire, UK. Diamond has over 20
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beamlines, work for this project has been carried out on 3 of these: 122 non-crystalline

diffraction (SAXS) beamline, 115 X-ray diffraction beamline and B18 EXAFS beamline.
3.8.2. Small angle X-ray scattering (SAXS)

While X-ray diffraction, discussed in section 3.8.3., uses large angles of diffraction, 6, to
probe the very small distances between lattice planes, it is also possible to use much
smaller angles of diffraction to investigate larger lattice spacings and even
macromolecules (Guinier and Fourner, 1955). Small angle scattering is an in-situ
technique for analysing the nanoscale size and structure of a material. Small angle
scattering studies use either X-rays or neutrons for scattering. In this study, X-rays were
used due to the high flux possible from a synchrotron X-ray source, combined with the
high scattering contrast that would be provided by uranium containing samples (Guinier
and Fourner, 1955; Glatter and Kratky, 1982; Willmott, 2011). SAXS was used to probe
the particle size and structure under a range of conditions (2 and 4 mM Si and pH 9 and

10.5 experiments) at a range of different time points between 10 and 60 days aging.

Collimated,
monochromatic x-ray

- q
beam > = DE ———>

Figure 3.6: The basis of a small angle X-ray scattering experiment. The highly
collimated beam is scattered by the sample, and the resulting scattering pattern is
recorded in terms of q, the scattering vector. Adapted from Narayanan (2014).
Figure 3.6 outlines the basic setup of a SAXS experiment, whereby a highly collimated,
monochromatic beam is scattered by a sample. The scattering is recorded by a 2D
detector while the direct, unscattered beam is removed by a beamstop in front of the
detector. The beam before and after interacting with the sample is in vacuum to prevent
further scattering from air (Narayanan, 2014). The scattering vector, q, is equal to the
difference between the wave vectors of the scattered and incident radiation (Figure 3.6)

and can be described by the following:
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The q range of a SAXS experiment is indicative of the length scales that can be probed.
The units of q are reciprocal (nm™or Al), meaning scattering from larger structures will

occur in the lower q region of a SAXS pattern.

Due to the heterogeneous particle sizes generated in this study, and the scattering range
that was used, McSAS, a Monte Carlo regression software package was used to assess
particle size distributions from SAXS patterns. McSAS allows for selection of a scattering
contribution model (shape) from a pre-set library and has the advantage of not requiring
additional information on particle size distributions. When provided with data on an
absolute scale, McSAS is capable of resolving asymmetric and multimodal distributions
as well as providing uncertainty estimates on the results (Bressler, Pauw and
Thiinemann, 2015). A model is based upon a number of independent contributions,
typically 1,000, based on both defined parameters (particle shape and scattering
contrast between scatterer and medium) and a random allocation of values from the
fitting parameter(s) (in this study, particle size). Each iteration changes the value of the
particle size for one contribution. The quality of the fit, (x2) is calculated based on the
difference between the model and measured data and is weighted by the uncertainty in
the measured data. If an iteration results in an improved y?2, the new iteration is used
as the base for the next iteration. This is repeated for the programmed number of
iterations, or until the convergence criterion (a set value of y?2) is achieved. Uncertainty
estimates are derived from the standard deviation of independent Monte Carlo

solutions (Bressler, Pauw and Thiinemann, 2015).

SAXS samples were analysed at the Diamond Light Source 122 beamline using a 12.6 keV
monochromatic beam, a Pilatus 2D detector and a 1.918 m camera length, resulting in
a recorded g range of 0.009 to 1 Al. Samples were injected into 1.5 mm quartz
capillaries from syringes on the beamline. N; gas was flushed through the capillary prior
to sample loading, and flowed over the capillary and sample syringe during sample
injection to prevent sample oxidation during loading. A background corresponding to
the colloid-free, pH adjusted silicate solution was recorded after each sample. Capillaries

were washed out 3 times with 2 % HNO3 and 3 times with DIW between sample and
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background measurements. For each sample 30 x 10 second scans were recorded
however, due to the formation of bubbles within the samples, it was only possible to
use between 15 and 20 of these scans for each sample. It was possible to identify the
formation of these bubbles by an increase in the scattering intensity at low g values (q

<0.015) and when this intensity increased by >5 % the scan was not used.

The resulting SAXS patterns were averaged, background subtracted and normalized
using Microsoft Excel before being analysed using McSAS software (Pauw et al., 2013;
Bressler, Pauw and Thiinemann, 2015). Samples were assumed to be spherical as no
evidence of different morphologies was observed in TEM. Because SAXS investigations
were focused on the smaller, primary particles, the full scattering features of the larger
particles was not recorded and it was not possible to acquire a particle size from these
partial scattering features. Therefore, for evaluation of SAXS data using MCcSAS,
scattering from larger particles (g < 0.13) was removed from the data when present to
allow size evaluation of primary particles only. A size range of radii between 0.8 and 20
nm was used initially, with a scattering length density difference, the contrast between
the sample (U(IV)-silicate) and the background solution, was set to 2.48e™. The
convergence criterion, relating to the quality of the fit, was initially set at 5, and was
iteratively reduced, along with the radii size range to optimise the fitting. This was done
until the convergence criterion could not be reduced further, i.e. the quality of the fit
could not be improved any more. 5 repetitions for the fitting were used in all iterations
and the number of contributions to the model was 1,000. The resulting fits were
exported, along with histograms of the particle size distributions and statistical values,

including errors on the average particle size.
3.8.3. X-ray diffraction (XRD)

X-rays are diffracted by crystals according to Bragg’s law where an X-ray of incident angle
0 will be reflected at reflection angle 8 when the Bragg condition is satisfied (Equation
3.5). Where A is the wavelength of the X-ray, d is the distance between crystal lattice
planes (also known as d-spacing), 6 is the Bragg angle at which diffraction will occur, and

n is the order of reflection, which is usually 1.

nA = 2dsin@ (3.5)
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Figure 3.7: An illustration of Bragg diffraction from lattice planes of atoms with an
interplane distance of d, adapted from (He, 2009).
X-ray diffraction patterns are characteristic of the sample analysed. The degree of
crystallinity of a sample will affect the specific method of diffraction used, and also the
resulting diffraction pattern. For powdered samples, a 2D diffraction pattern consisting
of rings is collected due to the number of particles diffracting the X-rays in all
orientations. These crystallites will have a range of different orientations leading to
coaxial cones caused by the diffraction of these crystallites rings (Figure 3.8). This 2D
diffraction pattern is translated into a 1D diffraction pattern with respect to 26. The
peaks in the diffraction pattern correspond to specific values of 28 according to Bragg’s
law; h, k and | (the Miller indices) are 3 integers that define each diffraction peak and
dnk, is the spacing of the lattice planes (Equation 3.6). Due to the practicalities of
compressing a 3D particle structure data into a 1D measurement, along with
instrumental peak broadening and peak broadening due to crystallite size and disorder,

it is often difficult to resolve a specific 3D structure from powder diffraction alone.

A
Zehkl =2 Sin_l ( ) (36)
Zdhkl
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Figure 3.8: Flow diagram showing how a 2D diffraction pattern is generated from a
powder sample with all crystal orientations present at once, and how this translates
into a 1D diffraction pattern. Adapted from (Bruce, O’Hare and Walton, 2014)

For crystallites of a small size (<0.1 um) it is possible to resolve the crystallite size from
the peak broadening due to crystallite size (Bruce, O’'Hare and Walton, 2014). It is
important to note that this size represents the size of the crystalline domain of the
particles and is not necessarily representative of the total particle size. For small
particles, the diffraction peak width at full width half maximum (B1/2) increases as
crystallite size (D) decreases according to the Scherrer equation, where K is the shape

factor that can be approximated to 0.9, assuming a spherical crystallite:

K2
B picosf (3.7)
2

X-ray diffraction patterns were recorded for U(IV)-silicates formed under a range of
conditions. The XRD were measured on either laboratory-based Bruker D8Advance or
on Diamond Light Source 115 beamline. For the laboratory-based sample, a 2 mM Si pH
10.5 sample (20 mg) was isolated from solution as described in section 3.6., resuspended
in isopropanol and dropped onto a glass slide. This was repeated 3 times as the gel-like
precipitate was found to dramatically reduce in size upon drying. The sample was
scanned from 5-70° 20, with a step size of 0.02° and a count time of 0.2 s per step using
a CuKal X-ray source with a wavelength of 1.5406 A. For high energy X-ray scattering
(HEXS) and pair distribution function (PDF) analysis samples were analysed on Diamond

Light Source’s 115 beamline using 0.1631 A X-rays. Slurries of U(IV) silicate (2 mM Si pH
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9, 10.5 and 12) and UO; (0 mM Si pH 10.5) were placed in capillaries (1 mm) and sealed
with araldite for containment and to prevent sample oxidation. These samples were
analysed as wet slurry and were not dried. Backgrounds of silicate solutions and H,0
were also recorded. 5 x 30 second scans, with a scanning range of 0-60 ° 26 and a step
size of 0.01° 26, were recorded for each sample and were averaged prior to data

processing.
3.8.3.1. X-ray pair distribution function (PDF)

A PDF is calculated from the Fourier transform of the measured intensities of a
diffraction pattern, normally collected using high energy X-rays to obtain a greater q
range; hence this technique is occasionally called HEXS. The diffraction pattern contains
both the simple Bragg reflections outlined above and used in analysis of XRD patterns,
but also other, weaker intensities from diffuse scattering and structural defects (Proffen
et al., 2003, 2005). These defects are particularly evident in nanoparticles and more
amorphous structures which do not have a regularly repeating unit cell (Bruce, O’Hare
and Walton, 2014). A PDF is generated from the Fourier Transform of the total
diffraction pattern and is a calculation of all the interatomic distances within the
measured material. The more regularly occurring a correlation is, the more significant
the peak intensity will be. While EXAFS investigates short range order, PDF focuses on
short to medium range order. This makes it ideal for resolving the structure of
nanoparticulate and amorphous materials, particularly in combination with other

techniques (Proffen et al., 2005).

The X-ray scattering data (0.5 < q < 20 A1) were background subtracted, corrected and
processed into PDF data using the program GudrunX (Soper and Barney, 2011). Although
guantitative assessment and fitting of the X-ray PDFs was attempted, it was not possible
to gain significant data from these fits. Instead, PDFs were compared on a qualitative
scale and features were compared to candidate structures of UO (which was also
measured), and a simulated PDF for nanocrystalline coffinite (USiO4) generated using

the software PDFgui (Farrow et al., 2007).
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3.8.4. X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a powerful tool capable of probing oxidation
state and coordination environment of an element of interest by excitation of a core
electron. X-rays of a definite energy are fired at the sample and the amount of X-rays
absorbed is measured. Normally, samples are scanned across a fixed range of X-ray
energies to generate the X-ray absorption spectrum. This absorbance is normally

measured in one of two ways:

e The difference between intensity of the incident beam (lo, before the sample)
and the transmitted beam (lI;) after the sample. This method is transmission XAS.
e The fluorescence emission (If) of the sample as an electron fills the now vacant
core orbital (core-hole) generated by absorption of the incident X-ray. This is

fluorescence-detected XAS.

Hutch
shutter
Monochromated | |
X-rays from ° > Sample > t
Y Detector P Detector
synchrotron
l¢
Detector

Figure 3.9: Simplified schematic of the experimental hutch of a typical XAS beamline. I¢
detector shows the path of fluorescence detection, I; is the transmission detector.

A typical absorption and emission schematic is shown in Figure 3.10 for the U L3-edge

absorbance (for U(IV)), the most commonly used edge for U XAS. It shows the absorption

of an X-ray with energy above the edge position required to excite an electron from the

2p core orbital to 6d valence orbital. The emission shown is the Lai emission which

shows the relaxation from the excited state to a more stable state. This results in the

generation of another X-ray which is detected in fluorescence mode XAS.
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Figure 3.10: A schematic of the X-ray excitation and emission for the U Ly absorption
edge and La; emmission line for U(IV) (adapted from (Bés et al., 2016).
An example of an X-ray absorption spectrum is shown in Figure 3.11. The two main
features of the X-ray absorption spectrum are highlighted. Firstly, the X-ray absorption
near edge structure (XANES) region includes the edge, the energy at which the photons
have sufficient energy to excite the targeted core electron. This feature is characteristic
of the oxidation state of the element of interest and therefore used for determination
of oxidation state. The edge is defined as the inflection point of the upward curve, or
peak of the first derivative of this upward curve, and is used to characterise the oxidation
state of the element of interest. The XANES region can also be characteristic of the
coordination environment of the sample and can therefore be used to elucidate some
information on this using linear combination fitting of model systems (Salbu et al., 2003;

Bernier-Latmani et al., 2010; Alessi et al., 2014).
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Figure 3.11: Schematic of an X-ray absorption spectrum, highlighting the X-ray
absorption near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) regions.

At energies above the edge, the oscillations are known as the extended x-ray absorption
fine structure (EXAFS) region. Here, a photoelectron is excited with sufficient energy to
be ejected into the continuum. The oscillations in the EXAFS region are representative
of the relative absorbance induced by constructive or destructive interference of a
photoelectron with itself when scattering off neighbouring atoms in a sample. The
EXAFS equation is shown in Equation 3.8, below. S is the amplitude reduction factor, N
is the degeneracy of a scattering path, f(k) is the proportionality constant based on the
possibility of scattering off a certain atom, k is the wavenumber of the photoelectron, D
is the half path length of the scattering, A(k) is the mean free path of the photoelectron,
o is the variance in D caused by disorder, also known as Debye-Waller factor and § is the

phase shift.

x(k) = 5§ Z N; j;ig? R G sin(2kD; + &;(k)) (3.8)

; i

With the use of modelling software, it is possible to derive values for D, N, o2 for each
scattering path as well as Sp (Calvin 2013). This allows resolution of the number of
scattering paths, the number of neighbouring atoms in each scattering path, the
distance these atoms are away from the excited atom and the structural variance of the

path length. Therefore, EXAFS is a very useful technique to probe the average
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coordination environment of the element of interest in samples. Specifically, it is
possible to resolve the neighbouring atoms, the number of neighbouring atoms and the
interatomic distances involved. For samples with low crystallinity, it is normally only
possible to resolve 1 or 2 shells of atoms at R <4 A from the central atom due to low long
range order (Fletcher et al., 2010; Dreissig et al., 2011; Morin et al., 2016). Additionally,
because XAS is an X-ray technique, and X-rays and photoelectrons interact strongly with
heavy atoms, this technique is more effective at resolving heavy elements e.g. U. This
means that XAS is not best suited to the study of lighter elements; however for this
project XAS was used to probe the local coordination environments of Sr and U and

therefore was an invaluable technique.

(XAS) analysis was carried out to probe both uranium oxidation state and particle
structure. Uranium oxidation state investigations were done using U L3 edge XANES
spectroscopy and particle structure was probed using EXAFS spectroscopy. Sr K edge
XAS was used to probe to coordination environment of Sr sorbed to UO; and U(IV)-
silicate phases. XAS were recorded at Diamond Light Source’s B18 beamline using a Si (1
1 1) monochromator at liquid nitrogen temperature with the exception of solution
samples, which were recorded at room temperature. Solid U-L; edge samples were
analysed in transmission mode, solution U-L; edge samples and Sr K-edge samples were
analysed in fluorescence mode. The data was analysed using Demeter software package

Athena and Artemis, FEFF6.

XAS analysis of colloidal suspensions of U(IV)-silicate was not possible because of beam
damage effects. Due to the relatively low concentration of U(IV) in suspension, it was
very challenging to acquire EXAFS data for these samples on the Diamond Light Source’s
B18 beamline. Therefore, it was necessary to use Diamond Light Source’s 120 beamline
— a high flux, low concentration XAS beamline. Any colloidal samples analysed on this
beamline were oxidised to U(VI) immediately after exposure to the beam, even when
the samples were analysed in a liquid nitrogen cooled cryostat. To verify that this was
beam damage, a sample was analysed on B18 and then subsequently analysed on 120.

Figure 3.12 shows the resulting XANES and the clear sample oxidation in the 120 data.

85



——120 (beam damaged)
——B18

Normalized u(E)

17150 ' 17200
Energy (eV)

Figure 3.12: XANES of A 4mM Si/pH 9 colloidal suspension analysed on B18 and 120,
showing oxidation of sample occuring on beamline 120 resulting in the formation of
U(vI1)

For U L3 edge EXAFS, solid samples were required and were isolated as described in
section 3.6.. These solid samples were diluted in cellulose, compressed into pellets (10
mm diameter) and stored in a cryovial (2 mL capacity). The final U concentration was 1
wt %, which was optimal for transmission EXAFS. For Sr K edge EXAFS, solid samples of
Sr sorbed to UO; or U(IV)-silicate were placed in a small cryovial (200 uL capacity), within
a larger cryovial (2 mL) because of restrictions on sample mass available. Sr loadings
were between 1 and 0.1 wt % on U(IV) phases. Solution samples (of U(IV)-carbonate and

U(IV)-HCl solutions) were also placed in a small cryovial within a larger cryovial.

EXAFS analysis was carried out using the Athena and Artemis XAS processing software
(Ravel and Newville, 2005). Samples were alighed, merged and splined in Athena and
EXAFS fitting was performed using Artemis. U(IV)-silicate samples were fitted using Feff
scattering pathways generated from coffinite crystal structure (Fuchs and Gebert, 1958).
k ranges for EXAFS fitting were selected independently for each data set depending on
data quality and signal to noise ratio. The UO, sample was fitted using Feff scattering
patterns generated from uraninite crystal structure (Barrett et al., 1982). For Sr K edge
EXAFS fitting, Feff scattering patterns were generated from SrSiOs3 and Sr in a U site of

UO,. Validity of new shells were tested using the F-test (Downward et al., 2007); here,
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shells with a statistical validity of >95 % were deemed true and implemented into the

fitting.
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Chapter 4: Stability, composition and core-shell particle

structure of uranium(IV)-silicate colloids
This chapter is a manuscript published in the journal Environmental Science &
Technology in July 2018.
The full citation for the published manuscript is as follows:

Neill T. S.; Morris K; Pearce C. I.; Sherriff N. K.; Burke G. M.; Chater P.; Janssen A
Natrajan L. S.; Shaw S. ‘Stability, composition and core-shell particle structure of

uranium(IV)-silicate colloids’ Environmental Science & Technology Just Accepted

Manuscript DOI: 10.1021/acs.est.8b01756

88



Downloaded viaUNIV OF MANCHESTER on August 1, 2018 at 13:59:19 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

A0

1ence

&mec nﬂIﬂHqL @ Cite This: Environ. Sci. Technol. XXXX, XXX, XXX—XXX

pubs.acs.org/est

Stability, Composition, and Core—Shell Particle Structure of
Uranium(lV)-Silicate Colloids

Thomas S. Neill," Katherine Morris,* Carolyn L Pearce,"® Nicholas K. Sherriff" M. Grace Burke,’
Philip A. Chater,” Arne ]anssen,Jr’|| Louise Natrajan,# and Samuel Shaw**

*Research Centre for Radwaste and Disposal, Williamson Research Centre, The University of Manchester, Oxford Road, Manchester

M13 9PL, UK.

$Pacific Northwest National Laboratory, Richland, Washington 99354, United States
LNational Nuclear Laboratory, Chadwick House, Warrington Road, Birchwood Park, Warrington WA3 6AE, UK.
"Materials Performance Centre, The University of Manchester, Oxford Road, Manchester M13 9PL, U.K.
#School of Chemistry, The University of Manchester, Oxford Road, Manchester M13 9PL, U.K.

IDiamond Light Source, Harwell Campus, Didcot, Oxfordshire OX11 0DE, U.K.

O Supporting Information

ABSTRACT: Uranium is typically the most abundant radionuclide
by mass in radioactive wastes and is a significant component of
effluent streams at nuclear facilities. Actinide(IV) (An(IV)) colloids
formed via various pathways, including corrosion of spent nuclear
fuel, have the potential to greatly enhance the mobility of poorly
soluble An(IV) forms, including uranium. This is particularly
important in conditions relevant to decommissioning of nuclear
facilities and the geological disposal of radioactive waste. Previous
studies have suggested that silicate could stabilize U(IV) colloids.
Here the formation, composition, and structure of U(IV)-silicate
colloids under the alkaline conditions relevant to spent nuclear fuel
storage and disposal were investigated using a range of state of the art
techniques. The colloids are formed across a range of pH conditions
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(9—10.5) and silicate concentrations (2—4 mM) and have a primary particle size 1—10 nm, also forming suspended aggregates
<220 nm. X-ray absorption spectroscopy, ultrafiltration, and scanning transmission electron microscopy confirm the particles
are U(IV)-silicates. Additional evidence from X-ray diffraction and pair distribution function data suggests the primary particles
are composed of a UO,-rich core and a U-silicate shell. U(IV)-silicate colloids formation correlates with the formation of
U(OH);(H;Si0,);*” complexes in solution indicating they are likely particle precursors. Finally, these colloids form under a
range of conditions relevant to nuclear fuel storage and geological disposal of radioactive waste and represent a potential

pathway for U mobility in these systems.

B INTRODUCTION

Uranium (U) is the most abundant radionuclide by mass in
both the nuclear fuel cycle and many higher activity radioactive
waste inventories.' Its mobility in engineered and environ-
mental systems is a major concern in a range of scenarios,
including waste storage systems (e.g., nuclear fuel storage
ponds), contaminated land, and geodisposal facilities. The
speciation of U is key to controlling its mobility and therefore
informing effluent treatment/remediation options. Of partic-
ular importance is the oxidation state of U. U(VL), typically
present in aqueous systems as uranyl UO,, is relatively
soluble, particularly in the presence of carbonate.” By contrast,
U(IV) is poorly soluble under the anoxic and neutral-basic pH
conditions expected in radioactive waste storage/disposal and
contaminated land scenarios™* and is often present as UOZ(S)S’6
or noncrystalline U(IV)"~” in anoxic systems. This means U is
considered to be immobile under reducing conditions.

-4 ACS Publications  © xxxx American Chemical Society

Therefore, reduction from soluble U(VI) to U(IV), either
biotically'>'" or abiotically,'* is seen as a possible immobiliza-
tion mechanism for U in environmental and waste treatment
systems. However, studies have highlighted that colloids can
mobilize actinides in a range of scenarios.'”™'® These include
interim storage facilities at sites such as Sellafield, UK, where
legacy spent fuel storage ponds are maintained at a high pH
and where colloids are present.'”~*° Additionally, colloids have
the potential to mobilize radionuclides in geodisposal
facilities,”" at nuclear weapons testing sites,"> U mine drainage
sites,”> and during ore deposit formation.”>** It is therefore
important to have a detailed understanding of the formation,
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composition, structure, and surface properties of colloidal
U(IV) species under relevant (geo)chemical conditions to
assess their impact on U speciation and mobility in a range of
natural and engineered environments. Despite significant
research into colloidal transport of radionuclides, U colloid
formation and stability mechanisms are poorly constrained.
There is a particular scarcity of knowledge under alkaline,
anoxic conditions relevant to spent nuclear fuel storage™ and
long-term geodisposal.”®

The formation of U oxide colloids at acidic pH has been well
established for both U(IV)*” and U(VI).*® Under environ-
mentally relevant anoxic, circumneutral pH conditions, UO,
colloids have been shown to form during anaerobic corrosion
of spent nuclear fuel.”’ The resultant colloidal particles were
<250 nm and showed resistance to oxidation, persisting for 70
days during exposure to air before oxidation to U(VI)-silicate
(weeksite, K,(UO,),Sis0,s-4H,0). In addition, colloidal
U(IV)-silicate nanoparticles have been shown to form under
anoxic conditions at pH 6.9—9.5” similar to those within
radioactive waste storage and disposal environments. The
nanoparticles, <20 nm in size, formed stable colloids for up to
2 years at pH 6.9 and showed an increase in size over time.
Additionally, EXAFS analysis identified the nanoparticles as a
U(IV)-silicate phase, but their atomic structure was not fully
determined. The pathway of crystalline U(IV)-silicate
formation is unclear in many systems, with thermodynamic
studies showing that coffinite (USiO4) is metastable with
respect to UO, and quartz but potentially able to form when
UO, is in contact with aqueous Si at elevated concentrations
(>1 mM).>>*" Furthermore, recent studies suggest the
presence of U(IV)-silicate solution complexes and colloids
are essential precursors to coffinite formation.*”**> Under-
standing the formation of U(IV)-silicate species is therefore
essential to understanding U(IV)-silicate mineral formation as
well as U(IV) mobility. U silicate solution complexes have also
been observed within groundwaters at the underground
research laboratory in Horonobe, Japan.’* Here, U was
associated with low molecular weight polysilicates in saline
groundwaters from 500 m depth providing field based evidence
that U(IV)-silicate solution species and/or nanoparticles have
the potential to enhance U(IV) mobility in anoxic systems.

Studies of actinide(IV) (An(IV)) silicate colloids have found
that Th(IV) and Np(IV) silicate colloids can form under
similar conditions to those favoring U(IV)-silicate colloid
formation.”> " X-ray photoelectron spectroscopy (XPS) of
Th(IV)-silicate particles suggested that the structure of the
individual nanoparticles may not be homogeneous, with
evidence for silica enrichment at the particle surface under
initially elevated Si concentrations. Enrichment of silicate on
the surface of An(IV) particles (where An = U, Th, Np) is
thought to stabilize the colloidal nanoparticles via increasing
the char_ge and reducing the hydrophobicity of the particle
surface.”” This mechanism of stabilization has also been
observed for other silicate containing colloidal systems
including Fe(III) hydrolysis products’® and amorphous
calcium carbonate where silica was observed at the particle
surface.”® Overall, An(IV)-silicate nanoparticles have been
reported across a range of systems and may have a significant
impact on An(IV) mobility in reducing engineered and natural
environments where actinides and elevated Si concentrations
exist (e.g, groundwater). Information on the formation,
composition, structure, and stability of U(IV)-silicate phases
and colloids at conditions relevant to interim spent nuclear fuel

storage and geodisposal of radioactive waste (i.e, pH > 10) is
crucial to predicting the long-term mobility and fate of An(IV)
in natural and engineered systems.

In this study we have characterized U(IV)-silicate colloids at
a range of silicate concentrations and high pH conditions ([Si]
0—4 mM, pH 9—12) relevant to spent nuclear fuel storage and
radioactive waste disposal. This was achieved using a
multitechnique approach to determine the size, stability, and
structure of the colloidal nanoparticles. Here, a combination of
ultrafiltration, small-angle X-ray scattering (SAXS), dynamic
light scattering (DLS), zeta potential analysis, scanning
transmission electron microscopy (STEM), extended X-ray
absorption fine structure (EXAFS) spectroscopy, powder X-ray
diffraction (XRD), and X-ray Pair Distribution Function
(PDF) provided unprecedented atomic to nanoscale insight
into properties of U(IV)-silicate colloids. Results show the
U(IV) colloids consisted of particles <10 nm with a “core-
shell” structure comprised of a crystalline UO, core and a
poorly ordered, U(IV)-silicate rich shell. Our data suggest that
silicate stabilizes U(IV) colloids at high pH conditions,
providing a potential pathway for U mobility under conditions
relevant to storage and disposal of radioactive materials.

B EXPERIMENTAL METHODS

Sample Preparation. Experiments were performed in a
controlled atmosphere glovebox (N,/H, atmosphere, <20 ppm
of O,) at room temperature, and all solutions were made from
degassed, deionized water (18 MQ). U(IV)-silicate colloids
were made using a method adapted from Dreissig et al.
(2011).* Briefly, U(IV) solutions were prepared by
dissolution of UCI,, prepared by published methods, in
0.25 M HCI to form a stock solution of 0.05 M U(IV). This
was added to 1.6 M NaHCO; to yield a 1 M NaHCO;, 0.02 M
U(IV)-carbonate solution, and the U oxidation state was
verified by UV—vis and X-ray absorption near edge structure
(XANES) spectroscopy (Figure S17). Silicate solutions (0—4.2
mM) were prepared by dissolution of Na,SiO,-9H,0. U(IV)-
silicate colloids were generated by dilution of the U(IV)-
carbonate solution into the silicate solutions in a 1:19
U(IV):silicate ratio to yield a final concentration of 1 mM
U(IV). Experiments were prepared under a range of silicate
concentrations (0—4 mM) and pH (9—12) with the pH of the
colloidal suspensions adjusted by addition of NaOH or HCI to
the silicate solutions, prior to U(IV)-carbonate addition (Table
S1).

Size and Colloidal Stability Characterization. The
colloidal size distribution was analyzed over 60 days using
poly(ether sulfone) ultrafiltration centrifugation filters (Pall
Nanosep). Filtration occurred at 8000 g for 12 min with
molecular weight cutoff sizes of 3, 10, 100, and 300 kDa,
equivalent to 1.5, 3, 7, and 12 nm”*”*"** and 0.22 um syringe
filters (Merck Millipore). Total U and Si concentrations were
measured by ICP-MS (Agilent 7500cx) and ICP-AES
(PerkinElmer Optima 5300 dual view) respectively. Colloidal
stability and particle size were further investigated using SAXS
and DLS. SAXS analysis of samples aged for 10, 30, 50, and 60
days was carried out at the Diamond Light Source 122
beamline® at A = 12.4 keV and a 1.918 m camera length. The
scattering patterns were collected using a 2D PILATUS 2 M
detector.™ Samples were loaded into quartz capillaries, and
SAXS patterns were collected (30 scans, 10 s per scan).
Backgrounds from silicate solutions were recorded before data
collection. The SAXS data obtained were fit using the Monte

DOI: 10.1021/acs.est.8b01756
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b01756/suppl_file/es8b01756_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b01756/suppl_file/es8b01756_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.8b01756/suppl_file/es8b01756_si_001.pdf
http://dx.doi.org/10.1021/acs.est.8b01756

Environmental Science & Technology

Carlo based software package McSAS** to evaluate primary

particle size distributions, assuming a spherical particle shape.
Dynamic light scattering (DLS) and zeta potential were
recorded using five consecutive scans per sample (ZetaSizer
HPPS, Malvern Instruments) at 25 °C with a He—Ne laser (1
= 633 nm) measuring backscattered light at 173° and
disposable DTS1060 zeta potential and sizing cuvettes. DLS
analysis was carried out on samples from 2 mMSi/pH9, 2
mMSi/pH10.5, 4 mMSi/pH9, and 4 mMSi/pH10.5 systems
aged for between 2 and 60 days. Zeta potential measurements
were taken for 2 and 4 mM Si systems, and pH was between 7
and 11.

Structure Investigations. TEM samples were prepared
under anaerobic conditions by depositing experimental
dispersions onto carbon coated copper TEM grids (Agar
Scientific) and washing with degassed deionized water.
Colloids were imaged using an FEI TF30 analytical FEG
TEM or FEI Talos F200X. Powder X-ray diffraction (XRD)
(Bruker D8Advance with CuK, X-rays with a wavelength of
1.5406 A) and X-ray PDF data were obtained for U(IV)
precipitates which had been a%%regated by adjusting the pH to
4, followed by centrifugation.” High energy X-ray scattering
patterns for PDF analysis were recorded at the Diamond Light
Source 115 beamline using a monochromatic 76 keV beam and
a PerkinElmer 1621 detector. The X-ray scattering data (0.5 <
Q < 20 A™') were background subtracted, corrected, and
processed into PDF data using the program GudrunX."” For X-
ray absorption spectroscopy (XAS) anal;fsis, solid samples
were sedimented by adjusting the pH to 4 or by collection of
the solid on 3 kDa filters. XAS standards of U(IV) ,q) at pH 1
and U(IV) carbonate solution samples (20 mM U(IV)) were
also analyzed (Figure S19, Table S3). Data collection was
carried out at Diamond Light Source B18 beamline at the U
Ly-edge at liquid nitrogen temperature in transmission mode
(solid samples) and at room temperature in fluorescence mode
(solution samples). The data were analyzed usin% the Demeter
software package Athena and Artemis, FEFF6." Samples for
XRD, PDF, and XAS were aged for 30 days prior to analysis. A
summary of the techniques used to analyze the samples is
given in Table S1, and further information on sample
preparation is available in the SI.

Thermodynamic Modeling. Details of thermodynamic
modeling can be found in the Supporting Information.

B RESULTS AND DISCUSSION

To investigate particle size distributions and colloidal stability
samples were ultrafiltered. Results indicated colloids were
formed where [Si] > 2 mM at pH 9—10.5 (experiments 2
mMSi/pH9, 2 mMSi/pH10.5, 4 mMSi/pH9, and 4 mMSi/
pH10.5). Results from the ultrafiltration of the 4 mMSi/pH9
and 2 mMSi/pH9 experiments are shown in Figure 1 and for
the other systems in Figure S1. Where stable colloids formed,
the majority (>50%) of the U was within the 1.5-220 nm
particle size fraction over the first 30 days. At pH 12 and 2—4
mM Si green precipitates were clearly visible, and <0.5% of the
U(IV) passed through the 0.22 pm filter. There was a small
amount (<10%) of unfilterable U in all experiments, which was
assumed to be in solution.

After 30 days in the 4 mMSi/pH9 system, 80% of U was in
the 7 to 1.5 nm size fraction (Figure 1 a,b). In the 2 mMSi/
pHY system 95% of the U was associated with particles >12,
indicating larger overall colloidal particle size (Figure 1 d,e).
Data were similar for the pH 10.5 systems, with the 4 mMSi/
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Figure 1. Results from ultrafiltration and SAXS experiments showing
(a) U concentration changes with time in filtrates of various filter pore
sizes, (b) corresponding Si concentrations for 4 mMSi/pH9, and (c)
primary particle size distribution from SAXS modeling, with SAXS
pattern and fit inset, of the 30 day aged sample of 4 mMSi/pH9. (d)
U and (e) Si filtrate concentrations for 2 mMSi/pH9 and (f) primary
particle size distribution, with fit and SAXS pattern inset, from SAXS
modeling of a 30 day aged sample of 2 mMSi/pHO9.

pHI10.5 ultrafiltration data indicating 80% U associated with
particles <12 nm in size and the 2 mMSi/pHI10.5 system
indicating 90% of U > 12 nm. The filtration data also provided
molar Si/U ratios for the particles, calculated at the 30 day
time point. Here, Si/U ranged from 1.5 for 2 mMSi/pH10.5
and 2 mMSi/pH9, to 2.2—-2.5 for 4 mMSi/pH10.5 and 4
mMSi/pH9 in the colloidal experiments. Where no stable U-
bearing colloids formed, the Si/U ratio of the solid was 0.9—1
(4 mMSi/ pH12 and 2 mMSi/ leZ), significantly lower than
that observed in the systems with colloidal particles.
Ultrafiltration data showed that the colloids which formed in
the 4 mM silicate experiments displayed elevated colloidal
stability compared to the 2 mM silicate systems (Figures 1,
S1). No significant change was observed in the particle size
distribution in the 4 mMSi/pH9 system over 60 days (Figure
1). In the 4 mMSi/pH10.5 system, while the average particle
size increased over time, the proportion of colloidal U (<220
nm) in the system did not change significantly (Figure S1). By
contrast, in the 2 mMSi/pH9 and 2 mMSi/pHI10.5 experi-
ments between 30 and 60 days there was a clear decrease in the
amount of suspended colloidal U (<220 nm) from 55% to 35%
(2 mMSi/pH9) and 50% to 5% (2 mMSi/pH10.5), indicating
a reduced stability with time at lower silicate concentrations.
Primary particle size and aggregate structure were probed by
SAXS. Analysis of the SAXS data from the 2—4 mM Si and pH
9—10.5 experiments indicated the average primary particle
diameter was 4.6—6.3 nm with no significant trends with
changing pH, silicate concentration, or age (Figure 1, S8).
Increased scattering was observed in the low-q region of the
SAXS data in aged samples of the 2 mMSi/pH10.5 (>30 days)
and 4 mMSi/pH10.5 (>50 days) experiments (Figures S4, SS)
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confirming formation of a population of aggregated particles
over 1—-2 months. The Porod slope, with a gradient of 2.00 for
2 mMSi/pH10.5 at 50 days and 2.13 for 4 mMSi/pHI10.5
system at S50 days, indicated the larger particles were mass
fractal aggregates of the primary particles. A size for these
aggregates was undetermined due to the g-range in the SAXS
data.

DLS and zeta potential data provided further information on
particle size and colloid stability. Intensity weighted DLS
results (Figure S9) show a radius of hydration, Ry, between 4
and 20 nm for the 4 mMSi/pH9 (30 days) dispersion, and a
mean size of 8.54 nm. In the 2 mMSi/pH9 (30 days) system
the majority of particles observed were 20—200 nm in size.
Over time the higher silicate, lower pH conditions ie. 4
mMSi/pH9, yielded more stable primary particle dispersions
with the average particle size increasing significantly in 2
mMSi/pH9 and 2 mMSi/pH10.5 experiments (Figure S10).
The larger particle size determined from DLS, compared to
SAXS, is likely caused by the heavy weighting of DLS data
toward larger particles when they are present in suspension.
The zeta potential values recorded were between —27 and —35
mV (Figure S11) with no clear trend with pH or silicate
concentration indicating the surface charge of the particles was
the same in all systems.

TEM images of the colloidal particles (2 mMSi/pH10.5 and
4 mMSi/pH10.5, Figures 2, S16) showed they are ~2—10 nm
in size with no lattice fringes observed in any high resolution
images. The primary particles were observed to form mass
fractal aggregates between 20 nm and >S5 ym in size (Figure
2a). High resolution EDX and HAADF-STEM mapping of the
particles (4 mMSi/pH10.5), with a 0.16 nm resolution,

Figure 2. TEM images of U(IV)-silicate particles formed in 4 mMSi/
pH10.5 experiment. (a) Sample from the colloidal dispersion showing
mass fractal aggregation presumably as an artifact of sample
preparation. (b) High resolution high-angle annular dark-field
(HAADF) image. (c,d,e) EDX elemental map showing Si (green)
and U (red) distribution throughout the nanoparticles.

showed no discrete U or Si rich areas consistent with the
particles being intrinsic U(IV)-silicates (Figure 2¢,d,e). XRD
analysis on a precipitated dispersion from the 2 mMSi/pH9
experiment showed two very broad peaks at 26 = 23 to 33° and
43 to 56°, which are consistent with nanocrystalline uraninite
(UO,) (Figure S14). Scherrer analysis*’ (Equation SI)
indicated the crystallite size was <2 nm. Thus, the XRD and
TEM data seem to be contradictory with the EDX mapping
showing no discrete U or Si phases and XRD data showing
evidence for subnm uraninite crystallites. By contrast in the
silicate-free system (0 mMSi/pH10.5) TEM images of the
particles show lattice fringes with spacing of 3.2 A, consistent
with uraninite*® (Figure S12), indicating significant crystal-
linity in these particles.

To explore this apparent contradiction in the particle
structure, PDF analyses were performed on selected U(IV)-
silicate (2 mMSi/pH9, 2 mMSi/pH10.5, 2 mMSi/pH12) and
UO, (0 mMSi/pH10.5) samples (Figure 3). The PDF data for
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Figure 3. X-ray pair distribution function (PDF) G(r) for U(IV)-
silicate particles formed in the 2 mMSi/pH12, 2 mMSi/pH10.5, and 2
mMSi/pH9 systems and nanocrystalline UO, (0 mMSi/pH10.5).
Dashed lines indicate interatomic pairs responsible for major peaks;
crosses indicate where signals are at background for U(IV)-silicate
particles, defining the locally ordered crystalline domains. * indicates
interatomic distances from coffinite only, * indicates interatomic
distances from coffinite and uraninite, and ° indicates interatomic
distances from uraninite only.

=

the U(IV)-silicate samples showed interatomic correlations
over a limited r(A) range, with peaks diminishing at high r(A)
indicating crystallite sizes of approximately 14.3 A for 2 mMSi/
pH9 and 2 mMSi/pH10.5 samples and 15.2 A for 2 mMSi/
pH12. The peaks in the PDF data for all U(IV)-silicate samples
2 mMSi/pH12, 2 mMSi/pHI10.5, and 2 mMSi/pH9) were
compared to data from the silicate free, UO, system (0 mMSi/
pH10.5) and a computed coffinite standard™ (Figures 3, S15,
S16, structures of coffinite and UO, are shown in Figure $23).
All the U(IV)-silicate samples had peaks at 1.6, 2.4, 3.1, and
3.8 A which correlated with the Si—O (1.58 A), U-0 (2.32 A,
2.51 A), U-Si (3.13 A, 3.83 A), and U-U (3.83 A)
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interatomic distances respectively in coffinite.”” However, the
U—-O and U-U distances also correlated with those in
uraninite (2.37 and 3.87 A respectively); this suggested the
presence of both uraninite and U(IV)-silicate within the
samples. At higher r(A) values in the PDF, there were features
at 5.4, 6.6, 7.7, 8.6, and 10.1 A in all the U(IV)-silicate samples
which correlated only with U-U interatomic distances in the
UO, standard and not in coffinite (Figure 3). The magnitude
of these U—U peaks increased with increasing pH, suggesting a
trend to an increasingly crystalline UO,-like structure with
increasing pH. The interatomic distances in coffinite showed
no correlation with those in the PDF of U(IV)-silicate samples
at r(A) greater than 4 A (Figure S15) indicating that the longer
range structure (>4 A) seen in the PDF of the samples was
UO,-like.

Particle structure and U oxidation state was assessed using
XAS. XANES analysis of the U(IV)-silicate samples confirmed
that U was in the +4 oxidation state as expected (Figure S17).
Fitting of the U Ly-edge EXAFS data (Figure 4, Table 1) for

IXR)_(A®)

Radial Distance (A)

Figure 4. Fourier transformed EXAFS spectra for A 4 mMSi/pH9, B
4 mMSi/pH10.5, C 2 mMSi/pH9, D 2 mMSi/pH10.5, E 4 mMSi/
pH12, F 2 mMSi/pHI12, G 0 mMSi/pH10.5. Black lines are k°
weighted data with fits overlaid (dashed lines). Fit parameters are
provided in Table 1, and EXAFS are provided in Figure S20.

the U(IV)-silicate nanoparticle was informed by the structures
of coffinite (USiO,),*® uraninite (UO,),”" and previous studies
of An(IV)-silicates.””***° All systems were fit with an oxygen
coordination containing two shells at 2.28 + 0.03 A and 2.46 +
0.02 A with coordination numbers between 3.7—4.7 and 3.0—
3.9, respectively. The total first shell U—O coordination
numbers ranged from 7.4 to 8.1. This split shell environment is
similar to that in coffinite and markedly different from the
single O shell, consisting of 8 O at 2.37 A, found in uraninite.
The EXAFS data therefore suggest that the U speciation was
dominated by a U(IV)-silicate local coordination environment.
Additional shells consistent with Si in edge- and corner-sharing
configurations at 3.18 + 0.01 A and 3.73 + 0.03 A,
respectively,”’ as well as U backscatterers at 3.82 + 0.04 A
were also successfully fitted (Table 1). Overall, the
coordination environment was consistent with a coffinite-like
U(IV)-silicate structure. Interestingly, with the exception of the
2 mMSi/pH12 EXAFS where an elevated U—U coordination
occurred, lower coordination numbers for the Si and U shells
(0.9—1.6 and 0.8—2.5 for the 2 Si backscatterers and 1—2.8 for

U) were observed relative to those in crystalline coffinite (2
and 4 for Si and 4 for U). This suggests the U(IV)-silicate was
generallzr poorly ordered and/or nanoparticulate in na-
ture.>~>* Furthermore, the Si and U coordination numbers
showed systematic variations under different experimental
conditions. At higher silicate conditions (4 mMSi/pH10.5),
the EXAFS fits showed a higher Si coordination number (total
3.6) and reduced U coordination (1.8) compared to the
parallel, lower concentration silicate system (2 mMSi/
pH10.5), with corresponding coordination numbers for Si
and U of 2.4 and 2.6 respectively.

U(IV)-Silicate Nanoparticle Core—Shell Structure.
Overall, we present clear evidence for stable, nanoparticulate
U(IV) colloidal phases across a range of conditions. The
structure of the nanoparticles varied systematically across the
different experimental systems, and, interestingly, different
analyses yielded apparently conflicting results. The EXAFS fits
for the U(IV)-silicates were consistent with those presented
previously for similar particles” and were fitted well with a
U(1IV)-silicate structure. In contrast, both XRD and PDF data
indicated the presence of nanocrystalline uraninite (UO,).
Indeed, the PDF data presented clear evidence for short-range
U(1V)-silicate environment but showed no evidence for an
ordered U(IV)-silicate structure. The PDF data also suggested
locally ordered crystalline domains of less than 1.4—1.5 nm,
significantly smaller than the S—6 nm particle size derived from
SAXS and TEM analyses. Combining these multiple lines of
evidence, we propose that the results are, in fact, not
contradictory and are consistent with the particles having a
core—shell structure. Here, a nanocrystalline UO, core of ~1.5
nm (identified by PDF/XRD) is encased within a poorly
ordered U(IV)-silicate shell (identified by EXAFS) with a
particle size of approximately S—6 nm (supported by SAXS,
ultrafiltration, TEM, and DLS analyses). Assuming a 1.5 nm
UO, “core” within a 5 nm particle, the uraninite core would
constitute only ~2.6% of the total volume with ~97.4%
occupying the “shell”. Therefore, despite the higher density
within the UO, core, the vast majority of the U would be
present in the particle shell. As EXAFS resolves the average U
coordination environment throughout the sample, the EXAFS
fits would be dominated by the signal from the “shell” of the
particles i.e. the poorly ordered U(IV)-silicate and would not
resolve the contribution from the UO, core. The XRD data are
only sensitive to the crystalline core of the material, while the
X-ray PDF data can resolve both crystalline and noncrystalline
components and is most sensitive to the more strongly
scattering U—U interactions. At r > 4 A, the U—U distances in
the PDF correlate with those in UO, but not USiO,.
Therefore, it is possible to identify a crystalline UO, particle
core and confirm there is no long-range (>4 A) structure in the
U(1V)-silicate shell. The U(IV)-silicate shell model is also
supported by the zeta potential results, which suggest surface
charge behavior similar to that of silica.”® It was not possible to
resolve the core—shell structure of the particles using STEM
due to the small crystalline core size relative to the U(IV)-
silicate shell, which in 3-dimensions would likely obscure the
core from being imaged in 2-dimensions.

It was also possible to resolve details of the average U
coordination environment by EXAFS fitting. The split oxygen
coordination shell and presence of U—Si coordination across
all silicate-containing experiments confirmed U(IV) was
predominantly U(IV)-silicate. The elevated Si/U ratios seen
in the ultrafiltration of colloidal particles (Si/U = 1.5 — 2.5,
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Table 1. EXAFS Fitting Parameters”

sample path N
4 mMSi/pH9 U-0.1 43
U-0.2 3.8
U-Si.1 1.1
U-Si2 2.5
U-uU 1
4 mMSi/pH10.5 U-0.1 4.5
U-0.2 3.5
U-Si.l 1.6
U-Si.2 2
U-uU 1.8
2 mMSi/pH9 U-0.1 37
U-0.2 39
U-Si.l 1
U-Si.2 1
U-uU 2.5
2 mMSi/pH10.5 U-0.1 4.4
U-0.2 3.5
U-Si.l 0.9
U-Si.2 1.5
U-uU 2.6
4 mMSi/pH12 U-0.1 4.4
U-0.2 3.0
U-Si.l 1.6
U-Si.2 0.8
U-uU 2.8
2 mMSi/pHI12 U-0.1 4.7
U-0.2 33
U-Si.l 1
U-Si.2 1.8
U-U S
Uo,? U-0 8
U-uU 12
Usio,? U-0.1 4
U-0.2 4
U-Si.1 2
U-Si.2 4
U-uU 4

R° (A) o AE,° R
2.26(1) 0.009(1)” 4.1(10) 0.0124
2.44(1) 0.009(1)"

3.17(2) 0.010(3)

3.70(3) 0.013(4)

3.78(5) 0.013(7)

2.28(1) 0.006(1)" 5.5(9) 0.0076
2.46(1) 0.006(1)"

3.18(2) 0.011(3)

3.73(4) 0.014(5)

3.79(4) 0.014(5)

2.28(1) 0.008(1)" 6.5(5) 0.0024
2.47(1) 0.008(1)"

3.19(1) 0.009(2)

3.76(3) 0.013(2)

3.85(1) 0.013(4)

2.28(1) 0.007(1)" 4.5(8) 0.0124
2.45(1) 0.007(1)?

3.17(2) 0.007(3)

3.74(4) 0.011(5)

3.80(3) 0.013(3)

2.29(1) 0.007(1)" 6.1(6) 0.0042
2.46(1) 0.007(1)*

3.19(2) 0.013(3)

3.71(5) 0.012(7)

3.84(2) 0.013(2)

2.30(1) 0.005(1)" 6.2(8) 0.0121
2.46(1) 0.005(1)"

3.18(3) 0.009(5)

3.75(5) 0.014(7)

3.86(2) 0.015(2)

2.37

3.87

2.32

2.51

3.13

3.83

3.83

“Coordination numbers (N), U bond distances (R (A)), Debye—Waller factors (¢%), shift in energy from calculated Fermi level (AE,), and
“goodness of fit” factor (R). Coordination numbers were fixed, and amplitude factors were fixed as 1. YDenotes tied ¢* values. “Numbers in
parentheses are the standard deviation on the last decimal place. 9U0, and USIO, interatomic distances are taken from Barrett et al. (1982)°" and

Fuchs and Gerbert (1958).%°

Table S1), compared to coffinite (Si/U = 1), suggest that the
U(IV)-silicate shell is highly silicate enriched compared to
coffinite. Additionally, the U—Si distance for the corner sharing
silicate was consistently shorter across all fits (3.73 + 0.03 A)
than that in coffinite (3.83 A). The shortening of this U—Si
distance is likely due to the relaxation of the structural
constraints present in crystalline coffinite leading to a shorter
average U—Si distance. The reduced coordination numbers in
the EXAFS fits relative to crystalline coffinite are indicative of
structural disorder and/or the nanoparticulate character which
leads to a significant fraction of the U being associated with
surface or near surface sites.”>™>* Overall, we consider the
U(IV)-silicate shell to be most accurately described as poorly
ordered U(IV)-silicate.

For the high pH, low silicate conditions in the 2 mMSi/
pHI12 experiment, the EXAFS and PDF results were
consistent. Here, compared to the other systems, EXAFS
fitting showed an elevated U—U coordination number in

excess of that expected for coffinite suggesting a higher
proportion of uraninite in these particles than those formed at
lower pH. The PDF results for this sample also showed an
increased UO, core size and crystallinity relative to the lower
pH systems, again consistent with increased proportion of
uraninite in the sample.

U(IV)-Silicate Nanoparticle Formation Mechanism.
The core—shell model for the U(IV)-silicate nanoparticles is
consistent with the formation mechanism suggested for
An(IV)-silicate colloids, whereby An(IV) hydrolysis occurs at
a higher rate than the An(IV) reaction with silicate.”” We
suggest that the rapid hydrolysis of aqueous U(IV) allows
formation of the nanosized UO, particle core. As particle
formation continues, the relative concentration of U(IV)-
silicate solution complexes such as U(OH),(H;Si0,);*,
important in coffinite formation,*” increases. Indeed, in this
scenario, the U(IV)-silicate solution complexes may inhibit
extensive hydrolysis of U(IV) to U(OH)4(aq) and thus inhibit
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formation of larger UO, nanoparticles. Consequently, this
would lead to a transition from U(IV)-oxide formation in the
core to the formation of the poorly ordered U(IV)-silicate
shell. With this formation mechanism, the particles will likely
have a diffuse core—shell structure, with an elevated U
concentration and reduced Si concentration near the core
and reduced U and elevated Si toward the particle surface
consistent with recent observations on Th(IV)-silicate
particles.*®

The proposed formation pathway suggests that U-
(OH),(H,Si0,);>” aqueous complexes are significant in the
formation of the U(IV)-silicate colloids. An equilibrium
constant for this species has recently been estimated,”” based
on experimental data for the Th(IV)(OH),;(H,SiO,);>"
complex.’® Thermodynamic modeling of our experiments
using these data shows U(OH);(H;SiO4);*~ dominates the
equilibrium solution speciation of U(IV) over the pH range
examined (Figures S21, $22). Indeed, the model suggests that
U(OH);(H,Si0,);>" causes an increase in the solubility of
UO,, which could promote the formation of U(IV)-silicate
over U(IV)-oxide. This is consistent with past work showing
coffinite forms in preference to uraninite in silicate rich
solutions’' and supports the proposed mechanism for core
shell particle formation we propose. We suggest the polymer-
ization of the U(OH);(H,;Si0,);> solution species is the key
pathway to the formation of the U(IV)-silicate particle shell.
Indeed, our work combined with Dreissig et al. (2011) shows
the U(IV)-silicate colloids are stable over pH 6.9—10.5,”
coinciding with the region that modeling suggests U-
(OH);(H;Si0,);>~ will be present. Additionally, Mesbah et
al. also highlighted that the interaction of U with silicate is
likely underestimated using this method, given the higher
stability constants for a range of ligands with U, compared to
Th,”* meaning the U(OH);(H,SiO,);>~ may be even more
prevalent than shown here. U-polysilicate complexes are also
relevant in natural systems’* and complex to metal ions at
levels several orders of magnitude higher than monomeric
silicate®” further reinforcing the role that U(IV)-silicate
solution complexes seem to play in U(IV)-silicate formation
pathways. Although the thermodynamic modeling suggests
formation of U(OH),(H,Si0,);*~ complexes occurs at pH >
10.5, our work showed the stability of the U(IV)-silicate
colloids decreased at pH 12. This could be due to uncertainty
in the stability constant approximation for U-
(OH),(H;Si0,);*~ and/or because of the lower solubility of
U(IV) with respect to UO, at elevated pH. This would result
in reduced silicate enrichment of the particle surface and
therefore lower colloidal stability as observed. Clearly, an
improved understanding of U(IV)-silicate aqueous complex
formation and polymerization is needed to further develop
accurate predictions of U(IV)-silicate colloid formation.

Trends in Particle Size and stability. Overall, our data
confirm that silicate stabilizes U(IV) colloids across pH 9—
10.5 for at least 30 days, expanding their envelope of stability
to pH 7—10.5>" with colloidal stability at pH < 7 not explored.
Over this pH range, the zeta potential of the colloids shows a
significant negative surface charge (—27 to —35 mV)
consistent with the observed high colloidal stability (Figure
S11). This behavior is similar to that of silica which has a
constant zeta potential at pH > 7°° and is significantly different
than what would be expected for UO,, which would have an
increasingly negative zeta potential between pH 7 and 10.°° A
study on corrosion of metallic U fuel in the presence of silicate

also showed colloids had a zeta potential characteristic of silica
or U(IV)-silicate colloids.”" The U was present in colloidal
form and described as UO,; however, the pH,,. of the U
particles was pH 2—3, significantly lower than 4.9—6 previously
reported for UO,.””** It is possible silicate was associated with
these particles as the experiments were carried out at a near
neutral pH where UO, would not be expected to be colloidal,
and the zeta potential trends are very similar to zeta potential
studies on U(IV)-silicate colloids.”

The significance of a silica coating is clear: silica surfaces
show more favorable interactions with aqueous solutions than
most inorganic phases, and as a result, silica often exhibits high
colloidal stability due to electrostatic and non-DLVO
processes.”” %’ In our U(IV)-silicate systems, there is a direct
correlation between silicate content in particles and colloid
stability. At pH 12, where the colloid does not form, there was
a clear decrease in the Si/U ratio within the particles. This is
likely because of the high solubility of silicate at these elevated
pH levels and, as a consequence, the lower stability of colloidal
U(IV)-silicate phases relative to UO,. Therefore, the U(IV)
particles at pH 12 become depleted in silicate which results in
a more UO,-like surface and, consequently, colloid destabiliza-
tion. Based on these observations, it appears the colloidal
stability is dependent on the silicate content of the particles
which in turn is related to the pH of the solution as this affects
the silicate content.

Ultrafiltration results for the 4 mMSi/pH9 system showed
no evidence of particle aggregation. The 4 mMSi/pH10.5
system showed modest aggregation over 60 days but no
destabilization of the colloid. By contrast, in the 2 mMSi/pH9
and 2 mMSi/pHI10.5 experiments ultrafiltration suggested
significant aggregation occurred during the first 10 days of the
reaction, while the SAXS and DLS data showed evidence for
aggregation over 30—60 days. Here, membrane induced
aggregation®® may cause artifacts in the ultrafiltration data,
but overall, there is clear evidence for enhanced aggregation
compared to the 4 mM systems. The aggregation of the
primary particles in the 2 mMSi/pH9 and 2 mMSipH10.5
systems appears to be gradual; primary particles initially form,
which then aggregate into larger particles over time. These
larger particles continue to aggregate and become too large to
remain suspended over weeks to months leading to a
destabilization of the colloid. This is consistent with the
above hypothesis of silicate stabilization, as the 2 mM Si
systems have intermediate Si/U ratios: lower than the stable 4
mMSi/pH9 and 4 mMSi/pH10.5 colloids and above the 2
mMSi/pH12 and 4 mMSi/pH12 systems. Therefore, it would
be expected that these systems exhibit the observed
intermediate stability — with initial colloid formation but
aggregation leading to gradual colloid destabilization over time.

Implications for An(IV) Environmental Mobility. Using
a range of state of the art techniques, in particular X-ray PDF
and EXAFS spectroscopy, we evidence a core—shell structure
for the U(IV)-silicate colloidal particles. Furthermore, we
propose a mechanism for their formation and stability. By
identifying the particle structure, it has been possible to explore
their formation pathway and the likely controlling influence of
U(IV)-silicate solution species on their formation. The silica-
rich surface of these particles explains the high colloidal
stability observed and emphasizes their potential significance in
a wide range of scenarios where alkaline pH conditions
dominate including nuclear decommissioning, where spent fuel
has been corroded in alkaline conditions in the presence of
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silicate and in conditions relevant to a typical geological
disposal facility (GDF) for radioactive wastes where
cementitious materials are used.

The stability range of these colloids means that they could
also form and persist under neutral pH conditions more
relevant to accidental discharges and radioactively contami-
nated land scenarios. It is also clear that U(IV)-silicate colloids
may also be used as an analogue for predicting the behavior of
the transuranic, An(IV)-silicate colloids. Indeed, their small
size and long-term persistence means they are potentially
environmentally mobile.
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Supporting Information: Stability, composition and core-

shell particle structure of uranium(IV)-silicate colloids

$4.1. U(IV)-silicate synthesis

U(IV) solutions were prepared by dissolution of UCls in 0.25 M HCl to form a stock
solution of 0.05 M U(IV). This solution was added to 1.6 M NaHCOs to yield a 1 M
NaHCOs, 0.02 M U(IV) solution with U(IV) present as the U(COs3)s® aqueous species. The
oxidation state of uranium in the solution was verified by UV-vis and XANES and the
solution was filtered through a 3 kDa molecular weight cut-off (MWCO) filter membrane
to confirm it was a true solution without colloids. Finally, EXAFS analysis was performed
on the sample to define the local coordination environment (Figure S4.9) which showed

the uranium was present as [U(CO3)s]%, identified by Hennig et al. 2010.

Silicate solutions were formed by dissolution of sodium metasilicate nonahydrate
(NazSi04.9H,0). All silicate solutions were filtered through a 3 kDa MWCO membrane to
verify no colloids or polysilicate molecules were present above this size. The pH of the
final solutions was controlled by addition of NaOH or HCI to silicate solutions prior to
U(IV)-carbonate solution addition. U(IV)-silicate colloids were generated by dilution of
U(IV)-carbonate solution in solutions of silicate in a 1:19 U(IV) solution:silicate solution
ratio, yielding a range of silicate concentrations (0-4 mM) and pH (9-12) (see Table S4.1
for more details).The colloidal phase is believed to form due to the decrease in
carbonate concentration, coupled with an increase in hydroxide concentration in
solution upon dilution leading to U(IV) hydrolysis and polymerization and reaction with

silicate. Control experiments with no silicate present at pH 9-12 were also carried out.
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Table S4.1 Summary of experimental conditions and analytical techniques used for
each set of experiments conditions. In all cases [U] = 1 mM. UF = Ultrafiltration.
4mMSi/pH9 and 4mMSi/pH10.5 experiments could not be isolated in sufficient

quantities to investigate by XRD and PDF. Si/U ratio taken from ultrafiltration data

after 30 days.
Experiment Code | Experimental | [Si]/ | Colloid Si:U Techniques used
pH mM | formed? ratio
O0mMSi/pH9 0 No N/A UF
2mMSi/pH9 2 Yes 1.5 UF, SAXS, DLS, Zeta
potential, EXAFS,
° TEM, XRD, PDF
4mMSi/pH9 4 Yes 2.5 UF, SAXS, DLS, Zeta
potential, EXAFS, TEM
0mMSi/pH10.5 0 No N/A UF, EXAFS, TEM, PDF
2mMSi/pH10.5 2 Yes 1.5 UF, SAXS, DLS, Zeta
potential, EXAFS,
10.5 TEM, PDF
4mMSi/pH10.5 4 Yes 2.2 UF, SAXS, DLS, Zeta
potential, EXAFS,
TEM, STEM
OmMSi/pH12 0 No N/A UF
2mMSi/pH12 12 2 No 1.0 UF, EXAFS, TEM, PDF
4mMSi/pH12 4 No 0.9 UF, EXAFS, TEM
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$4.2. Supplementary

ultrafiltration results
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Figure S4.1: Ultrafiltration results for the 2mMSi/pH10.5 (left) for uranium (a) and
silicon (b) passing through filters between 0.22 um and 3 kDa in size. 4mMSi/pH10.5
(c) for uranium (d) and silicon (bottom right) passing through filters between 0.22 um

and 3 kDa in size.
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Figure S4.2: Ultrafiltration results from 4mMSi/pH12 system after 50 hours indicating
no colloidal uranium is present
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Figure S4.3: Ultrafiltration results from 2mMSi/pH12 system after 50 hours indicating
no colloidal uranium is present
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$4.3. Small angle x-ray scattering
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Figure S4.4: SAXS patterns from 2mMSi/pH10.5 system, aged for 10, 30 and 60 days
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Figure S4.5: SAXS patterns from 4mMSi/pH10.5 system, aged for 30 and 60 days
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Figure S4.7:

SAXS patterns from 4mMSi/pH9 system, aged for 30 and 60 days
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S4.4. Dynamic light scattering and zeta potential
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Figure S4.9: Intensity weighted DLS patterns for 30 day aged samples of (a) U(IV)-

silicate colloidal dispersion 2mMSi/pH9 showing a mean particle size of 55 nm. (b)

U(IV)-silicate colloidal dispersion 4mMSi/pH9 with a mean particle size of 8.54 nm
(from first peak).
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Figure S4.10: Particle size distributions gained from volume weighted Dynamic Light
Scattering, using the refractive index of coffinite (1.74) (a) 4mMSi/pH9, (b)
2mMSi/pH10.5, (c) 4mMSi/pH10.5, (d) 2mM Si/pH9.
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Figure S4.11: Zeta potential values of U(IV)-silicate colloids with 2 mM (purple) and 4
mM (green) silicate, recorded at pH 7-11.
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$4.5. Transmission electron microscopy

Figure S4.12: TEM images from O0mMSi/10.5 (a), 2mMSi/pH12 (b), 4mMSi/pH10.5 (c)
and 2mMSi/pH10.5 (d) showing very little difference across conditions. Primary
particles circled in red for clarity.
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Figure $4.13: Comparative TEM and Energy Dispersive X-ray (EDX) spectra for U(IV)-
silicate colloids/nanoparticles formed in the conditions: 4mMSi/pH10.5 (a,b) and

2mMSi/pH12 (c,d) showing higher Si:U ratio in the 4mMSi/pH10.5 system.
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$4.6. Powder X-ray diffraction and X-ray pair distribution function

Samples for X-ray diffraction and X-ray pair distribution function analysis were prepared
by sedimentation at pH 4 (Dreissig et al. 2011) and centrifugation (7000g for 10
minutes). For XRD analysis, the U(IV)-silicate was resuspended in isopropyl alcohol and
dropped onto a silica glass slide. This sample was then dried and contained in an X-ray
transparent, Poly(methyl methacrylate) (PMMA) anaerobic sample holder for XRD
analysis (Bruker). The sample was scanned from 5-70° 26, with a step size of 0.02° and
a count time of 0.2 s per step with Cu Ka X-rays with a wavelength of 1.5406 A. A silica
glass slide background was also recorded and used for background subtraction. For PDF
analysis, wet slurries of U(IV)-silicate samples were injected into glass capillaries (1 mm)
and sealed with araldite. 5 x 30 second scans were recorded between 0 and 50° 26 with
a step size of 0.01° and a 76 keV X-ray energy.
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Figure S4.14: X-ray powder diffraction pattern for a precipitated colloidal dispersion
2mMSi/pH9 (green) and uraninite peak positions with miller indices (black).
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Equation S4.1: Scherrer equation, used for size estimation of crystallites using peak
broadening where D is the crystallite size, k is a shape constant of 0.9, assuming the
particles are spherical, A is the x-ray wavelength, 8i/.is the full width at half maximum
of the broadened peak and ¢ is the Bragg angle of the selected peak.
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Figure S4.15: X-ray pair distribution functions (PDF) of 3 synthesised U(IV)-silicates
(2mMSi/pH12, 2mMSi/pH10.5 and 2mMSi/pH9) compared with a calculated PDF of
coffinite (USiO4). Black dashed lines indicate shared peaks between synthesised U(IV)-
silicates and coffinite, red dashed lines indicate peaks present in coffinite and not
synthesised U(IV)-silicates.
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Figure S4.16: X-ray pair distribution functions (PDF) of 3 synthesised U(IV)-silicates
(2mMSi/pH12, 2mMSi/pH10.5 and 2mMSi/pH9) compared with a nano-UO2 sample
(OmMSi/pH10.5) and calculated PDF of coffinite (USiOa4).
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Table $4.2: Interatomic distances in UO; (Barrett et al., 1982) and USiO4 (Fuchs and
Gebert, 1958) which would be most prevalent in an X-ray PDF.

Structure | Interatomic pair Distance (A)

Uo; uU-0 2.36
0-0 2.72
u-u 3.85
0-0 3.85
u-o0 4,51
u-u 5.45
u-u 6.67
uU-u 7.70
U-U 8.61
U-u 10.19
u-u 11.55
u-u 13.88

USiO4 Si-O 1.58
u-o0 2.32
u-0 2.51
U-Si 3.13
U-Si 3.83
u-u 3.83
u-o0 4.26-4.80
u-u 5.86
u-u 7.98
u-u 9.12
U-u 10.62
u-u 11.71

S4.7. X-ray absorption spectroscopy

Solid samples for XAS were prepared according to the following procedures. For samples
of 2 and 4 mM Si, pH 12 and 0 mM Si pH 10.5, where samples were precipitated, these
were separated from solution by centrifugation (7000g for 10 minutes). For samples of
U(IV)-silicates at 2 mM Si pH 9 and 10.5, these samples were first acidified to pH 4 and
then centrifuged (7000g for 10 minutes), according to the literature (Dreissig et al.
2011). It was not possible to separate samples of U(IV)-silicate colloidal particles at 4
mM Si pH 9 and 10.5 from solution using the above methods and therefore these
samples were collected on 3 kDa filters. Samples were not dried, to maintain their

hydrated structure, and diluted in cellulose to form pellets for XAS measurements.
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Figure S4.17: XANES spectra for all U(IV)-silicate samples along with U(IV)O2

(0OmMSi/pH10.5) and U(VI)O3 (UOs) standards.
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Figures S4.18 and S4.19 show the EXAFS of U(IV)-HCl and U(IV)-COs* solutions
respectively. The U(IV)-HCI EXAFS have been fit with a first shell coordination of water
(8.9 x U-OH; bonds) and CI (0.8 x U-Cl bond). The fixed U-O and U-Cl distance parameters
used (Table S4.3) were those proposed by Hennig et al. (2005) for U(IV) chloride
complexes in aqueous solutions. 9.6 coordinate hydrated uranium complex is consistent

with that seen in Hennig et al (2005) as is the H,0:Cl ligand ratio.

The U(IV)-carbonate system was fit using the model from Hennig et a./ (2010), based on

the U(CO3)s® solution complex.

IX(R)| (A”)

4 6 8 10 12
Wavenumber (A7)

Figure S4.18: Data and fit for EXAFS (above) and EXAFS FT of U(IV)-HCl solution
complex
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Figure S4.19: Data and fit for EXAFS (above) and EXAFS FT of U(IV)-CO3 solution
complex
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Table S4.3: EXAFS fit parameters for U(IV) solution species U(IV)-HCl (Figure S4.18) and
U(IV)-CO3 (Figure S4.19), and UO2 (Figure 4.4G, S4.20G). Coordination numbers (N), U
interatomic distances (R (A)), Debye-Waller factors (62), shift in energy from calculated
Fermi level (AEO) and ‘goodness of fit’ factor (R). Coordination numbers were fixed,
amplitude factors were fixed as 1, a indicates fixed R values. b indicates fitted
coordination numbers, c denotes fixed o2 values, d indicates tied o2 values. Numbers in
parentheses are the standard deviation on the last decimal place.

Shell R/A N o2 AEo(eV) |R
U-HCI | U-0 2.41° 8.9(5)P 0.007¢ 3.6 0.0069
U-Cl 2.712 0.7(3) 0.004¢
U-CO; | U-0 2.46(1) |10 0.005(1) 9.5(10) |0.024
U-C 291(2) |5 0.003(2)
U-O(dist) 4.18(2) |5 0.004(1)¢
U-C-O MS 4.18(2) |10 0.004(1)¢
U-C-O-C MS 4.18(2) |5 0.004(1)4
uo; U-0 2.34(1) |7 0.010(7) 3.5(7)
u-u 3.84(1) |5 0.007(1)
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Figure $4.20: EXAFS spectra for a 4mMSi/pH9, b 4mMSi/pH10.5, c 2mMSi/pH9, d
2mMSi/pH10.5, e 4mMSi/pH12, f 2mMSi/pH12, g OmMSi/pH10.5 (black lines) with fits
overlaid (dashed lines).
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$4.8. Thermodynamic modelling

Thermodynamic modelling was performed using the PHREEQC software package and

the specific ion theory (SIT) database, augmented with the aqueous U(OH)3(H3SiO4)3%*

species defined by Mesbah et al. (2015) (U* + 3H,0 + 3H4SiOs <> U(OH)3(H3Si04)3% +

6H*, log K° = 18.39 + 1.7) and U(OH)2(C0Os),* species defined by Rai et al. (1998) (U** -

2H* + 2C032% + 2H,0 = U (OH)2(C0s),?%, log K° = 11.33). UO,.2H,0 was used over UO; as

it is believed to be a more accurate representation of U(IV)-oxides formed in these

systems.
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Figure S4.21: Speciation of uranium (a) and silicon (b) with pH fora4 mM Si, 1 mM U

system
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Figure S4.22: Speciation of uranium (a) and silicon (b) with pH fora2 mM Si, 1 mM U
system
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$4.9. Atomic structures of uraninite (UOz) and coffinite (USiO4)

Figure $4.23: The local structure of uraninite (A) and coffinite (B) with interatomic
distances from uranium annotated. Grey = U, Red = O, Blue = Si.
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5.1. Abstract

Spent nuclear fuel contains both uranium and high yield fission products including °Sr,
which is highly relevant as a contaminant at nuclear facilities. Both U and °°Sr will be
present in facilities where spent nuclear fuel has been processed including in storage
ponds and tanks, and the interactions between Sr and U phases are not well understood.
We investigate the Sr sorption behaviour when contacted with two nuclear fuel cycle
relevant U(IV) phases; UO; and U(IV)-silicate, over pH 4-14. UO; is a product of the
anaerobic corrosion of metallic uranium and is also the form of U in many nuclear fuels,
and U(IV)-silicates can form colloids under neutral to alkaline pH conditions
representative of fuel storage ponds. Here, Sr was shown to have a higher affinity for
UO; between pH 6 and 12, and a significant degree of Sr sorption also occurred to U(IV)-
silicate phases at pH >6. EXAFS, TEM and desorption data for the UO; system suggested
surface incorporation of Sr on UO; occurred at pH 10 and 12. EXAFS investigations on
U(IV)-silicate samples indicated that outer sphere sorption of Sr dominated at low pH
with intrinsic Sr-silicates forming at pH 212. The impact that these U(IV) phases have on
Sr behaviour indicates a previously unrecognised control on Sr mobility in environments

where spent nuclear fuel management and storage is undertaken.
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5.2. Introduction

Over 60 years of nuclear research and power generation has resulted in a significant
global nuclear legacy for decommissioning and disposal. Uranium (U) is typically the
most abundant radionuclides by mass in spent nuclear fuel (Bruno and Ewing, 2006;
NDA, 2017a). Additionally, high yield, high specific activity fission products (e.g. °°Sr and
137Cs) dominate the radioactivity inventory of many wastes (NDA, 2017b). For example,
90Sr (half-life 29 years) is a high energy beta emitter and a significant contributor to
external dose in many nuclear fuel cycle scenarios. Understanding °°Sr speciation in
conditions relevant to decommissioning and waste disposal is essential for the safe
management of nuclear legacy facilities. Despite the co-location of ®°Sr and U in many
SNF storage facilities, the interactions of Sr with U phases are poorly understood in these
challenging environments. Understanding these interactions, specifically Sr sorption
mechanisms and capacity, is essential for predicting the behaviour of °°Sr in these

environments.

90Sr and U are co-located in intensely radioactive, legacy spent fuel storage ponds within
globally significant nuclear facilities. Spent fuel ponds are often maintained at a high pH
to minimise corrosion (Lumetta, Wagner and Carlson, 1996; Wilson, 1996; Parry et al.,
2011). Several of the UK legacy ponds at the Sellafield nuclear facility contain corroded
Magnox spent fuel which consisted of Mg rich metallic cladding and metallic U spent
fuel. In the ponds, the spent fuel was stored for extended periods which led to corrosion
and formation of corroded Magnox sludge (CMS). CMS consists mainly of brucite
(Mg(OH)z3), and other Mg-carbonate, hydroxide and Mg-Al hydroxides, components of
SNF and corroded metallic U (Gregson, Goddard, et al., 2011). The corrosion of metallic
U under these conditions generates UO, (Kaminski et al., 2005; Delegard and Schmidt,
2008; Sinkov, Delegard and Schmidt, 2008; Gregson et al., 2011). Additionally, many
other forms of nuclear fuel use UO; as a fuel matrices (Bruno and Ewing, 2006), making
UO2 abundant in most spent nuclear fuel storage scenarios. Furthermore, under
groundwater conditions (pH 8.4, 41 ppm Si), corrosion of metallic U in SNF can lead to
the formation of U(IV) colloids (Kaminski and Goldberg, 2002; Kaminski et al., 2005).
Whilst the nanoparticulate structure of these colloids was identified as UO;, reappraisal

suggests they showed some similarities to U(IV)-silicate colloids which are stable under
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conditions related to SNF storage (Dreissig et al., 2011; Neill, Morris, Pearce, Sherriff,
Burke, et al., 2018), making it likely that these UO; colloidal particles may have a silicate
coating. Importantly, the mobility of these relatively newly identified colloidal phases is
predicted to be high, in turn this could impact on the mobility of associated
radionuclides, including °°Sr, during effluent treatment. Thus, the interaction of 2°Sr with
both UO, and U(IV) silicate colloids is of high relevance to fuel pond storage and

radioactive effluent treatment systems.

The mobility and speciation of Sr is likely to impact on the effectiveness of its removal
from effluents at nuclear facilities. Effluent from the legacy spent fuel storage ponds at
Sellafield, UK is treated in the site ion exchange effluent plant (SIXEP)(Parry et al., 2011;
Maher et al., 2016). Here, the clinoptilolite (Na,K,Ca)2-3Al3(Al,Si)2Si13036:12H20), a
naturally occurring zeolite ion exchanger, is highly effective in selectively removing 2°Sr
and 37Cs from circumneutral, high ionic strength effluents prior to discharge under
authorisation to the Irish Sea (Gray, Jones and Smith, 1995; Maher et al., 2016).
However, as plant operations change in the future, understanding the role of different
components of SNF, particularly U(IV) phases, on °°Sr mobility is crucial in underpinning

future effluent treatment systems.

The behaviour of Sr at circumneutral pH is dominated by adsorption of the soluble Sr?*
ion to a range of solid phases as a reversible, outer sphere complex (Livens and Baxter,
1988; Sahai et al., 2000; Carroll et al., 2008; Wallace et al., 2012; Fuller et al., 2016). In
general, Sr sorption increases with increasing negative surface charge of the substrate.
As the pH exceeds the pHp.c of the surface, a net negative surface charge results which
has increased affinity for positively charged Sr?*. At pH >12.5, Sr has been shown to form
an inner sphere complex with clays, iron oxides and sediments (Wallace et al., 2012;
Fuller et al., 2016). This change in behaviour is linked to the formation of the Sr(OH)*
species in solution at pH >12 (Fuller et al., 2016). Sr mobility is also affected by solubility
at high pH. In the presence of carbonate, strontianite (Sr(CO)3) may form (Busenberg,
Plummer and Parker, 1984) and in the presence of silicate, strontium silicates have also
been observed (Chorover et al., 2003; Felmy et al., 2003; Chang et al., 2011). Sr is also
known to readily substitute for calcium in calcite (CaCOs) (Parkman et al., 1998; Fujita et
al., 2004) and calcium silicate hydrate (C-S-H) cement phases (Tits et al., 2006; Wieland

et al., 2008). C-S-H, a significant component of cement, was shown to uptake Sr via
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bonding to silanol (Si-O-H) groups (Wieland et al., 2008), highlighting Sr-silicate
interactions in controlling radionuclide behaviour. The effect of hyperalkaline pH on
sediments and Sr mobility has also been investigated (Choi et al., 2006; Chorover et al.,
2008; Wallace et al., 2013). For example, past work where sediments were reacted with
cement leachate for 1 year resulted in Sr inner sphere bound to an aluminosilicate gel
alteration phase after reaction at room temperature, and zeolite phases forming after
reaction at 70 °C with Sr incorporated into the newly formed zeolite (Wallace et al.,

2013).

There have been several investigations into Sr uptake by colloids, including clay
(Albarran et al., 2011), silica (Bekhit et al., 2006) and natural groundwater (Vilks and
Baik, 2001) colloids. Here, Sr was sorbed to the colloidal matter and, as expected at
circumneutral pH, the sorption was reversible in most cases suggesting outer sphere
sorption dominated. Furthermore, in most cases the colloids did not significantly
enhance the transport of Sr and retardation of Sr mobility occurred due to aggregation
of colloidal particles which lead to precipitation of both the suspended phase and the
sorbed Sr. There is a paucity of information on Sr-colloid interactions under the high pH
conditions expected in both SNF ponds and intermediate level radioactive waste
disposal. Previous Sr sorption studies at high pH suggests more varied Sr-substrate
interactions such as inner sphere complexation to colloidal particles may occur (Wallace

etal., 2012; Fuller et al., 2016).

In terms of Sr interactions with U phases, data is sparse. Sorption of Sr on to uranyl
peroxide, studtite (UO4), has a strong pH dependence, with greater sorption at higher
pH and Sr sorption dominating at pH >10 (Sureda et al., 2010). Sr has been shown to
sorb strongly to substrates such as monosodium titanate (NaHTiOs) in alkaline spent
nuclear fuel storage (Hunt et al., 2005). Additionally, amorphous substrates have been
shown to have an elevated affinity for Sr compared to their more crystalline
counterparts (Kirillov, Lisnycha and Pendelyuk, 2006). Sr can also bind to TiO; particles
in SNF ponds, with EXAFS data fits suggesting evidence for some incorporation in the
rutile (Bower et al., 2016). These studies highlight the importance of understanding Sr
sorption processes when predicting Sr mobility and speciation in SNF storage. The
interaction of UO2 with Sr has been well studied in the field of nuclear fuel due to the

formation of °°Sr in UO> fuel matrices during nuclear fission. SrO is known to form a solid
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solution with UO; at high temperatures and pressures (Fujino, Yamashita and Tagawa,
1988; Perriot et al., 2015) relevant to nuclear reactors and uraninite (UO;) ores are
known to contain high amounts of Ca%* and other divalent cations, including Sr?* (Ram
et al., 2013; Alexandre et al., 2015). However there is scant research into the
interactions of Sr with UO; under low temperature, agueous conditions of spent nuclear

fuel pond storage and management.

In this study, sorption of Sr onto well characterised nano-UO; and U(IV)-silicate colloids
and precipitates (Dreissig et al., 2011; Neill, Morris, Pearce, Sherriff, Burke, et al., 2018),
was investigated across a range of pH (4-12 and 4-14 respectively). Ultrafiltration using
1.5 nm and 220 nm filters was used to assess the extent of absorption to both colloidal
and precipitated phases. TEM and desorption experiments were also used to analyse Sr-
UO; interactions, while EXAFS was employed on selected samples to further probe the

sorption mechanisms of Sr to these two key phases.

5.3. Methods

Triplicate experiments were carried out under a N2/H; atmosphere with <20 ppm O,
with solutions prepared from deoxygenated, deionized water (18 MQ). Nano-particulate
UO2 was prepared by dilution of a U(IV)-carbonate solution (20 mM) in deionized water
at a 1:19 ratio (Dreissig et al., 2011; Neill, Morris, Pearce, Sherriff, Burke, et al., 2018).
This phase has previously been characterised as nanoparticulate UO; (Neill, Morris,
Pearce, Sherriff, Burke, et al., 2018). U(IV)-silicate samples were prepared by a 1:19
dilution of a 20 mM U(IV)-carbonate solution into 4.2 mM Na3SiOs (Dreissig et al., 2011;
Neill, Morris, Pearce, Sherriff, Burke, et al., 2018). The pH of the UO, and U(IV)-silicate
samples was lowered to pH 4 by acid titration (1.5 M HCI) with stirring for 30 minutes to
degas CO;. The pH was then adjusted to target values (pH 4, 6, 8, 10, 12 and 14 for U(IV)-
silicate experiments, 3.7, 6, 8, 10 and 12 for UO; experiments) with NaOH. The ionic
strength of the experiments (pH 3.7-12) was controlled to 0.15 M by addition of NaCl.
Experiments were equilibrated for 7 days with stable pH recorded throughout. 0.05 M
SrCl, was spiked to yield a Sr concentration in solution of 0.058 mM. Samples were

reacted for a further 7 days before analysis to ensure equilibrium.
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Sr sorption to UO; and U(IV)-silicate phases was assessed using centrifugation-
ultrafiltration at 8000 g for 12 mins using polyethersulfone (PES) filters (3 kDa, ~1.5 nm
(Granath, 1958; Laurent and Granath, 1967; Dreissig et al., 2011)) and filtration (0.22
UM, PES filters). Total U and Sr in the filtrates was measured by ICP-MS (Agilent 7500cx)
and in the U(IV) silicate systems total silicon was measured using ICP-AES (Perkin-Elmer

Optima 5300 dual view).

In an attempt to assess the nature of the binding of Sr to UO,, acid leaching desorption
experiments were performed on Sr sorbed to UO; at pH 12, 10, 8 and 3.7. After 7 days
equilibration with Sr, the solution pH was decreased to 3.2 (£ 0.1 pH unit) in all samples.
Samples were filtered after 24 hours using centrifugation-filtration (3 kDa, 1.5 nm PES
filters), and total Sr and U analysed in filtrates. The pH was then reduced to 2 and
filtrations were repeated after a further 24 hours. Experiments were carried out in

triplicate.

Transmission electron microscopy (TEM) samples for selected Sr/UO; experiments (pH
8 and 12) were mounted on carbon coated copper TEM grids (Agar Scientific) and
imaged using an FEI TF30 analytical FEG TEM. For Sr XAS analysis, samples were
centrifuged (7500g, 10 minutes) to isolate solids from solution and mounted in
anaerobic cells. In U(IV)-silicate experiments at pH 6, 8 and 10, solid samples were
collected by centrifugation-filtration on 3 kDa PES filters (Neill, Morris, Pearce, Sherriff,
Burke, et al., 2018). XAS samples had between 1,000 and 10,000 ppm Sr present on
solids. Samples were analysed at Diamond Light Source B18 beamline, at the Sr k-edge
using a Si (1 1 1) monochromator at liquid nitrogen temperature in fluorescence mode.
The data were analysed using Demeter software package Athena and Artemis, FEFF6.
Finally, thermodynamic modelling of speciation was performed using PHREEQC with the

SIT database (see Sl).

5.4. Results and discussion

5.4.1. U(IV) phases.

In UO; systems there was no evidence for colloidal uranium, with precipitates forming
across the pH range (Figure 5.1 a,b). In U(IV)-silicate experiments, U (Figure 5.1 ¢,d) and

Si (Figure S5.1) filtration data showed a strong correlation confirming that an intrinsic
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uranium silicate phase was formed in all systems (pH 4 — 14). The molar Si/U ratio of
these U(IV)-silicate phases, in the colloidal and/or precipitate fraction (>1.5 nm) was 2.1
at pH 4 and increased to 2.4 at pH 6. The ratio then stabilised at 2.4 from pH 6 to 10 and
dropped to 1.8 at pH 12 and 0.8 at pH 14 (Figure S5.2). Stable colloidal U(IV)-silicates
were formed between pH 6 and 10, coinciding with the highest Si/U ratios. A small
fraction of truly dissolved uranium (<3 kDa fraction) occurred between pH 6 and 10 for
both the U(IV) silicate and UO; systems and similar to past observations (Dreissig et al.,
2011; Neill, Morris, Pearce, Sherriff, Burke, et al., 2018) Overall, these observations are
consistent with past work (Neill, Morris, Pearce, Sherriff and Shaw, 2018)confirming that
pH adjustment to pH 4 to facilitate CO; degassing in experiments had no significant

effect on the colloidal behaviour and composition of these phases.
5.4.2. Sr/UO: filtration and desorption investigations

Sr was sorbed to UO; across pH 4-12 with sorption increasing with increasing pH (Figure
5.1 4a,b). At pH 3.7, only 7 % of Sr was removed from solution (to the >220 nm fraction),
this increased to 24 % at pH 6. At pH 8, 93 % of Sr was sorbed, increasing to 99 % at pH
10 and >99 % at pH 12. There was no evidence for colloidal Sr (1.5-220 nm) in any of the

UO; experiments, consistent with Sr being sorbed to the UQ; precipitate.
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Figure 5.1: Filtration results for UO2 experiments showing size distribution of uranium
species (a) and strontium (b) and U(IV)-silicate experiments showing size distribution
of uranium species (c) and strontium (d) . Species below 1.5 nm in size are assumed to
be in true solution, 1.5-220 nm colloidal and > 220 nm are sedimented (solid).

A significant fraction of the Sr was removed from solution in the presence of UO,. A
higher degree of Sr removal from solution was seen for UO; systems compared to U(IV)-
silicate systems of the same pH, indicating that Sr has a strong affinity for UO; particles
(Figure S3). The increasing Sr removal from solution with increasing pH can be explained
in part by the surface charge of the UO;. As Sr speciation is dominated by the hydrated
Sr?* jon at pH <12, then at pH below pHp.c of UO3, sorption will be low as electrostatic
repulsion occurs. UOz has a pHpzc of 5.8 (Husain, 1984) so would be positively charged at
pH <6. With increasing pH, the UO, surface becomes more negative, increasing the
affinity for the positively charged Sr?* ion. While the trend for increasing sorption at
higher pH is anticipated, the magnitude of Sr sorption onto UO; in this study is much

higher at pH 8 and 10 than seen in previous studies on Sr sorption to U(VI)-peroxide
120



(Sureda et al., 2010), CSH (Wieland et al., 2008) and Fe(lll)oxyhydroxides, clays, and
sediments (Fuller et al., 2016). Indeed, when the distribution coefficient (Kqy) is compared
to values for U(IV)-silicate, and other substrates (Wieland et al., 2008; Sureda et al.,
2010; Fuller et al., 2016), Sr shows a significantly higher solid partitioning in the presence
of UO; than these other substrates (Figure S5.4).

Acid leaching, desorption experiments were carried out on pH 3.7, 8, 10 and 12 Sr-UO;
systems (Figure S5.5). The pH of 3.2 was selected for initial desorption to target surface-
bound Sr, however Srincorporated into crystalline UO; would be expected remain in the
solid phase at this pH as UO; solubility is very low. Data from pH 3.2 desorption step
showed no evidence for an irreversibly bound Sr fraction; essentially all of the Sr was re-
released under 24 h pH 3.2 leaching conditions for all starting pH and there were no
variations in Sr release from experiments of different starting pH. At this pH, <0.5 % of
U was in solution in all systems, confirming that there was minimal dissolution of the
UO,. This suggests that Sr was labile in all systems, likely concentrated at the near
surface of the particles and not incorporated into the nano-crystalline UO; particles

where it would be significantly occluded.
5.4.3. Sr/UO: interaction mechanisms

TEM imaging and energy dispersive X-ray (EDX) spectroscopy (Figure 5.2) confirmed
that the Sr was co-located with UO, aggregates at pH 8 and 12 and the UO; morphology
was consistent with past work (Newsome, Morris and Lloyd, 2015; Neill, Morris, Pearce,
Sherriff, Burke, et al.,, 2018). Selected area electron diffraction (SAED) analyses
confirmed the presence of UO; (Figure S5.6). In both samples there was no evidence for

discrete, Sr rich phases.
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Figure 5.2: TEM image of UO2 particles formed at pH 12 with Sr associated (a), EDX
spectrum showing colocation of Sr and U (b) (Fe peaks are background features from
the instrument).

Sr K-edge EXAFS were analysed for the UO; systems at pH 8, 10 and 12. The EXAFS and
Fourier transforms are shown in Figure 5.3, with fitting details presented in Table 5.1.
For all three samples there was evidence for significant order in the samples with
features in the Fourier transform at 3.5-4 A. This is different to past work on Sr sorption
behaviour with other substrates where, typically, outer sphere sorption dominates at
pH < 12 and no peaks in the Fourier transformed Sr K-edge EXAFS are observed at > 2.5
A (Sahai et al., 2000; Carroll et al., 2008; Wallace et al., 2012; Fuller et al., 2016). At pH,
8, the EXAFS were best fit with 9 O backscatterers at 2.63 A. In addition, the fit was
improved by inclusion of a second shell of 1.5 U backscatterers at 3.67 A. The presence

of this second coordination shell, and the fact that this shell can be fit with U
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backscatterers suggests Sr is sorbed as an inner sphere complex onto the UO; surface.
At pH 10, the EXAFS could also be fitted with 9 O backscatterers in the first shell.
However the fit was improved by splitting the O shell resulting in 2 Sr-O distances of
2.58 and 2.72 A, with coordination numbers of 7.2 and 3.8 respectively. Fitting for the
pH 12 system was also improved by splitting the O shell, with Sr-O distances of 2.58 and
2.74 A and coordination numbers of 7 and 4 respectively. Furthermore, there was a clear
increase in the coordination numbers for the U backscatterers at 3.66+0.01 with
increasing pH from 1.5 to 1.8 and 3.5 backscatterers at pH 8, 10 and 12 respectively. This
was indicative of a more structured local coordination environment for Sr occurring with
increasing pH. While the pH 8 EXAFS suggested an inner sphere complex was forming,
the split O shell in the pH 10 and 12 EXAFS fits, along with the high U coordination at
3.6610.01 A clearly indicated that an alternative structure, likely due to incorporation or
surface precipitation of a Sr-U-oxide was occurring in these systems. The splitting of the
O shell, and increase U coordination at pH 10 and 12 represent a structured Sr
environment which is not representative of Sr incorporated into UO; via substitution
into the U*" sites. 8 coordinate Sr would be expected for incorporated Sr with Sr-O
distances in the region of 2.38 A which is not the case (Barrett et al., 1982). Additionally,
the Sr-U bond distance was consistently ~ 3.66 + 0.01 A for all samples, which is
significantly shorter than the U-U distance in uraninite (3.87 A, (Barrett et al., 1982)). As
Sr?* has a larger atomic radius than U*, this would not be expected for Sr-substituted
UO,. This is supported by desorption results, which indicate reversible Sr sorption in
these experiments that is not consistent with wholly incorporated Sr. Therefore, Sr is
most likely to in a highly ordered inner sphere complex, surface incorporated or surface

precipitated at pH 10-12.
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Figure 5.3: Sr k-edge EXAFS (right) and Fourier transforms (left) for Sr bound to UO2 at
pH 8, 10 and 12. The feature at 3.8 A in the Fourier transform clearly suggests Sr is not
outer sphere bound and is instead in a more structured coordination environment.

Table 5.1: EXAFS fit data for Sr-UO; systems

Sample Path N R(A) o? AEo R

pH 8 Sr-0 9 2.63(1) 0.009(1) 4.2(11) 0.023
Sr-U 1.5 3.67(3) 0.009(4)

pH10 Sr-0.1 7.2 2.58(1) 0.008(2) -2.6(10)  0.0078
Sr-0.2 3.8 2.72(1) 0.009(5)
Sr-U 1.75 3.65(3) 0.010(2)

pH12 Sr-0.1 7 2.58(1) 0.006(1) 4.2(8) 0.0092
Sr-0.2 4 2.74(3) 0.008(4)
Sr-U 3.8 3.66(2) 0.011(2)

Coordination numbers (N), U bond distances (R (A)), Debye-Waller factors (02), shift in
energy from calculated Fermi level (AEo) and ‘goodness of fit’ factor (R). Coordination
numbers were fixed, amplitude factors were fixed as 1. Numbers in parentheses are the
standard deviation on the last decimal place.

Sr-U-oxides have been formed previously at high temperatures; however there is little
evidence of their formation under ambient temperatures. Mixed Sr-U-oxides have been
observed at T >1,000 K as either a Sr substituted into U sites in UO; (Fujino, Yamashita
and Tagawa, 1988; Perriot et al., 2015), or formation of a Perovskite SrUOs structure
(Ball, 1992; Cordfunke et al., 1997). Further support for the formation of tertiary Sr,U
oxide is found in a study which formed a mixture of SrUOs and UO; under high
temperature conditions (Huang et al., 1997). Several studies have shown negligible
differences in the thermodynamics of formation of SrUO3 compared to the binary oxides
UO; and SrO, suggesting SrUOs formation is possible and perhaps favoured in the

presence of an excess of UO; (Grenthe et al., 1992; Fuger, Haire and Peterson, 1993;
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Cordfunke and ljdo, 1994; Guillaumont et al., 2003). Additionally, in the current study,
the high surface area of the UO; may promote Sr reactions on the UO; surface. The split
shell and high coordination number of O in the EXAFS fitting indicate that the Sr
coordination environment is perovskite-like (Ahtee et al., 1976; Yamanaka, Hirai and
Komatsu, 2002). The coordination environment and number is consistent with the Sr
coordination environment within Ca1xSrxTiOs, where 12 O atoms are in the first
coordination shell (Yamanaka, Hirai and Komatsu, 2002). Furthermore, the Sr-U
distance of 3.66+0.01 A is also consistent with a perovskite-like structure and
significantly different to the U backscatterer expected in UO;. The Sr-Ti distance in
analogous SrTiOs is 3.36 A (Yamanaka, Hirai and Komatsu, 2002)and Sr-Zr distances in
SrZrOs at room temperature average 3.5 A (Ahtee et al., 1976). Given the relative ionic
radii follow the trend U% > Zr* > Ti**, the Sr-U distance of 3.67 A observed here seems
credible for a SrUOs-like environment. However, EXAFS fitting shows reduced Sr-U
coordination numbers compared to those expected if the Sr was in a crystalline Sr-U-
oxide, suggesting that a separate, crystalline SrUO3 phase is unlikely (Sr-Ti coordination
in a comparable structure, SrTiOs, is 8 (Yamanaka, Hirai and Komatsu, 2002)).
Additionally, Sr-Sr coordination which would be expected in a Sr-U-oxide phase was not
observed in the EXAFS fitting. TEM imaging and SAED analysis also showed no indication

of an intrinsic Sr-U-oxide, with Sr apparently associated with nanoparticulate UO;.

Considering the evidence discussed above, the low solubility of UO, under these
conditions and the high surface area of the UO;, the most likely explanation is surface
incorporation of Sr on UO,, resulting in a perovskite-like Sr coordination environment at
the UO; surface. This is consistent with the EXAFS fitting, which showed Sr-U
coordination across pH 8-12, TEM showing Sr was co-located with UO; and desorption
experiments indicating Sr is labile even after exposure to UO; at high pH. Given the clear
trend in the EXAFS with pH, this Sr surface reaction appears to be pH dependent, with
Sr in a less structured inner sphere complex at pH 8, and in a more structured
environment at pH 12. This explains why, despite the high Sr-U coordination in the
EXAFS for the pH 12 system, Sr is still labile under acid leaching, as this Sr-UO; reaction
is highly pH dependent and the significant decrease in pH during acid leaching would
dissolve the surface phase. As only ~1 % Sr by weight was sorbed to the UO; particles,

the Sr would be unlikely to significantly alter the bulk structure of UO2 because Sr
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complexation would occur in the poorly order near-surface region of the UQO,. This
would allow for this alternative Sr coordination environment and the consequent
disorder generated without inducing strain on a crystalline lattice. Furthermore as Sr
loading is likely to be low, compared to the amount of near surface U available, this

would also explain that the lack of a Sr-Sr backscatter.
5.4.4. Sr/U(IV)-silicate interactions

In the U(IV)-silicate systems, the removal of Sr from solution again increased with
increasing pH (Figure 5.1 c,d). No Sr removal was observed at pH 4. At pH 6, 6% of Sr
was in the colloidal size fraction, which increased to 22 % at pH 8. At pH 10, 43 % of Sr
was in the colloidal size fraction, with 5 % in the >220 nm fraction. At pH 12, 86 % of Sr
was associated in the > 220 nm fraction and, at pH 14, 99 % of Sr was in the >220 nm
fraction. At pH 4, 12 and 14, where no colloidal U was present, no Sr was associated with
colloidal size fraction. When U was colloidal between pH 6 and 10, the majority of non-
solution (>1.5 nm) Sr was associated with the colloidal phase. No colloidal Sr was
observed when there was no colloidal U, confirming Sr was associated with the U(IV)-

silicate colloid.

Sr removal from solution increased with increasing pH, as observed in the UO; system.
At pH <10, this can be attributed to an increasing negative surface charge of the U(IV)-
silicate at pH 4-10; U(IV)-silicate particles, with a pHy.c approximately pH 4-4.5 will have
a positive charge at low pH which becomes negative at pH>pH;.c (Dreissig et al., 2011).
The presence of colloidal Sr and U(IV) at pH 6-10 suggests that U(IV)-silicate colloids
could also be important vectors for Sr. Indeed, up to 43% Sr association with colloidal
material occurred at pH 10 (equivalent to 0.025 mM suspended Sr). Although the extent
of Sr removal from solution increases at pH >10, the Sr was not colloidal meaning the
mobility of Sr at pH >10 is reduced by interactions with U(IV)-silicate. These results
highlight U(IV)-silicate as both a colloidal vector for Sr at pH 6-10, and at pH > 10 a

potential sink for Sr.
5.4.5. Sr/U(IV)-silicate interaction mechanisms

Sr EXAFS of the U(IV)-silicate systems (pH 6, 8, 10, 12 and 14) are shown with

corresponding best fits in Figure 5.4, and Table 5.2. Throughout, the first shell was fitted
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with 9 oxygen atoms at 2.61 A. At pH 6, 8 and 10 no additional backscatterers improved
the fit confirming outer sphere sorption dominated, similar to past work on a range of
environmental matrices at circumneutral pH (Sahai et al., 2000; Carroll et al., 2008;
Wallace et al., 2012; Fuller et al., 2016). It is also in agreement with studies into colloidal
transport of Sr which showed Sr to be reversibly bound to colloidal particles at
circumneutral pH (Vilks and Baik, 2001; Bekhit et al., 2006; Albarran et al., 2011). Overall,

this suggests at pH <10 the Sr bound to colloidal U(IV)-silicates is likely to be labile.
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Figure 5.4: Sr k-edge EXAFS (right) with accompanying Fourier transforms (left) for Sr
bound to U(IV)-silicate at pH 6-14. Features at R+AR > 2.3 A in the Fourier transforms
indicates inner sphere sorption and incorporation at pH >10.

Table 5.2: EXAFS fit data for Sr-U(IV)Silicate systems

Sample  Path N R(A) o2 AEo R
pH 6 Sr-0 9 2.61(1) 0.008(1) 0.7(10) 0.024
pH 8 Sr-0 9 2.61(1) 0.008(1) -2.3(13)  0.011
pH 10 Sr-0 9 2.61(1) 0.009(1) -2.3(11)  0.013
pH 12 Sr-0 9 2.61(0) 0.009(2) -2.2(3) 0.0018
Sr-Si 0.8 3.26(2) 0.009(2)
Sr-Sr 2 4.16(1) 0.012(2)
pH 14 Sr-0 9 2.60(0) 0.010(1) -2.8(11)  0.013
Sr-si.1 1.8 3.26(4) 0.014(6)?
Sr-si.2 1.7 3.96(8) 0.014(6)?
Sr-Sr 4.5 4.28(3) 0.012(3)
SrSio; Sr-O* 8 2.65
Sr-Si.1 4 3.34
Sr-Si.2 2 3.87
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Sr-Sr* 6 4.12

Coordination numbers (N), U bond distances (R (A)), Debye-Waller factors (02), shift in
energy from calculated Fermi level (AEo) and ‘goodness of fit’ factor (R). Coordination
numbers were fixed, amplitude factors were fixed as 1. Numbers in parentheses are the
standard deviation on the last decimal place. ? indicates tied Debeye-Waller factors,
*indicates weighted average of similar paths. SrSiOs structure from (Nishi, 1997).

At pH 12 and 14, features at >2.3 A in the Fourier transforms were present suggesting
Sr was in a more structured coordination environment. There was no evidence for SrCOs
in the EXAFS confirming that CO; ingress was minimal as expected. Therefore the most
likely scenarios were either strong inner sphere sorption to the U(IV)-silicate particles,
or formation of an intrinsic Sr silicate phase e.g. SrSiOs. While the pH 12 system could
be fitted with Si and U shells (Table S5.2), suggesting the possibility of inner sphere
sorption/incorporation of Sr into U(IV)-silicate particles similar to the surface
precipitation observed for UQ;, a statistically improved fit (with lower R-factor) was
achieved fitting to a Sr silicate structure. The structure here appeared to be disordered,
with low coordination numbers of 0.8 bidentate bound (edge sharing) Si at 3.26 A and 2
Sr backscatterers at 4.16 A, distances characteristic of SrSiOs. At pH 14, Sr silicate
structure also provided the best fit. Here, a total of 3.5 Si backscatterers, 1.8 bidentate
Siat 3.26 A and 1.7 monodentate (corner sharing) Si at 3.96 A, and 4.5 Sr backscatterers
at 4.28 A were fit. These are similar to distances recorded for edge-and corner-sharing
SiO4 polyhedra respectively in SrSiOs (Nishi, 1997). Although the Sr-Sr distance in the pH
14 fit was longer than the average Sr-Sr distance of 4.12 A in SrSiOs (Table 2), it is similar
to the most distant Sr backscatterer at 4.30 A (Table S5.1). Coordination numbers for
the Sr and Si backscatterers are much lower in the pH 12 fit, compared to the pH 14 fit.
This could be due to Sr being partitioned between a Sr silicate phase and outer sphere
complex observed in the lower pH systems. Alternatively, the Sr silicate phase formed

at pH 12 may be poorly ordered compared to the phase formed at pH 14.

The possibility of a Sr-silicate phase forming is supported by previous investigations that
have confirmed the formation of Sr-silicates at high pH (Felmy et al., 2003) and how Sr
mobility and solubility is greatly reduced in the presence of silicate (Chang et al., 2011).
These EXAFS results are also supported by thermodynamic modelling of the U(IV)-
silicate/Sr system (Figure S5.7). At pH >11, modelling shows the solution becoming
oversaturated with respect to SrSiOs;, which supports the presented EXAFS data

indicating the formation of a Sr silicate phase at pH 12 and 14. These results indicate
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that silicate is likely to be an important factor in Sr mobility in high pH systems. While
outer sphere sorption to U(IV)-silicates is important at pH <10, and is particularly
relevant at pH 6-10 where U(IV)-silicate colloids form, at high pH where U(IV)-silicate
colloids do not form, Sr-silicate formation, potentially aided by the presence of U(IV)-

silicate particles, resulted in reduced Sr mobility.
5.5. Conclusions

Here we show two key U(IV) phases demonstrate elevated Sr sorption under the pH
conditions relevant to SNF storage, contaminated land scenarios and radioactive waste
disposal where radioactive °°Sr and U will coexist. A combination of ultrafiltration, TEM
and EXAFS analysis has demonstrated the capacity for these U(IV) phases to sorb Sr and
also provided insights into the mechanism of Sr removal from solution. The high capacity
for sorption to UO; and the formation of Sr-silicates suggests these phases will be key

factors in controlling Sr mobility.

As legacy spent fuel storage ponds at Sellafield are maintained at approximately pH 11
(Maher et al., 2016), it would be expected that a large amount of the Sr in these systems
would be bound to any U(IV) phases present. Significantly, at this pH, U(IV)-silicate is
potentially colloidal suggesting any associated Sr may be subject to enhanced mobility.
It is therefore essential to understand the binding mechanism and reversibility of Sr to
these phases to be able to predict the behaviour of these systems during effluent
treatment processes. While colloidal U(IV)-silicate sorbed Sr as an outer sphere complex
at a relatively high capacity, Sr silicates formed at pH 212 and incorporation occurred for
Sr with UO;. Although UO; did not form a colloid under the conditions of this study,
previous work has indicated that UO,-based particles are capable of forming a colloid at
moderately alkaline pH in the presence of silicate(Kaminski et al., 2005). As silicate may
play a role in this colloidal stabilisation, and U(IV)-silicate colloids can form at alkaline
pH, it is important to understand the impact of both UO; and U(IV)-silicates on Sr
behaviour to predict Sr mobility in spent nuclear fuel and other scenarios where Sr and
U are both present. Desorption experiments suggested that the Sr is still labile after
incorporation into UO;, but it is not known whether Sr would be removed from UO; by

effluent treatment processes that exist at sites such as Sellafield. Further work is
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ongoing investigating the impact of effluent treatment processes on U(IV) phases and

their ability to transport Sr.
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Supporting Information:Interactions of Sr with UO; and

U(IV)-silicate phases

B > 220 nm (solid)
[ ]1.5-220 nm (colloidal)
I <1.5 nm (solution)

8 10 12 14
pH

Figure S5.1: Filtration results for U(IV)-silicate experiments showing the size
distribution of silicon. Species below 1.5 nm in size are assumed to be in solution, 1.5-
220 nm colloidal and > 220 nm are sedimented.
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Figure S5.2: Si:U molar ratio taken from particulates >1.5 nm. Figure shows increasing
Si:U ratio at low pH, followed by subsequent decline in Si:U ratio at pH >8.
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Figure S5.3: Comparison of the sorption of Srin UO2 and U(IV)-silicate systems showing
higher sorption of Sr, at a lower pH, on UO,.
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Figure S5.4: A comparison of dissociation constants (Kd) for Sr on U(IV)-silicate, UO>
(both from this study), Goethite (Fuller et al. (2016)), Studtite (Sureda et al. (2010))
and CSH (Wieland et al. (2008)).
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Figure S5.5: Results from Sr-UO; desorption experiments carried out at starting pH 3.7,
8, 10 and 12. In desorption experiments, the pH was reduced to 3.2 for 24 hours and
the true solution (< 1.5 nm) sampled, and then pH 2 for a further 24 hours and the true
solution re-sampled to investigate the lability of Sr sorbed to UO..

Figure S5.6: Selected area electron diffraction (SAED) of UO; particles formed at pH 12,
with Sr incorporated. Red rings represent diffraction rings expected for UO,.
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$5.1. Thermodynamic modelling

Thermodynamic modelling was performed using the PHREEQC software package and
the specific ion theory (SIT) database.
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Figure $5.7: Thermodynamic modelling of Sr speciation and saturation index of
strontium metasilicate, SrSiOs, indicating that Sr is oversaturated at pH 12 and 14 wrt
SrSiOs.
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$5.2. EXAFS fitting

Table S5.1: Full list of first shell Sr-O, Sr-Si and Sr-Sr interatomic distances for SrSiOs
(Nishi, 1997)

Path N | R(A)
Sr-0.1 2 2.46
Sr-0.2 4 2.69
Sr-0.3 2 2.74
Sr-Si.1 4 3.34
Sr-Si.2 2 3.87
Sr-Sr.1 2 4.02
Sr-Sr.2 1 4.05
Sr-Sr.3 2 4,16
Sr-Sr.4 1 4.30

Table S5.2: EXAFS fits for Sr/U(IV)-silicate system at pH 12 and pH 14 showing fits to Sr-
U-Si coordination environment. In both cases, R value (goodness of fit) is significantly
higher that for Sr-silicate fitting (Table 2), indicating lower quality of fit.

Sample Path N R(A) o? AE, R

pH 12 Sr-0 9 2.61(1) 0.009(5) 0.5(7) 0.0088
Sr-Si 1.8 3.59(5) 0.013(7)
Sr-U 1.8 3.75(4) 0.012(5)

pH 14 Sr-0 9 2.60(1) 0.010(1) 0.4(10) 0.027
Sr-Si 1.8 3.46(3) 0.012(5)
sr-U 1.7 3.64(4) 0.015(5)

Coordination numbers (N), U bond distances (R (A)), Debye-Waller factors (02), shift in
energy from calculated Fermi level (AEo) and ‘goodness of fit’ factor (R). Coordination
numbers were fixed, amplitude factors were fixed as 1. Numbers in parentheses are the
standard deviation on the last decimal place.
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Chapter 6: Impact of carbonation on U(IV)-silicate particle
stability and capacity for Sr sorption relevant to effluent

treatment.
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6.1. Abstract

Understanding the speciation and mobility of radionuclides derived from spent nuclear
fuel during waste retrieval in legacy fuel pond facilities and effluent treatment at
Sellafield, UK, is essential for safe and efficient decommissioning of the site.
Furthermore, the effects of effluent treatment processes on colloids will define any
potential for colloidal mobilisation of radionuclides in effluents. Here, we present
investigations into the impact of CO; gassing, a step in effluent treatment at Sellafield,
on the stability of U(IV)-silicate nanoparticles and their potential to transport strontium.
U(IV)-silicate nanoparticles were prepared at pH 11.4 and exposed to CO; gas via
bubbling to reduce the pH to 7, mimicking the site carbonation process. Ultrafiltration
of the solution and X-ray absorption spectroscopy on the solids was carried out at
selected time points throughout the carbonation treatment. Prior to carbonation, U(IV)-
silicate was not colloidal but present as sedimented aggregates, with Sr largely sorbed
to this phase. Results indicate little immediate impact of carbonation on the U(IV)-
silicate particle size, but after 24 h, U was partitioned to both colloidal and dissolved

fractions. After 8 days, a U(IV)-silicate structure was maintained but minor structural
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differences compared to the initial U(IV)-silicate were evident. During carbonation, >70
% Sr immediately desorbed from the solid phase however 11 % Sr was still associated
with U(IV)-silicate colloids after 8 days. Overall, carbonation increased the mobility of
the U(IV)-silicate aggregate and caused significant desorption of Sr. Results indicate that
the presence of U(IV)-silicate colloids may be critical controls on the mobility of U and

Srin effluent treatment.

6.2. Introduction

The UK has a significant amount of high and intermediate level radioactive waste from
a combination of weapons production, energy production and research spanning over
70 years (NDA, 2017b). A large proportion of this waste has been stored and reprocessed
at the Sellafield site in Cumbria, UK. In certain legacy facilities at Sellafield, spent nuclear
fuel (SNF) elements have undergone corrosion due to extended residencies in interim
SNF storage ponds. Within legacy ponds containing spent Magnox fuel, this had led to
the formation of corroded Magnox sludge (CMS), comprising of corroded Magnox fuel
cladding (an Mg-rich alloy), corroded metallic uranium (U), transuranics and fission
products which are stored in alkaline conditions (pH >11) (Wilson, 1996; Parry et al.,
2011; Maher et al., 2016). These facilities represent serious hazards and are subject to
accelerated decommissioning in order to reduce the risk they pose at the site (Sellafield
Ltd, 2017). While efforts have been made to characterise CMS (Gregson, Goddard, et al.,
2011; Gregson, Hastings, et al., 2011; van Veelen et al., 2012; Maher et al., 2016), the
complex matrix of materials stored in the ponds has resulted in a wide range of different
corrosion and precipitation products. These include Mg-based minerals such as brucite
(Mg(OH);), Mg-carbonate and Mg-Al-hydroxides, UO,, and iron sulphides, consistent
with reducing conditions (Gregson, Goddard, et al., 2011). One area of interest is the
formation of colloids from the pond sludges as these could enhance radionuclide
mobility in legacy storage facilities and potentially in effluent treatment as these
facilities are decommissioned (Maher et al., 2016). Colloids are worthy of further
characterisation as they may evade extant radionuclide removal treatments which are
focused on filtering large particulates or removing solution species. Colloids can mobilise
radionuclides in two ways; either incorporated into the colloidal particle structure as an

intrinsic colloid (e.g. U(IV), Th(IV) and Np(IV)-silicate colloids (Dreissig et al., 2011;
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Hennig et al., 2013; Husar et al., 2015; Neill, Morris, Pearce, Sherriff, Burke, et al., 2018)),
or sorbed to the surface of colloidal particles as a pseudo-colloid (e.g. U(IV) sorbed to
Al-P-Fe-Si aggregates (Wang et al., 2013) or Pu sorbed to clay and zeolite colloids
(Kersting et al., 1999)). U is a major component of spent nuclear fuel (Bruno and Ewing,
2006; Marshall et al., 2015) and if U can form intrinsic colloids under representative SNF
pond corrosion conditions, then these colloids may be present in significant quantities.
Intrinsic U colloids may challenge effluent treatment in themselves and they may also
impact on the mobility of other radionuclides via incorporation and/or sorption
processes. For example, °Sr may associate with U(IV) colloids thus potentially enhancing
90Sr mobility during effluent treatment as these pseudo-colloidal species may be more
difficult to remove from effluent than dissolved °°Sr. U(IV) has been shown to form
intrinsic colloids upon corrosion of SNF (Kaminski et al., 2005) and U(IV)-silicate colloids
have been shown to form under SNF fuel pond conditions (Neill, Morris, Pearce, Sherriff,
Burke, et al., 2018). Significantly, colloidal U(IV)-silicates have also been shown to sorb
Sr, meaning U(IV)-silicates and their interactions with Sr are worthy of further study

(Neill, Morris, Pearce, Sherriff and Shaw, 2018).

At Sellafield, a key effluent treatment facility is the site ion exchange effluent plant
(SIXEP). SIXEP is a multi-stage effluent treatment plant that contains sand beds to filter
out large particulates from effluents. After this effluents are passed through a
carbonation tower that lowers the pH of incoming effluents from approximately pH 11
to pH 7. Finally, the pH 7 effluent is passed through ion exchange beds comprised of
clinoptilolite ((Na,K,Ca)2-3Al3(Al,Si)2Si13036:12H,0), a zeolite with high ion exchange
selectivity for aqueous 2°Sr?* and *3Cs*, two of the major fission products in SNF (Minglu,
Shijun and Chunkou, 1994; Borai et al., 2009; Maher et al., 2016). SIXEP has been
operating at Sellafield since 1985 and routinely processes effluents from legacy SNF
storage facilities, including storage ponds containing spent Magnox fuel (Gray, Jones and
Smith, 1995; Parry et al., 2011). With decommissioning and waste retrieval operations
gathering momentum at Sellafield, it is anticipated a wider range of effluents will be
produced and they may require treatment. Therefore, understanding how potentially
mobile, nanoparticulate phases will be altered during the SIXEP process is essential to

underpinning future effluent treatment processes.
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An(IV)-silicate colloids have been identified as potentially vectors for U(IV), Th(IV) and
Np(IV) (Dreissig et al., 2011; Hennig et al., 2013; Husar et al., 2015) and the formation,
stability and characteristics of U(IV)-silicates under conditions representative of SNF
storage ponds have been investigated (Neill, Morris, Pearce, Sherriff, Burke, et al., 2018).
U(IV)-silicate nanoparticles form colloids between pH 6 and 10.5, with changing
compositions and particle structures under different pH and silicate conditions. These
particles have been shown to be silicate rich at near neutral pH, and have an increasing
U(IV) content at more alkaline pH above pH 10.5. Further characterisation of the
nanoparticles confirmed that they have a core-shell structure with a UO»-like core and
a silicate-enriched surface, leading to silica-like colloidal behaviour (Dreissig et al., 2011;
Neill, Morris, Pearce, Sherriff and Shaw, 2018; Neill, Morris, Pearce, Sherriff, Burke, et
al., 2018). Understanding the fate of these particles during carbonation (as part of
effluent treatment) is essential in defining their potential impact on abatement

efficiency as post operational clean out and decommissioning effluents are produced.

As well as the intrinsic hazard posed by U containing colloids, both U(IV)-silicates and
UO2 nanoparticles have been shown to strongly sorb Sr (Neill, Morris, Pearce, Sherriff
and Shaw, 2018). As the ion exchange processes used at nuclear sites treat aqueous *°Sr,
it is uncertain as to whether the presence of pseudo-colloidal Sr would impact negatively
on effluent treatment. Indeed, the behaviour U(IV) colloids and any Sr associated with
U(IV) colloids is unclear during carbonation. The effect of carbonation on alkaline
effluents is twofold; there is an increase in aqueous carbonate concentration and also
the pH of effluents is reduced from ~11 to 7. Understanding the impact of these two
changes on the colloidal stability of U(IV) and sorption of Sr will provide mechanistic
insight into the changes that occur in these systems during carbonation. U(IV)-silicate
colloids have been shown to be stable at pH 7 under moderate carbonate
concentrations (Dreissig et al., 2011; Neill, Morris, Pearce, Sherriff, Burke, et al., 2018).
However, under the elevated carbonate concentrations in the post carbonation
effluents, U may have enhanced solubility. For example, high concentrations of
dissolved carbonate may increase the solubility of U(IV) dramatically via formation of
U(CO3)s®" and U(OH)2(COs)2% (Rai et al., 1998). While decreasing pH has been shown to

reduce the sorption of Sr to U(IV)-silicate (Neill, Morris, Pearce, Sherriff and Shaw, 2018),
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Sr may exhibit reduced solubility under high carbonate concentrations due to the

formation of strontianite (SrCOs) (Busenberg, Plummer and Parker, 1984).

This study investigates the impact of the SIXEP carbonation tower on the stability and
structure of U(IV)-silicate colloids and their potential to transport Sr. U(IV)-silicate
prepared at pH 11.4, with Sr sorbed to the U(IV) phase, was exposed to CO; by bubbling
to reduce the pH to 7. Samples were taken periodically before and after the carbonation
treatment and analysed by ultrafiltration and X-ray absorption spectroscopy (XAS) to
identify any changes to particle size distribution and particle structure, as well as the

fate of Sr, during carbonation.

6.3. Methods

U(IV) silicate was prepared at pH 11.4, to mimic the average pH of a Sellafield legacy
storage pond (Maher et al., 2016), with an initial silicate concentration of 4 mM and a
U(IV) concentration of 1 mM (Dreissig et al., 2011; Neill, Morris, Pearce, Sherriff and
Shaw, 2018; Neill, Morris, Pearce, Sherriff, Burke, et al., 2018). The resulting precipitate
was aged for 7 days before Sr was spiked into solution at a Sr concentration of 0.058

mM. The experiment was left to equilibrate for 7 days before carbonation.

Carbonation of the U(IV)-silicate/Sr sample (total volume 180 mL) was carried out using
an automated computer-controlled chemostat reactor (Applikon MiniBio) with
temperature control (Peltier heater/cooler, 25 °C). The chemostat was purged with N3
gas for 45 minutes prior to addition of the U(IV)-silicate/Sr sample, also under N3, to
prevent oxidation of U(IV) to U(VI). The sample was then stirred in the chemostat under
a positive pressure of N3 gas at 125 rpm for 10 minutes. CO2 was bubbled through the
sample at a low, constant rate for 10 minutes, with stirring maintained at 125 rpm, until
the pH reduced to pH 7. At this point, the CO; flow was stopped and a positive pressure
of N2 gas was once again introduced to prevent any exposure of the sample to oxygen
while samples were extracted. Under N, samples were extracted and then stored in an
anaerobic cabinet (N2/Hz mix, <10 ppm O3) on an orbital shaker (40 rpm) until further

analysis.

Samples were taken before carbonation (-0.25 h), immediately after carbonation (0.25

h) and at subsequent intervals (1 h, 4 h, 24 h, 8 d). The pH of samples was monitored,
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and the samples were filtered using 3 and 300 kDa ultracentrifuge filters (Pall Nanosep)
and and 0.22 um syringe filters (PES, Merck Millipore). The ultracentrifuge filters
correspond to approximately 1.5 and 12 nm pore sizes respectively (Granath, 1958;
Laurent and Granath, 1967; Dreissig et al., 2011). The filtrates were analysed for total Sr
and U concentrations using ICP-MS (Agilent 7500cx) and total Si concentration using ICP-

AES (Perkin-Elmer Optima 5300 dual view).

Solid XAS samples were separated from solution by centrifugation (for t = -0.25 h and
0.25 h), or collected on a 3 kDa filter (t = 8 d) and diluted in cellulose (Neill, Morris,
Pearce, Sherriff, Burke, et al., 2018). Data collection was carried out at Diamond Light
Source B18 beamline, at the U Ly-edge using a Si (111) monochromator at liquid
nitrogen temperature in transmission mode. The data were analysed using Demeter

software package Athena and Artemis, FEFF6 (Ravel and Newville, 2005).

6.4. Results and discussion

6.4.1. Characterisation of the starting material

Ultrafiltration showed the U(IV)-silicate particles formed at pH 11.4 were >220 nm in
size and there was an absence of any U, Si or Sr-containing colloidal matter (1.5-220 nm)
in this starting sample. This is consistent with previous findings which showed that U(IV)-
silicates formed at pH 12 were not stable as a colloid (Neill, Morris, Pearce, Sherriff,
Burke, et al., 2018). The majority of the Sr (97 %) was sorbed to the solid U(IV)-silicate
phase with only a small amount (3 %) remaining in solution. While the starting material
was not colloidal, the pH (11.4) was only slightly outside of the known pH range of U(IV)-
silicate colloidal stability (pH 6-10.5 (Dreissig et al., 2011; Neill, Morris, Pearce, Sherriff
and Shaw, 2018; Neill, Morris, Pearce, Sherriff, Burke, et al., 2018)).
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Figure 6.1: U (a) and Sr (b) filtration results from before and up to 192 h (8 d) after
carbonation from pH 11.4 to pH 7, showing the percentage of the total U or Sr within
each size fraction and pH.

6.4.2. Impact of carbonation on uranium speciation.

Figure 6.1(a) shows the ultrafiltration data for U at time points between -0.25 h before
and 8 d (192 h) after carbonation. In the first hour after carbonation, there was a 12 %
reduction in U in the >220 nm size fraction and a corresponding increase in the aqueous
U (< 1.5 nm) of 12%. In the subsequent 3 hours, an increase in the aqueous U to 16 %,
and the presence of 2 % colloidal (1.5-12 nm) U was observed. After 24 h no large
particulate U (>220 nm) remained and the U was then distributed between the aqueous
(<1.5 nm, 47 %), the large colloid (220-12 nm, 48 %) and the small colloid (1.5 -12 nm, 4
%) fractions. After 8 d, 73 % of the U was aqueous and the remaining 27 % was in the

small colloid size fraction (1.5-12 nm).

From the filtration data, it is apparent that the impact of carbonation on the U(IV)-
silicate particles is not immediate and this is also seen in the composition of the

particles. Figure 6.2 shows the pH and Si:U molar ratios in the solids (>1.5 nm fractions),
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at a range of time points after carbonation. Prior to carbonation and in the subsequent
4 hours, the Si:U ratio in the particles was <2, with a slight increase from 1.7 to 2.0
between -0.25 and 4 h. At 24 h, the Si:U ratio was 2.6 and after 8 d this ratio increased
to 4.0. This increase in the Si:U ratio in later time points coincided with an increase in
colloidal U and the formation of colloids at t 224 h is likely caused by the increase in Si:U
ratio in the particle composition. This is consistent with past work which shows that
U(IV)-silicate particles with a higher silicate content display an elevated colloidal stability
(Dreissig et al., 2011; Neill, Morris, Pearce, Sherriff, Burke, et al., 2018). Previous work
has also shown that U(IV)-silicate colloids are approximately 5 nm in size and with larger
aggregates of these smaller particles also present. This suggests that the colloid
formation observed during carbonation is likely due to disaggregation of larger,

aggregated U(IV)-silicate particles (Neill, Morris, Pearce, Sherriff, Burke, et al., 2018).
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Figure 6.2: Changes in pH and Si:U ratio of particulates before and up to 192 h (8 d)

after carbonation from pH 11.4to 7.

As well as forming a colloid, a large fraction of the U was associated with the agqueous
phase after carbonation. At 24 h 47% of U was aqueous (<1.5 nm), and 73 % U was in
the aqueous fraction at 8 d. This dissolution of U is presumably due to the formation of
U(IV)-carbonate complexes which can significantly increase the solubility of U(IV)
(Ciavatta et al., 1983; Rai et al., 1998; Hennig, Emmerling, et al., 2010). Previous studies
have shown that up to 50 mM dissolved U(IV) was achievable in 1 M NaHCO3 solutions.
Interestingly, in the current experiment, the dissolution of U occurred over several days
despite the poorly-ordered, nanoparticulate nature of the U(IV)-silicate phase, which

might be expected to lead to rapid dissolution.
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6.4.3. Impact of carbonation on strontium speciation

Prior to carbonation, the majority of the Sr was sorbed to the U(IV)-silicate solid phase
at pH 11.4, consistent with past work at pH 12 which suggested Sr would be sorbed to
U(IV)-silicate or present as a Sr-silicate precipitate at this pH (Neill, Morris, Pearce,
Sherriff and Shaw, 2018). The majority of the Sr associated with the U(IV)-silicate
appeared labile; immediately after carbonation, 74% of Sr was present in the aqueous
(<1.5 nm) fraction with the remaining 26 % in the >220 nm fraction (Figure 6.1(b)).
Additional strontium release was observed alongside U dissolution with increasing aging
of the experiment to 8 d, with 85 % Sr dissolved and 11 % colloidal at this time point. At
this stage there was also a small amount of Sr observed in the >220 nm size fraction (4
%). No U was present in this size fraction at 8 d, however 2 % of total Si was, suggesting
Sr could be associated with this Si. Alternatively, a strontianite (SrCO3s) precipitate was

formed given the elevated carbonate concentrations in solution post carbonation.

The initial desorption is in accordance with previous investigations into Sr on U(IV)
phases (Neill, Morris, Pearce, Sherriff and Shaw, 2018) and other phases (Sureda et al.,
2010; Wallace et al., 2012; Fuller et al., 2016) which showed that, at lower pH, Sr
sorption is reduced. However, at 0.25 h at pH 7, there was a higher amount of Sr sorbed
to U(IV)-silicate (26 %) than at pH 6 (615 %), and equivalent sorption at pH 8 (2245 %) in
previous work (Neill, Morris, Pearce, Sherriff and Shaw, 2018). This is likely due to
disequilibrium in the experiment after carbonation; the U(IV)-silicate phase composition
does not change immediately (Figure 2) and it is possible Sr desorption is also not in
equilibrium after 0.25 h. As SIXEP is a rapid process (~10 minutes in total), an increase
in Sr retention on U(IV) phases 0.25 h after the carbonation may increase their capacity

for °°Sr transport in SIXEP.
6.4.4. U(IV)-silicate particle structure

U Liy-edge EXAFS spectra were recorded for samples before (-0.25h), immediately after
(0.25 h) and 8 d after carbonation (Figure 6.3, Table 6.1). Fits were informed by previous
work on U(IV)-silicates (Neill, Morris, Pearce, Sherriff, Burke, et al., 2018) which showed
U(IV)-silicates were generally poorly ordered and had Si enrichment relative to coffinite

(USiO4) (Fuchs and Gebert, 1958). The EXAFS fitting for the -0.25 h and 0.25 h samples
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showed clear similarities with these previous EXAFS recorded for U(IV) silicates. A split
O shell consisting of 4.5 O atoms at 2.28 A and 3.5 O atoms at 2.46 A was consistent
across both fits. For the -0.25 h data, 1.6 bidentate Si backscatterers at 3.17 A were fit
along with 2 Si monodentate backscatterers at 3.72 A and 2 U backscatterers at 3.80 A.
The fit for the 0.25 h data was very similar; 1.6 monodentate Si backscatterers at 3.17
A, 1.7 bidentate Si backscatterers at 3.70 A and 1.5 U backscatterers at 3.80 A. This
indicated that the U(IV)-silicate phase was unaltered during the early post-carbonation
phase. While the 8 d post carbonation EXAFS data were also fitted to a U(IV)-silicate
structure, there were modest differences in the fit compared to the other two data sets.
Here, the best fit showed the U-O distances increasing to 2.30 and 2.54 A, and also an
increase in the U-Si distance (3.85 A for monodentate Si) and lower coordination
numbers for U-Si backscatterers (1 for monodentate Si), suggesting that the U phase is
altering over time after carbonation. Compared to previous EXAFS of U(IV)-silicate
prepared at pH 12, there was slightly higher U-Si coordination and reduced U-U
coordination in all samples, consistent with these samples being prepared at a slightly
lower pH and therefore being more silicate enriched. As with previous investigations
into U(IV)-silicates, the EXAFS showed reduced coordination numbers for U-Si and U-U
backscatterers relative to crystalline coffinite, confirming that these particles are poorly

ordered and/or nanocrystalline.
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Figure 6.3: EXAFS (left) and Fourier transform EXAFS (right) from 3 U(IV) silicates. Blue
(top) -0.25 h sample prior to carbonation, purple (middle) 0.25 h sample immediately

after carbonation, and red (bottom) 8 d after carbonation sample. Dashed lines
indicate EXAFS fits.

Table 6.1: EXAFS fitting data for U L3-edge EXAFS of U(IV)-silicates before, 0.25 h and 8
d after carbonation

Sample Path N R(A) 02 502 AEo R

t=-0.25h U-0.1 45 2.28(1)  0.006(1)° 0.86(6) 5.8(7) 0.0073
U-0.2 35  2.46(1)  0.006(1)
Uil 1.6  3.17(2)  0.013(3)

Usi2 2 3.72(3)  0.013(5)
u-u 2 3.80(3)  0.014(4)
t=0.25h U-0.1 45  228(1) 0.009(1)* 1.00(7) 5.0(7) 0.0086

U-0.2 35  2.46(1)  0.009(1)
UsSsil 1.5  3.17(2)  0.012(2)
Ussi2 1.7  3.70(3)  0.013(4)
U-U 1.5  3.80(3) 0.015(4)

—+
I}

8d U-0.1 48  2.30(1) 0.008(1)° 1.00(8) 8.8(5) 0.0047
U-02 32  254(1)  0.008(1)
USil 1.5  3.19(3)  0.009(2)
usi2 1 3.85(5)  0.015(7)
U-U 15  3.82(2) 0.013(3)

USiO4 u-0.1 4 2.32
u-0.2 4 2.51
u-si.t 2 3.13
u-Si.2 4 3.83
U-U 4 3.83
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Coordination numbers (N), U bond distances (R (A)), Debye-Waller factors (o?),
amplitude factor, which was constrained between 0.8 and 1 (S0?), shift in energy from
calculated Fermi level (AEo) and ‘goodness of fit’ factor (R). Coordination numbers were
fixed, amplitude factors were fixed as 1, ? denotes tied o? values. Numbers in
parentheses are the standard deviation on the last decimal place. USiO4 coordination
numbers and interatomic distances taken from Fuchs and Gerbert (1958).

Overall, EXAFS fitting suggested that the U was present as a U(IV)-silicate phase after
carbonation. These results support the ultrafiltration results (Figures 6.1 and 6.2), which
indicated that U(IV)-silicate particles persist, and changes to the composition of the
particles is a gradual process. -0.25 h and 0.25 h EXAFS fits show that the exposure to
CO; and the pH reduction does not have an instantaneous effect on the structure of the
particles. After 8 d, there are modest changes in the structure and composition of the
U(IV) silicate phase. Interestingly, there was not an observable increase in the Si
coordination in the 8 d sample in the EXAFS data, despite a significantly higher Si:U ratio
in the particles as evidenced by ultrafiltration. Instead, EXAFS fitting indicated shifts in
the bond distances towards those which are more characteristic of coffinite (USiOa)
(Table 6.1). This is unexpected given that ultrafiltration data showed the silicate content
of the particles was increasing and was moving away from the 1:1 Si:U ratio of coffinite.
This could be explained by surface precipitation of silica on the U(IV)-silicate, which
would only lead to enrichment on silicate on the particle surface. The average U-Si
coordination observed in the EXAFS would not be expected to increase significantly in
this scenario as only surface U atoms would have increased silicate coordination. This
would suggest the particles present after 8 d have highly silicate enriched surface, likely
leading to very high colloidal stability, as previous studies have showed high silicate
content in U(IV)-silicates is the major factor in colloidal stability (Dreissig et al., 2011;

Neill, Morris, Pearce, Sherriff, Burke, et al., 2018).
6.5. Conclusion

This study expands on previous knowledge of the stability of U(IV)-silicate colloids and
applies this understanding to a scenario with high relevance to nuclear
decommissioning. The U(IV) particles formed in this study were mobilised by the
carbonation process over a period of 24 h by both dissolution and disaggregation. EXAFS
analyses complemented ultrafiltration by confirming that the particle structure
remained U(IV)-silicate after carbonation, with minor changes to the structure and an

149



increased Si content of particles occurring after 8 d. As the dwell time for effluents
during carbonation in SIXEP is short (~10 minutes), this study suggests that U(IV)-silicate
particles would not be significantly altered over these timescales. Although the U(IV)-
silicate was not colloidal under the experimental conditions at pH 11.4, pH variations
and much higher shear during waste retrieval and effluent processing may stabilise U
colloids. If this occurs, this study has shown that these colloids are unlikely to be

immobilised during carbonation and may act as vectors for other radionuclides.

While carbonation resulted in the removal of the majority of Sr from the U(IV) phase, a
small amount of Sr remained sorbed to the U(IV)-silicate. This Sr may be removed from
the U(IV)-silicate in the presence of an ion exchanger such as clinoptilolite, as previous
work has indicated that Sr is likely to be labile under these condition when sorbed to
U(IV) phases (Neill, Morris, Pearce, Sherriff and Shaw, 2018); a favourable scenario for
effluent treatment processes. More research is required to fully understand the stability
of colloidal phases that could be of concern for effluent treatment. Investigations into
different colloidal phases, containing different radionuclides, and also the interactions
of these particles with the other steps of SIXEP, the sand bed filters and the clinoptilolite,

are all pertinent.
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Chapter 7: Conclusions and future work

7.1. Project summary and conclusions

The key aim of this project was to characterise colloidal species that could potentially
mobilise U and ®°Sr in conditions relevant to SNF storage ponds and effluents. Previously,
there was a lack of comprehensive characterisation of intrinsic, radionuclide bearing
colloids that could form in alkaline SNF storage and their interactions with other
radionuclides. Despite U(IV), Th(IV) and Np(IV)-silicate colloids all previously being
identified, their structures were not fully understood and their behaviour at high pH was
unknown. Additionally, the interaction of °°Sr with U(IV) phases in SNF is of high
importance and had not been systematically investigated. Therefore the investigations
into the formation process and particle structure of U(IV)-silicate colloids, and
interactions of U(IV)-silicates and UO with Sr were carried out. This knowledge was then
utilised for an applied investigation into the effects of carbonation (as part of effluent

treatment) on both the U(IV)-silicates and their ability to sorb Sr.

In this project it has been possible to characterise the stability and core-shell
nanoparticle structure of U(IV)-silicate colloids using a multi-technique approach
(Chapter 4). These colloidal particles, along with UO,, were shown to interact strongly
with Sr and colloid-bond Sr was present in U(IV)-silicate systems (Chapter 5). UO,, a
known SNF corrosion product, showed especially strong Sr sorption and evidence
suggested surface incorporation of Sr on UO; occurred at pH 210. Finally, the impact of
effluent treatment processes were investigated, with the carbonation step of SIXEP
shown to cause desorption of Sr but have little immediate effect on U(IV)-silicate
colloidal stability and particle structure. A gradual mobilisation of U(IV) as both a colloid

and solution species observed over several days (Chapter 6).

Chapter 4 focused on U(IV)-silicate colloids and their potential to form under alkaline
conditions. It was found that these colloids could form in the presence of silicate at pH
9 and 10.5 but not at pH 12, and that the stability of the particles was highly dependent
on their silicate content. In all cases, U(IV)-silicate nanoparticles between 4 and 7 nm
formed, and particle aggregation was shown to be the route to colloid destabilisation.
Higher silicate concentration, lower pH systems yielded the most stable colloidal

151



dispersions with the highest Si/U ratio in the particles. Using a combination of EXAFS
and X-ray PDF, it was possible to analyse the structure of the particles and results
suggested a core-shell structure to the particles. The previously unknown core-shell
structure, with a silicate rich particle surface, explains the high colloidal stability of these
U(IV)-silicates and their silica-like colloidal behaviour. Additionally, the particle
formation mechanism, proposed to be the rapid hydrolysis of U(IV)-hydroxide
complexes followed by formation and polymerisation of U(IV)-silicate solution
complexes, highlighted several potentially important factors for coffinite formation
which warrant further investigation. The novel core-shell particle structure identified in
this study is of relevance to other intrinsic An(lV) colloids, explains the high colloidal
stability observed in these systems and also highlights the importance of An(IV)-silicate
solution complexes. The colloid stability range found in this study also increases the
known stability range of these particles to pH 7-10.5 and showed that these particles
are not stable at pH 12. Colloidal stability at high pH is highly relevant to both
decommissioning and disposal conditions for SNF and the stability of these colloidal
particles at alkaline pH means they may be key vectors for radionuclides. Given the wide
ranging stability of these particles they are also relevant to U(IV) mobility in a range of
environmental scenarios. Finally, the existence of ~5 nm primary particles and particle
aggregation as the cause for larger particulates was confirmed using SAXS and TEM to
analyse these systems for the first time. This increased understanding of colloid
destabilisation in these systems and confirmed the role of surface silicate in preventing

aggregation and precipitation as the mechanism for colloid stabilisation.

While the hazard posed by intrinsic U colloids, such as U(IV)-silicates, is not insignificant,
the potential for sorption and mobilisation of other radionuclides could increase the risk
they pose. Therefore, in Chapter 5, Sr was sorbed to two U(IV) phases, U(IV)-silicate and
UO.. Sorption capacities were measured using ultrafiltration and it was found that Sr
sorbed to both U(IV)-silicate and UO; and sorption occurred to a greater extent, at lower
pH, on UO;. Although EXAFS analysis showed a highly structured environment for Sr at
pH 10 and 12, and TEM showed Sr was co-located with UO; particles, acid desorption
studies found that this Sr was labile. This was attributed to the incorporation of Sr into
the near-surface of UO; at pH 210. This incorporation occurred at a much lower pH than

inner sphere sorption observed in previous Sr sorption studies, suggesting that UO2 may
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be a crucial factor in controlling Sr mobility in alkaline environments such as SNF storage
ponds which are maintained at pH 11-11.5 (Maher et al., 2016). Sr also showed an
affinity for U(IV)-silicates, with over 40 % of a 0.058 mM solution of Sr being bound to
colloidal U(IV)-silicates at pH 10. This amount of Sr in a mobile, colloidal phase certainly
warrants further work to explore its relevance to effluent treatment systems at sites
such as Sellafield. Indeed, this was the focus of the investigations in Chapter 6. At high
pH in the U(IV)-silicate systems Sr formed intrinsic Sr-silicate phases which were present
in the sedimented, immobile fraction. These results highlight that Sr silicate phases may
be important when considering Sr mobility in alkaline, silicate containing solutions. This
research highlights the importance of two previously unstudied U(IV) phases when
considering Sr mobility in SNF. The strong sorption observed for UO,, via surface
incorporation at alkaline pH, suggests UO, may play a key role in °°Sr mobility in SNF
storage. U(IV)-silicate colloids also had a high capacity for Sr sorption and, given their

mobile nature, should also be considered when assessing Sr mobility in SNF storage.

In Chapter 6, U(IV)-silicate, with Sr sorbed, was exposed to CO; gassing to simulate the
behaviour of this system in the carbonation tower of SIXEP. This research applied the
previous knowledge and understanding of these systems, acquired in Chapter 4 and
Chapter 5, to an effluent treatment scenario. The U(IV)-silicate particles were not
colloidal at pH 11.4 prior to carbonation. After carbonation, there was a gradual
dissolution of the U(IV) and formation of a U(IV)-silicate colloid after 24 hours. In SIXEP,
the effluent does not remain in the plant for long durations, so the effect of carbonation
on particles passing through SIXEP is likely to be low. However, in experiments after 24
hours all the U(IV) was either colloidal or dissolved, i.e. mobile. Using previously
acquired knowledge, it was reasoned that the U(IV)-silicate formed a colloid due to the
increased silicate content of the particles which was caused by the drop in pH. Although
the impact of carbonation on particle structure and colloid stability was not immediate,
if effluents were not immediately processed then this could cause complications due to
the suspension and solubilisation of radionuclides within effluents. Furthermore, after
carbonation 26 % Sr remained sorbed to the U particles. It is unknown whether this
would be the case in the presence of clinoptilolite, which removes Sr from solution and
thus may drive further desorption from U(IV)-silicate particles. This study showed that

carbonation would be likely to mobilise U(IV) phases, but not on the timescale of SIXEP,
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and that a small but significant fraction of Sr remains associated with U(IV) phases after
carbonation. This highlights the potential hazard posed by colloidal phases in effluent
streams, and the possibility of these colloids acting as vectors for other radionuclides.
However, for the investigated system it is also possible that the existing effluent
treatment at SIXEP is capable of removing both U(IV)-silicate particles and sorbed °°Sr
from effluents. Further investigations with a more complete SIXEP rig, including all the
treatment stages, are required to assess whether U(IV)-silicate particles with Sr sorbed

are mobile within the plant.

7.2. Future work

i) Interactions of U(IV)-silicates and UO; with additional radionuclides

One of the major hazards posed by mobile U phases, which in themselves have a low
radiotoxicity, is the incorporation of other radionuclides. Although °°Sr is of interest in
nuclear decommissioning, a range of other radionuclides are of interest in both nuclear
decommissioning and long-term geological disposal of nuclear waste. Investigations into
the fate of these radionuclides during the formation of colloidal U(IV) phases would help
inform safety cases for both nuclear sites and GDFs. Experiments investigating the
interactions of radionuclides with U(IV) phases, specifically using ultrafiltration and
EXAFS analysis applied in this thesis, would show whether these species could be

mobilised, or immobilised, in U(IV) colloid containing system:s.
ii) U(IV) particles in tertiary systems

Although U is the dominant radionuclide by mass in SNF, fuel cladding is also abundant
and will therefore impact on the physical behaviour of the waste. In legacy storage
facilities, a significant amount of corroded Magnox sludge (CMS) is Mg corrosion
products such as brucite (Mg(OH)2), Mg-carbonates and Mg-Al-hydroxides (Gregson,
Goddard, et al., 2011). Some of these phases are colloidal in SNF storage ponds, and
have been shown to contain radionuclides (Pitois et al., 2008; Maher et al., 2016).
Investigations into tertiary systems, involving U(IV) particles, Magnox corrosion
products and other radionuclides would increase understanding of these systems and
the key risk drivers for mobilisation of radionuclides in the complex pond environment.

Additionally, through an increased understanding of the underlying scientific drivers for
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these interactions, these investigations could underpin the future development of the

effluent treatment systems.
iii) Characterisation of corroded metallic U

Comparisons between samples prepared in this project and samples formed in a SNF
storage pond-like environment would indicate which particle characteristics of
laboratory synthesised U(IV) phases are transferrable to real environmental scenarios.
Characterisation of U particles formed from the corrosion of metallic U, at high pH, is
one way of making this assessment. Using a similar range of analytical techniques to
those used in Chapter 4 would make comparisons between the different phases, and
different formation pathways, possible. Interestingly, colloids have been shown to form
from the corrosion of metallic U (Kaminski et al., 2005). While these particles were
characterised as UO; by SAED, it is possible these particles had a silicate like coating, as
their colloidal stability, zeta potentials and the presence of silicate (1.5 mM) in the
experimental solutions suggests this is true. Additionally, due to the difficulties in
extensive characterisation of highly radioactive CMS found in legacy ponds, corroded
metallic U is a good simulant for real samples which can be analysed using a wider range
of techniques. Combining the findings of these studies with those of this project would
give a more holistic view of U behaviour in SNF storage ponds and geodisposal

environments.
iv) U(IV)-silicate solution complexes and U(IV)-silicate particle formation

One of the most intriguing aspects of Chapter 4 was the formation pathway of U(IV)-
silicate particles and their core-shell structure. Further investigations could vyield
important details on U(IV)-silicate solution complexes, which appear to be crucial
intermediates for U(IV)-silicate solid formation and may also significantly impact on the
solubility of U(IV) in engineered environments. Furthering the understanding of U(IV)-
silicate solution complexes and their polymerisation would lead to more accurate

thermodynamic modelling of U(IV) speciation in silicate containing systems.
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Appendix 1:UV-vis spectra

Al.1. UV-vis spectra of U(IV).HCl and U(IV)-carbonate solutions

UV-vis was used to screen for oxidation in samples due to the formation of a
characteristic multiplet at 400-475 nm which is present when dissolved U(VI)O2?*
complexes are present. Due to the high carbonate concentrations in many of the
experiments in this project, any oxidation of U(IV) to U(VI) would result in the dissolution

of the oxidised U(VI), which would be detectable using UV-vis spectroscopy.

Solutions from U(IV).HCl and U(IV)-carbonate stock solutions were periodically analysed
for evidence of oxidation. Figure A1.1 shows UV-vis spectra for these two stock solutions
(both 20 mM U). Figure A1.2 shows UV-vis spectra for U(IV)-silicate colloidal dispersion
(4 mM Si, pH 9) and an oxidised U(IV)-silicate sample, containing dissolved U(VI)-
carbonate (both 1 mM U). The U(VI) sample shows a characteristic multiplet at 400-475
nm which is absent in all of the other samples, as shown in Figure A1.3. This multiplet

was absent in all of the other systems, indicating oxidation had not occurred.
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Figure Al1.1: UV-vis spectra of U(IV).HCI (20 mM U(IV) in 0.1 M HCI) and U(IV)-carbonate
(20 mM U(IV) in 1 M NaHCO3) solutions.
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Figure A1.2: UV-vis spectra of U(IV)-silicate colloid (4 mM Si pH 9 system) and U(VI)
generated by exposure of U(IV) to air for 1 week. U(VI) showing characteristic multiplet
of peaks at 400-475 nm.
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Figure Al. 3: Higher resolution UV-vis spectra of all 4 samples shown in Figure A.1 and
A.2, highlighting the absence of a multiplet at 400-475 nm in the U(IV) systems. 4 mM Si
pH 9 and U(VI) spectra have been scaled to correct for lower concentrations in samples.
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A2.1.

A2.2.

Appendix 2: Conference Presentations

Oral presentations:

American Chemical Society’s Spring Meeting, New Orleans, USA (March 2018)
Sellafield/NNL Learning From Experience (LFE) Meeting, Workington, UK
(September 2017)

Joint MinSoc Redox meeting, Manchester, UK (June 2017)

Actinide XAS, Oxford, UK (April 2017)

Effluents Presentation Day, Dalton Cumbrian Facility, UK (April 2017)

Sellafield Research Day, Manchester, UK (February 2017)

Sellafield/NNL Learning From Experience (LFE) Meeting, Workington, UK
(November 2016)

3rd Dalton Day Symposium, Manchester, UK (November 2016)

9th International Nuclear and Radiochemistry Conference, Helsinki, Finland
(September 2016)

Environmental Mineralogy Group Research in Progress Meeting, Bristol, UK
(June 2016)

Sellafield Research Day, Manchester (January 2016)

Sellafield Research Day, Manchester (January 2015)
Poster presentations

Frontiers in Environmental Radioactivity, London, UK (January 2016)
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