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Abstract

Uranium based thin films have been created and characterised to aid in the fudamental investigation in to modes of
corrosion of nuclear materials for storage and disposal. Two projects have shown that the types of damage that occurs
to UO:2 in reactor can be simulated separately through He ion or Xe and Cs ion irradiation. This is observed as either an
expansion of the lattice or a removal of crystallitity. The measurement of this damage via the 3 omega method and the
effect on thermal conductivity are in early stages.
Work has been undertaken to look at the formation of pyrophoric uranium hydride on the interface between uranium
metal and oxide. Showing that even small partial pressures of 2mbar at 80 degrees centigrade can cause transformation

of the
Introduction

The rich nuclear history of the UK gives a diverse
portfolio of waste nuclear material so to investigate
this a degree of control and flexibility is required in
sample production. For this approach Bristol has used
dedicated uranium based thin film deposition system.
This allows production of samples of epitaxial single
crystal uranium metal, uranium oxide or bi-layers of
metal and oxide, controlling stoichiometry, crystal
structure and multi components.

The Bristol thin film actinide group acts as a team and
as such many are involved in a multitude of projects.
The focus of this summary will be on the work lead by
the first author who has additionally aided with the
projects of S Rennie, L Costelle and R S Springell.

Hydride formation on uranium metal surfaces is an
important safety consideration as the resulting
compound is  pyrophoric, therefore storage
considerations require knowledge of the formation of
hydride. To investigate this thin film epitaxial uranium
metal layers were grown with an oxide to mimic the
oxide-metal interface in the real storage condition. This
then has been exposed to a hydrogen partial pressures
at a range of temperatures and times explore the
kinetics of hydride formation.

Uranium dioxide is now the predominant fuel in the UK
civil nuclear fleet and interest lies in the effect of the
radiation damage throughout life on the stability and
corrosion in storage and disposal. Thin films of single
crystal epitaxial UO:2 produced by reactive DC
sputtering are irradiated with a number of different
ions to cause damage or implantation in order to
mimic the evolution of virgin fuel to spent. This

uranium metal.

damage is characterised through a distortion in the
lattice and is observed by X-ray Diffraction (XRD)
however this technique is most sensitive to high
electron density elements and therefore
predominantly the information recovered is due to the
uranium. Alternatively conduction of heat through a
sample is dominated by phonons and particularly by
those modes containing light elements, in this case
oxygen. Therefore the thermal conductivity of a sample
would give additional complementary information on
the damage to the structure. This measurement is to
be conducted by a 3omega method requiring
development of a rig suitable for thin films.

Methodology Details
Hydriding

The thin films are produced as an epitaxial uranium
layer (via a buffer) on a-plane Al,03 with either a
deposited UO: or Pd layer or exposed to air to form a
‘native’ oxide. These samples are then placed in sealed
vessel and evacuated down to 1x10°mbar at 110°C in
order to remove any adsorbed contaminants from the
air before being exposed to a partial pressure (2-
500mbar) of H: at temperature (80-200°C) to cause
hydride formation. The effect of the hydride is then
characterised through a combination of XRD, X-ray
Reflectivity (XRR) and Second lon Mass Spectroscopy
(SImS).

Irradiation

Thin films of epitaxial UO2 are produced on a range of
substrate to give different orientations (SrTiO, YSZ and
CaF) which are subsequently irradiated at Dalton
Cumbria Facility (DCF) or Surrey lon Beam Centre



(SIBC). Radiation damage in the films is produced by
irradiation with He?* ions at 2.1MeV at the DCF to a
level of 0.15 displacements per atom.

Results and Discussion
Hydriding

This investigation has shown indications of hydride
formation through consumption of uranium metal at
80°C with a H: partial pressure of 4mbar. The rate of
consumption of metal is dependent on the orientation
of the uranium film. Confirming that the metal is
transformed into hydride poses problems as it does not
form a crystalline phase and so is difficult to detect by
standard diffraction. SIMS was utilised in this case to
find the H and UH rich region, figure 1. At higher
temperatures 150°C and pressures 500mbar a distinct
hydride layer is formed between the metal and the
oxide, which is not crystalline but can be determined as
separate by XRR and complementary information from
the XRD.
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Figure 1: SIMS atomic mass scan at the U metal-oxide
interface showing UH indicative of the hydride formation.

Analysis of XRD Bragg peaks illustrates differences in
rate of consumption of metal and formation of hydride
is also seen with different layers above the uranium. A
UO2 deposited by reactive DC sputtering is uniform
and results in a linear removal of metal with time. A
‘native’ oxide grown naturally in air slows the uranium
metal consumption and follows a parabolic rate with
time, figure 2.

Theme 1 — AGR, Magnox and Exotic Spent Fuels

> U110 deposited oxide
= U110 native oxide
= U002 native oxide

£

=

S 2075

=

- =

B2 05

o ©

EqQ

o 0.25

pa

% 100 200
Time exposed to Hydrogen

(mins)

Figure 2: Consumption of U metal as observed by Bragg peak
reduction when exposed to 2mbar H; at 80°C.

Other bulk work on uranium metal suggests that a
crystalline hydride can form given defects and stresses
in the metal to nucleate a crystalline growth. This
aspect is missing from the single crystal thin film
starting case and as such should be perused as an
additional variable for future experiments.

Irradiation

Irradiating samples with different ions at different
energies simulates the two different radiation damage
events that fuel encounters during life in the reactor.
He?* at 2.1Mev illustrates the damage from neutrons
and Xe or Cs at 40kev is indicative of the recoil
implantation from fission daughter products.

Both types of damage have been seen to significantly
affect the lattice structure as observed by XRD. In the
case of He?* damage an expansion in the lattice is seen,
figure 3. This is through uniform accommodation of
defects in the lattice caused by the irradiation. In the
case of the heavier ion implantation (Xe Cs 40Kev) a
significant loss in crystallinity is observed suggesting
that the damage leads to a disordering of the atoms in
the original lattice, figure 3.
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Figure 3: Blue undamaged, red irradiated. Left He*? irradiated
200nm 001 UO; showing no loss in intensity only lattice
expansion. Right Xe irradiated 80A 001 UO, showing loss of
crystalline material and lattice contraction.

The damage caused by He?* irradiation has also been
studied by AR-TEM which highlighted ‘bubble’ like
features that maybe He bubbles or voids which are a
collection of the dislocations formed, figure 4.

Figure 4: Left atomic resolution image of undamaged UO;
thin film interface with a YSZ substrate. Right He2* irradiated
U0, film illustrating the FIB artefact direction in green and
the highlighted ‘bubble’ features in red.

The development of a 3omega system at Bristol has
completed the initial testing stages illustrating that
measurement of thermal conductivity in bulk
substrates matches literature values and that values
from thin film samples on substrates is different and
distinct from this. Now progress will be made to reduce
noise in the system through production of a printed
circuit board and improvement to the electrical
conduction between the circuit and the deposited wire
used a both source and probe of heating.

Conclusions and Future Work

A number of hydriding tests have been undertaken on
engineered interfaces between single crystal uranium
metal and different oxides showing that the metallic
crystallography and the type of oxide has a
considerable impact on the consumption of uranium
and the formation of uranium hydride. Future steps are
to increase the complexity of the system by
introducing defect structures to investigate crystalline
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hydride formation. This linked with TEM of the
interfaces can lead to a complete picture of the modes
of formation of the pyrophoric uranium hydride for
informing of safe storage and disposal.

Initial irradiation experiments of UO2 epitaxial single
crystal thin films has shown that the two major types
of structural damage can be simulated for use in
further experiments. This is a crucial step in increasing
the complexity of the system investigated in a
controlled way towards Spent Nuclear Fuel.

The 3omega system once updated will be used to
completed measurements of UO:2 thin films with
differing levels of damage. To corroborate the values
found a thermal probe AFM will be used. These results
will give information about the radiation damage
accommodated through displacement of oxygen atoms
in the lattice.
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Abstract

In the present project, we design uranium microelectrodes using uranium thin films and expose their surfaces to a range
of chemical conditions to study the localized corrosion behaviour in uranium-based materials. We use a range of
electrochemical tests in order to probe the dynamic changes to the electrode surface and calculate the corrosion rate.
The arising experimental results will be used as important parametric input for calculations of the likely long-term
degradation of Spent Nuclear Fuels in variety of potential storage and disposal scenarios.

Introduction

The corrosion of uranium by hydrogen is a destructive
process. The principal reaction involves the formation of
a metal hydride precipitate which has a lower mass
density than that of the parent metal and has been
observed to follow a localized, spatially heterogeneous,
and random pattern of initiation on uranium surfaces.
However, electrochemically, there is a lack of
understanding of these localized processes in uranium,
because of the difficulty associated with the tiny current
from the nucleated pits, which is always swamped by
the overall passive current from the surface, and the
difficulty to identify the time of initiation or the location
of a single attack among many.

Conventional macro-electrodes are not suited for the
study of these mechanisms as they tend to dilute the
responses evident in the localised processes. However,
the use of microelectrodes, based on uranium thin films,
enabled us to isolate the effect and investigate it
without the parallel response of a surface undergoing
an entirely different reaction.

Methodology Details
Microelectrode design

Single-crystal and poly-crystalline thin films of U are
grown on glass substrates using a dedicated dc
magnetron sputtering facility at the University of Bristol
under UHV conditions. The films were then mounted on
chemically resistant epoxy to insulate the samples,
giving exposed areas of ~ 2 — 4x10® cm?. Electrical
connection was achieved through conductive epoxy to
wires (Figure 1).

Electrolyte
"""""""""""" level
insulated
wire
uranium /
thin film /
conductive

Chemically epoxy
resistant epoxy

Figure 1 Uranium microelectrode design
Characterisation

Electrochemical tests employed a standard three
electrode set-up with the U microelectrode as working
electrode. As auxiliary electrode we used a platinum
mesh mounted on a Pt rod. The reference electrode was
a Ag/AgCl double-junction electrode (Thermo
Scientific™ Orion™ 900200 Sure-Flow™) with a potential
of +246 mV vs. standard hydrogen electrode (SHE).
Electrolytes were prepared from high purity deionised
water and AnalaR sodium hydroxide reagent.

Free corrosion potential studies were carried out using
a Gamry potentiostat (Interface 1000E) with data
collection using Gamry Framework software and data
analysis using Gamry Anal Chem and Z-view softwares.
Potentiodynamic polarisations were recorded in the
range of £250mV vs. open circuit potential (OCP) with a
scan rate of 0.1mV/s. AC impedance involved the



application of 20mV excitation at OCP over the
frequency range 10° to 0.1 Hz. The corrosion rate was
calculated by analysis according to a simple equivalent
circuit.

Results and Discussion

The AC impedance spectra possess a single time
constant and a Warburg diffusion impedance which is
apparent at the lower frequency limit, similar to what is
observed with conventional macroelectrode (Figure 2).
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Figure 2 Impedance spectra of uranium microelectode
in aqueous solutions of pH 7.

The results of dynamic polarisation tests show that
increasing the electrolyte pH results in a anodic shift of
the Ecorr value and an increase in the corrosion current
density (Figure 3). In addition, the polarisation curves
exhibit current densities five orders of magnitude higher
than those obtained using conventional
macroelectrodes in similar conditions (similar pH). This
shows how the use of microelectrodes can effectively be
used to study the localized corrosion behaviour in
uranium.
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Figure 2 Polarisation curves of uranium
microelectrodes in aqueous solutions of pH 7 (DI
water), 10 and 12.
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Ongoing and future Work

Building a portable ultra-high vacuum (UHV) chamber
for active samples

We are actually working on the design of a portable
sample storage device with ultra-high vacuum and inert
gas overpressure and suitcase capabilities. The
objective is to investigate the corrosion mechanisms of
radiolytic dissolution and hydride formation in spent
nuclear fuels. Therefore it is of paramount importance
to isolate the samples from the ambient before we get
them characterized using synchrotron and neutron
experiments. This will allow us to detect changes in the
surface structure of the fuels at the Angstrom level and
the strong sensitivity of neutrons to the presence of
hydrogen, means that we are able to detect the
formation of uranium hydride in the nanometre regime
as it is first initiated, without the parasitic contribution
of contaminant from the ambient.
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Abstract

In order to ensure resilient, long-term storage for nuclear material it is critical to have a thorough understanding of the
reactions occurring at the surface of stored uranium oxides. This project aims to explore this topic in further detail
through studying radiation induced oxidative dissolution of uranium dioxide thin films. Building on our previously
developed experimental technique, we have expanded upon our initial measurements to investigate the effect of crystal
orientation on the dissolution of UO2. These measurements were conducted on the |07 beamline at the Diamond Light
Source in March 2016 and a full analysis of the experimental results is currently underway. However, preliminary analysis
has shown crystal orientation to significantly affect the rate of UO2 dissolution, with the [111] film appearing far more
resilient to radiation induced corrosion than either the [001] or [110] orientations.

Introduction

With the ever increasing demand for energy and the
need for a more sustainable future, providing improved
energy solutions has become a pressing challenge for
nations across the world [1]. With nuclear power
presenting a reliable, carbon-free solution, many
countries have chosen to invest heavily in nuclear
technology, resulting in high level waste (HLW)
increasing globally, by around 12,000 tonnes each year
[2]. With uranium oxides comprising the vast majority of
HLW generated by modern society, it is critical that a
safe and efficient storage strategy is developed for
these materials. Despite the recent advancement in
HLW containment systems, eventual failure will expose
the surface of nuclear material to reactive
environments, which may lead to degradation and
corrosion of the fuel surface, releasing harmful
radionuclides in to the environment [3]. It is therefore
crucial that we acquire a fundamental understanding of
the reactions occurring within a failed storage
environment in order to develop accurate, long term
corrosion models of nuclear waste.

Radiation Induced Oxidative Dissolution

Previous studies suggest that within a failed nuclear
storage container, the corrosion of UO2 is primarily
driven by oxidative dissolution [4]. This is where the
surface of UO: is oxidised to give the readily soluble U®*
ion, resulting in the dissolution of the fuel matrix [4].
While the groundwater present within a failed storage
container does not comprise the oxidation products
(H202, OH®) required to drive this reaction, they are

instead generated via water radiolysis, initiated by
residual radiation fields of the stored fuel [5-6], Fig. 1.

The focus of this research will therefore be to
investigate the impact of oxidative dissolution on the
surface of uranium oxides. The key aim is to expose
uranium dioxide samples to a simulated failed storage
environment in order to monitor the changes in surface
morphology of UO,.

Experimental Methodology
A Thin Film Approach

Spent nuclear fuel (SNF) possesses a great deal of
complexity, including defects, He bubbles, microscopic
cracking, and fission daughter products. When
investigating the oxidative dissolution of SNF, the
individual effects of these complexities become difficult
to isolate, and thus highly complicated to analyse.

Groundwater \__ 7 \__
U0;

Fuel % B,

Figure 1: Oxidative dissolution of UO: via radiolysis of
groundwater in a failed geological disposal facility. 1)
Radiolytic production of oxidants via interaction of
groundwater with residual radiation fields. 2) Cathodic
reduction of oxidants. 3) Anodic oxidation and
dissolution of the UO: fuel.



This project therefore aims to remove much of this
complexity in order to first understand the corrosion
mechanism for an idealised UO: surface, before
systematically increasing material complexity. To
achieve this, idealised epitaxial UO2 thin films have been
grown via Reactive DC Magnetron Sputtering at the
University of Bristol. To investigate the reactions taking
place at film/water interface in the presence of strong
radiation fields, we have developed an experimental
technique that induces dissolution of a UO2 surface
using an intense beam of x-rays, mimicking the radiation
fields found at the surface of spent nuclear fuel. Initial
experiments were carried out using an [001] oriented,
single crystal UO: thin film, where synchrotron
diffraction was used to measure variations in the film
morphology at the Angstrom length-scale. This work has
been published in Faraday Discussions [7] and will be
summarised in this report.

In March 2016 we conducted a further synchrotron
experiment to expand on these first measurements.
Here we investigated the effect of two further variables
on the dissolution of UOz: crystal orientation and fission
product damage. While the analysis from these
experiments is still in progress, here we will present the
preliminary findings on the effect of crystal orientation
on radiation induced UOz dissolution.

Simulating Corrosion with Synchrotron Radiation

To investigate the effect of oxidative dissolution on the
surface morphology of uranium dioxide, a series of
synchrotron x-ray diffraction experiments have been
conducted at both BM28, ESRF and 107, Diamond Light
Source beamlines.
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Figure 2: Schematic of the experimental set-up used at
the Diamond Light Source, where ki and ks are the
incident and exit wavevectors, § the angle of incidence
with respect to the detector 28 and q:. the wavevector
momentum transfer. The thin layer surface tension cell
(insert) holds a fixed volume of water over the sample
during x-ray irradiation.

To simulate the oxidising environment required for
oxidative dissolution to occur within a failed geological
disposal facility, a layer of milliQ water was maintained
across the surface of the UO: film using a thin layer
surface tension cell, Fig 3. The film, entirely covered by
the water, was then exposed to a 17.116keV x-ray beam
in order to radiolyse the water and produce the
oxidation products (H202, OH®) required for the
dissolution process to occur. X-ray Reflectivity (XRR) and
high angle x-ray diffraction were then used to probe the
changes in surface morphology of the UO: film after
exposure to milliQ water in the presence of a strong
radiation field.

Intensity (normalised)

* | ? I 7 I s | ' I i I 3
1.6 18 21 24 27 30
-1
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Figure 3: Panel (a) shows x-ray reflectivity and panel (b) shows high angle diffraction data, measured at exposure
times of 30 s, 90 s and 120 s, the experimental data are represented by the open black circles and the fitted calculations
by the solid green, blue and magenta lines, respectively. The insert of panel (b) shows the rocking curve of the (002)

Bragg peak for the 30 s exposure. The dashed black arrows indicate an increase in fringe separation as a function of
exposure time, which suggests a concomitant loss of material.



Exposure time (S) tyo, Ovo, tvoy Ouvoy

0 34 3 10 6
30 275 23 16 9
90 21 1.6 20 115
120 13.5 11 22 13

Table 1: Parameters used in the fitted calculations to
model the experimental reflectivity and high angle
diffraction data. All values are in A, where tuoz is the
thickness of the UO2 and ouo: is the root mean squared
roughness, tuox and ouox are the thicknesses and
roughnesses of the top layer of complex oxide,
respectively.

Results and Discussion
Published Results

Initial experiments carried out at synchrotron beamlines
BM28, ESRF and 107, Diamond Light Source, using single
crystal [001] oriented UO: thin films were used to study
the effect of radiolysis at the fuel interface. As shown in
Fig. 3, a combination of X-ray Reflectivity (XRR) and high
angle x-ray diffraction were used to probe changes in
the thickness, roughness, electron density, crystallinity
and dissolution of the film on exposure to milliQ water
radiolysed by the x-ray beam for a series of exposure
times. Data are presented for three exposure times, 30
s (green), 90 s (blue) and 120 s (magenta), where the
data are shown as open black circles and fitted
calculations are represented by solid lines. The XRR
data was fitted using the Parratt recursion method [8],
using the GENX computer program. These fitted
calculations are based on a structural model of the UO:
film that consists of a layer of crystalline UO2 with the
standard bulk density and a surface layer of reduced
electron density, labelled UOx.

The fitting parameters, including layer roughnesses are
summarised in Table 1. While this experiment was
successful in providing a detailed insight into the
oxidative dissolution of the ideal UO; single crystal
surface [7], further work is required to investigate the
precise mechanism that is responsible for the observed
corrosion.

Ongoing Work
The Effect of Crystal Orientation

The effect of crystal orientation on radiolysis induced
UO2 dissolution was investigated by applying the
previously described experimental technique for [001],
[110] and [111] oriented UO:2 thin films. XRR and XRD
measurements were carried out for following exposure
times: 30s, 60s, 90s, 120s, 150s, 210s, 270s and 330s.
While a full analysis of these data sets is still in progress
Fig. 4 shows a comparison of the XRR measurements
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before corrosion and after an exposure time of 330s, for
each film orientation. From these scans alone it is clear
that there is a crystal orientation effect, with the [111]
oriented UO:2 being significantly more resilient to
radiation induced surface corrosion, with only 7.8 A of
film being corroded over the course of 330s, compared
with 42.9 A and 51.5 A for the [110] and [001]
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Figure 4: XRR profile comparison of Os and 330s
corrosion of [001], [110] and [111] oriented UO: thin
films, where t is the film thickness. Corrosion rates differ
between each of the orientations, with the [111]
oriented film being significantly more resistant to
radiolysis induced dissolution than the [001] and [110]
orientations.



orientations. Further analysis for each of the measured
exposure times will enable us to better understand how
the dissolution reaction progresses for each orientation,
and further elucidate the reasons for the observed
differences in rates of dissolution.

Conclusions and Future Work

Building on our previous synchrotron experiments,
epitaxial UO2 thin films have been used to systematically
investigate the impact of crystal orientation and fission
product damage on the radiation induced dissolution of
UO: surfaces. This approach enables us to study the
complexities found within spent nuclear fuel in
isolation, which is particularly advantageous for the
validation of long term storage models of nuclear
materials.

Initial results from the investigation into crystal
orientation demonstrate that the rate of dissolution
differs significantly between the principle UO:
directions. The [111] oriented films appear to be far
more resilient to the dissolution process, than both the
[110] and [001] orientations. However further
experimental analysis is required to understand the
progression of the dissolution reaction in further detail,
in order to elucidate the reason for the observed
differences in dissolution rates.

Measurements were also carried out to investigate the
effect of fission product damage on UO: dissolution.
This was achieved using UO: thin films that had been
implanted with Xe and Cs ions at the Surrey lon Beam
Centre. Analysis of these results is currently being
performed.
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Abstract

Oxidation of depleted uranium carbide (UC) fuel pellets from Dounreay was investigated using isothermal oxidation of
UC pellet fragments crushed in air atmosphere and inert atmosphere in a TGA/DSC for heat of combustion evaluation.
Oxidations on fragments performed in a muffle furnace from 873-1173 K were used to investigate the influence of time
and temperature on the final oxide product characteristics: conversion, specific surface area (SSA) and oxide
stoichiometry and morphology. Preliminary results show that, for a given time, oxidation performed at 873K gives
greater SSA and conversion than when higher temperatures are used.

Prior to this work, a preliminary study of oxidation of dense hot pressed ZrC specimens was performed from 1073 —
1473 K. Oxidation in furnaces was performed for kinetics investigations and characterisation of the interface between
ZrC/ZrOa. In situ analysis performed on ZrC with an HT-ESEM was used to examine the influence of crack propagation

on the Maltese Cross shape development of the oxide.

Introduction

Uranium carbide®? (UC) and mixed uranium plutonium
carbide®* (U,Pu)C have the potential to be used in the
nuclear industry as nuclear fuels for Generation IV fuel
reactors thanks to their higher metal atom density and
better thermal conductivity when compared to the
most common mixed oxide fuels** While these
carbides offer improved properties during use, at the
end of their fuel cycle they cannot be safely disposed
without being conditioned into a suitable oxide
wasteform as they are reactive and pyrophoric®. The
aim of this work is to study the oxidation of depleted
uranium carbide fuels that have been stored for
several decades at the Dounreay site, Scotland, and to
convert them into a suitable oxide wasteform that
meets repository specifications (specific surface area
(SSA), conversion and carbon content). Experimental
work has been performed on depleted UC crushed
pellets in the National Nuclear Laboratory (NNL)
facilities in Preston, UK. The main parameters
investigated during this oxidation study from 873 —
1173 K are the influence of temperature and time on
the oxide product characteristics (oxide morphology,
SSA, conversion and carbon content). Heat of
combustion from UC pellets crushed in air or inert
atmosphere has also been investigated.

Before getting access to the NNL nuclear site
preliminary work was performed on a non active
carbide material, zirconium carbide (ZrC), at Imperial
College, Department of Materials. This carbide material
has potential to be used in the nuclear industry as an
inert matrix in carbide fuels or as a structural
component in tristructural-isotropic (TRISO)”# fuel
particles for Generation IV  fuels reactors.
Advantageous properties of ZrC include high melting
point (around 3700 K°), and high thermal conductivity
(20 WmK?! at 300 K!°). Oxidation studies were
performed on dense hot pressed specimens of ZrC
from 1073-1473 K for kinetics analysis and
characterization of the ZrC/ZrO: interface on samples
cross sections. In situ oxidation was performed with a
state-of-the-art characterisation technique: high-
temperature  environmental  scanning  electron
microscopy (HT-ESEM) in collaboration with the
Marcoule Institute of Separative Chemistry, France.
The in situ study was performed to investigate the
mechanism of formation of the typical Maltese cross!!
morphology of the oxide.

Methodology Details
Uranium Carbide

Oxidation studies on depleted UC were carried out by
TGA/DSC-MS on fragments of about 50 mg in weight
crushed in air atmosphere or inert atmosphere.



Oxidation on UC fragments of about 1 g in weight were
performed in a muffle furnace from 873 — 1173 K in air
atmosphere. The initial material and the oxide product
were thoroughly characterised using SEM-EDX, XRD
and BET.

Zirconium Carbide

Specimens of ZrC were cut from bulk discs produced by
hot pressing commercial ZrC powder (Grade B, Starck,
Germany) by electrical discharge machining method.
After density characterisation, 1lcm side cubic
specimens were oxidised in a furnace with air
atmosphere from 1073-1473 K. Cuboids specimens
with size 4x4x0.5 mm3 were oxidised in a HT-ESEM at
1073 K in a 2mbar oxygen atmosphere.
Characterisation on partly oxidised sample cross
sections was performed via SEM and TEM.

Results and Discussion
Uranium Carbide

Temperature has a great influence on Us30s oxide
morphology (evaluated both via naked eye on the
oxide product and via SE images, Figure 1), SSA and
conversion.  Oxidation  performed at lowest
temperature used in this study, 873 K, gave the highest
value of SSA.

Fig 1. Photograph of a UC specimen oxidized at 873 K for 4h (left)
and SEI of the U3Os oxidized product: details of oxide morphology

Zirconium Carbide

The oxide layer growth on ZrC assumes a particular
shape, as reported for other carbides of the group IV, V
and VI of the transition metals, the so called Maltese
cross. In situ investigations were performed on hot
pressed ZrC samples in a HT-ESEM by monitoring the
surface and edges of the sample. Crack formation and
propagation from the corners to the inner unoxidised
carbide core plays a major role in the formation of this
Maltese cross (see Figure 2).
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Fig 2. Photograph of a ZrC specimen oxidized at 1273 K for 4h (left)

and SEI of ZrC specimen oxidized for 300 min at 1073 Kin a 2 mbar

oxygen atmosphere in a HT-ESEM (right): details of crack formation
at the corners and propagation towards the inner carbide core

Conclusions and Future Work

The project aim is to give industry information about
an optimized UC conditioning process. Preliminary
results show that oxidation performed on UC
fragments in air at low temperatures (873 K) gives
highest SSA. Oxidation performed at 1173 K for
different times shows that sintering of the oxide occurs
as the SSA decreases by increasing the reaction time.
Investigation of oxide conversion and remnant carbon
left content needs to be performed. Specifications
from industry are needed in order to tailor this
oxidation experimental study to meet requirements for
a suitable oxide wasteform.

The formation of the Maltese Cross shape of the oxide
during ZrC oxidation was investigated by an in situ
technique: HT-ESEM. Its mechanism of formation
comprises of three steps: delamination of edges —
crack formation at corners — microcracks propagation
and debonding of the interface. ZrC/ZrO: interface
characterisation was also part of this study and was
performed by TEM, HRTEM and FIB-SIMS.

Understanding of the oxidation of a mixed carbide
material (U,X)C (with X=Ce, Zr, Pu) will give invaluable
data on the oxidation process used in the industry as a
reprocessing step or as a conditioning step prior
disposal for next generation mixed carbide nuclear
fuels.
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Abstract

The project aims to investigate the behaviour of Spent Nuclear Fuel (SNF) in interim storage, specifically AGR fuel in
storage ponds at Sellafield. Corrosion behaviour will be studied in order to assess the validity of extended storage periods.
Studies will be carried out on UO2, SIMFUEL and AGR cladding samples separately and in binary systems. Once these
initial experiments have been completed, analogous experiments will be carried out on real spent AGR fuel. To date
studies have been carried out on the corrosion behaviour of sensitised and unsensitised stainless steel cladding and
cladding analogue samples in simulant pond water with varying temperature, chloride concentration and pH.

Introduction

The Thermal Oxide Reprocessing Plant (THORP) at
Sellafield is due to close in 2018. Future un-reprocessed
spent nuclear fuel (SNF) will be sent to a GDF (geological
disposal facility) although this is currently not expected
to be available for receipt of SNF before 2075. Between
THORP closing and the GDF opening, AGR SNF will be
held in interim wet storage in ponds containing
demineralised water dosed with NaOH (to pH=11.4 at
24°C) which acts as a corrosion inhibitor, at sites such as
Sellafield. Current storage periods are typically less than
10 years, although this may extend to as long as 100
years after THORP closes. It therefore necessary to
determine if the SNF can be stored safely in the same
manner without significant degradation of the SNF over
this time scale.

AGR cladding can be breached due to inter-granular
Stress Corrosion Cracking (igSCC) or damaged during
dismantling. The former may be at least in-part
facilitated by the steel cladding becoming sensitised to
corrosion processes due to its in-reactor irradiation
history. If the cladding is breached, the fuel itself can
also become exposed. Evolution of both the steel & UO2
surfaces upon consequent exposure to pond water can
be considered as corrosion processes and so
conveniently studied by electrochemical methods.

In order to accommodate all future AGR SNF, a new
racking system for the Thorp receipt and Storage pond
has been proposed. This new storage arrangement will
mean that fuel will be packed closer together, causing a
rise in temperature of the fuel and the pond water
within the storage racks compared to that which would
be expected in the current storage arrangement.
Current assessments indicate that rack water
temperature could be up to approximately 60°C with an

average of around 45°C. For this section of the project
the corrosion behaviour of both sensitised and
unsensitised samples is studied by linear sweep
voltammetry to assess short time corrosion
susceptibility of these materials at existing and
proposed pond temperatures as well as a pond
maloperation temperature of 90°C.

Methodology Details

A series of linear sweep voltammetry (LSV) experiments
were carried out on several samples of unsensitised and
sensitised 20/25/Nb SS (AGR cladding) in pond water
simulant with varying temperature. Figure 1 shows the
experimental set-up, where CE is the counter electrode
(platinum mesh), WE is the working electrode (the SS
sample) and RE is the reference electrode (Ag/AgCl), the
circuit here represents the potentiostat. The potential
was swept from -0.8V to 1.6V in most cases, some
experiments started at the open circuit potential of the
sample. The scan rate was 10mV/s for the majority of
the experiments.

Figure 1: Experimental set-up for voltammetry



Results and Discussion

In the first instance experiments were carried out on
unsensitised 20/25/Nb SS to show the effect of
temperature on the corrosion behaviour on time scales
typical of LSV experiments. Figure 2 shows a plot of tafel
plot at four temperatures (room temperature, 459C,
602C and 902C) and a plot of the corrosion and potential
for the onset of transpassivity at each of these
temperatures.
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Figure 2: Plot of the effect of increasing temperature on the
corrosion behaviour of unsensitised 20/25/Nb SS in simulant pond
water, pH=11.4 (a) and from this graph the change in Ecorr and onset
of transpassivity with temperature can be determined, a plot of
which is seen here (b).

Ecworr and potential of the onset of transpassive
behaviour remain separated by at least 1.3V in the
temperature range 20-90°C. Therefore in the case of
unsensitised 20/25/Nb it appears that, on the timescale
of the LSV experiments conducted here, there is no
localised pitting or crevice corrosion threat at any of the
temperatures studied.

Similar experiments were carried out on heat treated
20/25/Nb SS, Figure3. From these it was found that the
sample heated at 1150°C for half an hour then aged at
600°C for 48hours showed enhanced susceptibility to
transpassive corrosion behaviour at 90°C compared to
non-heat treated samples, demonstrated by comparing
the tafel plots of the heat treated sample to those of
unsensitised 20/25/Nb SS, suggesting that the heat
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treated samples have been sensitised at least in part i.e.
the Cr concentration at the grain boundary has been
depleted to less than 12%.
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Figure 3: Effect of temperature change on 20/25/Nb SS (heated at

1150°C for half an hour and then at 600°C for 48hours) in simulant

pond water, pH=11.4 (a) and from this graph the change in Ecorrand

onset of transpassivity with temperature can be determined, a plot
of which is seen here (b).

Increasing the temperature of the simulant pond water
(pH=11.4) below 90°C causes only minor changes in the
general electrochemical behaviour of the sensitised
20/25/Nb, again Figure 3. Taken as a whole, the data of
Figure 3 show that, over the timescale of a typical LSV
experiment, there is no threat of in-pond localised
pitting or crevice corrosion for the heat treated
20/25/Nb samples at any of the temperatures studied
here — despite the apparent sensitisation alluded to
above.

In the event of a rise in chloride concentration in the
ponds, it is necessary to investigate the effect on [CI7]
on the corrosion behaviour of sensitised 20/25/Nb SS.
The tafel plots obtained for varying concentration along
with a graph of the corrosion and breakdown potentials
can be seen in Figure 4.
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Figure 4: 20/25/Nb (heated at 1150°C for a half hour then 48hours at
600°C) in pond water dosed to pH=11.4 and then the chloride
concentration was increased.

Figure 4 shows a secondary process (proposed to be
derived from hexachloroferric electrochemistry)
occurring in the post transpassive region, the onset of
which appears to shift in the cathodic direction with an
increase in chloride concentration.

Experiments were also carried out to investigate the
effect of pH on the corrosion behaviour of heat treated
20/25/Nb SS., the results of which can be seen in Figure
5. At pH>9.2 at 24°C, the onset of transpassive
behaviour can be seen at E > ~0.75 V. At pH<9.2, the
system is passive over the potential range studied in
these experiments. Results are similar at 90°C but the
potential for the onset of transpassivity has decreased.
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Figure 5: Effect of pH variation on the corrosion behaviour of
20/25/Nb heated at 1150°C for a half hour and then 48hours at
600°C, in simulant pond water at 24°C (a), and 90°C (b).

Conclusions and Future Work

The above studies relate to the corrosion behaviour of
unsensitised and simulants for sensitised 20/25/Nb
(AGR cladding) stainless steel as a function of pH,
temperature and chloride concentration. These tests
aim to demonstrate whether a pond water pH of 11.4 at
24°C provides sufficient corrosion protection, if
increasing the temperature of the pond water will
remove this protection and if in the event of a rise in
chloride concentration the steel could be compromised.
Intergranular attack in the form of transpassive
behaviour is observed on nearly all samples, both
sensitised and unsensitised, but typically only under
condition of high oxidative stress. Tests at 1ppm ClI™ at
24°C and 45°C at pH=11.4 indicate an Ecor-Eb separation
of over a volt indicating that intergranular attack is
unlikely under open circuit conditions on the timescale
of the experiemnts conducted here. More broadly, the
results demonstrate the following with respect to the
initiation of corrosion:

*  With respect to pH: that it is advantageous in
terms of minimising corrosion to dose the
ponds to pH=11.4, corrosion potential —



breakdown potential differences are typically
over 1V at this pH.

*  With respect to chloride concentration: that
much higher chloride concentrations, e.g. 5.6
mmol dm?3, than those expected in pond
water, e.g. 30 umol dm?3, are necessary to
cause significant cathodic movement in
breakdown potential and thus the onset of
intergranular attack.

*  With respect to temperature: Generally, there
appears to be no localised corrosion threat to
fuel cladding as the electrolyte temperature is
increased in the range 24°C-90°C assuming that
the fuel has not undergone stress corrosion
cracking or intergranular attack (during its time
in the reactor or during the dismantling
process) before submersion in the ponds.

These short duration linear sweep voltammetry
experiments provide preliminary indications that dosing
pond water to a pH=11.4, with an expected chloride
concentration of ~1ppm, provides corrosion protection
at the temperatures studied, 24°C (current conditions),
45°C (projected future pond temperature), 60°C
(predicted peak operating conditions) and 90°C
(potential maloperations / fault condition). However, in
order to gain a more complete assessment of corrosion
susceptibility experiments over extended periods of
time must be carried out.
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Abstract

Upon removal from a reactor spent AGR fuel (SNF) is placed into water storage to remove decay heat and provide
shielding prior to reprocessing. Empirical evidence with long stored fuel suggests that fuel can be stored in caustic dosed
ponds for at least 25 years without failures. With the closure of Thorpe and the end of reprocessing the current NDA
roadmap has SNF being kept in caustic dosed ponds until 2038 followed by direct disposal to a geological disposal facility
in 2075. No decision has yet been made as to how fuel will be stored between 2038 and 2075. One option that is being
considered is interim dry storage. This project is investigating whether AGR fuel can be dried suitably for dry storage to

be a viable option.
Introduction

The UK government has made the strategic
decision to stop spent fuel reprocessing and adopt
an open fuel cycle. Empirical evidence has shown
that caustic dosing allows fuel to be safely wet
stored for at least 25 years and the Thorp receipt
and storage pond (TR&S) will be used for the this
purpose until 2038. In the long term the fuel will
need to be transferred to a geological disposal
facility (GDF) however since this is not expected to
be available until 2075[1] a decision will need to be
made in the future as to how the fuel will be stored
during the interim period of approximately 35
years.

One option that has been considered for this is the
use of dry storage. Dry storage is being utilised in
many countries for the storage of LWR and MTR
fuels however little research has been carried out
into the dry storage of fuels utilising stainless steel
(SS) cladding such as AGR fuel. Consequently
considerable work will be required to ensure that
a safety case can be made for such work, and the
current PhD project intends to begin working in
this area.

The work so far has centred around producing
specimens for testing. Post storage examination of
failed fuel has shown that historic failures during

storage have been due to intergranular corrosion
(IGC) [ and stress corrosion cracking (SCC) 1].
Caustic dosing of ponds has shown that IGC can be
prevented by caustic dosing of the pond water to
pH 11.4. While the pond water is highly controlled
SS is also susceptible to pitting corrosion when
chlorides are present.

Water can be present as free water which may be
trapped in pores or free on the surface or and
bound water which may be chemisorbed or
physiosorbed to the surface oxide. Free and
untrapped water can be removed with little
difficulty by simple evaporation but bound and
trapped water may be more difficult.[2]

Preliminary work as part of an MSc project using
aluminium samples found that surface oxides had
a significant quantity of bound water which could
be removed relatively easily by heating.

This initial work is establishing whether the same is
true for SS samples or whether the presence of
bound water can be essentially ignored.

Methodology Details

Stainless steel samples (SS) were prepared for
TGA/DSC analysis as well as SEM/EDX and XPS.
Two forms of SS were used; AISI 310 alloy was



obtained from Goodfellows Metals Ltd and an
unirradiated length of cladding from an AGR fuel
pin was obtained from NNL (20/25). These
samples were then treated in different ways.

Sample Treatment

Designation

AR As received samples. No
treatment.

HNO3 Samples boiled in 65% nitric

acid with 0.1% Cr(VI) ions to
encourage IGC.

NaOH Samples held in autoclave
containing deminarlised water
dosed to pH 11.4 with NaOH
(to simulate long term pond
storage).

FeCls Samples held in 6% FeClz and
1% HCI for 24 hours to
encourage pitting corrosion.

Table 1. SS sample treatments.
Results and Discussion

SEM images of 310 samples (Figure 1) have shown
that in the as received state there are differences
in the two surfaces of the sheet with grain
boundaries being visible on side 2, presumably as a
result of the rolling work. These differences are no
longer visible following treatment. As expected
the HNO3 samples shows clear evidence of IGC
resulting in some grain dropping. The FeCI3
sample shows evidence of pits developing.
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Figure 1. 310 SS samples. Clockwise from top left; AR side 1,
AR side 2, HNO3 and FeCI3.

SEM images of the 20/25 samples again shows
differences in surfaces for the inside of the fuel pin,
the outside of the fuel pin and the area on the top
of the rib. Visual examination by eye shows that
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the inner surface has a matt finish in comparison
to the outer surface which can be explained by the
rougher finish observed in SEM images.
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Figure 2. AR 20/25 samples. Clockwise from top left; inner
surface, outer surface and top of rib.

Figure 3 shows the 20/25 samples following
corrosion in the nitric acid solution. The inner
surface and rib top appear to show evidence of
IGC which is present on the outer surface. This
would suggest that the machining process by
which removes material forms the ribs also gives
some protection to the material. It also means
that in the event of a fuel pin flooding due to a pin
hole pins may corrode from the inside out and as
such a simple visual inspection may not be

sufficient to assess for damage.
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Figure 3. 20/25 HNO3. Inner surface, outer surface, rib top
and across the rib top.



Figure 4 shows the TGA/DSC curves for a 310-HNO3
sample. Run 1 is the first time the sample was
heated and run 2 was the same sample heated
again approximately 15 hours later. The curves
show almost identical behaviour and no sudden
mass drop indicative of water loss from drying
which would be expected in run 1 when water is
most likely to be present. This suggests that there
is no significant water retention on the sample
surface when samples suffer from IGC.

Similar curves were obtained from all
samples tested indicating that bound water is likely
to be of little concern for drying spent AGR fuel.
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Figure 4. TGA/DSC curves for a 310-HNO3 sample.

Figure 5 shows MS spectra of the off gas from the
Run 1 TGA shown above. The TGA was carried out
under a nitrogen purge and this explains the
overall increase in N and N2 as the chamber was
purged after sample insertion. Similarly the
nitrogen purge also explains the drop in O, 02 OH
and water. No peaks in OH or water are present
confirming that there are no low levels of water
being given off that are not detected by mass
change (an initial heating run was carried our prior
to sample tests to flush system after connection of
MS to TGA. This showed a significant jump in OH
and water as the system was purged indicating that
the system is sensitive enough to pick up such
peaks).
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Figure 5. MS curves for off gas from 310-HNO3 sample (top-
full plot, bottom zoomed image).

Conclusions and Future Work

The purpose of the work carried out to date was to
make an assessment of whether the quantities of
bound water on a spent AGR fuel pin are significant
enough to be of concern for dry storage and
consequently for drying tests. The data obtained
so far would suggest that this is not the case.
Further XPS work will be carried out to confirm
whether there is really any water present and of so
in what quantities. The work has however shown
that there is a different corrosion behaviour
between the inside and outside of the fuel cladding
which may well need to be accounted for.

Sample preparation is now concentrating on
producing samples of cladding with through
cladding SCC so that trapped water can be
simulated and these samples will be used drying
tests in a drying rig that has been built for this
purpose.
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Abstract

The UK owns an estimated inventory of depleted, natural and low-enriched uranium (DNLEU), including that from
military and foreign sources, of around 200,000 tonnes. It is classified as a ‘zero-value asset’ but might be re-classified
as waste in the future and would need to be consigned for disposal. The material is stored in a variety of chemical
forms and there is currently a lack of data surrounding the secondary phases that might develop under disposal
conditions. This project focuses on identifying the paragenetic sequences of minerals that could be formed under
different disposal concepts and gathering the necessary thermodynamic and kinetic data. Depleted uranium oxide (UOs
and UO.) pellets and uranium metal will be introduced to static solutions of 95% saturated calcium hydroxide, synthetic
seawater and synthetic groundwater under both oxic and anoxic conditions. In addition, uranium oxide pellets will be
encapsulated using cement-based grouts and surrounded by synthetic groundwater to simulate groundwater
interaction with encapsulated DNLEU. Uranyl silicates such as uranophane and the weeksite group are possible
secondary phases giving a uranium solubility on the order of 10° to 10 mol dm™ and a dissolution rate in groundwater
of approximately 107 g cm™ day™, though these estimates require confirmation. The results from this project will
improve the experimental database and consequently, the accuracy of safety models that are used to predict the fate
of DNLEU on disposal. This will clarify whether DNLEU could be disposed of directly in powdered form or requires
encapsulation and whether it should be disposed of within specifically designed vaults or may be used in service and
transport tunnels in place of backfill.

Introduction

Depleted, natural and low-enriched uranium is a by-
product of the nuclear industry. It is formed through
uranium enrichment activities that produce depleted
uranium (DU) tails or via the reprocessing of spent fuel
to recover uranium so that it can be re-enriched and
reused. DNLEU is characterised by its isotopic
composition; depleted and natural uranium (NU)
compositions are shown in Table 1. Low-enriched
uranium (LEU) is defined as uranium enriched to more
than 0.72% %*°U but less than 20% by mass [1].

Table 1 Isotopic composition of depleted and natural uranium [2]

Isotope Half-life % Abundance.in % Abundancv.e in
(years) Depleted Uranium | Natural Uranium
34y 2.46 x 10° 6.00 x 10 5.40x 1073
=5y 7.04 x 108 0.20 0.72
=8y 4.47 x 10° 99.80 99.27

The estimated UK inventory for DNLEU, including that
from military and foreign sources, is approximately
200,000 tonnes. This is currently considered a ‘zero-
value asset’ and the Nuclear Decommissioning
Authority (NDA) has statutory responsibility for it.
However they are exploring the possible inclusion of
uranics into the design of the repository in anticipation
of it being re-classified as waste. Owing to the volume
of DNLEU, this inevitably means that some will need to
be disposed of. The predominant chemical form of
uranium in the inventory is depleted uranium
hexafluoride (UFs) from enrichment activities. To
enable disposal, the UFs will be converted to the more
geochemically stable triuranium octoxide (UszOs). The
second most abundant chemical form is uranium
trioxide (UOs) from reprocessing activities. Depleted
uranium metal, uranium dioxide (UO2) and some
miscellaneous DNLEU is also present [3].



Re-use options for DNLEU, such as fabricating mixed-
oxide (MOx) fuel or down-blending with high-enriched
uranium (HEU), have the capacity to utilise large
quantities of the DNLEU stockpile. However, it could
also be disposed of in a purpose built vault or
emplaced in the service and transport tunnels in place
of backfill [1]. If either of these options is considered
then the wasteform needs to be suitable. The NDA has
suggested encapsulation of Us0Og in a cementitious
grout emplaced in a stainless steel canister [4] since
disposal in a powdered form might not be suitable due
to the increased risk of inhalation during the
operational period. This constraint has since been
challenged and options for disposal include powdered
UsOs, UOs3 or UO: in a stainless steel canister [1]. The
latter could be encapsulated using a cement-based
grout if it is considered appropriate. However, owing to
the half-life of uranium (4.5 x 10° years), there is no
engineered barrier system that can be guaranteed to
contain DNLEU in the long term [1].

In the case of disposal by encapsulation in grout and
deposition in a geological disposal facility (GDF), four
main areas can be defined within and around the GDF,
according their chemical conditions; the near-field, the
alkaline disturbed zone, the deeper far-field, and the
shallower far-field. The near-field chemical conditions
will be dominated by hyper-alkaline cement
equilibrated water with little carbonate present and pH
12.5 - 10. Initially, the near-field will be oxidising and as
the intruding groundwater equilibrates, a reducing
environment will be established with an Eh
approaching -800 mV [5]. Secondly, the alkaline
disturbed zone is a high pH environment where
minerals from the host rock interact with the alkaline
plume from the GDF. The deeper far-field host rock will
provide a major change in groundwater chemistry as
saline waters with a pH of 7 — 9 and maintained
reducing conditions with little carbonate interact with
the uranium. Finally, the shallower far-field will mean
the uranium interacts with fresh groundwater at a pH
of 6 — 8 and less reducing, high carbonate conditions

[6l.

Owing to the chemotoxic and radiotoxic properties of
uranium, it is imperative that safety models can
accurately describe the fate of DNLEU upon disposal.
Experimental thermodynamic and kinetic data are
required for both the dissolution of the primary
uranium species in the waste as well as the formation
of secondary uranium phases under the conditions
expected in the GDF. This project focuses on
establishing thermodynamic and kinetic data for
paragenetic sequences of uranium minerals and
characterisation of solubility limiting phases under
three potential chemical environments encountered
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during the evolution of the waste, namely a Ca-rich
alkaline solution, groundwater and seawater.

Proposed Methodology

Three solutions will be prepared; a 95% saturated
calcium hydroxide, Ca(OH)z, solution will be used as a
simulant of intermediate cement pore water at pH
12.5. A synthetic seawater stock will be made up as an
analogue for saline groundwater and a fresh
groundwater modelled on the composition of the
Borrowdale Volcanic basement rock at Sellafield. The
seawater and groundwater compositions are given in
Table 2.

Table 2 Composition of synthetic seawater based on an American
Society for Testing and Materials (ASTM) standard practice [7] and
fresh groundwater using the groundwater composition of the
Borrowdale Volcanic basement groundwater at Sellafield [8]

Concentration in Concentration in Synthetic
Component Synthetic Seawater Fresh Groundwater
(mol dm3) (mol dm?3)
Na 8.40 x 10 5.62x10?
K 3.76 x 10° 9.90 x 1073
Ca 1.02 x 103 1.01 x 10
Mg 5.35 x 10 5.34 x10?
Cl 3.90 x 103 5.62x10?
Stot 4.18 x 10° 9.39 x 1073
TIC 2.49 x 10° 2.29x10°%
Fe 1.10 x 10°® -
Sr - 1.60 x 10
Si 1.75 x 10* -
Al 2.93 x 10° -
Br - 8.26 x 10*
B - 7.35x 10
F R 5.26 x 10
pH 8 7

*TIC = total inorganic carbon

Under anoxic conditions UO2 and UOs pellets together
with U metal will be placed in each solution and stored
in a glove box under N2 atmosphere. Iron strips will be
mounted to the sample containers for the Ca(OH): and
seawater experiments to lower the Eh to between -200
and -600 mV to represent the reducing conditions
expected to be established in the repository [5]. In
addition, a parallel batch will be established under
oxidising conditions exposed to the atmosphere and
without the metal iron strips. One aim of these
experiments is to determine the rates of dissolution
and formation of secondary uranium minerals that
form under their respective conditions. This will be
determined by analysis of the supernatant using




inductively coupled plasma — mass spectrometry (ICP-
MS). After 6, 12 and 18 months the solid samples will
be removed for thorough mineralogical
characterisation using micro X-ray diffraction (u-XRD),
environmental scanning electron microscopy (ESEM),
multi-collector (MC)-ICP-MS, particle induced X-ray
emission (PIXE) and time-resolved laser fluorescence
spectroscopy (TRLFS).

In addition to these experiments there will be cross-
comparison between UOsz and UO: pellets
encapsulated in cement grouts to determine whether
there is comparability in the phases formed. These
experiments will also provide a more realistic approach
in terms of solid — solution ratio. Two grouts will be
used for the encapsulation experiments; pulverised fly
ash (PFA):ordinary Portland cement (OPC) (3:1), and
granulated ground blast furnace slag (GGBS):OPC (9:1).
The encapsulated uranium oxide pellets will then be
submerged in a synthetic groundwater for 12 and 18
months. The solutions will be analysed using ICP-MS to
determine dissolution rates. At the end of each
experiment the blocks will be sectioned and the solid
samples analysed to characterise the evolution of the
uranium minerals as well as determination of diffusion
profiles within the grouts.

Expected Results and Discussion

The uranium waste forms are likely to undergo rapid
dissolution and oxidation. They are expected to quickly
saturate the pore water in the repository and in turn
initiate nucleation and growth of U(VI) mineral phases.
At a later stage, the repository environment will
decrease in Eh [5]. However, this change in Eh may not
be enough to force the reduction of U(VI) to U(IV).
Therefore, the bulk of the uranium may still be in the
form of U(VI) with some U(IV) [8]. It is expected that
uranium mineral paragenesis will follow the systematic
route from uranium oxides, through oxy-hydroxides to
silicates, including alteration products that are related
to the specific groundwater chemistry [9].

Silicates such as uranophane, Ca(UO2)2(SiO30H)2 (H20)s,
and the weeksite group, M2(U02)2(SiOs)3.4H20 where
M is a monovalent cation, have been highlighted as
possible solubility limiting phases. If the concentration
of phosphate is high enough then minerals from the
autunite group, hydrated uranyl phosphates, e.g.
Ca(U032)2(P0a4)2.10-12H20, could form [6].
Thermodynamic calculations suggest solubility limits
for uranyl silicates in the far-field are 10 to 10 mol
dm?3, and it could be possible for uranium
concentrations to reach 10° mol dm?3 in some
groundwaters [6]. Kinetic studies report initial
uraninite dissolution rates of approximately 107 g cm
day! though after the formation of a passive mineral
layer on the uraninite surface, further dissolution could
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be reduced to around 2 x 10% g cm? day®l The
formation of schoepite, (UO2)(OH)2(H20), would
increase the rate of dissolution to approximately 1-2 x
10% g cm? day! [10].

It is imperative to understand the thermodynamic and
kinetic properties of the secondary minerals that form
later in the paragenetic sequence because these are
the effective solubility limiting phases. The range of
experiments covered in this project aim to increase our
understanding of DNLEU disposal and the data
collected will significantly improve the accuracy of
safety models. This will be used to test whether the
waste form needs to be immobilised or can be
disposed of as uranium oxide powders, and whether a
purpose built vault is necessary or if disposal in the
service and transport tunnels in place of backfill would
be conceivable.

Acknowledgements

M.D. would like to thank the Central England NERC
Training Alliance (CENTA) consortium for funding his
PhD and for a comprehensive doctoral training
programme. He also thanks M. Isaacs for his advice and
assistance in numerous aspects of this project.

References

[1] NDA, “Geological disposal - Investigating the
impacts of managing depleted, natural and
low-enriched uranium through geological
disposal,” 2015.

[2] W. Burkart, P. R. Danesi, and A. Bleise,
“Properties, use and health effects of depleted
uranium (DU): a general overview,” J. Environ.
Radioact., vol. 64, pp. 93-112, 2003.

[3] R. D. Wilmot, “Uranium IPT: Phase 2 - Post
Closure Safety of DNLEU Disposal,” 2015.

[4] NDA, “Geological Disposal Generic transport
system designs,” 2010.

[5] Amphos, “Model of the Redox conditions in the
near field of a cementitious geological disposal
facility (GDF) Final report,” 2009.

[6] A. Bath and D. Read, “Uranium IPT: Phase 2 -
Conceptual Model of Far-field Uranium
Transport,” 2015.

[7] ASTM International, “D1141-98 Standard
Practice for the Preparation of Substitute
Ocean Water,” 2013.

[8] A. Bath and D. Read, “Uranium IPT: Phase 2 -
Uranium and its Daughters in the Far Field,”
2015.



Theme 1 — AGR, Magnox and Exotic Spent Fuels

[9] L. J. Bonales, C. Menor-Salvén, and J. Cobos,
“Study of the alteration products of a natural
uraninite by Raman spectroscopy,” J. Nucl.
Mater., vol. 462, pp. 296—303, 2015.

[10] V. Ivanovand I. B. Popov, “Kinetics of
dissolution of stoichiometric uraninite,”
Radiochemistry, vol. 53, no. 2, pp. 160-163,
2011.



Theme 1 — AGR, Magnox and Exotic Spent Fuels
DISTINCTIVE 2" Annual Meeting

Bristol, UK

19th — 20 April 2016

Microstructural Characterisation of AGR Cladding Material

C. Barcellini%?*, S. Dumbill3, S. Pimbott™?, E. Jimenez-Melero?

*email: chiara.barcellini@postgrad.manchester.ac.uk

1Dalton Cumbrian Facility, Westlakes Science and Technology Park, University of Manchester, Moor Row, Cumbria,
CA24 3HA, UK
2School of Materials, University of Manchester, Oxford Road, Manchester, M13 9PL, UK
3National Nuclear Laboratories, Central Laboratory, Sellafield, Seascale, Cumbria, CA20 1PG, UK
4School of Chemistry, University of Manchester, Oxford Road, Manchester, M13 9PL, UK

Abstract

The safe interim storage of AGR irradiated fuel in water ponds requires a detailed knowledge of the corrosion
behaviour of the fuel cladding material. The systematic study of corrosion relies on the availability of sensitised
20Cr25Ni Nb-stabilised stainless steel, ideally with a microstructure close to that produced by neutron irradiation but
less radioactive. The aim of this PhD project is the production of sensitised specimens using an intense beam of
protons, and to develop thereupon an understanding of the mechanisms driving the radiation-induced segregation of
chemical species in the vicinity of grain boundaries. Advanced electron/X-ray techniques are to be used to investigate
the damaged structures resulting from the irradiation experiments, in order to compare them with those of claddings
removed from the reactor core. A profound knowledge of the behaviour of 20Cr25Ni Nb-stabilised stainless steel under
irradiation, however, starts with the characterisation in the pre-irradiation conditions (cold-rolled and annealed).
Analytical electron microscopy has been used to investigate the distribution of solute elements, the nature and location
of precipitates, together with the crystallographic orientation and grain boundary characteristics of the matrix in non-
irradiated specimens. This will constitute the reference for the assessment of the effects of proton irradiation on this
material.

Introduction AGR cladding material with an intense beam of protons
looks like to be the best approach for the production of
sensitised samples, with a microstructure similar to
that of neutron-irradiated steel, but reduced or no
radioactivity. This will open the door to the systematic
study in this project on the effect of irradiation on the
structure and chemistry of these materials. The result
of this project will provide a valuable input to predict
reliably the corrosion resistance of the AGR spent fuel
in storage conditions.

British nuclear fuel strategy has changed in the last
years. In 2018 the reprocessing operation in THORP is
scheduled to end. Therefore, the AGR fuel will interim
be stored in water ponds, pending packaging and
disposal. Long wet storage challenges the cladding
integrity; therefore studies on the ageing degradation
characteristics are strongly needed. One of the possible
challenges is linked with the corrosion resistance of

20Cr25Ni Nb-stabilised stainless steel claddings.
The characterisation of the microstructures obtained

by proton irradiation is fundamental in order to assess
if the sensitisation obtained can be compared with
neutron-damaged structures. However, the profound
knowledge of the non-irradiated microstructure is also
important, in order to assess the effects of irradiation
on the material.

The interim storage of irradiated AGR fuel in water
ponds requires a very detailed knowledge of the
corrosion behaviour of the fuel cladding material. The
systematic study of corrosion relies on the availability
of sensitised 20Cr25Ni Nb-stabilised stainless steel.
Irradiating the material seems to be the best way to
achieve the sensitisation, since thermally-sensitised
samples do not present a microstructure comparable For this reason, the work done in the first year of this

to that of the claddings removed from the reactor core. project has mainly focused on the investigation of the
(non-irradiated) annealed structure. In the following

sections, the main results are presented and discussed.
The details of the first proton irradiation are also
reported.

Protons beams have already been used to simulate
neutron effects in other austenitic stainless steels with
very promising results. For this reason, irradiation of



Experimental
Sample Preparation

A 94x26mm? cold-worked sheet of 20Cr25Ni Nb-
stabilised stainless steel with a thickness of 7.7mm was
provided by Westinghouse. This sheet was annealed
for 40min at 930°C in inert atmosphere, in order to
simulate the final heat treatment received by the AGR
fuel cladding materials. The samples for Scanning
Electron Microscopy (SEM) characterisation have been
prepared by mechanical grinding, and final electro-
polishing using an electrolyte composed of 60ml
perchloric acid (3.6%), 600m| of methanol (99.99%)
and 360ml of 2-butoxyethanol (99.99%). An analogous
procedure has been used for preparing samples for the
Transmission Electron Microscopy (TEM). In this case
the samples were pre-thinned to 100um, and then
3mm-diameter disks were punched and subsequently
electro-polished using the chemical solution previously
mentioned. The sheet sample used in the proton
irradiation experiment was prepared on both sides by
mechanical grinding and polished down to 0.25pum
finish.

Irradiation Experiment

One 26x26mm? sheet sample of 20Cr25Ni Nb-stabilised
stainless steel was successfully irradiated with a 3MeV
proton beam. The experiment took place in September
2015 at the Dalton Cumbrian Facility of the University
of Manchester.

Fig. 1. (a) Sample stage and (b) principal components of the beam
line used for the sample irradiation at Dalton Cumbrian Facility [1].

The sample was mounted on the stage shown in
Fig. 1a, and two thermocouples were spot welded on
its surface in order to monitor the temperature of the
sample close to the irradiated area. We placed a
ceramic heater at the bottom of the sample in order to
heat the sample during the irradiation. Indium (melting
point = 156°C) was used to improve the thermal
contact between the back block where the heater is
housed and the sample, so as to achieve a uniform
heating of the sample during the experiment.

In Fig. 1b an image of the beam line used is reported.
The sample stage is mounted at the end of the vacuum
chamber with the sample surface lying perpendicular
to the incoming beam. This beam line has tantalum
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slits installed in front of the sample to optimise the
beam position on the sample, electromagnetic lens to
raster the beam on the sample surface, and a thermo-
camera used to continuously monitor in situ the
temperature distribution on the sample surface.
A detailed description of the facility used for the
irradiation experiment can be found in [1].

In Table 1 the parameters used in this proton
irradiation experiment are listed. The sample was
continuously irradiated for 2.5 days with a beam of
3MeV protons. The average current was 10pA, while
the average temperature 350°C. The sample heating
was achieved by both the proton beam itself and the
heater placed at the back of the sample. The average
dose rate was 1.8x10°dpa/s, which is significantly
higher than the dose rate expected in a thermal
reactor (2x10%dpa/s [2]).

Table 1. Relevant parameters of the proton irradiation experiment.

Particle proton
Energy AMeV
Average Current 9.8 A
Average Temperature 350°C
Irradiated Area 1.44em?
Time 50h

Dose Rate 1.8 10 Bdpa/s

The damage induced in the crystalline structure was
simulated using the SRIM software [3]. In Fig. 2 the
Bragg curve for this irradiation is shown. The maximum
damage, 3.6dpa, is reached at 36um from the
irradiated surface, while the damage at the 60% from
the Bragg peak (22um from the irradiated surface) is
much lower, and amounts to only 0.3dpa.

Radiatior-induced Damage

Bragg Peak: 36um, 3.6dpa -

il

Characterisation
Region: 22um,
0.3dpa

Displacomant per aiom [ep:

" 0 25 ¥
Tamgst Deptt [um]

Fig. 2. Radiation-induced damage profile due to a 3MeV proton
beam interacting with the 20Cr25Ni Nb-stabilised stainless steel.

The activation of stainless steel is expected for proton
irradiations above 2.8MeV. The 20Cr25Ni Nb-stabilised
stainless steel sample became radioactive. Three
weeks after the end of the experiment were enough
for the decay of the short-lived isotopes, such as Co-55
(t12=0.3days) and Cu-61 (t12=0.14days). At this
moment in time (more than 100 days from the
irradiation), the sample activity is only due to the long-
lived isotopes of cobalt produced by the nuclear
reactions with protons, such as Co-57 (ti2=271days).



Results and Discussion

The microstructural characterisation of the 20Cr25Ni
Nb-stabilised stainless steel has so far focused on the
annealed sample, in order to have a reference
microstructure to study later on the proton irradiated
samples. The composition of the austenitic matrix has
been measured using Energy Dispersive Spectroscopy
(EDS), see Fig. 3.

Elerment | fwt-%%] o [wi-%)]

Si 0.53 0.04 Fe
Cr 2071 0.1 |
. Mn 089 008 I
3 Fe 53.19 017 |
= Ni 2440 0.16
P 027 008 o3
£ I
= Fe |
| |
Mi M
N o
| e | i
let | [] s |
% mb o I | | Ni
Energy [keV] t

Fig. 3. Typical chemical spectrum of the austenitic matrix.

In order to assess the texture of the matrix of non-
irradiated 20Cr25Ni Nb-stabilised stainless steel
specimen, Electron Back-Scattered Diffraction (EBSD)
measurements have been performed. In Fig. 4a an
EBSD map of a large area (64094pum?) is reported. The
data analysis allowed us to detect 3783 individual
austenite grains (face-centred cubic, FCC) and their
orientation relative to the sample coordinate system.
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Fig. 4. (a) EBSD map of the austenitic matrix, showing the grains in
different colours according to their dimension (b) detail of the EBSD
map showing in red twin boundaries, in light green CLS 25, in blue
CLS 37, in magenta CLS 29, in yellow CLS 211, in dark green CLS $27a
and in orange CLS 227b (c)

Grain  boundaries were labelled when the
misorientation angle between neighbouring regions
was greater than 10°. We have observed a significant
amount of twins (51% of the boundary length), most
probably formed during the annealing of the sample at
930°C, i.e. annealing twins. Other types of coincidence
lattice site (CLS) boundary have been detected and are
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shown in Fig. 4b. A histogram of the CLS frequency in
the sample is shown in Fig. 4c.

Disregarding grains divided by twin boundaries, the
average grain size has been estimated to be ~9.2um.
This number is in agreement with the grain size
reported by Ramaswamy et al. in a recrystallized
specimen of 20Cr25Ni Nb-stabilised stainless steel [4].
According to this reference, the recrystallization of this
stainless steel grade is completed after 1h at 900°C for
a 50% cold-worked specimen, and after 1h at 1000°C
the grains start to grow. In the case of a lower
thickness reduction during cold working, the
recrystallization is slower at same temperature, but the
final grains obtained are larger. For instance, in a 25%
cold-worked specimen annealed at 950°C for 1h the
grains have an average diameter of 14um. Also Powell
et al. found a fully recrystallized material with average
grain size of 14um after 30% cold work and annealing
at 930°C for 1h [5]. Full recrystallization in AGR
cladding material after 1h at 930°C has also been
reported by Ecob [6]. Therefore our specimen under
analysis may be partially recrystallized, since our heat
treatment was shorter, i.e. only 40min at 930°C.

The inverse pole figures of the matrix along the rolling,
normal and transverse direction (RD, ND, and TD,
respectively) can be seen in Fig. 5. The grains in the
sample are not randomly oriented, but their <101>
direction is preferentially aligned with the specimen
normal direction. The sample has a texture due to the
prior cold rolling and partial recrystallization, with the
{101} planes lying along the specimen rolling plane.
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Fig. 5 Inverse pole figures of the non-irradiated sample along the
rolling, normal and transverse direction (RD, ND, and TD,
respectively). Units are in multiples of a random distribution (mrd).

In Fig. 6 some SEM micrographs at different
magnifications of the steel specimen are shown. The
general features of this material can be appreciated in
Fig. 6a. A large amount of crystalline grains of the
matrix, a few of them decorated with precipitates, can
be observed. Small and spherical, big and elongated
particles and clusters of them can be observed. At
higher magnification (Fig. 6b), we can see that the
smaller particles are intra-granular, while the bigger
ones have grown mainly along the grain boundaries.
Fig. 6¢c and 6d show the details of two clusters grown
along grain boundaries.



Fig. 6. (a) Scanning electron micrograph of 20Cr25Ni Nb-stabilised
stainless steel after a 40min heat treatment at 930°C in inert
atmosphere. (b) Grain boundaries free from precipitates. (c) Clusters
of Nb-rich particles and isolated spherical precipitates. (d) Cluster of
Nb-rich particles grown along a grain boundary of the matrix.

The composition of the biggest particles was also
measured using energy dispersive spectroscopy. They
are, as expected, Nb-rich particles mostly precipitated
during the heat treatment. The annealing at 930°C has
been specially designed to induce the Nb-C
precipitation, leaving chromium free in the matrix to
contribute to the corrosion resistance (stabilisation
process).

The composition of some particles shown in Fig. 4c is
reported in Table 2. EDS is unfortunately not suitable
to detect light elements such as carbon or nitrogen.
Besides that, the electron-sample interaction volume
at an accelerating voltage of 20kV is large enough to
include not only the precipitates but also part of the
austenitic matrix. For this reason some elements of the
matrix are also present in the EDS spectrum.

Table 2 Chemical composition of selected Nb-rich particles.

[ Partice 1 Particle 2 Particle3

“Blement | wt-%] o Wt-%] | Wt-%] o [wt-%] | [Wi-%] o [wi-3%]
Cr 432 008 | 53 008 | 765 009
Mn - - 0.2 007 | 057 007
Fe 8.17 0.1 1043 011 | 1606 0.13
Ni 3.04 0.1 4.04 0.1 6.2 0.1
Nb 8447 015 |80.04 016 | 6953 0.18

The electron beam of a Scanning Electron Microscope
is not small enough to allow the analysis of the small
precipitates in the samples, since those precipitates
have dimensions in the order of few nanometers. For
this reason, we have extended our characterization
work to Transmission Electron Microscopy (TEM).
Fig. 7a and 7b show two examples of nano-scale
precipitates observed by TEM. The cluster in Fig. 7a is
composed of structures with dimensions ranging from
30 to 250nm, while the single particles in Fig. 7b are
less than 30nm in size.
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Fig. 7. Bright field TEM images of (a) one precipitate cluster
composed of particles of dimensions ranging from 30 to 250nm, (b)
small isolated precipitates.

Conclusions and Future Work

The investigation of the annealed 20Cr25Ni
Nb-stabilised stainless steel specimen has been
reported and discussed. The characterization has
mainly focused on the crystallographic orientation and
the grain boundary characteristics of the austenitic
matrix, and also on the NbC precipitate size and spatial
distribution. In  the following months, the
characterisation of the grain boundaries containing
other (nano-scale) phases will be performed. We will
also proceed with the characterisation of the first
proton irradiated sample. We plan to extract samples
at different depths from the surface, and therefore
presenting different levels of damage, and to analyse
them using electron microscopy. Radiation-induced
defects will be related to the amount of damage in the
crystalline structure and to variations of the grain
boundary chemical composition. The results obtained
will be compared with literature data about neutron-
irradiated AGR cladding material. In the summer 2016,
a second sample will be proton irradiated at the Dalton
Cumbrian Facility. The aim of this second irradiation is
to reach a level of damage comparable to that obtain
in the previous irradiation, but at a considerably higher
temperature, 650°C, in order to assess the dependence
of the radiation-induced segregation phenomenon on
the irradiation temperature.
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Abstract

Nuclear waste management has always been a much debated topic and a key driver for decisions within the nuclear
industry. A standardised global approach has not yet been developed and at present many countries are re-considering
their position. In the UK the reprocessing of Spent Nuclear Fuel (SNF) is projected to stop, but no clear indication about
the future approach has been given. This contribution sets out the early stages of an approach to compare the possible
alternatives based on Life Cycle Assessment (LCA), which is widely used in other sectors to assess the overall
environmental burdens of a product or a service across the whole life cycle — i.e. from cradle to grave. The LCA may
serve to support decision-making processes within the nuclear industry and, provided that it is used in an open and
transparent way, to improve public attitudes towards nuclear energy. To date few LCA studies within the nuclear
industry have been carried out, the main issue being the lack of a standardised methodology to evaluate the impacts of
radionuclides. The present study proposes a new framework for this purpose, and aims to demonstrate its application
in an LCA study of the current UK approach to the management of spent nuclear fuel based on a mixture of data
collated on site and from literature. The final results of the study will eventually show the overall environmental
footprint of the reprocessing of Spent Nuclear Fuel, in terms of both radiological and non-radiological impacts. A “hot
spot” analysis will also be performed to highlight the critical processing step.

Introduction both cases, waste is processed into a final manageable
] form, either containing spent fuel assemblies or Higher
Nuclear energy, as a source of low-carbon dispatchable Active Wastes (HAW) ! or Low Level Waste (LLW). An

or base-load electricity, plays a key role for the
achievement of sustainability goals [1]. In 2013,
nuclear energy accounted for 17% of UK, 24% of
European and 11% of worldwide electricity supply [2]-
the lowest value since 1982 [3], mainly caused by the
2008 economic crisis and the Fukushima-Daichii
accident which led to a total shutdown of Japan’s
nuclear reactors. However, nuclear energy seems to be

internationally accepted approach for disposal of HAW
has yet to be agreed, but many countries are planning
to dispose of them in deep repositories built several
hundred meters underground in a geologically stable
environment. This is the preferred approach to be
taken in the UK, but the siting and design of repository
has not been finalised. The UK approach has been to
reprocess most (but not all) of the UK’s spent nuclear
on the rise again: according to the World Nuclear fuel at the Sellafield site. Spent fuel from the UK’s
Association [4], there are currently 65 nuclear reactors Magnox reactors is reprocessed in the Magnox

under construction around the world. This figure Reprocessing Plant, due to be closed at the end of

includes the first plants announced in the 21st century 2020. The spent reactor fuel from the UK’s Advanced
for the UK and USA. However, one of the biggest Gas-Cooled Reactors (AGRs) and international Light
challenges facing the expansion of nuclear energy is to Water Reactors (LWRs) is sent to the Thermal Oxide
find a sustainable approach for the management of Reprocessing Plant (THORP), due to be closed at the
solid nuclear wastes. end of 2018. It is the intention of the Nuclear
For the purpose of this paper, two main approaches Decommissioning Authority (NDA) that future arisings
may be identified for the management of Spent from nuclear generation in the UK will be stored
Nuclear Fuel (SNF) assemblies: Direct disposal (i.e. without intermediate reprocessing pending final

open fuel cycle) and Reprocessing with the aim of
manufacturing fuel to be recycled back into the
Nuclear Power Plants (NPPs) (i.e. closed fuel cycle). In

1High (HLW) and Intermediate (ILW) are together known as Higher
Active Wastes (HAWs)



processing and disposal in the Geological Disposal
Facility (GDF). After the failure of the 2013 consultation
exercise [5], the process to decide on siting a
repository has been reviewed and restarted. According
to the timeline set up by the revised siting process,
construction of the GDF is not expected to start for at
least 25 years; with construction and operation of the
facility projected to last for approximately 100 years
[5]. Thus the UK is facing a number of important
decisions over the future of its nuclear energy industry.
Life Cycle Assessment (LCA) represents a tool that
could be used to compare alternative strategic options
within the nuclear industry by evaluating their
environmental performances. The use of the LCA
methodology has spread considerably all over the
world during the last decade. The methodology
underpinning concepts and details have been
explained in a previous DISTINCTIVE paper [6] and
hence won’t be repeated here. The results of an LCA
study of the nuclear cycle might be used to support the
decision making-process within the nuclear industry
and, provided that it is used in an open and
transparent way, to improve public attitudes towards
the nuclear energy. Until now, few LCA studies of the
nuclear cycle have been reported, the main obstacle
being the inclusion of ionising radiation within the LCA
framework for impact assessment (LCIA). In fact not
one reported LCA study has considered the impacts of
radionuclide releases from operation of nuclear
reactors or from nuclear waste. The goal of the present
study is to introduce a novel approach for assessing the
impact of radionuclide releases both as direct
discharges (i.e. liquid and aerial) and from
management of solid wastes in a GDF within the LCIA
framework. The approach will then be demonstrated
and validated in an LCA study carried out upon the UK
approach to the management of SNFs. Several
environmental impact categories will be analysed and a
“hot spot” analysis will be performed to identify the
more polluting sections of the process. Results of the
study will show the overall environmental footprint of
the UK reprocessing step of spent nuclear fuel in terms
of both radiological and non-radiological impacts.

The Risk-based methodology

The standard impact categories conventionally used in
LCA studies do not take into account the impacts of
radionuclide releases either as process emissions in the
form of liquid and gaseous discharges or arising over
time from radioactive solid wastes. However, exclusion
of these impacts inevitably affects the validity and
completeness of the study. With this regard a number
of approaches have been proposed; though among
those, only few have been operationalised and their
usage remains much restricted. A new framework for
the assessment of both direct emissions of
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radionuclides and solid radioactive waste in the impact
assessment phase of LCA is proposed in this work. It is
based on the PhD work of Solberg-Johansen [7] and
hereby updated and amended for a more effective
inclusion within the LCA framework. A simple diagram
of this methodology is shown in Figure 1.

Inventory
Aerial and liquid releases, and solid wastes

'

Fate and exposure analysis
IAEA’s generic models and NDA Post-
Closure Safety Assessment

’

Effect Analysis
Linear dose-response relationship for
stochastic effects

;

Risk evaluation
NCRP’s nominal probability coefficient

Figure 1 Diagram of the risk-based approach

The starting point is the inventory which comprises the
collection and analysis of data regarding liquid and
aerial releases, and solid wastes produced by the
process. Following the inventory phase, the fate and
exposure analysis is carried out with the aim of
modelling the transport of radionuclides through the
environment (from the source to the receptor or
environmental compartment) and through the food
chain (from the environment to human beings). The
fate and exposure analysis is based on two models: the
International Atomic Energy Agency’s (IAEA) generic
models [8] and the UK NDA Generic Post—Closure
Safety Assessment (PCSA) [9]. The former constitutes a
simple but robust assessment methodology for the
estimation of radioactive doses from routine releases
of aerial and liquid radioactive emissions. The latter is a
generic exercise performed by the Radioactive Waste
Management Ltd. (RWM) with the aim of supporting
the environmental safety case of the future national
GDF, in which the impact of the storage of nuclear solid
waste in a GDF located in a higher strength rock is
assessed. The end point of these models is the
adsorbed dose, defined as the quantity of ionizing
radiation adsorbed per unit mass of the recipient,
evaluated for a specific receptor commonly referred as
“critical group”. The critical group is defined as the
member(s) of the public most exposed to radiation due
to operations at a given site. The main difference
between the two models lies in the timeframe
considered. The IAEA models assess the actual impact



of current radionuclide releases, whereas the NDA
PCSA estimates the future risks arising from solid
nuclear wastes buried in a deep GDF. The latter risks
start to arise a thousand years after the closure of the
GDF and peak after about a million years. The peak
value has been considered as the reference risk value
for each radionuclide and type of waste. Figure 2
shows an example of the radiological risk as a function
of time from different waste types buried in a GDF as
estimated by the NDA.
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Figure 2 Total mean radiological risk against time showing
contributions from the different waste types buried in a GDF[10].

However, different types of radiation can cause
different effects in biological tissues and different
organs may be more or less susceptible to irradiation.
The exposure analysis takes in consideration those
aspects by converting the adsorbed dose into an
effective dose by means of a linear dose-response
relationship for stochastic effects at low doses [11].
Eventually the estimated effective dose is converted
into a risk of detrimental effect by using the
International Commission on Radiological Protection’s
(ICRP) nominal probability coefficient for stochastic
effects [11]. Notably, the different timeframes of the
impacts of direct discharges (aerial and liquid) and solid
wastes constitute a big challenge. As the risk
associated with direct discharges refers to a current
impact and the one arising from solid waste represents
a potential impact in the distant future, they are not
directly comparable; therefore, their relative
significance requires fundamental consideration and
discussion. A number of approaches have been used in
LCA to deal with different timeframes (e.g. the
approach for carbon storage by Levasseur et al [12]),
but none encompasses such great differences in scale.
Therefore, at this stage the impact of direct discharges
and solid wastes will be kept separate within different
impact categories.

Life Cycle Model

As previously mentioned, an LCA study including the
above proposed methodology will be carried out upon
the UK approach to the management of SNF — mainly

Theme 1 — AGR, Magnox and Exotic Spent Fuels

national AGRs and international LWR spent fuels. The
purpose is to the demonstrate and validate the
methodology and produce a comprehensive picture of
the environmental footprint of the nuclear waste
management processes In this study, information
about the materials and energy used throughout the
process as well as the emissions and waste produced
have been and will be collated from different, reliable
sources as explained below. Three different units have
been identified in the foreground system for the
process at issue: Thermal Oxide Reprocessing Plant
(THORP), MOX fuel manufacturing plant and the
Geological Disposal Facility (GDF). In Figure 3 the
process as a whole and the main links between the
different units is depicted. The THORP is the latest of
the reprocessing plants at Sellafield, where the
reprocessing of national AGR and international LWR
spent fuel assemblies is carried out. The assemblies are
delivered to the site in transport flasks. They are held
in THORP’s Receipt and Storage Pond for a number of
years to allow decay of the highly radioactive fission
products with short half-lives. The fuel then undergoes
a multi-stage reprocessing. From Fuel Receipt and
Storage the fuel elements are transferred to the
section known as Head End where the fuel assemblies
are sheared and the fuel dissolved in nitric acid. The
fumes arising from the dissolvers are treated by the
dedicated Dissolver Off-Gas (DOG) Plant. From Head
End, the clarified fuel liquor solution is transferred to
the Chemical Separation Plant where, firstly, uranium
and plutonium are separated from the fission products
and then uranium is separated from plutonium (PUREX
Process). These liquors are then transferred to the
Uranium Finishing and Plutonium Finishing Plants. The
process as a whole produces a number of aerial, liquid
and solid streams which are treated in ancillary plants.
Intermediate level liquid wastes are sent to the Low
Active Effluent Monitoring Tank (LAEMT) for marine
discharge, while intermediate level solid waste from
fuel dissolution is sent to Cement Encapsulation and
storage and low level solid waste to Vault Storage. Off-
gases are sent to gas treatment before stack discharge.
Information  about  disposal containers and
encapsulation procedures have been taken from the
UK Derived Inventory [13]. Data regarding those plants
and processes will be collated on site by the author.
The MOX fuel manufacturing plant is simulated in the
model to manufacture MOX fuel from the Plutonium
and Uranium powders produced by THORP. Notably
the MOX plant was shut down in 2011 and its
flowsheets and datasets are currently not available.
Thus currently it has been modelled using the data
available in the Ecoinvent database [14]. In the
analysis, the encapsulated solid wastes are modelled as
being sent to the national GDF; this is the long-term
plan although, as mentioned above, the facility does
not yet exist. Information about the construction,



operational requirements and capacity of the GDF has
been taken from the UK Nuclear Decommissioning
Authority’s (NDA) Generic Disposal Facility Designs [9].
Notably this analysis is based upon the current UK
approach and status of plants; therefore, with regard
to the THORP and MOX plants, only operational
environmental impacts have been taken into account.
This is not the case for the GDF; as it has not been
built, the construction has also been considered along
with the proposed operation. However, this
assumption makes the assessment specific to the UK.

Conclusions and Future Work

With the aim of enabling LCA practitioners to carry out
comprehensive studies upon the nuclear industry and
filling the current gap among standard impact
categories, a new framework has been proposed. The
risk-based approach comprises of four steps and

Extraction and
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assesses the impact of direct radioactive releases and
nuclear solid wastes. In order to validate the
methodology. a Life Cycle Assessment study on the
reprocessing of Spent Nuclear Fuels in the UK is being
carried out. The LCA scenario comprises of three main
units: Thermal Oxide Reprocessing Plant (THORP), MOX
fuel manufacturing plant and Geological Disposal
Facility. A mixture of data collated on site and from
literature will be used for the foreground system. A
parallel work is also being carried out with the aim of
developing an alternative approach base on the
multimedia fugacity model concept [15]. Their
comparison is expected to give key information
regarding the validity of the approaches. Moreover,
other existing and future nuclear waste management
processes will also be considered for further studies
and comparison.

Primary Energy
Water
Virgin materials

processing of

materials Spent THORP
Fuel
—— Assembly. Head end, Chemical Separation, Higs man:laof:;tutler'ing MOx F”‘?I
Product purification and finishir
chemicals P g Uo; plant
production
CD:;?;:I Solid Waste ‘
|and Stack| |Treatment Managementi
Background system
Geological
AerlaliLiquid Dispfsal
emissions | Facility
- Foreground system
Aerlal Liquid Radioactive Aerlal/Liquid
emissions _ emissions | . emissions . emissions

Figure 3 Schematic diagram of the reprocessing step of Spent Nuclear Fuel
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Abstract

Static lattice simulations of PuO2 have been performed using the GULP (General Utility Lattice Program) code in
combination with interatomic potentials available in the literature. Simulation results include intrinsic defect energies
and mechanical properties of PuO2, which have been used to select the most appropriate analytical form of the short
range potential for further refinement by empirical fitting. The fully ionic model incorporating the core-shell model as
used by Read et al. (2014) [1] and Jackson et al. (1986) [2] in modelling PuO2 is shown to be the most appropriate. The
formation energies of intrinsic defects and binding energies of Frenkel pairs and Schottky defects have been predicted.
The Uchida et al. (2014) [3] partially ionic model has shown the greatest agreement with experimental data for the oxygen
Frenkel pairs. All of the potentials used predict that the formation of oxygen Frenkel pairs are energetically preferred to
plutonium Frenkel pairs in PuO2. Furthermore, they all predict that the formation of Schottky defects where the oxygen
ion pairs are further apart are marginally energetically preferred.

Introduction

Ageing mechanisms associated with the storage of PuO;
are poorly understood. The generation, stability and
mobility of fission products in addition to the role of the
surface oxide layer being key factors. Computational
modelling techniques employ robust interatomic
potentials derived from empirical fitting to
experimental data to predict bulk and surface structures
and their defect chemistry. The application of these
modelling techniques to the simulation of defect
chemistry provides valuable insight into furthering the
understanding of ageing mechanisms associated with
PuO2 at the atomic scale.

Computational techniques

Empirical interatomic potentials

The atomistic simulations presented here employ the
same methodology for the treatment of perfect and
defective lattices as employed in previous studies of
PuO; and UO; by Read et al [1], [4]. The atomistic
approach to modelling crystal structure and associated
properties involves the definition of interatomic
potential functions to simulate the forces acting
between ions and expresses the total energy of the
system as a function of atomic coordinates.

For actinide oxides, the calculations are
commonly formulated within a Born model
representation, with the total energy, V(ry)
partitioned into long-range Coulombic interactions and
a short-range analytical function, q)(ri]-) to model
interactions attributed to the repulsion between

electron charge clouds, van der Waals attraction, etc.
described by:

_ 4i4j -
V(rl]) - 4—1t80rij + ¢(ru) (1)
g_i and g_j represent formal ionic charges and r_ij the
interatomic distance. The short-range interaction
combines a number of components including non-

bonded interactions (electron repulsion and van der
Waals attraction) and electronic polarizability.

A number of standard analytical functions are
available for the non-bonded potential, but for ionic or
partially ionic materials the most commonly used is the
Buckingham form described by Eq. (2). The form of the
Buckingham potential may be justified from a
theoretical perspective since the repulsion between
overlapping electron densities, due to the Pauli
principle, takes an exponential form at reasonable
distances.

—1s C::

o= agep( 7V =%

Eg. (2) contains a repulsive exponential and an
attractive term due to dipolar interactions with
constants 4;; p;; and C;; obtained via empirical fitting.
In this case, the total potential is called a ‘Born-Mayer-
Huggins’ (BMH) potential. From surveying the
literature, a range of models for the PuO2 potential have
been published. These are broadly classed as either fully
ionic (full formal ionic charge) or partially ionic models.
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The core-shell model

To model polarisation of ions, a simple core-shell model
developed by Dick and Overhauser (1958) [5] has been
widely and successfully used in atomistic simulations of
UO2 and PuO:2 and indeed many other ionic oxides by
Lewis and Catlow (1985) [6]. In the core-shell model, a
core and a massless shell are connected by a spring. The
core usually contains all the mass of the ion and the total
electronic charge of the ion comprised of the core and
shell charge, as shown in Fig.1. lllustration of the core
and shell connected by a ‘spring’ of spring constants k,
and k,. q. and g are the electric charges of the core
and shell respectively [7].

shell

core o

d AN @

KoKy

Fig.1. lllustration of the core and shell connected by a ‘spring’ of
spring constants k, and k,. q. and g, are the electric charges of the
core and shell respectively (7.

The short-range interactions act on the shell,
whilst the long-range Coulomb potential acts on both
the core and the shell. The free-ion polarizability is given
by

a=% 3)

k is the harmonic spring constant, a variable parameter,
and qZis the shell electric charge. The potential
associated with the interaction between the core and
the shell is given by [4]

V() = kor? + kyrt ()

r is the radial separation between the core and shell. k,
is the harmonic spring constant and k,is the
anharmonic  spring constant, for anharmonic
interactions between the core and the shell [4].

The available potentials for PuO2 were
implemented in GULP to investigate mechanical
properties and intrinsic defect energies. By comparing
to reported data, the most suitable analytical form of
the potential is chosen. Only one partially ionic model
by Uchida et al. (2014) [3] gave required defect energy
optimisation in GULP, and four full ionic models were
successfully used, with only one presented here by Read
et al. (2014) [1] and Jackson et al. (1986) [2]. The
analytical form of the potentials are very different for
the 0-0 interaction, but both are of BMH type for the
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Pu-O interaction, although a Morse potential is used by
Uchida et al. [3] in which partial charges of 56.5% are
assigned to ion cores, whereas in the fully ionic model,
full formal charges are assigned to the ions, modelled
using the core-shell model.

° Plutonium cation
° Oxygen anion

Y 96€°S

—— Coulomb potential

Total potential

Pauli exclusion term

V (eV)

Fig.3. Pu-O interatomic potential by Read et al. (2014) (3, where the
C;; parameter is set to zero to avoid unphysical divergence of the
total potential as the interatomic separation tends to zero.

450

400

350

200 = Coulomb + Pauli exclusion term
250 — Coulomb + 5th degree polynomial

V(ev)

200 Coulomb + 3rd degree polynomial

150

Coulomb + Dispersion term

100

r(d)

Fig.4. 0-0 Buckingham ‘four-range’ potential by Jackson et al. (1986)
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Fig.5. Pu-0O interatomic potential by Uchida et al. (2014) 3,
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Crystal properties

GULP has been used to determine a range of crystal
properties, including structural, mechanical and optical,
which are used to guide choice on the most appropriate
analytical form of potential for empirical fitting. These
properties are predicted from the potential e.g. elastic
constants, which are a measure of the materials
response to deformation, given by (g

Cij= %( v ) (5)

6sias]-

V is the volume, U is the internal energy and
g and g represent the strains in the orthogonal
directions labelled i and j. In a cubic crystal, there are
only three unique elastic constants of C;1, C;, and Cyy
1. These elastic constants are used to determine other
mechanical properties such as bulk, shear and Young’s
moduli.

Defect formation energies

In GULP, the well-used Mott-Littleton method [9]
was used to calculate defect formation energies. There
is a two-region approach in the lattice, where regions
surrounding the defect are allowed to relax in response
to the defect. This is shown in Fig.6. lllustration of
regions | and lla surrounding a central defect in the
Mott-Littleton method [4]. The inner region | is relaxed
explicitly, with the ions being most perturbed by the
defect. In region lla, the ions experience a harmonic
potential. Outside these two regions is region Ilb where
it is assumed the ions experience a Coulomb interaction
only with the defect, which extends out indefinitely in
an infinite lattice, but is excluded in the defect energy
calculation.

!ele(l

Region |

_ Region lla

Fig.6. lllustration of regions | and lla surrounding a central defect in
the Mott-Littleton method [4].
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Results and Discussion

After surveying the literature, available
potentials were used in GULP to predict properties of
PuO: and intrinsic defect energies. There were four sets
of potentials of full ionic type and one set of partially
ionic type implemented in GULP. The range of predicted
properties of PuO2 consist of structural, mechanical and
optical properties. The intrinsic defects modelled
consist of oxygen and plutonium Frenkel pairs and
Schottky (tri-vacancy) defects. All simulation results are
compared with experimental values to select the most
appropriate analytical form of potentials for PuO..

Crystal properties of PuO;

Table 1. PuO; crystal structural and mechanical properties.

Potential Property Calculate  Experimental %
s by d deviation
Read et Lattice
al. constant:
(2014) a, (A) 5.39812 5.39819° 0.001
wand Elastic
J_ackson constants
etal. (GPa):
(1986) Cu 408.6 430.6° 5.12
(&) 130.2 128.4° -1.41
2 Cas 67.301 67.3° -0.002
Bulk
modulus, B 223.0 178.0¢ -25.28
(GPa)
Uchida Lattice
etal. constant:
(2014)  a, (A) 6.95295  5.39819° -28.80
31 Elastic
constants
(GPa):
Cu 103.7 430.6° 75.92
Ci2 55.5 128.4° 56.74
Caa 33.7 67.3° 49.93
Bulk
modulus, B 71.6 178.0¢ 59.78
(GPa)

Ref [10], b- Ref [11], c- Ref [12].

Table 2. PuO, optical properties.

Potential Dielectric  Calculated Experimental %

s by constant deviation
Read et Static, &, 15.92 19.27° 17.39
al. (2014)  High
mand frequency
Jackson , €0 3.23 3.00 -7.52
etal.
(1986) 121
Uchida et  Static, g, 2.27 19.27° 88.23
al. (2014)  High
3 frequency

, € - 3.0° -

a- Ref [11], b- Ref [13]
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Comments

It is clear from the above that the potentials by
Read et al. (2014) [1] and Jackson et al. (1986) [2],
which are fully ionic incorporating the core-shell
model, is far superior to the potentials by Uchida et al.
(2014) [3] which is a partially ionic model where there
are only ion cores with partial charge. From comparing
to other fully ionic models, this particular model gives
the closest agreement with experimental data of
crystal properties of PuOa..

Intrinsic defect energies in PuO;
Oxygen and plutonium Frenkel pairs

For the oxygen Frenkel pairs, the interstitial

position was fixed at position (%,%,%), whilst the oxygen

1 11

positioned at (_Z’_Z’Z) and

(—i, —%, —i) for ‘O F.P.1." and ‘O F.P.2." respectively.
There was only one plutonium Frenkel pair simulated,

1 1
27

vacancy was

where the plutonium interstitial is at position (%,

and the plutonium vacancy is at position (0,0,0).

Table 3. Defect energies of oxygen and plutonium Frenkel pairs in
PuOa..

Poten

o

o

Reporte

OF.P.1.

OF.P.2.

PuF.P.

Repo

PuF.P.

tials F.P. F.P. d E{) B.E.per B.E.per E,IJ per rted B.E.per
by 1. 2. per defect defect defect E{z defect
Ef Ef defect (ev) (ev) (ev) per (ev)
per per (ev) defec
defe defe t (eV)
ct ct
(ev) (ev)
Read et 212 207 136 054 059 7.87 7.595° -
al. 2
(2014) 1.46h, 2.
yand 1.74 16
Jackson
etal.
(1986);
1
Uchid 1.73 1.86 1.36- -0.54 -0.41 5.48 7.595°

aet
al.
(2014
lw

1.46°,
1.74°

a - Ref [14], experimental data on oxygen diffusion, b — Ref [15],
DFT+U method.

Schottky defects

Three Schottky defects were simulated, each differing
by the position of an oxygen vacancy as shown in Fig. 7.
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Fig.7. PuO: unit cell showing the three unique Schottky defects,
varying with the position of the second oxygen vacancy.

Table 4. Defect energies of Schottky defects in PuO..

Potenti Schottky]  Schottky  Schottky  Reported Schottky  Schottky Schottky
als by 1,5{,,,2, 15{' 35{‘,.2, E‘f,per 1B.E. 2B.E. 3B.E.
defect per defect defect(ev)  per per per
[ev) defact (V) defectfe  defect defect
[ev) v) (V) (ev)
Read et 152 193 211 2503 161 161 149
al. [2014)
Juyand
Jackson et
al
(1388);.
Uchida 171 173 204 2503 238 -2.30 -2.05

etal.
(2018)

2]

b — Ref [15], DFT+U method.
Comments

For the oxygen Frenkel pair defect formation
energies, the potentials by Uchida et al. (2014) [3] gave
closer agreement with the reported values than the
potentials by Read et al. (2014) [1] and Jackson et al.
(1986)[2] indeed other potentials investigated.
Nevertheless, both the potentials overestimate the
experimental values. It is clear the formation of oxygen
Frenkel pairs is energetically preferred than for
plutonium. For the Schottky defect energies, the
potentials predict marginal differences for the three
types simulated. There is an agreement that the
‘Schottky 3’ is least energetically preferred, which is due
to the higher interaction energy (primarily electrostatic)
between the oxygen ion pair, as the oxygen ions are
closest together in this configuration.

Conclusions and Future Work

From the static lattice simulations, the most appropriate
analytical form of potentials has been chosen to be a
fully ionic model using the core-shell model, as the Read
et al. (2014)[1] and Jackson et al. (1986) [2] potentials
for PuO2 gave generally the closest agreement with
experimental data for PuQOa. It is clear that these
potentials give a robust description of the PuO: crystal
lattice, as expected from their derivation. Consequently,
this will be the form used in deriving a new PuO>
potential by empirical fitting. This will be achieved by
using a fitting code, and using relevant and recent data
on PuO: to refine potential parameters. Once derived,
the potential will be further validated by experimental
data and it will be applied in future modelling
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techniques, such as molecular dynamics simulations.
Other common oxides of plutonium may also be
investigated such as Pu20s. In addition to using GULP,
the molecular dynamics program DL_POLY and the
surface simulation program METADISE will be used to
investigate the defect chemistry and radiation damage
in PuOy, both in the bulk lattice and at surfaces.
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Abstract

Nuclear safeguards is the discipline that ensures that civilian nuclear installations are not being misused to pursue
weapons and that associated materials are not diverted to illegal usage. The well-established techniques for verifying this
include passive/active radiation monitors using one of several detection methods including gamma-ray tomography,
neutron coincidence counters using He-3 detectors and the Cherenkov viewing device etc. Each method has its benefits
but individual limitations too. Additionally, the development of advanced fuel-cycle material, such as mixed-oxide (MOX)
fuel has indicated further limitations of existing safeguard techniques due to presence, for example, of multiple actinides
acting like neutron sources having signatures comparable to plutonium. A solution to this can be achieved by using liquid
scintillation detectors (LSD) for fast neutron multiplicity analysis or coincidence counting. These detectors are sensitive
to both fast neutrons and gamma radiation. The primary advantage of using such detectors is that they enable an
extremely short gate time (three orders of magnitude lower than He-3 detectors) to be used, allowing reduced accidental
coincidences and thus being able to detect higher orders of multiplicity.

This studentship is supported by the National Nuclear Laboratory as part of the EPSRC DISTINCTIVE consortium along
with Lancaster University with the aim of (i) identifying the multiplicity distribution of a sample in real-time using liquid
scintillation detectors to discriminate between different isotopes and (ii) exploiting (a, n) reactions to distinguish the
uncorrelated events from the correlated neutrons. This report primarily focuses on the design and development of a real-
time system capable of the rapid data processing needed to this end. This is required due to the very short pulse length
(in the order of 50-70 ns) originating from LSD when radiation is detected. Moreover, considering practical geometry of
an experimental setup (i.e. several rings of detectors surrounding a source within a radius of 50-100cm) and the high
speed at which fast neutrons travel, it is expected that fission neutrons will theoretically arrive at the detector after within
20 to 40 ns of the fission event taking place. Hence it is imperative that the system is capable of sampling the detector
response at 200 MHz or higher. This feat was achieved utilizing a platform based on System-on-Chip Field-Programmable
Gate Array (SoC—FPGA) which combines a dual-core Cortex-A9 embedded core with a FPGA fabric using a high-bandwidth
interconnecting link. The system is capable of constructing neutron coincidence distributions in real-time by sampling up
to 16 detectors every 5 ns over a user-defined gate-width or coincidence window. This distribution can then be unfolded
to carry out neutron multiplicity analysis.

Introduction difference in experiments using liquid scintillation
detectors has the potential to assist in the identification

During spontaneous and induced fission a significant of the elemental composition of a sample of nuclear

number of neutrons are produced that are difficult to

material.

distinguish from one another. For neutrons, the number

may range from zero to ten while photons often exhibit In theory, neutron multiplicity analysis refers to
a wider range in multiplicity. This distribution of number counting the number of neutrons that are emitted per
of emitted particles, while being a statistically-random fission event. However, since it is rarely possible to
event, is called the neutron multiplicity distribution [1]. associate detected neutrons with their particular fission
Figure 1 shows the multiplicity distributions of a number event, the number of neutrons that are detected within
of fissioning isotopes. It is clear that isotopes of a specified interval of time (also called the gate-width or
individual elements (i.e. Pu-238, Pu-240 and Pu-242) do detector window) is determined in order to construct a
not vary a great deal in this respect. However, coincidence distribution. This method is often referred
comparing different elements (i.e. plutonium versus to as neutron coincidence counting. Although there are
curium versus californium) indicates that these several methods [2] of detecting multiplicity from such
distributions are quite different. Identifying this neutron coincidence distributions, the primary focus is



usually the Rossi-a Method [3] as per the discussion of
this work.
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Figure 1 Multiplicity distribution from MCNP6
simulations

The Rossi-a Method allows direct observation of the
behaviour of fission neutrons following a fission event
by measuring the time distribution of neutron pulses
following every triggering pulse [3]. This exploits the
fact that the probability of having one fission event
followed by multiple neutron detections within a small
time interval can be divided into two components: (i)
real counts or neutrons from a given fission event and
(ii) accidental counts associated with neutrons from
other sources or that have been scattered in the
environment. Although this is a well-established
method that is used with He-3 detectors [4], the
difference in physics of detection of radiation between
He-3 and liquid scintillation detectors, the requisite
electronics and the unfolding methodology needed to
use it with liquid scintillation detectors must be
revisited.

The studentship supported by the National Nuclear
Laboratory on this topic is part of the EPSRC
DISTINCTIVE consortium along with Lancaster University
with the aim of (i) identifying the multiplicity
distribution of a sample in real-time using liquid
scintillation detectors to discriminated between
different isotopes and (ii) exploiting (a, n) reactions to
identify the uncorrelated events from the correlated
neutrons. This report aims to outline progress in the
development of a system capable of determining the
multiplicity of fissile materials using LSD in real-time.

Methodology Details
Implementation

The Rossi-a method was implemented in Altera DE1-
SoC Development Board. This board was chosen for the
high speed and flexibility of Field-Programmable Gate
Array (FPGA) needed to implement the digital circuitry
and also to take advantage of the dual-core ARM
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processor to send data from the device to a host
computer avoiding any bottleneck in data acquisition.

Figure 1 (Top) The signals MFA are connected to the brown PCB
referred to as 'signal hub' which is connected to the DE1-SoC kit
which is controlled by the laptop. (Bottom) Experimental setup,

with a Cf-252 source inside the steel tank.

The assay utilizes 4-channel real-time mixed-field-
analysers (MFA) which are capable of driving two TTL
outputs per channel, each indicating if a neutron or
gamma ray was detected. The reasons for this choice of
device for the project are the following advantages: (i)
integration of multichannel processing in one self-
contained portable unit driven by the same clock of 250
MHz and (ii) evidence of real-time coincidence assay of
plutonium with an assessment of the limiting mass
uncertainty achieved with four-channel system. Four of
these MFAs were connected in parallel to 15 E-309
liquid scintillators in an assay, providing real-time PSD
results. These 16 TTL outputs were compiled together in
a “signal hub” and were fed into a field-programmable
gate array (FPGA) using 16-bit wide general-purpose
input-outs (see Figure 2 (top)). To minimize
development time, Altera DE1-SoC Development Kit
was used. The device integrates both a FPGA and a dual-
core ARM processor in the same fabric using high-speed
interlink for fast data transfer. The FPGA samples the
input at 200 MHz (once every 5 ns) and implements



noise dampening techniques to filter out any
undesirable fluctuation from the cabling and the signal
hub. The neutron coincidence distribution is then
constructed using a one-shot circuit [1] based on a gate-
width which is defined by the user via 8-bit sliding-
switch that gives an effective range of 5 ns to 1270 ns.
Additionally, raw signal data along with timestamp
information is transferred to the ARM core which uses
the information to construct a Type | Rossi-a
distribution. These distributions are then transferred to
a host computer or laptop using a 1 Gbps Ethernet
connection. The host computer runs a program which
receives the data, displays the results and saves the
data.

Experimental Setup

In order to test the system, experiments were
conducted at Lancaster University which houses a Cf-
252 stored inside a steel water tank, as shown in Figure
2 (bottom). When the source is brought to the edge of
the tank so as to expose it to the surroundings, it gives
off a large number of correlated counts, spitting out 107
neutrons per second. This source was exposed to 15
detectors which are connected to the prototype assay
detection of large number of correlated events. Using
the prototype assay, the foreground coincidence
distribution as well as the Rossi—a were then computed
using both neutron-only and joint (gamma & neutron)
signals. This setup is labelled as Exp1-neutron and Exp1-
joint.

Results
4
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Figure 3 Rossi-a (Top) distribution from Exp. 1 for both
neutron-only and joint signals. The a values from Equation 1
for the three set of experiments are 0.3546, 0.1104 and
0.1551, respectively.

Figure 3 is illustrates the Rossi—a distribution for Exp1
for both Joint and Neutron signals, in addition to the
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simulation results for Neutron signals only. Both Exp1-
Neutron and Sim-neutron follow the same trend, with
the only difference being lower delta-t due to the fact
that the simulation does not take into account detector
dead-time correctly.

Figure 4 illustrates the foreground coincidence
distribution for Expl and Exp2 for both Joint and
Neutron signals using a gate-width of 50 ns.

10

=3
ra

Count Rates
S
=

Exp1-Neutron  Exp2-Neutron Exp1-Joint Exp2-Joint Exp1-Sim

Figure 4 Foreground Neutron coincidence distributions for
both neutron-only and joint signals.

Conclusions and Future Work

The project is progressing well. The major research
undertaken during the period has been the
development of the multiplicity register. Listed below
are some of the plans for the upcoming six months:

1. Carry out experiments using sources.
2. Build an assay to accommodate waste drums.

3. Unfolding of the distribution
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Abstract

We have developed a method which enables direct gravimetric measurement of water adsorption onto CeO2 thin films.
Porous CeO2 films were fabricated from a surfactant based precursor solution. The absorption of water onto the CeO2
coating at different relative humidities was studied in a closed reactor. Quartz Crystal Microbalance (QCM) gravimetry
was used as a signal transducer, as changes in crystal resonant frequency due to absorbed mass are directly and linearly

related to mass changes occurring at the crystal surface.

Introduction

The product of approximately 50 year’s civil
nuclear fuel reprocessing, about 100 tonnes of Pu
are stored at the UK Sellafield site alone. With
minor differences, the storage system is very
similar to the US approach (DOE standard:
stabilization, packaging, and storage of
plutonium-bearing materials, DOE-STD-3013-
2012, Washington, D.C., 2012). Specifically, the
general form of this Pu is as calcined plutonium
dioxide (PuO2) powder usually contained within a
series of nested stainless steel cans with the outer
can welded to maintain storage integrity,
although the characteristics of UK PuO,,
predominantly derived from the Magnox and
THORP reprocessing plants, are somewhat
different from US PuO.. Current UK plans are to
store in cans long term for several decades with
the UK Nuclear Decommissioning Authority (NDA)
estimating UK Pu stocks will remain in storage for
at least 30-50 years, and possibly until 2120.[1]
Whilst PuO; is also produced from reprocessing
operations in e.g. France, storage times are
generally much shorter before incorporation into
MOX fuel. Thus, the UK situation is unique in
relation to PuO; characteristics, expected
duration of storage and amount stored.

Under certain circumstances, Pu stores have been
observed to cause gas generation within the can
and consequent pressurisation of the storage
package. This comprises one of the most serious
fault scenarios that must be considered in the
safety cases for long term PuO; storage and
avoided in practice. Whilst empirically or
phenomenologically derived criteria are used to
maintain safe storage conditions, the
fundamental mechanisms that lead to
pressurisation are poorly understood, although
samples withdrawn from can headspaces indicate
that the gas is oxygen deficient with a high
hydrogen content. 5 main routes to gas
production have been suggested:

¢ Helium accumulation from alpha decay;

* Decomposition of polyethylene packing
material;

e Steam produced from adsorbed water during
self-heating of cans;

e Radiolysis of adsorbed water;

* Generation of H, by chemical reaction of PuO,
with H,0, also producing a postulated PuOj.x.



Methodology

Water adsorption on PuO; has previously been
investigated by measuring headspace pressure, as
a function of temperature within a closed system
containing a fixed quantity of PuO, in the
presence of varying amounts of deliberately
added water [2].

This involves making a number of assumptions
relating to the pressure-volume-temperature
behaviour of the headspace of the closed system,
usually based on the behaviour of an ideal gas, in
order to estimate the mass of water adsorbed at
the PuO, surface. Assuming ideality at high
temperatures and pressures is problematic and,
at best, only gives an indirect measurement of
water adsorption on PuO,. Water adsorption on
PuO; has also been investigated as a function of
relative humidity at 25°C [2-4], These studies,
however, were not carried out at the high
temperatures that can exist within a THORP
derived plutonium dioxide storage containers,
with Pu238 having a high thermal output of 560
W/kg. Thus, there currently exists a gap in the
knowledge regarding the exact mass of water
which adsorbs on PuO, powders in the closed,
heated conditions within a PuO, storage
container.

Ceria (Ce0;) is widely used as a non-radioactive
PuO; surrogate due to its oxidation state, ionic
radius and fluorite crystal structure. We have
proposed to deposit thin films of ceria onto piezo-
active crystals and use QCM methodology to
directly measure any mass changes under a range
of temperatures and humidities. The mass
changes, combined with accurate measurements
of surface area, can then be used to calculate the
amount of water adsorbed onto the ceria surface
and the thermodynamic requirements for its
desorption [5].

Thin films of ceria and urania have been deposited
onto piezo-active crystal wafers through spin-
coating precursor salt aqueous solution followed
by calcination. Scanning electron microscopy and
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x-ray fluorescence was used to determine the
thickness and roughness of the layers produced.
The coated crystals were mounted within the
pressure vessel using a custom made crystal
holder which exposed both faces of the crystal to
the pressurized environment of the vessel, so
preventing breakage. The holder had a maximum
operating temperature of 200 °C and was
constructed of PTFE.

The change in mass resulting from deposition or
desorption of water onto or from the metal oxide
coating could then be directly measured by
Quartz Crystal Microbalance (QCM) methodology.
This is a well-established gravimetric device that
measures the change in resonant frequency of a
piezo-electrically active crystal as mass is added or
removed from the surface. The linear relationship
between frequency shift and mass change on the
crystal surface is described by the Sauerbrey
Equation.

Results and Discussion

Measurement of the mass changes using the
above methods was performed in a sealed
pressure reactor, allowing control of the
temperature, pressure and humidity. A number of
studies were undertaken that allowed the
adsorption of water to be measured under a
variety of real-world applicable conditions. The
crystals employed in the initial ceria model studies
were SiO; quartz, and evince a cubic temperature-
frequency relationship.



Ceria

A
40 nm thick

250 um

Figure 1. SEM of a CeO; coated (40 nm thick) quartz crystal.

Initial experiments at room temperature (21°C)
showed that water was absorbed onto the ceria
surfaces over a period of about 12 hours from
saturated humit atmospheres (fig. 1).

Crystal 1
Crystal 2
Crystal 3
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Figure 2 Graph showing the reduction in frequency of a CeO: coated
(40 nm thick) quartz crystal due to adsorption of water.

Variation of the temperature (and hence the
relative humidity) allowed the surface area and
the number of monolayers of water to be
calculated using the BET equation.
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Figure 3 Graph showing the absorption of water onto a CeO: coated
(40 nm thick) quartz crystal at different humidities.

Urania

Urania (U3Og) thin films approximately have been
synthesised on GaPO, crystal electrodes, which
have a linear temperature-frequency correlation,
allowing more accurate measurement of the
frequency (and hence mass) changes at higher

temperatures.

Figure 4. SEM of a U30s coated (40 nm thick) GaPOs crystal.

QCM measurments indicate about 18 ug of urania
is deposited, which would be equivalent to a 28
nm thick layer. XRF measurments of the layer
thickness give an average thickness of
approximately 42nm (fig. 5), indicting a porosity
of 35%.



Figure 5. XRF map of a UsOg coated (40 nm thick) GaPOas crystal.

Conclusions and Future Work

CCeria and Urania thin films have been
synthesised on piezo-active crystals, and their
thickness and porosity measured. Absorption of
water onto these surfaces is ongoing. Subsequent
to this optimisation and validation of the initial
results, the experimental set up will be
transferred to the National Nuclear Laboratories
at Sellafield. These facilities will allow the use of
radioactive plutonium oxide and investigation of
its interactions with water.
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Abstract

The interactions between water and the actinide oxides UO2 and PuO; are important when considering the long-term
storage of spent nuclear fuel. However, experimental studies in this area are severely limited by plutonium’s intense
radioactivity, and hence we have recently begun to investigate these interactions computationally. In this summary we
report the results of first principles calculations of the interaction of water with UO2 and PuOz. Strongly-correlated
effects are taken into account using a Hubbard corrected potential, which enables us to perform efficacious plane-wave
density functional calculations of extended systems. In particular, we compare results of water adsorption on UO2 (111)
and PuO2 (111) with the corresponding results on CeO, focusing on the energetics and structural properties of
molecular versus dissociative adsorption, for both partially and fully covered surfaces.

Introduction

One of the problems with nuclear energy is the long
term storage of nuclear waste, spent nuclear fuel and
the products of fuel reprocessing. Our particular
project concerns the civilian stores of highly
radioactive plutonium dioxide. Presently, the UK’s PuO>
is stored as a powder in stainless steel storage
containers, while the government decides its long term
fate. However, some of these steel containers have
started to buckle, leading to the hypothesis that gas
build up, possibly from water vapour due to desorption
or the production of hydrogen gas due to the radiolysis
of water, causes some of the containers to pressurize.
We are exploring these suggestions computationally.

Methodology Details

The calculations were performed using VASP 5.4.1 [1-
4], a plane-wave DFT code using Projector-Augmented
Wave (PAW)-pseudopotentials [5, 6] to describe the
ions and employing Monkhorst-Pack (MP) [7] grids for
the k-space integration. All calculations used a plane
wave cut-off of 650 eV and a MP-grid of 5x5x1 k-points
for the Brillouin zone sampling. The generalized
gradient approximation of Perdew, Burke, and
Ernzerhof (PBE) [8, 9], with a Hubbard correction [10,
11], was used for the exchange-correlation. The
surface is constructed using a repeating slab of 16 - 24

AnO:> units arranged in four or six layers with 18 A of
vacuum between each slab.

Results and Discussion

The AnO: (111) Surface

Figure 1 Single water molecule adsorbed molecularly on the 2 x 2
UO; (111) surface, yielding a coverage of 25%, i.e. % of a monolayer.
U atoms in grey, oxygen in red and hydrogen in white.

A ball-and-stick representation of the (111) surface at
low coverage is shown in figure 1. The calculated
adsorption energies of molecularly and dissociatively
adsorbed water on U0z (111) and PuO2 (111) is shown
in table 1 below.
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System 0.25 0.5 0.75 1.0
ML ML ML ML
UO2 + H20 -0.36 | -0.51 | -0.52 -0.49
UO2+OH +H -0.44 | -0.40 | -0.26 -0.13

UO2 + H20 [12] -0.61 | N/A N/A -0.60

UO, + OH + H [12] -0.68 | N/A N/A -0.32

PuO2 + H20 -0.40 | -0.47 | -0.46 -0.44

PuO2+OH +H -0.32 | -0.29 | -0.21 -0.07

CeO2 + H,0 [13] -0.56 | -0.60 N/A -0.57

CeO2+OH+H[13] | -0.59 | N/A N/A -0.15

Table 1 Water adsorption energies (eV) per molecule on the UO;
(111) and PuO; (111) surfaces, with results for UO, from Bo et al. [12]
and for CeO; from Molinari et al. [13].

Corresponding data on UO2 from Bo and co-workers
[12] and on CeO: from Molinari and co-workers [13]
are shown for comparison, and selected interatomic
distances are shown in table 2.
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representation of the (110) surface at low coverage is
shown in figure 2.

Figure 2 Water adsorbed on the 2 x 2 UO; (110) surface, yielding a
coverage of 25%, i.e. % of a monolayer. U atoms in grey, oxygen in
red and hydrogen in white.

Calculated adsorption energies for molecularly and
dissociatively adsorbed water on UO2 (110) and PuO:
(110) are shown in table 3 below.

System 0.25ML | O.5ML | 1.0ML
U0 + H,0 -0.93 -0.74 -0.65
UO2+0OH+H -1.39 -1.05 -1.00
PuO: + H20 -0.29* -0.73 -0.75*
PuO2+OH+H -0.03* -0.94 -0.91
CeO2 + H20 [13] -0.85 -0.76 N/A
CeO2 + OH + H [13] -1.12 -1.00 -0.21

Distance | UO:(111) Uo: PuO: CeO2
(R) (0.25 - (111) (111) (111)
1.0ML) | (0.25- | (0.25- | (0.25-
1.0ML) | 1.0ML) | 1.0 ML)
[12] [13]
Hw — O1s 1.96 - 1.66 2.00 - 1.99 -
2.28 2.23 2.13
Anis / 2.62 - 2.60— | 2.62- 2.62
Ceis — 2.69 2.73 2.68
Ow
Ans/ 2.18 - 229- | 2.20- 2.22
Ceis — 2.26 2.36 2.26
OwHw
Anis / 2.33- N/A 2.30- 2.41
Ceis — 2.44 2.43
O1sHw
O1sHw — 1.61— N/A 1.57 - 1.65
OwHw 2.39 2.29

Table 2 Selected interatomic distances for molecularly and
dissociatively adsorbed water on the UO: (111) and PuO: (111)
surfaces at coverages from 0.25 to 1.0 monolayers, with results for
UO; from Bo et al. [12] and for CeO2 from Molinari et al. [13]. Hw and
Ow denote the hydrogen and oxygen atoms belonging to the water
molecule whereas Anis/Ceis and Ois denote the outermost surface
atoms.

Comparing the data, we find close similarity between
Ce02 and UO2/Pu0, particularly at full coverage. This
strengthens the idea of using CeO2 as a non-radioactive
analogue of the actinide oxides for experimental water
adsorption studies.

The AnO: (110) Surface

We have recently started work on the (110) surface.
This surface is more featured compared to the (111)
surface which forces us to increase the slab size to six
layers and adsorb on both sides of the slab to improve
symmetry and avoid dipole effects. A ball-and-stick

Table 3 Water adsorption energies (eV) per molecule on the UO;
(110) and PuO; (110) surfaces, with results for CeO2 from Molinari et
al. [13]. The starred results are work in progress, and subject to
change.

Corresponding data on CeO: from Molinari and co-
workers [13] are again shown for comparison, and

selected interatomic distances are shown in table 4.

Distance U0 (110) PuO:(110) | CeO:(110)

(A) (0.25-1.0 | (0.25-1.0 | (0.25-1.0

ML) ML) ML)

[13]

Hw—O01s | 2.13-2.26 | 2.14-2.21 2.07

Anis / Ceis 2.73 2.72 2.67

- Ow

Anss / Cess 2.15 2.12 2.14

— OwHw

Anis/Ceis | 2.44—-258 | 2.44—-2.49 | 2.48-2.58
— O1sHw

O1sHw — 3.11 3.05 1.92
OwHw

Table 4 Selected interatomic distances for molecularly and
dissociatively adsorbed water on the UO (110) and PuO: (110)
surfaces at coverages from 0.25 to 1.0 monolayers, and results for
CeO> from Molinari et al. [13]. Hw and Ow denote the hydrogen and
oxygen atoms belonging to the water molecule whereas Anis/Ceis
and Oxs denote the outermost surface atoms.




Comparing the data, we again find close similarity
between CeO: and UO2/Pu0O2, with the added
observation that unlike the (111) surface, there is a
clear preference for dissociative adsorption at all
coverages on the (110) surface, supporting the idea of
a fully hydroxylated surface.

Conclusions and Future Work

Water adsorption energies and distances on the UO:
(111) surface look very similar to previous work by Bo
and co-workers, increasing confidence in the validity of
our computational approach. Moreover, the resulting
adsorption energies and distances on the AnO: (111)
and (110) surfaces also compare well with
corresponding values on CeO., particularly at full
coverage, strengthening the notion that CeO: can be
used as an actinide oxide analogue.

Moving forwards, we will continue to study water
adsorption on the (100) surfaces of both actinide
oxides, before progressing to more complex systems
such as reduced surfaces.
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Abstract

A quantity of plutonium dioxide powders in storage at the Sellafield site in Cumbria has become contaminated with
chloride ions from the degradation of polyvinyl chloride (PVC) within the package, along with moisture from the
atmosphere; chloride and water are thus adsorbed to the surface of PuO.. This “high chloride® PuO2 must be dried prior
to repackaging in welded cans for safe, long term storage. Therefore an interfacial study of water- and Cl’-contaminated
PuOz2 is essential to understand its properties and develop a treatment process. Due to difficulties in working with
plutonium, using analogues is important to optimise analytical techniques and to provide more complete predictions of
the probable behaviour of PuO2 in advance of plutonium-active experiments. This review summarises recent findings of
Cl-contaminated ceria (CeO:) as an analogue, using X-Ray Diffraction and Infrared Spectroscopy, lon Chromatography

and  Scanning/Transmission  Electron  Microscopy

Introduction

There are currently over 100 tonnes of PuO: stored at
the Sellafield site in Cumbria as the product of
reprocessing spent fuel from nuclear reactors. During
some of the early reprocessing operations between
1970 and 1975, powder production was placed into a
packaging system consisting of a screw top aluminium
inner container, inside 2 layers of PVC and placed into
an steel outer container. The PVC has degraded due to
the heat and radiation emitted by the PuO: and
contaminated around 5 tonnes of the PuO:2 with
chloride from the evolved HCl as well as adsorbed
moisture from the atmosphere. The leading option for
plutonium disposition in the U.K. is to re-use the PuO2
as a mixed-oxide (MOX) fuel for new-build nuclear
reactors, but it must be stored safely and securely in
the meantime. Repacking this material for interim
storage in welded cans in the new Sellafield Products
and Residue Store is planned but this requires meeting
specific conditions for acceptance (CFA); most notably
the material must be dried to meet a low loss on
heating (LOH) condition. Therefore understanding how
the material will behave when dried in a retreatment
plant as well as how Cl'—contaminated PuO: evolves
over time is necessary. Past experiments have revealed
a recalcitrant fraction of CI- within PuOz that cannot be
leached out under the conditions studied. It is ideal for
PuO. to have an oxidation state of 4+, which is
insoluble in water, so it will not leach as much as +5 or
+6 in groundwater. PuO: is both toxic and radiotoxic,

Energy Dispersive  Spectroscopy for analysis.

so using non-toxic analogues with the same oxidation
state and similar properties to PuO2, such as CeO,
ThO2 and UOg, is beneficial as it avoids dangerous and
expensive laboratory work.! Investigations on these
analogues should provide an insight into the expected
behaviour of contaminated PuO, particularly with
respect to physical effects, despite the fact that
plutonium will have radiological effects, which cerium
does not, and a different affinity for various oxidation
states in solid form (Pu (IV) exists in solid form and Pu
(111) in liquid, whereas Ce (lll) and (IV) both exist in the
solid phase). This project summary includes details of
recent results from X-Ray Diffraction (XRD), Infrared
(IR) Spectroscopy, Scanning Electron Microscopy-
Focussed lon Beam (SEM-FIB) and Transmission
Electron Microscopy-Energy Dispersive Spectroscopy
(TEM-EDS).

Methodology Details
CeO: synthesis

Cerium nitrate hexahydrate (0.0416 mol dm3) in nitric
acid (0.2 mol dm™3) and oxalic acid (0.68 mol dm™3) in
water were mixed together using the oxalate
precipitation method at 25 + 0.5 °C, filtered in vacuo
and washed with nitric acid (50 mL, 0.01 mol dm3) and
water (50 mL). The solid was collected on a PVDF
membrane (pore size 0.22 um) and air dried overnight,
producing cerium oxalate (white powder). This was
calcined at either 500 or 900 °C to produce CeO: of
High Specific Surface Area (HSSA, yellow powder) or



Low Specific Surface Area (LSSA, cream powder),
respectively.

Cl' contamination

A small vial containing CeO2 powder was put inside a
bigger vial containing HCI (~5 mL, ~37%). The big vial
was sealed and left for 7 days.

Analysis

XRD was measured on a Briicker D8Advance and
crystal sizes were calculated using Topas software, IR
Spectroscopy on a Thermo scientific Nicolet iS5, SEM-
EDS was done using an FEI XL30 ESEM-FEG and FIB-
TEM were carried out at Pacific Northwest National
Laboratory (USA).

Chloride was leached from the samples overnight,
using sodium hydroxide (0.1 mol L}). They were then
diluted x20, spiked with 0.05 mL fumaric acid and
analysed by ion chromatography (IC) (Dionex ICS-5000
Analytical IC), using the NaOH solution as a blank.

Results and Discussion
X-Ray Diffraction

Previous XRD results of CeO2 made by NNL showed no
extra phases appearing after Cl-contamination.
However, upon contamination of freshly made CeO., a
cerium chloride heptahydrate phase appears in the
sample bulk (Fig. 1), making the powder
heterogeneous. This behaviour is probably due to
different  contamination  conditions and  HCI
concentrations being used, compared to NNL's
synthesis.

| FOF D0-0340304 Ca 02 Carianita-(Ce), sy
1 FOF 010115 Ce CI2 - H2 O Cerum Chloride Hy

Courte

- I ! 1
. > P
ZTheta (Coupled TwoThela Thela) WL=1.54060

Figure 1 XRD pattern of Cl-contaminated HSSA CeO. (red Bragg
peaks = cerianite, blue = cerium chloride heptahydrate).

This is not the case for contaminated LSSA CeO: (Fig.
2), as no extra phases are detected in the bulk of the
sample. It behaves much like the samples made by
NNL.
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Figure 2 XRD pattern of Cl-contaminated LSSA CeO: (red Bragg peaks
= cerianite).

Infrared Spectroscopy
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Cl-contamination canfot be 2c??roectlyzf)cfe(z)tecteléocby IR%
spectroscopy. O-H peaWsavggHmc ergrﬁ/mb)e seen in the
contaminated spectra (Figs. 3 and 4) at ~3,300 (v) and
~1,600 (8) cm™. This suggests a link between CI
concentration (shown in previous X-Ray Photoelectron
Spectroscopy (XPS) results) and the amount of water

adsorbed, i.e. if Cl" is present on the surface of CeOQ,,



water will be as well, despite being contaminated with
conc. HCl vapour. Similar to the previous CI© XPS
results, the intensity of the contaminant water peaks
here is greater for the higher SSA particles (Fig. 3), as
more surface area is available for sorption relative to
volume. Si-O peaks are also present, due to
contaminating the samples using glass vials. HDPE
bottles will be used in future to prevent this occurring
again.

lon Chromatography

CI" has 3 forms when adsorbed to the surface of CeO»:
one volatilises as a gas upon heat treatment, one is
physically bound to the surface and leaches off in
caustic solution and the third is chemically bound and
does not leach off in caustic solution. lon
chromatography of the leachable CI" (Fig. 5) shows how
much difference surface area makes to the adsorption
of contaminants.

—a— HSSA
1500 - —+—LSSA

1000 +

500 4

Chloride {(ppm)

T T
Ce02 CeQ2+Cl

Sample

Figure 5 Concentrations of CI- leached from CeO: particles before and
after contamination by ion chromatography.

Similar to previous XPS and IR spectroscopy, IC shows
that the concentration of Cl increases dramatically
with surface area. It also proves that even though LSSA
Ce0: is exposed to concentrated HCl vapour, the
maximum amount of ClI" leached off is only 35.4 ppm
(far less that the HSSA value of ~1,360 ppm). This is
encouraging, as it means that particles of a lower
surface area (particles which are larger) are an
insignificant concern, compared to HSSA particles.
Performing IC on heat treated particles will provide
more information on whether this leachable fraction
volatilises off the CeO2 surface or remains bound to it.

Scanning Electron Microscopy-Energy Dispersive
Spectroscopy

Ideally, the CeO2 particles should have the same shape
as PuO:; (Fig. 6), in order to act as a true surrogate.
These PuO: flakes are hexagonal in shape at 5 um.
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Figure 6 SEM image of PuO; particles.?

However, the CeO:2 particles synthesised have more
irregular shapes at this scale (Fig. 7). There is also no
change in appearance between uncontaminated and
contaminated LSSA CeO2, which agrees with IC, that
hardly any ClI" has been adsorbed to make much
difference.




Figure 7 SEM image of CeO; particles (top = HSSA, middle = LSSA and
bottom = LSSA + CI).
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Figure 8 EDS spectrum of Cl-contaminated LSSA CeO..

Even though EDS is only being used as a qualitative
analysis technique, not quantitative, the amount of CI°
on the surface of contaminated LSSA CeO: is below the
limit of detection (LOD) of the instrument (0.1 %wt).

Transmission Electron Microscopy-Energy Dispersive
Spectroscopy

Images of heat treated HSSA CeO: (Fig. 9) from NNL,
where contaminated CeO2 has been heated at 900 °C
for 2 hours, show that the crystals have sintered and
are, in fact, hexagonal in shape (similar to PuO:
particles on a nano scale). This means that PuO, and
CeO: synthesised at high temperatures should behave
in the same way. The EDS spectrum also shows that
after contaminated HSSA CeO; has been heat treated,
the amount of CI" remaining on the surface is below the
LOD.
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Figure 9 TEM image (top) and EDS spectrum (bottom) of HSSA CI-
contaminated CeO; particles heat treated at 900 °C.

Conclusions and Future Work

An additional cerium chloride heptahydrate phase
(unseen in samples prepared by NNL) appears after
contamination in HSSA CeO2, suggesting heterogeneity,
but not LSSA. XPS can detect changes in CI
concentration, but IR spectroscopy only detects
changes in water, with a possible link between the two
contaminants. CI" on HSSA CeO: drops below the LOD
of EDS after heat treatment at 900 °C, but CI" on
contaminated LSSA CeO: (both on the surface and
leachable) is also below the LOD of EDS and only 35
ppm is detectable by IC.

Future work will involve contaminating CeO2 with a
range of HCl vapour concentrations and relative
humidities, followed by heat treatment. Analysis of
recent XPS results with in situ heating and Mass
Spectrometry will be performed, to detect volatilised
substances. The same experiments will be carried out
at ITU, Germany, using CeO2, ThO2 and UO: thin films,
fresh PuO2 from ITU and aged Magnox PuO: from
Sellafield.
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Abstract

Radiolysis of adsorbed water on the surface of PuO2 could lead to the build-up of potential detonable atmospheres of
Hz and O during long term storage of this product. This project aims to investigate the radiolysis of H2-O> mixtures to
determine the extent of recombination of these gases. This research was undertaken at the Dalton Cumbrian Facility
utilising ®°Co y rays and accelerated He?" ions as sources of ionising radiation. Gas chromatography was used to analyse

post-irradiated

Introduction

The UK currently has the largest stockpile of civil
separated plutonium in the world. It is a by-product of
reprocessing spent nuclear fuel from the UK’s fleet of
nuclear reactors [1]. The majority of plutonium is
stored at the Sellafield site as PuO; powder. There are
two product streams at Sellafield by which this powder
is formed. Magnox PuO:2 is obtained from spent fuel
from Magnox reactors which used uranium metal as
fuel, while PuO2 product from THORP is obtained from
spent fuel from AGR reactors, which use UO2 as the
fuel type.

The final stages of the finishing process for PuO:
powder is calcination at high temperatures (> 600 °C),
this ensures removal of organics and volatiles from
PuO.. The moisture content is required to be less than
0.5 wt.% before the product can go into storage, which
is in line with the United States Department of Energy
standard [2].

After calcination, the PuO: product is packaged in
multi-can containers. In the UK there are two designs.
Magnox PuO: is packaged in a screw top aluminium
can, placed inside a polyethylene bag and welded into
a stainless steel outer can. The atmosphere inside the
can is a 50:50 mix of argon and air. PuO: from the
THORP product line is packaged in a stainless steel
three can system with a pure argon atmosphere [3, 4].

The default option for this stockpile is long term
storage, with the Sellafield site plan suggesting the
material will be stored until the site end point in 2120.

samples.

Whilst in storage, the cans are a dynamic system. PuO:
and its radioactive daughters undergo decay and
generate heat. This environment will potentially lead
to chemistry occurring with the overlying headspace
and any adsorbed species on the oxide surface. A
number of processes may occur which could lead to
pressurisation of the cans and possible can failure.
Therefore an understanding of the radiation chemistry
of the gas phase in the presence of an oxide surface is
of importance.

One such process is the radiolysis of adsorbed water,
which could lead to potential detonable atmospheres
inside the storage canisters.

Methodology Details

Gas Mixing

A Dbespoke manifold has been designed and
commissioned to be able to mix various ratios of H2-O2
and Ar gas. The schematic is shown in Figure 1
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Figure 1: Bespoke gas mixing manifold made from 316-SS
Swagelok fittings



Irradiation Sources

A Foss Therapy Model 812 self-shielded irradiation
source is utilised to perform gamma irradiations. The
irradiator is capable of delivering a dose rate between
400 and 4 Gy min! depending on attenuation and
distance from the sources.

An NEC 5 MV tandem ion accelerator is utilised to
perform ion irradiation studies. The accelerator is
capable of delivering a beam of positive ions of light
charged particles (H* and He?") up to energies of 10
and 15 MeV respectively. Samples are placed at the
end of one of the accelerator’s six beam lines where
irradiations and/or analysis can be carried out in-situ.
In this research, 5.5 MeV He?* ions will be used to
simulate the a decay of plutonium-238.

Analysis

The GC used in this research is an SRl Instruments
Multiple gas analyser #1, equipped with a thermal
conductivity detector (TCD). The stationary phase isa 6
ft. long, 1/8 ” diameter packed column of molecular
sieve 13X beads. The mobile phase is high purity argon
(99.999% pure), specifically chosen to increase the
sensitivity of the instrument towards H»
measurements.

Results and Discussion

The following section details the results of radiolysis of
three mixtures of H2-O2-Ar gas. These mixtures are:

e Equal volumes of Hz2 and Oz (stoichiometry 5 :
5:90 H2-O2-Ar (by volume));

e Water stoichiometry of H2 and 02
(stoichiometry 5 : 2.5 : 92.5 H-O2-Ar (by
volume)); and

e 0 excess atmospheres (stoichiometry 2.5 : 5 :
92.5 H2-02-Ar (by volume))

Figure 2 details depletion of H: as a function of dose
using ®°Co y rays
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Figure 2: Results of gamma radiolysis of different
ratios of H,-O5-Ar illustrating H, depletion as a
function of absorbed dose

Table 1 outlines the calculated G (-Hz)-values for these
three systems and associated errors

System (H2-O2-Ar G(-H2) / Error
(by volume)) molecules 100 eV (Fs10pe)
5:25:925 4.66 +0.37

5:5:90 4.68 +0.13
25:5:925 3.81 +0.12

Table 1: Calculated G(-H,) values for several different ratios
of H,-0,-Ar gas using gamma radiation

These values are a similar order to those attained by
Dautzenberg [5]. The order of this system is still not
agreed upon in literature, with both zero and first
order kinetics discussed [5,6]. From the calculated G(-
H2) it is possible to apply a first order kinetic nature to
the results as depletion of Hz increases with increasing
initial H2 concentration, however the concentration of
02 also changes in these systems. The calculated G(-H2)
values in Table 1 do not increase in proportion to the
increase in Hz2 concentration therefore zero order is
also likely.

Figure 3 details depletion of Hz as a function of dose
using 5.5 MeV He?* ions.
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Figure 3: Results of HeZ* radiolysis of different
ratios of H,-O,-Ar illustrating H, depletion as a
function of absorbed dose




Table 2 outlines the calculated G(-Hz)-values for these
three systems and associated errors

System (H2-O2- G(-H2) / molecules Error
Ar(by volume)) 100 eV (Tsi0pe)
5:2.5:925 5.04 +0.72

5:5:90 4.76 +0.61
25:5:925 5.38 +0.46

Table 2: Calculated G(-H,) values for several different ratios
of H,-0,-Ar gas using HeZ* radiation

The G(-Hz) values calculated in Table 2 are of the same
magnitude as seen in Table 1 for gamma irradiations
indicating the depletion of Hz is independent of
radiation energy and type. The increased errors are
due to a reduced sample population.

Figure 4 is a compiled data set of Hz depletion data for
the three gaseous systems of interest utilising both
gamma and He?* radiation sources.
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Figure 4: Results of gamma and He?* radiolysis of
different ratios of H,-O,-Ar illustrating H, depletion
as a function of absorbed dose

From this figure it is clear that H: continues to be
depleted at high absorbed doses, with no steady state
between H:-O2 recombination and radiolysis of water
vapour being reached

Conclusions and Future Work

It is clear there is no Linear Energy Transfer (LET) effect
on this gaseous system as G(-Hz) values are
independent of radiation type. Hz2 continues to be
depleted at high doses indicating that the rate of H2-O2
recombination is faster than the rate of water
radiolysis as a steady state is not reached.

Inclusion of a metal oxide powder would provide a
better simulation of PuO2 storage canisters. This would
provide a better mechanistic understanding of the
system. Firstly inactive PuO: surrogates such as CeO:
and ZrO: should be utilised before experiments with
PuO2 powder could be undertaken.
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Abstract

Pyrochlore ceramic and zirconolite glass-ceramic wasteforms are the potential host phases for actinide disposition.
Composition — processing — structure relations in a series of pyrochlore related wasteforms (prototypically CaCeTi>07 and
CaUTi207) were investigated in this work, using Rietveld modelling of powder X-ray and neutron diffraction data and
analysis of Ce and U Ls edge XANES. An almost single phase Ce pyrochlore with composition of Cao.c0Ceo0.92Ti2.2707, was
synthesised and the first reliable structure determination made from analysis of neutron diffraction data (space group
Fd-3m, a = 10.1462(4) A). In addition, the synthesis of uranium betafite pyrochlore ceramics, was investigated at 1320°C
in flowing N2 from CaTiOs, TiOz, ZrO2 and UzOg as raw precursors. The betafite phase was obtained in high yield (> 85%)
and a mean uranium oxidation state of 4.31£0.1 was determined by U Ls edge XANES; all UsOg was incorporated into the

ceramic host phase.

Introduction

A wide range of ceramic matrices have been proposed
as potential candidates for the disposition of actinides
[1,2]. In particular, titanate ceramics with the
pyrochlore structure are promising matrices for the
immobilisation of plutonium, due to their chemical
durability and radiation tolerance [3]. In the present
work, cerium pyrochlore, prototypically CaCeTi.07, was
first studied as a model system for ceramic disposition
of Pu. Because of the size similarity between tetravalent
cerium (0.97 A, CN = 8) and tetravalent plutonium (0.96
A, CN = 8), cerium pyrochlore is a potentially useful
analogue ceramic wasterform from a crystallographic
viewpoint [4]. Targeting the single phase of cerium
pyrochlore, the chemical composition, crystal structure
and oxidation state of the as-prepared pyrochlore
products were investigated.

In addition, the preparation of synthetic uranium
betafite pyrochlore, prototypically CaUTi,0O7, was
investigated. Betafite ceramics were fabricated at waste
loading of 35 wt% and 45 wt%, using UsOs as the
uranium source. Metallic Fe and Ni was added to assess
the effect of an imposed partial oxygen pressure on the
wasteform phase assemblage and microstructure. The
mean uranium oxidation state was investigated to
understand the effect of chemical stoichiometry,
processing conditions, and metal additions on the role
of uranium as a charge balancing species.

Methodology Details

Preparation

Cerium pyrochlore samples were prepared by solid state
reaction between CaCOs3, CeO2 and TiO2. These raw
materials with various molar ratios of Ca:Ce:Ti were
mixed, in an effort to obtain a single phase pyrochlore
product. Reagents were mixed using planetary milling
containing SisN4 milling media and isopropanol as a
carried fluid. The mixed precursors were reacted in
alumina crucibles at 1250°C for 10 h in air with a ramp
rate of 5°C/min.

Uranium betafite were prepared by adding UsOs to the
oxide precursor material (CaTiOs, TiO2 and ZrOz2) at two
different UsOs waste loading — 35 wt% and 45 wt%,
corresponding to the nominal stoichiometries
Cao.96U0.48Zr0.18Ti2.2007 and Cao.s7Uo0.67Zr0.16Ti2.0107. The
raw materials were mixed using rotary ball milling for 16
hours. For the waste-loading of 45 wt% UsQs, additional
samples were fabricated with 10 wt% Fe and 10 wt% Ni
metallic buffer. The mixture was pressed in a stainless
steel die using 1.5 tonnes loads. The resulting powder
compact were then placed in alumina crucibles and
sintered in flowing N2 at 1320°C for 2 hours, with a ramp
rate of 5°C/min.

Characterisation

The phase analysis of the samples was performed by X-
ray diffraction (XRD, D2 Phaser, Bruker, A = 1.5406 A).
Quantitative phase analysis by Rietveld refinement was
performed using the GSAS suite of programs [5].
Neutron diffraction data of Ce-pyrochlore were
acquired at room temperature on the High Resolution
Powder Diffractometer using Ge (733) monochromator
with the wavelength A = 1.1969 A at NIST Centre for
Neutron Research, USA. Ce and U Ls edge X-ray



absorption spectroscopy data were acquired on
beamline B18 at Diamond Light Source and Beamline
X23A2 at the National Synchrotron Light Source (USA),
respectively. For the bulk specimens, the density was
measured by the Archimedes method and the
microstructure was observed using a scanning electron
microscope (SEM, TM3030, Hitachi). Semi-quantitative
compositional information was acquired using energy
dispersive spectroscopy (EDS, Bruker Quantax 70).

Results and Discussion

Cerium pyrochlore

CaCeTi, 0, Cagy Crggr

Figure 1. XRD patterns of the products with decreasing the amount
of Ca in the starting material. Perovskite: #, rutile: A and cerianite: o.
All other reflections are due to Ce-pyrochlore phase.

Initially, the synthesis of a pyrochlore with the ideal
stoichiometry CaCeTi2O7 was attempted. However, a
considerable amount of perovskite and cerianite
impurity were detected in the product. The amount was
determined to be as follows: pyrochlore, 58.0 wt%;
perovskite, 30.1 wt%,; cerianite, 10.7 wt%; and rutile, 1.2
wt%. This result is in agreement with previous studies
which concluded that synthesis of ideal CaCeTiO7
pyrochlore could not be achieved [6].

According to Helean et al. [7], CaCeTi207 pyrochlore was
stabilised for Ca deficient stoichiometry, although single
phase compositions could still not be achieved.
Therefore, we made a careful study of the synthesis of
pyrochlore compositions involving Ca deficiency with an
excess of Ti for charge balance. As shown in Figure 1,
the relative intensity of the Bragg reflections associated
with the impurity phases decreased with increasing Ca /
Ti ratio in the nominal composition. Finally, a near single
phase Ce-pyrochlore was obtained for the nominal
composition Cao.61Ce1.08Ti2.1207; the chemical
composition was determined by quantitative EDS
analysis to be CaosoCe092Ti22707. The pyrochlore
structure (A2B207) can accept excess TiO2 considering B
cation substitution on to the A cation lattice with charge
compensation by forming A cation vacancies, which was
consistent with the modelling predictions of Ebbinghaus
et al. [8]. Therefore, subsequent refinement of neutron
diffraction was performed by assuming the excess Ti
cation located in Ca/Ce site (16d). The results of Rietveld
profile refinement for the as-prepared pyrochlore was
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presented in Table 1. The profile refinement was given
in Figure 2, where a calculated pattern (solid line) has
been fitted to measured data points (dots). The
difference between the experimental data and
calculated fit was displayed below these and indicated a
good fit to the data; the tick marks indicated expected
peak positions in the calculated profile. The cation non-
stoichiometric pyrochlore exhibit cubic symmetry
(space group Fd-3m). A small quantity of TiO2 impurity
was observed in the product without the existence of
the perovskite and cerianite impurities. The final refined
results in ND were a = 10.1462(4) A, which were slightly
smaller than the previously reported lattice parameter
10.1477 A [7].

Table 1 Refined structural parameters for cerium pyrochlore from
Rietveld analysis of neutron powder diffraction data.

Space group: Fd-3m a=10.1462(4) A
Uiso %

Atom Site X y z 105?5@)
Cal? 16d 0.5 0.5 0.5 0.532
Cel? 16d 0.5 0.5 0.5 0.532
Til2 16d 0.5 0.5 0.5 0.532
Ti2b 16c 0 0 0 0.859
o1°® 48f 0.3267(2) 0.125 0.125 1.333
02° 8b 0.375 0.375 0.375 1.482

Powder statistics: 2 = 2.428 Rup =5.48%, R, = 4.41%

a) Occupancy fixed according to quantitative EDS stoichiometry:

Nc, = 0.30; nce = 0.46, ny; = 0.14; b) Occupancy nyio = 1.

Intensity / a.u.

x AN

nz n.4 0.6
o/ nm

Figure 2. Neutron diffraction of nearly pure Ce-pyrochlore refined in
space group Fd-3m. Fit: solid line; observed data: dot and allowed
reflections: tick marks. The impurity of TiO: is included.

The Ce Ls edge X-ray absorption near edge structure
(XANES) of Cao.s0Ce0.92Ti2.2707 is shown in Fig. 3 and from
comparison of the spectra with those of reference
compounds, it is apparent that the XANES of Ce-
pyrochlore closely resemble those of CeO2, and to a
lesser extent those of SrCeOs, demonstrating that Ce**
with CN = 8 was the dominant species in Ce-pyrochlore
phase (i.e. Ce*" in an environment similar to CeO2). The
amount of Ce3* was estimated to be 10 % of total Ce by
linear combination fitting of reference spectra using the
program Athena [9]. The average oxidation state of Ce
was thus estimated to be 3.9 v.u (with the experimental
error £0.1).
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Uranium betafite

XRD analysis of wuranium betafite compositions,
demonstrated the formation of a pyrochlore compound
as the major phase in all samples. Reflections that could
not be attributed to a pyrochlore were also observed
indicating the formation of one or more secondary
phase. The pyrochlore reflections compared well with
the reported pattern of Cao.s2U1.08Ti19907 [JCPDS45-
1477, Ref. 10]. This indicated that isostructural
compounds had been formed with space group of Fd-
3m inthis study. It should be noted that no residual UsOsg
remained in all as-prepared ceramics.
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Figure 4 XRD patterns of the product after sintering with 35 wt%
Us0s (a), 45 wt% UsOs (b), 45 wt% UsOs and 10 wt% Fe (c) and 45
wt% U3Os and 10 wt% Ni (d) at 1320°C in flowing N». Betafite: A,
rutile: ¢, perovskite: ®, brannerite: ¢, ulvospinel: o and nickel: o.

The chemical composition of the betafite phase in the
sample with 35 wt% and 45 wt% UsOs was determined
by EDS as Ca1.13Uo0.55Zr0.17Ti2.1507 and
Ca1.09Uo.67Zro.15Ti2.1007, respectively, revealing that the U
deficiency in the A site was balanced by the excess Ca
and Zr/Ti. Rietveld refinement of XRD patterns was
performed for the quantitative phase analysis (QPA).
The mass fraction of betafite phase was determined to
be 84.80 wt%, 94.38 wt%, 86.42 wt% and 85.82 wt% for
the product with the UsOsgloading of 35 wt%, 45 wt%,
and 45 wt% with Fe and Ni buffer, respectively. Note
that QPA demonstrates that synthesis of ceramics with
a high betafite yield is possible at relatively low
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temperature (1320°C) in contrast to the conclusions of
previous studies (< 75 wt% at 1450°C, Ref. 11)

Full densification of betafite ceramics was nearly
achieved (> 98.0% of TD) for the sample with 35 wt%
and 45 wt% UsOs. A relative density of 86.9% was
measured for the sample with iron addition, which
agreed with the considerable porosity observed in SEM
(not given in this summary).

U Lz XANES of the as-obtained betafite samples were
measured and compared with UTi20s, Uo.sYo0.5Ti20s and
CaUOs as standards for U*, U>* and U®. All the as-
prepared samples showed XANES spectra similar to
UTi20s, indicating that the majority of uranium in the
product should be tetravalent. Construction of a
calibration line, relating the absorption edge energy to
oxidation state, allowed the average uranium oxidation
state of the samples to be estimated. The values of the
average oxidation state were calculated to be 4.4, 4.2,
4.3 and 4.3 (within experimental error = 0.1) for the
products with UsOs loading of 35 wt%, 45 wt%, and
45 wt% with Fe and Ni buffer, respectively. The average
oxidation state of uranium determined by XANES was
close to that determined by the chemical formula.

Although the synthesis of near single phase betafite was
obtained with the stoichiometry Cai1.2sUo75Ti207, the
samples were relatively porous (around 80% of
theoretical density) after sintering in argon at 1400°C
and were characterised by an average U oxidation state
of 4.7+ [12]. The lower average U oxidation state and
enhanced densification observed in this study should
improve the stability of these materials to aqueous
dissolution which is advantageous for geological
disposal (given the lower solubility of U%*).

Conclusions and Future work

A series of pyrochlore wasteforms were fabricated to
understand composition — processing — structure
relations for actinide disposition. Results shown that (1)
near single phase Ce-pyrochlore was stabilised by A-site
vacancies, with an average Ce oxidation state of
3.9 + 0.1 v.u.; (2) U-betafite ceramics were obtained in
85 wt% yield with up to 98% theoretical density and a
mean uranium oxidation state of 4.3 + 0.1 v.u.; no
residual UsOs was detected in the ceramics.

Future experiments will seek to understand the
radiation resistance and the dissolution rate of
pyrochlore ceramics.
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Abstract

The UK has 140 tonnes of separated civil PuO> stored at the Sellafield site. The strategy for dealing with this stockpile
involves reuse in nuclear fuels, however a significant fraction has been identified as higher activity waste requiring
immobilisation into stable wasteforms. This project is fundamental to gaining knowledge and understanding of zirconolite
based glass-ceramics as future wasteforms for specific streams of these plutonium wastes. Consolidated using a hot
isostatic press, an optimised formulation has been achieved to progress with waste incorporation experiments.

Introduction

The UK'’s current policy for dealing with the plutonium
stockpile stored at the Sellafield site involves reuse as
nuclear fuel where possible!, however, a significant
fraction of the stockpile is unsuitable for retrieval of the
Pu and has been classified as higher activity waste.? We
are developing suitable wasteforms and technologies
for the immobilisation of these highly variable wastes,
for which current vitrification methods are unsuitable.

Some Pu-wastes have significant quantities of
impurities and glass formers. Glass-ceramics are being
developed for the low purity Pu-residue waste-streams
to provide flexibility for incorporating the extensive
range of impurities that are retained in the amorphous
glass matrix whilst partitioning the actinides into the
durable ceramic phase. Coupling zirconolite with a glass
component maintains the high loading capacity and
durability properties of the ceramic, whilst adding the
flexibility and ease of processing of the glass.?
Zirconolite readily accepts Pu into its structure as seen
through its use in Synroc-C and natural analogues show
excellent radionuclide retention even when completely
metamict.® 7

Hot isostatic pressing is a thermal treatment method
whereby high temperature and pressure consolidate
dense, durable materials, with significant volume
reductions and subsequent cost savings compared to
current vitrification methods.> HIPing is flexible
toward processing different matrix materials including
glass, glass-ceramic, ceramic and metal encapsulants.
Due to the immense variability in Pu-residue waste-
streams it is essential to utilise a method that is not
limited to specific processing parameters and is capable
of processing these diverse wastes.

Development of glass-ceramic wasteforms at The
University of Sheffield

This project is at the forefront of current research and
development taking place in the UK on the
consolidation of HIPed Pu-residue wasteforms. The
project aims to develop zirconolite based glass-ceramic
systems whilst considering the crystalline phase
assemblage and stability, waste incorporation and the
effect of mineralisers on waste digestion.

The formation of zirconolite in the glass-ceramic
systems is thermodynamically unfavourable to other
phases; sphene (CaTiSiOs), zircon (ZrSiOs) and rutile
(TiO2).8 In recent work, the crystalline phase stability
with respect to the glass composition has been
investigated with the aim to determine a formulation
that optimises the yield of zirconolite. The glass
composition and glass fraction were varied to fabricate
a qualitative phase map of the crystalline phase
assemblage. All samples were consolidated inside
hermetically sealed stainless steel canisters at 1250 °C
for 4 hours under 103 MPa of isostatic pressure.

Method

A matrix of samples investigating the effect of glass
fraction and composition on the crystalline phase
assemblage were fabricated with varying AlLOs
concentrations, according to the target glass phase
Na2Al1:+xB1xSisO16, where x=0, 0.2, 0.4, 0.6, 0.8, 1.0, and
increasing glass fractions; 30 wt%, 50 wt% and 70 wt%.
All samples were packed into stainless steel canisters
and all volatiles were removed before being HIPed at
1250 °C for 4 hrs under 103 MPa of pressure.



Results

Zirconolite forms as the product in one of two
competing reactions generally resulting in an assembly
of up to 4 crystalline phases; zirconolite (CazZrTi207),
sphene (CaTiSiOs), zircon (ZrSiO4) and rutile (TiO2).8 Such
phases have different radiation tolerances and volume
expansion behaviour with respect to actinide alpha
decay, which ultimately results in stress relief cracking
of the final wasteform. Hence, it is important to
maximise the formation of zirconolite and minimise the
presence of the unwanted phases sphene, zircon and
rutile.

The XRD traces in Figure 1 demonstrate how the Al2O3
concentration in the glass phase affected the crystalline
phase assemblage. Increasing the Al203 content
significantly reduced the presence of the unwanted
phases shown by the decrease in relative peak
intensities in Figure 1 (top XRD pattern). Consequently,
a higher yield of zirconolite was achieved.
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Figure 1. XRD plot showing the effect of increasing Al in
Na2Al1:xB1xSicO16 glass on the intensity of peaks corresponding to
unwanted phases; sphene (pdf-card 01-085-0395) and zircon
(pdf-card 04-007-5058) (labelled as S and Z, respectively). All
unlabelled peaks correlate to zirconolite (pdf-card 04-007-6895).°

The effect of increased Al20s in the glass composition in
stabilising the desired zirconolite phase was observed
for all ceramic / glass ratios. However, a higher glass
fraction resulted in a higher yield of undesired phases.
Figure 2A and 2B are micrographs of a 30 wt% glass
fraction sample and a 50 wt% glass fraction sample,
respectively, with glass composition NazAl1.4Bo.6SisO1s,
showing the increase of undesired phases associated
with the higher glass fraction. At 30 wt% glass, the
undesired phases were gradually reduced such that the
70 wt% ceramic / 30 wt% glass formulation afforded
only zirconolite as the crystalline phase for the
Na2AlSieO16 glass. As well as removing undesired
phases and the risk of stress release cracking, it is
important to maximise the yield of zirconolite, the
actinide host phase, in order to maximise the actinide
loading capacity of the wasteform. A higher loading
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capacity reduces the overall number of wasteform
packages requiring processing and the costs associated
with post-processing storage, maintenance and
disposal.

Figure 2. SEM micrographs comparing the microstructures and phase
assemblage of A) 30 wt% glass fraction and B) 50 wt% glass fraction.
Both samples have the same glass composition Na2Al1.4Bo.6Sis016.°

Conclusions and Future Work

The crystalline phase assemblage is highly controlled by
the glass composition and fraction of the glass-ceramic
wasteform. By increasing the Al2O3 concentration in the
glass phase and having a higher ceramic fraction, an
optimised formulation was obtained. The 70 wt%
ceramic / 30 wt% glass formulation, with glass phase
Na2Al2SieO16, attained a single crystalline phase
assemblage of zirconolite. Current work is investigating
the waste incorporation and wasteform properties of
the optimised formulation.

Acknowledgements

This work was funded in part by EPSRC under grant
EP/L014041/1 - Decommissioning, immobilisation and
storage solutions for nuclear waste inventories
(DISTINCTIVE), and by award of a Nuclear
Decommissioning Authority sponsored EPSRC DTG-
CASE award to ST. This work was performed in the
MIDAS Facility at The University of Sheffield, which was
established with support from the Department for
Energy and Climate Change. NCH is grateful to the Royal
Academy of Engineering and the Nuclear
Decommissioning Authority for funding. We thank Dr
Ewan Maddrell at the National Nuclear Laboratory for
useful discussions.

References

1 Nuclear Decommissioning Authority (NDA), Progress on
approaches to the management of separated plutonium -
Position paper - v1.0. Nuclear Decomissioning Authority, 2014.

2 Nuclear Decommissioning Authority, Conditioning of Plutonium
Residues by Hot Isostatic Pressing and Options for packaging and
Disposal (pre-conceptual stage) Summary of Assessment Report.
2009.

3 C.R.Scales, E.R. Maddrell, N. Gawthorpe, B.D. Begg, S. Moricca,
and R.A. Day, “Development of a Process for the Immobilisation
of Actinide Containing Residues on the Sellafield site;” in ICEM,
2005.

4 R.A.Day, S. Moricca, M.W.A. Stewart, B.D. Begg, E.R. Maddrell,
C.R. Scales, and N. Gawthorpe, “Technical Demonstration of
Zirconolite Glass-Ceramics Processed in a Hot Isostatic Press: An



Theme 2 — PuO: and Fuel Residues

Option for Immobilisation of Actinide Containing Residues at
Sellafield;” in ICEM, 2005.

B. D. Begg, R. A. Day, S. Moricca, M. W. A. Stewart, and E.R.
Vance, “Low-risk waste forms to lock up high-level nuclear
waste;” in WM’05. Arizona, 2005.

S. Moricca, C. Orcutt, M.W_.A. Stewart, W. Bermudez, E.R. Vance,
T. Eddowes, R. Persaud, and D. Taylor, “Hot isistatic pressing of
synroc for nuclear waste disposal.;” in Adv. Powder Metall. Part.
Mater. - Part 4. Nashville, Tennessee, 2012.

F. Bellatreccia, G. Della Ventura, E. Caprilli, C.T. Williams, and
G.C. Parodi, “Crystal-chemistry of zirconolite and calzirtite from
Jacupiranga, Sao Paulo (Brazil),” Mineral. Mag., 63 [5] 649-660
(1999).

E. Maddrell, S. Thornber, and N.C. Hyatt, “The influence of glass
composition on crystalline phase stability in glass-ceramic
wasteforms,” J. Nucl. Mater., 456 461-466 (2015).

S. Thornber, E. R. Maddrell, M. C. Stennett, and N. C. Hyatt, “The
Consolidation of Glass-Ceramic Wasteforms by Hot Isostatic
Pressing: Sample Optimisation;” in WM16 Conf. Proc. Phoenix
Arizona USA, 2016.



Theme 2 — PuO: and Fuel Residues
DISTINCTIVE 2" Annual Meeting
Bristol, UK

19th — 20 April 2016

Understanding actinide sorption and binding to cement
materials for radioactive waste management

Antonia S. Yorkshire*!, John L. Provis?, Neil C. Hyatt! and Claire L. Corkhill*

*Correspondence: asyorkshirel@sheffield.ac.uk

IUniversity of Sheffield, NucleUS Immobilisation Science Laboratory, Department of Materials Science & Engineering,
Sheffield, UK

Abstract

Intermediate level waste (ILW) in the UK is currently immobilised using cementitious encapsulation. Cement hydrate
phases, which form during the dissolution of cement clinker and pozzolanic additives, are capable of binding
radionuclides on the long timescales required during storage and disposal of ILW. This study is focused in particular on
the sorption of plutonium, and other actinides, onto fly ash (FA) and blast furnace slag (BFS) cement grouts associated
with the encapsulation of plutonium contaminated materials (PCM) and other ILW, respectively. FA cement was
synthesised and analysed using scanning electron microscopy (SEM) and X-ray diffraction (XRD) to establish key hydrate
phases that may be involved in the uptake and retention of actinides. Hydrotalcite is a BFS cement hydrate phase that is

concurrently being prepared for preliminary sorption studies.

Introduction

The baseline treatment strategy for ILW in the UK is
encapsulation in a cementitious grout, with eventual
disposal in a geological facility. Plutonium
contaminated material (PCM) waste is a sub-category
of ILW that includes materials contaminated with
isotopes of Pu, in addition to other actinides associated
with plutonium decay.! PCM encompasses materials
associated with the handling of plutonium during fuel
reprocessing, including HEPA filters; PVC gloves;
glassware, and metals and masonry that form the
structural materials used in plutonium handling
facilities.? There is thought to be in excess of 20 000 m?
of PCM awaiting disposal at the Sellafield site.?

The current method for PCM storage is super-
compaction and encapsulation in steel drums that are
infilled with a fly ash/Portland cement (FA/PC) grout?*

Portland cement clinker undergoes hydration reactions
on contact with water to form cement hydrate phases.
These phases have the potential to sorb and bind
radionuclide species in aqueous solution. Studies have
shown, in particular, that calcium silicate hydrate (C-S-
H) phases are able to sorb metal cations (e.g. Sr3*, Cm3*
and Eu?*) as well as actinides (e.g. U%*).>”’

Additionally, supplementary cementitious materials
(SCM), such as FA and blast furnace slag (BFS), added
to cement blends can also undergo reaction to form
secondary cement hydrate phases which may act as
further sorbents for radionuclides.

FA is an aluminosilicate glass that is a by-product of
coal combustion, used in PCM encapsulation. Other
ILW streams tend to be immobilised in a BFS grout; BFS
arising from iron extraction processes.

This report will focus primarily on the 1:1 FA/PC
cement blend commonly used for PCM encapsulation.?
SEM and XRD analyses were adopted to identify the
key cement hydrate phases present in this cement
blend. Further work is described, which will involve
batch sorption studies carried out using aqueous
suspensions of individual hydrate phases, initially with
U(VI) as the sorbate actinide of choice to obtain
sorption isotherms. Preliminary analysis has been
carried out on the BFS hydrate phase hydrotalcite to
determine its suitability for initial sorption tests.

Methodology Details
Cement blend synthesis and curing

Cement paste was formulated at a ratio of 1:1 FA/PC
(wt %) and w/s = 0.33 with 5 min mixing time in a
Kenwood benchtop mixer. The resulting mixture was
transferred into centrifuge tubes and cured at 20°C.
The hardened cement paste was sampled at 12, 28 and
90 days curing time for analysis. Hydration was
stopped using solvent exchange in acetone.

Cement characterisation

Samples were mounted in epoxy resin and polished to
a 1 um finish using diamond paste for SEM imaging and
energy dispersive X-ray (EDX) analysis. Back scattered



electron (BSE) images were recorded and EDX maps
were counted for 10 minutes. Powder XRD was carried
out with particle sizes <63 um. Measurements were
taken between 8° to 70° 26, with step a size of 0.02°
and a 2 s counting time per step.

Hydrotalcite characterisation

Synthetic hydrotalcite was obtained from Sigma
Aldrich. Powder XRD measurements were taken
between 10° to 70° 26, with a step size of 0.02° and a
0.5 s counting time per step.

Results and Discussion

For the purpose of this report, the 12 and 90 day
cement characterisation analyses have been omitted.
28 day curing was considered sufficient time for the
initial cement hydrate products to establish and for
secondary hydrate phases to begin to nucleate.

SEM: FA/PC 28 days

Figure 1 shows a SEM micrograph of a cenosphere
(hollow) type FA particle reacting after 28 days curing
The oxygen EDX map indicates the density of the
phases present, confirming the hollow nature of the
particle. Calcium present throughout the structure
verifies the formation of C-S-H gel, which comprises
the bulk of the cement matrix. C-S-H and portlandite
(Ca(OH)2) are the components of hardened cement
paste that lead to early setting strength. Area A
corresponds to higher concentrations of calcium,
suggestive of portlandite formation intermixed within
the C-S-H phase. Pozzolanic reactions occur between
aluminium and silicon oxides (from FA), portlandite
and water to form secondary hydrate phases. An
intermixed portlandite phase would therefore promote
reaction of the FA particle shown. Silicon and
aluminium are primarily concentrated in areas of FA,
however there is also evidence of their incorporation
within the C-S-H structure.

Formation of ettringite (Cas(Al206)(S04)3.32H20) or
AFm (Cas(Al206)(S04).12H,0) type phases are evident
from sulfur EDX. From the sulfur map alone, it is
difficult to distinguish between the two phases.
Magnesium and iron are also present in the structure,
likely as periclase (MgQ) and iron oxides respectively,
also as a FA component. Magnesium appears to be well
dispersed throughout the structure and incorporated
into the C-S-H phase. Iron, however, is confined only
within a few FA particles.

The presence of sodium and potassium demonstrate
the high alkalinity of PC. Such conditions result in the
dissolution of FA, further contributing to pozzolanic
activity, as shown in Figure 2.
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Figure 1: BSE SEM micrograph of a 300 um FA particle (top) starting
to react at 28 days with corresponding EDX maps.

XRD: FA/PC 28 days
The XRD pattern obtained for the 28 day FA grout is



Figure 2: SEM micrograph of a 300 pum plerosphere type FA
particle; a cenosphere containing smaller FA particles within its
structure. Area B shows evidence of this alkali induced dissolution
of FA.

shown in Figure 3 and indicates the crystalline phases
formed in the hardened cement paste. Characteristic
peaks for portlandite and ettringite confirm the
presence of these hydrate phases inferred from EDX
measurements. A set of peaks between 31° to 34° 26
corresponding to unreacted calcium silicates indicate
that the cement clinker has not fully hydrated after 28
4 E : Etiringite

M : Mullite

P ; Portlandite

Q: Quarz

C : Calcite

CS : Calcium Silicates
Pe : Periclase

Ewee
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Figure 3: XRD pattern for 1:1 FA/PC at 28 days curing. Crystalline
phases are labelled.

days. Quartz (SiO2), mullite (3Al2032Si0,) and periclase
are residual minerals from FA. There
is also evidence of calcite formation, indicative of
carbonation of the sample in air, which is further
supported by the detection of carbon by EDX (see
Figure 1). The diffuse scattering region is found
between 20° to 40° 26 which indicates the amorphicity
of other phases forming, such as C-S-H.

Hydrotalcite

Hydrotalcite (MgesAl2CO3(OH)16:4(H20)) is a layered
double hydroxide that has previously been established

003
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20

Figure 4: XRD pattern for synthetic hydrotalcite and corresponding
Miller indices.
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as an important hydrate phase in BFS cements.* Figure
4 shows the XRD pattern of synthetic hydrotalcite and
the corresponding Miller indices, with Figure 5
displaying the crystal structure.

Figure 5: Crystal structure of hydrotalcite adapted from Belloto et.
al.®

Previous studies® have shown the ability of thermally
treated hydrotalcite to uptake anions in aqueous
solution. As a layered double hydroxide, hydrotalcite
has an associated interlayer that may act as site for the
sorption of radionuclides.

Conclusions and Future Work

The nature of this work has allowed identification of
key cement hydrate phases found in FA cements,
possibly pertaining to the uptake and retention of
actinides from PCM waste. Although hydrotalcite is a
slag cement phase, studies using this mineral phase
will form a basis to the general understanding of
radionuclide sorption to cement grouts related to ILW.

Future work

The individual FA hydrate cement phases that have
been identified will be synthesised and characterised.
Each phase will be subject to sorption studies, initially
using UO2(NOs)2 to obtain sorption isotherms. Later
studies will involve use of Ce as a surrogate for Pu, with
the eventual aim of carrying out higher activity Pu
studies. Solid state characterisation will be a useful tool
for inferring the mechanism of uptake. Solid state NMR
analysis will be used to determine the coordination
environment of Al-27 and Si-29, and any changes
thereafter as a consequence of radionuclide uptake.
Microfocus-XAS will allow direct characterisation of the
coordination of radionuclide species associated with
the hydrate phase structures.
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Abstract

Density functional theory (DFT) and the periodic electrostatic embedded cluster method (PEECM) are used to study AnO2
bulk and surfaces (An = U, Np, Pu). Water adsorption was investigated on the (111) and (110) surfaces of UO2 and PuO2
with 1 to 4 water molecules adsorbing on the cluster dissociatively or molecularly. Water adsorption on the (110) surface
is stronger than on the (111). A mixture of molecular and dissociative adsorption is found to be most favourable on the
(111) surface, while dissociative adsorption is seen to be most favourable on the (110) surface. Water in a second layer
is found to have hydrogen bonding with the surface and hydroxyls present at the surface. Oxygen 1s binding energies
show that molecular and dissociative adsorption could be distinguished by X-ray photoelectron spectroscopy (XPS) on

the AnO; surfaces.

Introduction

Of the world’s c. 250 tonnes of separated plutonium,
more than 100 tonnes are stored at Sellafield in the UK
as PuO2 powder in sealed steel cans. Under certain
circumstances, gas generation may occur in these cans,
with consequent pressurization. Five routes to gas
production have been suggested: (i) helium
accumulation from a decay; (ii) decomposition of
polymeric packing material; (iii) steam produced by H20
desorption from hygroscopic PuO2 due to self-heating;
(iv) radiolysis of adsorbed water; and (v) generation of
H2 by chemical reaction of PuO2 with H20, producing a
postulated PuO2«x phase. The last three mechanisms, all
involving PuO2/H20 interactions, are complex, inter-
connected and poorly understood.

Both experimental and theoretical studies of water
adsorption are more abundant on UO2 than on PuO,
therefore our inclusion of UOz2 in this study allows us to
compare the results obtained here with previous
studies.

Theoretical studies comparing water adsorption
between the UO2 and PuO2 surfaces have found water
adsorption to be more favourable on the UO: than the
PuO: surface,[1] however, these studies only
considered the water molecules adsorbing
dissociatively. Comparing the (111) and (110) surfaces,
theoretical studies have predicted adsorption of water
to be stronger on the (110) than the (111) surface,

regardless of whether the adsorption is molecular or
dissociative.[1,2] Comparing dissociative and molecular
adsorption, recent studies have predicted fully
dissociative adsorption to be stronger than fully
molecular. However, a mixture of dissociatively and
molecularly adsorbed water was seen to be the most
stable structure on UO02.[2] For PuO2 dissociative
adsorption has been predicted to be more stable than
molecular adsorption on the (110) surface.[3]

Experimental studies of water adsorption on PuO:
surfaces have shown that water adsorbs via a multi-step
process. Initial strong chemisorption due to dissociation
of water, forming a hydroxylated surface, is followed by
successive layers of H20 physisorbed above the
hydroxylated layer.[4]

In this study we use the PEECM, where a portion of the
surface is described quantum mechanically, and the rest
of the system is approximated by point charges. Our
main aim is to study the adsorption of water on the
(111) and (110) surfaces of UO2 and PuO, although we
also report other cases where we have used the PEECM.

The PEECM offers certain advantages over more
traditional periodic boundary condition approaches: all
of the analysis tools of molecular quantum chemistry
can be applied, it is relatively straightforward to employ
hybrid DFT, and defects and vacancies can be studied in
isolation.



Computational Details

All  calculations were performed with the
TURBOMOLE6.5[5] program. DFT with the PBEO (hybrid-
GGA) exchange-correlation functional was used for all
calculations.

PEECM

All calculations were performed using the PEECM[6]. In
this approach, the system is split into three regions: an
inner explicit cluster region, which is treated quantum
mechanically as described above; the outer embedding
region, which consists of point charges; and an
intermediate embedding region, consisting of negative
point charges and effective core potentials (ECPs)
(Figure 1).

The infinite outer embedding region recreates the
Madelung potential of the bulk system; formal charges
were used for the ions in this region, +4 for actinide ions
and -2 for oxygen ions. The ECPs used in the
intermediate embedding region were the Ce CRENBL
ECPs, employed in order to avoid overpolarization of the
electron density in the explicit cluster, whilst -2 charges
again represented the oxygen ions. The Ce CRENBL ECP,
which corresponds to a +4 charge when used without
any basis functions, was used since no actinide ECPs
corresponding to a +4 charge were available. The 8-
coordinate Ce(IV) ionic radius, 0.97 A, is very similar to
that of U(IV), 1.00 A, Np(1V), 0.98 A, and Pu(IV), 0.96 A.
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Figure 1 Embedding of quantum mechanical (QM) cluster in PEECM
scheme. Left, QM cluster, actinide ions in blue, oxygen ions in red.
Middle, QM cluster embedded in intermediate region of ECPs (black)
and -2 point charges (small red), representing actinide and oxygen
ions respectively. Right, QM cluster and intermediate region
embedded in infinite array of +4 (small blue) and -2 (small red) point
charges representing the actinide and oxygen ions respectively.

Results and Discussion
Electronic Structure of Bulk UO2, NpO2 and PuO:

We have shown previously that the PEECM, with the use
of a hybrid DFT functional, is able to correctly predict
actinide dioxides to be insulators, with the composition
of the valence and conduction bands agreeing with
experiment.

Water Adsorption on UOz and PuO; Surfaces

Water can adsorb onto AnO2 surfaces in two ways:
molecularly, where the water molecule remains intact
on adsorption, or dissociatively, where an O-H bond is
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broken. Molecular adsorption on the (111) surface
occurs with an oxygen adsorbing above an actinide ion
and two hydrogen atoms pointing towards two surface
oxygen atoms. Dissociative adsorption forms two
hydroxyl groups: a surface hydroxyl, formed from a
hydrogen of the water molecule binding to a surface
oxygen, and an adsorbed hydroxyl, where an OH group
of water adsorbs above an actinide ion. These
adsorptions are shown in Figure 2.

Figure 2 U1903s cluster of the (111) surface with water adsorbing
molecularly (top) and dissociatively (bottom). Uranium atoms shown
in blue, oxygen atoms in red and hydrogen atoms in white. The cluster
is shown in the plane of the surface.

As with the (111), there are two types of adsorption on
the (110) surface: molecular and dissociative. Molecular
adsorption occurs with the hydrogen atoms tilted
towards the surface, the oxygen atom is now not
directly above the actinide ion (Figure 3). Dissociative
adsorption again forms two hydroxides, the adsorbed
hydroxide has its oxygen above the actinide ion and its
hydrogen tilted towards a surface oxygen, while the
surface hydroxide has its hydrogen angled towards
another surface oxygen ion. (Figure 3).

In our project summary from last year we reported
water adsorption energies for the UO; and PuO> (111)
and (110) surfaces using the SV(P) basis set. After this
we noted that increasing the basis set size (up to the
QZVP level) significantly decreased the adsorption
energy, and we presented these results in a paper for
the WM2016 conference. However, calculating water
adsorption energies with the QZVP basis set is
computationally expensive, and we sought a way to
obtain adsorption energies in agreement with those
calculated at the QZVP level but without the significant
computational cost. Accounting for the basis set
superposition error in the calculations with the
counterpoise (CP) method, we have obtained
adsorption energies at the SV(P) level in good
agreement with our results at the QZVP level.



We have therefore performed single point energy
calculations at the SV(P) level with the CP on all our
structures. Although the adsorption energies change
significantly (up to 0.6 eV), the trends in our results do
not. We still see slightly stronger adsorption of water on
the UO: than PuO: surfaces, as well as stronger
adsorption on the (110) than (111) surface. On the (111)
surface the difference between molecular and
dissociative adsorption is small, with a mixture of both
being most stable, while on the (110) surface
dissociative adsorption is clearly favoured. We have also
included dispersion effects into our calculations using
the Grimme D3 parameters.[7] With the D3 parameters
we see an increase in all adsorption energies (0.1-0.3
eV), although again there is no change in the trends
observed.

?

Figure 3 UxsOso cluster of the (110) surface with water adsorbing
molecularly (top) and dissociatively (bottom). Uranium atoms shown
in blue, oxygen atoms in red and hydrogen atoms in white. The cluster
is shown in the plane of the surface.

Second Layer Water

Due to the larger adsorption energies on the (110) than
(111) surface, and dissociative adsorption being more
favourable than molecular adsorption on the (110)
surface, we decided to consider the fully hydroxylated
(110) surface of UO2 and PuO: when investigating a
second layer of water adsorption. We also decided to
consider the fully hydroxylated surface as experimental
studies have seen that water in the first layer is
dissociatively adsorbed on PuO2 powder.[4]

We optimized the geometry of a water molecule
positioned above our hydroxylated U2sOs0 cluster
representation of the (110) surface. The water molecule
sits close to the surface forming 4 hydrogen bonds: one
with a surface oxygen atom, and 3 to hydroxyl groups at
the surface (Figure 4).

The adsorption energy of a water molecule in the
second layer on the UO2 (110) surface was calculated to
be -0.40 eV. This is ~0.5-0.6 eV smaller than molecular
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adsorption of water in the first layer at the surface,
although still considerably stronger than physisorption.

?

Figure 4 U2s0so cluster of the (110) surface with water adsorbing in the
second layer onto a hydroxylated surface. Uranium atoms shown in
blue, oxygen atoms in red and hydrogen atoms in white. Top view
shows cluster in the plane of the surface, bottom view is perpendicular
to the surface.

Oxygen 1s Binding Energies

The binding energies of oxygen 1s electrons can be
measured experimentally using XPS. In surface systems
the O 1s electron binding energy has been used to
distinguish between oxygen atoms in the surface layer,
subsurface layers, and in water adsorbed on the surface,
as well as being able to distinguish between water
adsorbed molecularly or dissociatively on surfaces.[8,9]
We have calculated the O 1s binding energies for oxygen
atoms in CeOz, UO2 and PuO:z cluster representations of
the (111) and (110) surfaces to see how the energy
differs between subsurface and surface atoms, as well
as between water molecules and hydroxyls adsorbed on
these surfaces.

The absolute O 1s binding energies cannot be compared
between different clusters, and so we cannot compare
the absolute energy between the (111) and (110)
surfaces. Therefore, we compared shifts in the O 1s
binding energy. The shifts we calculated are the
difference between the 1s binding energy of the oxygen
atom we are interested in (an atom at the surface, in a
water molecule, or in a hydroxyl group) and the 1s
binding energy of a reference oxygen atom in the same
cluster. The reference oxygen atom is always fully
coordinated and in the second layer.

On the UO2 (111) clean surface (where no water has
been adsorbed), we found that 3rd layer (subsurface)
oxygen atoms had the strongest O 1s binding energies,
while 1%t layer (surface) oxygen atoms had the weakest.



We then calculated shifts in the O1s binding energies of
water and hydroxyls adsorbed on the (111) and (110)
surfaces of CeO2, UO2 and PuOa. Of these oxygen atoms,
those in water molecules are seen to have the strongest
1s binding energy (0.8-1.3 eV stronger than the
reference oxygen atom), followed by surface hydroxyls
(0.1-0.6 eV stronger than the reference oxygen atom),
while adsorbed hydroxyls have the weakest O 1s binding
energy (0.2-0.8 eV weaker than the reference atom).
This was true across all three dioxide systems and both
(111) and (110) surfaces. The difference between the
water and the hydroxyl binding energies is higher on the
(110) than the (111) surface; indicating that it would be
easier to distinguish between molecular and
dissociative adsorption on the (110) surface.

PEECM and the Quantum Theory of Atoms in
Molecules (QTAIM)

In addition to using the PEECM to study water
adsorption on actinide dioxide systems, we have also
used the method to investigate environmental effects
on the electron density topology in UO2CliCsy,
U(Se2PPh2)s and Np(Se2PPh2)s using the QTAIM.[10] In
these systems we found that the environment (whether
the central molecule of the system was in the gas phase
or embedded in PCs via the PEECM) had little effect on
the topology of the electron density.

Conclusions and Future Work

The PEECM was used to investigate water adsorption on
UO2 and PuOa. The results show that adsorption is much
stronger on the (110) surface, there is little difference
between molecular and dissociative adsorption on the
(111) surface, but there is a larger difference on the
(110) surface where dissociative adsorption is seen to
be more favourable.

Initial investigations of water adsorption on the second
layer of the UO2 and PuO2 (110) surfaces has begun, and
water is seen to bind to the surface as well as first layer
hydroxyls. We will continue our investigation of multiple
layers of water adsorption, initially creating a full second
layer of water on the (110) surface.

By calculating O 1s binding energies, we see that surface
and subsurface oxygen atoms in AnO2 can be
distinguished. We also see that molecular and
dissociative water adsorption on the AnO2 surfaces can
be distinguished.

The PEECM is a suitable technique to be used for
studying surface defects such as oxygen vacancies. The
PEECM allows us to study these defects in isolation. We
will initially investigate the energy required to create an
oxygen vacancy at the (111) and (110) surfaces, and see
how the presence of oxygen vacancies affects the
adsorption of water on the surfaces.
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Abstract

The synthesis of materials for ion exchange and subsequent disposal of radionuclides will be explored in this work; the
concept being the formation of open framework materials with high selectivity for caesium and strontium that can be
thermally transformed into dense phases for disposal. The successful synthesis of the germanium form of the natural
mineral umbite (K2ZrSiz09.H20) and subsequent ion exchange results show both caesium and strontium uptake by Ge-
Zr-umbite. Further work focused on the fine tuning of ion exchange properties by partial doping into the material.

Introduction

The synthesis of novel ion exchange materials for uses
in nuclear waste management and environmental
remediation is a key area of research. Much effort is
being placed in designing materials with high selectivity
and ion exchange capacity, especially in relation to
caesium and strontium. The established methodology
for the removal of these radionuclides in the UK
involves the use of a natural zeolite material
clinoptilolite[1], but future waste streams and POCO
activities may be bettered tackled with other systems.

One family of materials which have been widely
investigated are mixed octahedral and tetrahedral
framework metal silicates, due to potentially
interesting ion exchange properties and better
chemical and radiation stability than aluminosilicate
zeolites. Altering the composition of these metal
silicates by substituting in different metal ions affects
the properties, making it a great tool for modification
of the product [2]. Materials have been synthesised
with a range of metals such as Zr [3], Sn [4] and Ti [5] in
the silicate framework. This allows for fine tuning of
the materials properties by either total substitution or
partial doping into the structure. It has been of great
interest to introduce a wide range of different metal
atoms into the framework in order to develop
materials that can be of use industrially as cation-
exchangers.

One of these types of materials, a natural
zirconosilicate mineral umbite (K2ZrSiz09.H20) has been
synthesised with both Sn and Ti as the octahedral
component, for which the ion exchange properties
have been explored in the literature [6]. Umbite is of
further interest as it can be thermally converted to a

dense wadeite (K2ZrSisOs) structure which could act as
a final wasteform.

The focus of this work will be on the variation of the
tetrahedral component of umbite, potentially allowing
for further tunability of the materials properties. For
this we have chosen germanium, which is chemically
similar to silicon but has a larger ionic radius.

Methodology Details

Germanate synthesis

The fumed silica (Sigma) and germanium dioxide
(Gerald wise and co) were added to potassium
hydroxide (Sigma) dissolved in deionised water. To the
stirring mixture zirconyl chloride octahydrate (Sigma)
was added until dissolved. The mixture is then stirred
for a further hour to allow it to homogenise. The
resulting mixture was then transferred to a 45ml Teflon
liner and placed in a Parr autoclave at 200°C. The
autoclave was then heated for 1 to 7 days. The
resulting white solids were then washed in deionised
water and dried overnight at 60°C.

lon exchange
0.1M solutions of strontium and caesium nitrate

(Sigma) were added to 0.2-0.5g of sample. This was
then shaken for 24 hours before being washed and
dried overnight at 60°C. Samples were prepared for
XRF as either a loose powder or pellet.

Any compounds synthesised were analysed using
Powder X-ray diffraction (XRD) on a Bruker D8 Advance
using a Cu Ka source at room temperature. Phase
matching was performed using the EVA software from
known databases.



Results and Discussion

Initial synthesis attempts of a germanium umbite
focused on the direct replacement of silica with
germanium dioxide. This was done by using a batch
composition and conditions widely used by our group,
however direct substitution of SiO2 for GeO2 did not
result in Ge-Zr-umbite. A subsequent literature search
gave a new batch composition; this used a much more
dilute starting solution relative to the silicon umbite
synthesis [7]. This presented a potential issue with
GeO: solubility as the solution was far less basic than
that in the Si-umbite synthesis. It was decided that a
synthesis time of one week should give the material
plenty of time to form, it could be possible to decrease
this time in future experiments so length of time was
not an initial issue.
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Figure 1: Product from a 7 day Ge-Zr-Umbite synthesis

The resulting material was confirmed to be Ge-Zr-
umbite, as seen in figure 1; however the methodology
used resulted in small quantities of sample and a
lengthy synthesis time. As a result more experiments
were designed to improve sample turnover and scale
up the synthesis. Reducing the synthesis time proved
to be very simple, initial attempts reduced the
synthesis time down to 24 hours. These showed no
difference in crystallinity, as seen in figure 2, when
compared to the seven day preparation and as a result
a 24 hour synthesis seemed the optimal time length.
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Figure 2: Product from a 24 hour Ge-Zr-umbite synthesis

The final step was to improve the amount of sample
synthesised each time, this would allow us to run ion
exchange experiments on the material. Utilising a
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systematic approach we were able to increase the
amount of sample formed during each batch to
approximately 2g. As a reliable scaled up synthesis had
been achieved, a series of ion exchange experiments
were planned to test Ge-Zr-umbite for its caesium and
strontium uptake.

Preliminary ion exchange experiments used a 0.1M
solution of caesium or strontium nitrate. Ge-Zr-umbite
showed both caesium and strontium uptake as seen in
tables 1 and 2.

Table 1: Caesium exchange data

Element Weight % Mole%
Ge 25.02 49.3
Zr 14.51 22.8
K 7.39 27.0
Cs 0.83 0.89
Table 2: Strontium exchange data
Element Weight % Mole%
Ge 27.97 49.3
Zr 16.99 23.8
K 8.09 26.5
Sr 0.28 0.41

It was decided to see if the ion uptake of this material
could be improved and as mentioned a key area of
focus is on the tunability of umbite. It was decided to
also synthesise a range of partially doped umbites.
Once again this was done by simply replacing silica for
germanium dioxide in the starting reaction mixture. By
synthesising a range of mixed Ge/Si materials, it would
be possible to see the impact of doping on ion
exchange properties. This should allow for some
degree of composition optimisation to give the best ion
exchange properties.

Synthesis of a mixed 50/50 Ge/Si material is possible;
this is shown by a shift to lower 26 in the XRD of the
mixed system compared to that of Si-umbite. However
this is also the maximum doping limit for a mixed Ge/Si
system. Anything above 50% results in the formation of
a K2ZrGe207 phase which is not of interest. This phase
is also an impurity in each mixed Ge/Si umbite
synthesised and as a result it is not possible to get an
accurate value for the level of germanium doping. Until
this is resolved no ion exchange studies can be carried
out.

Conclusions and Future Work

The early results for the synthesis of the Ge-Zr-umbite
seem promising with early exchange data showing
some degree of caesium and strontium uptake. Despite



the mixed Ge/Si systems proving to be difficult to
synthesise phase pure, further scope may focus on
systems with mixed octahedral metals. By doping into
the octahedral site we may have another chance to
alter ion exchange properties.

Another area of future work will focus on the thermal
conversion of Ge-Zr-umbite to see what phases result.
This will also be done for the exchanged samples to see
if the potential final wasteform can accommodate
caesium and strontium. These final phases will all need
to be characterised with thermal conversion pathways
analysed.

The final area of work will focus on synthesising a
sodium form of Zr-Ge-umbite, either through direct
synthesis or ion exchange. By forming the sodium form
it is hope that ion exchange properties may improve
when compared to the potassium form of Ge-Zr-
umbite.
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Abstract

Cs2TiNbeO1s has the potential to be an excellent waste form for the immobilisation of radioactive caesium. A
previous study revealed that Cs2TiNbsO1s is the major Cs-containing phase produced when Cs-loaded IONSIV, a
commercial ion exchanger, is hot isostatically pressed (HIPed).! Cs2TiNbsO1s demonstrates excellent chemical durability
which compared well to the Cs containing phase hollandite in SYNROC.?

Introduction

137Cs is one of the primary heat generating
radio nuclides in nuclear waste. It is a strong beta-
gamma emitter with a half life of approximately 30
years.>* It is often the radionuclide accidently released
into the biosphere on account of its high
environmental mobility.>”’

Crystalline Silicotitanate (CST) with a formula
NaTi203(Si04)-2H20, is an inorganic ion exchanger
which was developed by the Sandia National
Laboratory and Texas A&M University.*®° CST
demonstrates tremendous properties, possessing
excellent selectively for Cs over a wide pH range,
excellent radiation stability and importantly, is
compatible with final waste forms making it a great
candidate for radioactive Cs clean-up.*>0 It is well
known that varying the composition in CST by doping
Nb™ for Ti'™™ enhances the exchange capabilities for
Cs.>® Universal Oil Products (UOP) and Sandia in a joint
collaboration commercialised this product labelled as
IE-911, an engineered form of Niobium doped CST.

A recent study demonstrated that Cs-loaded
IE-911 could be immobilised into a suitable waste form
through hot isostatic pressing (HIPing).%® HIPing is
suitable for immobilising a variety of nuclear wastes
into dense robust crystalline waste forms ideal for final
disposal.® The major Cs waste form produced from
HIPing was identified as Cs2TiNbsO1s. This phase
demonstrated exceptional leach rates which compared
well to other ceramic Cs waste forms such as
hollandite.! Hollandite is a well studied Cs waste form
which is a major component of SYNROC.'*12 It is known
that hollandite, formula (Ba,Cs)xAlaxTis-2xO1s, is
chemically durable and reported to be able to retain
the transmutation products of ¥’Cs (figure 1) %%
The release of a B particle in the transmutation
process is able to simultaneously reduce Ti" to Ti("

meaning Ba can be retained in the hollandite
structure.’ It is not yet known how Cs2TiNbgO1s will
respond to the transmutation of *3’Cs* to 37Ba?*.

137
zsCs

12 =
T =30.17 Years B 514 KeV (94%)

137
zcBa =

B 1176 KeV (6%)

Y 661.66 KeV

Figure 1. Transmutation of 3’Cs Adapted from
reference ®

It was envisaged a similar process that occurs
in hollandite could also take place in Cs2TiNbeO1s. In
this scenario the B particle could reduce either the
Nb™ or Ti'¥) to balance the overall charge giving
formulas 1.1 and 1.2. Proof of barium substitution
could therefore provide decent evidence that
Cs2TiNbeO1s is able to retain Ba and be a suitable final
waste form for Cs immobilisation.

1.1 Cs2xBaxTi™1Ti"xNbeO1s
1.2 Cs2xBaxTiNbVs.Nb™, 015

Figure 2. Crystal Structure of Cs,TiNbgO1g. Sourced
from Desgardin et al *°. Left hand side view down a
axis. Right hand side, view down c axis.



Methodology Details
Preparation of Materials

Samples were synthesised using both sol gel
and traditional solid state techniques based on those
outlined by Desgardin et al *° and Balmer et al %°.

Characterisation of materials

X-ray diffraction (XRD) experiments were
carried out on a Bruker D8 Diffractometer in
transmission mode using a Cu ka1 1.5406 X-ray source.
Wavelength dispersive X-ray fluorescence spectroscopy
was carried out using a Bruker S8 Tiger (WDXRF).
Scanning electron microscopy (SEM) studies were
performed using a Philips XL30 ESEM-FEG with an
Oxford Inca 300 EDX system operating at 10 kV.
Transmission electron microscopy (TEM) experiments
were carried out using JEOL JEM-2100F equipped with
a EDAX Genesis XM 4 system 60, a double tilt holder
and SEI/BSE detector operating at 200 kV in STEM
mode.

Static defect calculations

Novel atomic potentials have been empirically
derived through a Reverse Mote Carlo methodology
using code developed by the group. Static calculations
have been performed using the GULP (General Utility
Lattice program) code. 2! Defects in the Cs2TiNbgO1s
system have been approximated at infinite dilution and
as clusters using the Mott-Littleton (two-region)
approach.

Results and Discussion

The results discussed here are related to Ba
doped samples where the charge compensation is
achieved through doping excess Ti'¥) for Nb" giving
the formula CsaxBaxTiixNbexO1s. Although not
necessarily realistic these samples provided a decent
starting point in order to confirm Ba doping in the
phase of interest.

Elemental analysis was carried out using X-ray
fluorescence (XRF) spectroscopy. Samples were
prepared into fusion beads by heating to 1050°C
dissolved in appropriate flux. The results shown in
table 1 within a decent error agree with the expected
increase in Ba concentration with increased Ba doping.
Following this further analysis was then carried out in
order to identify whether Ba had actually incorporated
into the desired phase.

Table 1 XRF Cs2-xBaxTi1+xNbe-«O1s
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XRD analysis of Cs2TiNbeO1s confirmed that it
crystallises in the trigonal structure (structure shown in
figure 2), with the space group P3m1 . It was thought
that Ba substitution would occur directly on the Cs site
and therefore not change the symmetry of the system.
Initial XRD results shown in figure 3 suggested that the
symmetry of the system had not been changed and
therefore Ba potentially had been incorporated into
the structure.

On closer inspection of the XRD patterns,
some additional impurity peaks to what was expected
were found. These impurities were able to be
identified as BaTiNbsO13, BaTisNbsO17 and TizNb10029.
GSAS analysis enabled an estimate of the impurity
phases which is summarised in table 2.

Table 2 GSAS analysis Weight fractions
CSZ-xBaxTil+be6-x018

Phase x=0.05 x=0.10 x=0.15
Cs2TiNbeO1s 95.11(2) | 91.52(5) 88.19(5)
BaTisNbsO17 2.2(3) 1.1(5) 4.9(3)
BaTiNbsO13 0 3.9(5) 4.7(3)
Ti2Nb10029 2.7(4) 3.5(8) 2.2(5)
Total Ba % 0.35 0.88 1.62
Expected Ba % 0.60 1.19 1.79

Sample/x Expected Ba/ wt% XRF Ba/ wt%
0.05 0.60 0.53(3)
0.10 1.19 1.13(4)
0.15 1.79 1.77(4)

Csp_yBayTiq4+xNbg.xO1g (x= 0, 0.05. 0.10 and 0.15)

x=0.15
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Figure 3. X-ray diffraction (5-70°) Csz-xBaxTi1+xNbs-xO1s
(x=0.00, 0.05, 0.10 and 0.15)

The weight fractions of phases calculated in
table 2 suggest that there may be a small amount of Ba




doping in the Cs2TiNbsO1s phase. The stiochiometric
amount of Ba initially reacted and that suggested by
XRF is consistently higher than the level of Ba
impurities calculated using GSAS. Lower level Ba
samples were synthesised in order to investigate this,
however due to the associated errors with weight
fraction analysis at lower Ba level, any discrepancies
between GSAS analysis and XRF were discarded.
Additional analysis was carried out in order to confirm
the location of Ba.

Figure 6. TEM/EDX Point analysis Ba doped Cs2TiNbsO1s
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SEM studies (figure 4) apart from displaying
the morphology were unable to yield much more
information. TEM studies (figure 5 and 6) were carried
out and with the higher energy, smaller sized beam
better detection of Ba was achieved compared to SEM.
Multi point EDX analysis (figure 6) identified at least
two phases in the sample. A very high concentration of
Ba, alongside Ti and Nb was detected around point 12,
suggesting a Barium titanium niobate impurity, leaving
the pure un-doped Cs:TiNbsO1s parent material at
point 13. In summary TEM indicates it is unlikely any Ba
has been incorporated into the target phase.

Defect calculations

A series of defect calculations have been
performed involving a number of charge compensating
mechanisms for the incorporation of Ba in the
Cs2TiNbeO1s structure. Cluster defect energies were
calculated according to the following Kroger-Vink
notations;

Scheme 1: TiV)/Ti(h
1 . X «
BaO + ET1203 + Cs¢g + Tirg;
1
> Bag + Tip; + Ti0y + 5Cs,0
Scheme 2: NbtV)/Nb(V)

BaO + NbO, + Cs¥ + Nb¥,
1 1
d Ba2~5+ Nb)’\,b + EszOS + 56520
Scheme 3: NbV)/Ti(V)

BaO +Ti0, + Cs& + Nbf,
1
— Bags + Nby, + TiO, + ECSZO

Table 4. Fractional coordinates Sitel and 2 Ti/Nb

Ti/Nb Sites Fractional coordinates
Site 1 0.0000 0.0000 0.5000
Site 2 0.1700 -0.1700 0.1457

The preference for the charge compensation
on each site has been assessed. Initial results suggest
there is a preference for charge compensation on site
1(A=25 eV) for scheme 1, which is in contrast to
scheme 3 which has a slight preference for site
2(A=1eV).A large preference for charge
compensation on site 2 has been calculated for scheme
2, with a difference of ca. 10.5 eV between the two
sites.

A large negative binding energy, (ca. -13 eV)
has been calculated for site 2 scheme 2, suggesting it is
much more favourable for the charge compensating
Nb" to be in close proximity to the Ba impurity. This
was not the case for the other schemes investigated



with binding energies ranging from -0.675 to 0.212 eV,
showing little or no preference for clustering.

Further to these results, solution energies will
be calculated in order ultimately find which of the
three schemes is most energetically favourable, of
which the results will be presented later.

Conclusions and Future Work

Initial XRD and XRF results led to some
amount of uncertainty to what level of Ba can
incorporate in the Cs2TiNbsO1s phase. The
identification of impurities particularly at higher levels
of Ba doping did hint that the Ba cation may not be
suitable for the crystallographic Cs site which may be
down to cation size. Lower level Ba doped samples
were synthesised but the subsequent studies were
unable to unambiguously confirm the incorporation of
Ba.

Consequent TEM studies however did firmly
imply the formation of minor Ba impurities phases at
low level leaving the pure parent phase un-doped.
Further TEM/EDX work on these materials is planned in
order to yield more information regarding the identity
and weight fraction of Ba impurities. Furthermore,
additional synthesis with more vigorous conditions is
planned in order to try and drive Ba into the parent
phase. Further simulations are also intended in order
to assess the stability of Ba in the Cs2TiNbeOis
structure.
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Abstract

Stannosilicates consisting of heteropolyhedral structure where the simplest units are SnOs octahedra and SiOs
tetrahedra have been raising considerable interest. Current work has focused on the modification of the
crystallographic and electrostatic environment in Sn-umbite (K2SnSisOs-H20) by varying the ratio or species of
substitution in the framework (Nb>*, V>*, Sb**, Y3* and Sc3* for the octahedral site, and Ge** for the tetrahedral site). The
substitutions were confirmed by XRD and XRF. The structural incorporations lead to a slight change of the unit cell
volume, suggesting an isomorphous substitution can be achieved. As compared to Sn-umbite, some of the partially
substituted phases, for example 25% Nb substituted umbite, show remarkable increases in both Cs and Sr capacity. An
increase in ion exchange properties can be explained in terms of their inherent tunnel sizes to accommodate
counterions due to partial substitution and bond strengths associated with the charge-neutralising cations and
framework oxygens.

Introduction While synthesising new materials for ion exchange is
common, tailoring optimum ion exchange properties
by rational framework design is also possible. It has
been demonstrated that significantly better Cs*
selectivity can be achieved in some materials by
framework substitution, for example, partial Nb>*
substitution for Ti** in the crystalline silicotitanate
(CST) structure[6-8] or complete/partial substitution of
Ge or Nb in the pharmacosiderite framework[9-11].

Although aluminosilicate zeolites are widely used as
ion exchange media for removing radioactive Sr and Cs
from water in the nuclear industry, there is scope for
new materials that have improved stability, ion
exchange selectivity and conversion pathways into
dense ceramics that retain the Sr and Cs and are
suitable for long term storage.

Sn-umbite possesses a framework structure built of The crystallographic and electrostatic environment in
[SnO¢] octahedra and long-chain [SiO4] tetrahedra by which the Cs*/Sr*" ions are accommodated can be
Corner_sharing, as Shown as Flgure 1a' There are two tal|0red by Vary|ng the ratiO or SpECIes Of SUbStltutlon.

unique ion exchange sites in the tunnels. The first
exchange site (Site 1 in Figure 1b) is in a 8-membered
ring (8MR) tunnel consisting of six SiO4 tetrahedra and
two SnOs octahedra; the second site (Site 2) is in
another 8MR tunnel composised of four SiOs
tetrahedra and four SnOe octahedra. Water molecules
only locate in channels along with Site 2 cations.[1]
Some umbite compositions have shown a great ability
for Cs and Sr uptake over a wide pH range, however ‘ale
typically much poorer in low pH condition.[1-3]
Furthermore, one of the advantages of umbite is that ) o ‘ ‘

the phase can be thermally transformed to a dense grgtzfrhlost))izm;;g;? sf:thfofltgftzri Slrgirgg'ti’ :Kzghlss:;ozﬁz(g’)
phase wadeite[4, 5], which is considered as a potential structural overview of Sn-umbite showing two unique ion exchange
ceramic wasteform. sites in the 8MR tunnels




Like these synthetic microporous zeolite-like
materials, CST and pharmacosiderite, umbite has
exhibited a flexibility to incorporate hetero-elements
into the framework containing 6-fold coordinated
transition elements. Various tri- and penta-valent
elements with similar ionic radii to Sn were selected
(Tablel) to study the effect of substitution on ion
exchange properties. There are two strategies for this
project. Firstly, Sn* is partially (25%) replaced with 5+
elements, such as Nb>*, V°*, and Sb®*. In this case, less
K* cations will be required for charge neutralisation.
Thus, the tunnels become less crowded, therefore
more hydrated Cs or Sr can be accommodated.
Secondly, Sn** is partially (25%) replaced by equal
amount of trivalent and pentavalent elements, for
example (Y3*, Nb°*) or (Sc*, Nb°). The size and
electrostatic environment of the tunnel inside the
umbite framework can be altered but the total K*
content still remains the same. Sn-umbites with
partially substituted 4-coordinated SiOs by GeOs (10
and 20 at.%) were also prepared for comparison.

Table 1 lonic radii of selected elements[12]

Site CN | Element lonic Radius(A)
Sn 4+ 0.69
Nb 5+ 0.64
vV 5+ 0.54
Octahedral 6
Sb 5+ 0.61
Y 3+ 0.89
Sc 3+ 0.73
Si 4+ 0.29
Tetrahedral | 4
Ge 4+ 0.40

Methodology Details
Synthesis

The synthesis method of Sn-umbite used in this work
is adapted and modified from the literatures reported
by Lin et al[13] and Navascues et al.[14] Fumed silica (1
g) was added to a solution of KOH (2.25 g) and KCI (2 g)
in water (10 g), a clear solution was obtained. A second
solution, containing SnCls-5H,0 (1.85 g) in water (10 g),
was also prepared. Upon mixing, a cloudy solution was
formed, which was kept under vigorous stirring for 1
hr. This gel, with a molar  composition
Si:K:Sn:H20=3.23:12.98:1:228, was transferred to a
Teflon-lined autoclave and treated at 200 °C for 48 h.

A range of substituted Sn-umbites were prepared via
direct hydrothermal synthesis. For example, a 25% Nb
substituted Sn-umbite can be synthesised following the
above mentioned method simply replacing 25 at.% of
SnCls-5H20 with NbCls with fixed molar ratio of K, Si,
and H0. All the substituted Sn-umbites prepared in
this work are listed in Table 2. The starting chemicals
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for the substitution are NbCls, GeO,, V0OSO4:xH-0,
Sb20s, YCls, and Sc20s, respectively.

Table 2 List of substituted umbites studied in this work

Code Substitution Expected formula

Sn_Si - K2SnSiz0q-H,0

10Ge 10%Ge with Si K2Sn(Geg.1Si0.9)309-H20

20Ge 20%Ge with Si K2Sn(Geg 2Sio.8)309-H20

25Nb 25%Nb with Sn K1.75(Nbo.25SN0.75)Si309-H20

25V 25%V with Sn K1.75(V0.255n0.75)Si309-H,0

25Sb 25%Sb with Sn K1.75(Sbo.255Nn0.75)Siz09-H,O
25(Y,Nb) 12'5%\/\;;;25':% Nb K2(Yo0.125Nbo.1255n0.75)Si309-H,0
25(Sc,Nb) 12'5%\;;;;5% Nb K2(S€0.125Nbo.1255n0.75)Si30s-H20

Characterisation

The powder X-ray patterns of the crystals were
collected using X-ray diffraction analysis (Bruker D8
diffractometer Cu-Ka radiation), and a whole pattern
fitting method (Pawley fit) and Rietveld refinement of
the structures were performed using TOPAS. The
elemental compositions were determined using XRF
(Bruker S8 Tiger) on loose powders.

lon exchange evaluation

The Cs and Sr uptake was tested by shaking the
materials in 0.1 M Sr(NOs)2 or CsNOsz solution under
batch conditions at V:m = 100:1 (mL:g) for 24 hr at
room temperature. The white powders were washed
first with water and dried at 50 °C. The Cs and Sr
content in the material were evaluated using XRF.

Results and Discussion
(1) Synthesis and characterisation

These materials were successfully synthesised via a
hydrothermal route as confirmed by XRD and XRF. The
experimental powder XRD pattern of as-synthesised
Sn-umbite and the substituted Sn-umbite are very
similar but some peak shifts are observed, indicating
that umbite structure is preserved upon incorporation.
The unit cell parameters of the various umbites have
been calculated with a whole pattern fitting using
TOPAS, as plotted in Figure 2. The change in the cell
dimensions of the substituted Sn-umbites, relatively to
the parent Sn-umbite, is expected because of the
difference in ionic radii between them and Sn*.
Attempts have also been made to incorporate Te?
(0.97 A) into the umbite framework, or totally replace
Sn with equal amount of trivalent and pentavalent
elements. However, none have been successful due to



a much larger radius of Te than Sn and the
requirement of Sn as skeleton.

10.1533
10.1109

10.099

13.2088
13.1983

12,1524
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963.955
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Figure 2 Unit cell parameters of various substituted Sn-umbites
(numbers were acquired by a whole pattern fitting method)

Rietveld refinement has been performed to
investigate the structural chemistry. As shown in Figure
3, a fairly reasonable fit was achieved for Sn-umbite.
However, strict geometrical restraints were required
for SiO4 and SnOe to prevent the structure from falling
apart during refinement. Furthermore, a serious
anisotropic peak broadening was observed in almost
every material, making it difficult to achieve a good fit.
To resolve this, efforts have been made to improve
crystallinity but have not been successful. It was also
noted that some of the reflections were not calculated
properly, indicating the starting structure model is not
entirely correct. It is suggested that neutron diffraction
data are required for structural solution since the
diffraction is not dominant by the atomic number. In
addition, due to the nature of neutron, more intense
reflections at high angles can be observed, which are
beneficial for refinement.

O T O T A O O S A AW 18 TR B IR RN T TN T A WIRTAT T TR TR TR TTAT)
9B 455D EEDLDDEEIES O TEHSETEILHLLSHEE 089918 EYE5 088

Figure 3 Powder X-ray diffraction pattern and Rietveld analysis of Sn-
umbite (K2SnSiz0s-H20). The solid lines are the observed and
calculated profiles. Tick marks represent the positions of allowed
reflections, and a difference curve on the same scale is plotted at the
bottom of the pattern.
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(2) lon exchange tests

As-synthesised materials were evaluated for the
removal of Cs and Sr using static batch experiments.
The recovered ion exchangers were then analysed by
XRF, the molar ratios of Cs or Sr normalised to the sum
of octahedral site elements such as Sn, Nb, Y, Sc. These
are compared to unsubstituted Sn-umbite in Figure 4,
but as samples were not prepared as fused beads the
numbers should not be over interpreted.

It is of interests that most of the umbites containing
pentavalent elements have a significant improvement
in Sr or Cs uptake, apart from V>*. We believe that it is
because of the less crowded tunnels formed with
fewer charge neutralising K cations, as observed as in
Nb substituted CST. Furthermore, the poorest Sr
uptake shown in 25%V doped umbite might be
correlated with a decrease of unit cell volume which is
usually associated with the flexibility to incorporate the
counterions.

Ge was also doped in Sn-umbite to replace Si in the
tetrahedral sites. They have been prepared successfully
and ion exchange tested. A significant decrease in both
Cs and Sr uptake was observed in 10% Ge doped
umbite, however, the reason is not entirely clear yet. It
is suggested that although Ge tend to form 4-fold
coordination it can also be 6-fold geometry. More
detailed structure investigation is required to prove
this suggestion.

0.7

mCs

0.6

0.5

C

0.4

0.3 -
0.2 -

0.1

0 -

> F S
N Vv

Molar ratio of Cs or Srto O _site elements

Figure 4 Relative Cs/Sr uptake (in molar ratio) of substituted and
unsubstituted umbites.

Conclusions and Future Work
Conclusions

lon exchange capacity to both Cs and Sr has been
significantly improved in 25% Nb, 25% Sb, 25%(Y, Nb)
and 25%(Sb,Nb) substituted umbites. It is observed
that ion exchange properties are strongly correlated to
unit cell parameters. This can be also attributed to
other factors such as:



Different tunnel/pore size due to partial

substitution.

When replacing Sn with 5* elements such as Nb**
or V°*, less K* cations are required for charge
neutralisation forming less crowded tunnels to
accommodate more hydrated Cs or Sr.

Future Work

1.

Due to the unsatisfying refinement based on lab
PXRD, synchrotron X-ray or neutron diffraction data
are required for solving the crystal structure and
investigating the structural effect of the substitution
on Cs and Sr exchange behaviour.

In addition, atomistic simulation to predict ion
exchange sites, framework response to exchange,
and potential migration pathways during exchange
will be performed in order to assist mechanistic
understanding  and materials performance
optimisation. Fitting of atomistic potentials of tin
silicate systems is ongoing.

Various ion exchange conditions such as pH control,
kinetic, or competitive ions present to monitor the
change of K*, Cs*, and Sr?* using ICP are required.

Attempts have also been made to synthesise
hierarchically micro-mesoporous structured zeolites
for flow continuous ion exchange process.
Hierarchical monoliths or spheres are advantageous
due to the better accessibility of reactants to the
active sites and the ease of recycle and reuse.
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Abstract

The main objective of my PhD research is to investigate and develop a better understanding of the corrosion
mechanisms and reaction rates of uranium under waste storage conditions. This requirement hinges on the need
to implement safe control, monitoring and identification of corrosion products developing on the uranium-rich
radioactive waste awaiting to be retrieved from the radioactive ponds and silos at Sellafield. In order to achieve
our objective, the main chemical reaction of uranium with water (H20) and the interactions between H0O,
uranium and the reaction products (Hz, UHs) need to be examined thoroughly. Apart from working solely on the
combined system (U-H20-H), it is also wise to investigate standalone reactions; thus the whole subject may be
divided into four main areas:

e U+ H20 (saturated/wet conditions).

e U+ H2 (early hydriding stage).

e  UHs + H20 (saturated conditions).

e U+ H20 + Hz (over pressurised conditions).

Concurrently with the experimental work, two separate and comprehensive reports are being produced which
detail the current international understanding of uranium corrosion in water and in hydrogen (rates,
mechanisms, controlling influences).
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Abstract

Sellafield Ltd. is situated in the north east of England and is the UK’s nuclear decommissioning site. Within the site, it
houses some of the UK’s oldest wet storage ponds, with construction from the 1950’s. This project seeks to analyse the
bottom of the pond environment using Raman Spectroscopy with an in-situ Stand-off probe. Within these ponds a thick
layer of sludge (approx. 1m depth) is at the base and is a mixture of nuclear waste, pond infrastructure and organic matter
such as algae and windblown debris from its surroundings. This has formed due to decades of corrosion from the aqueous
environment. An analysis will dictate the long term strategy for the retrieval and removal of this sludge, so characterising
it is essential. The probe geometry and design are imperative for successful data sampling, as organic particulates emit
fluorescence when excited by laser interaction, overwhelming the Raman signal the probe is attempting to measure. The
probe also has to take data through a body of water. Here is the development to overcome these difficulties by using

altering optical set-ups and laser wavelengths.

Introduction
Raman Spectroscopy

With Sellafield wanting a long term storage strategy, a
full diagnosis must be completed on all their unknown
waste contents. The legacy ponds (pile fuel and FGMSP)
are amongst the containers which have unidentified
waste products in. Raman spectroscopy is a powerful
analytical tool to characterise these products as it
detects chemical compounds, which can decipher each
foreign specie found within this environment. Using the
measurement of inelastic scattering of the vibrational
modes associated to each material, Raman
spectroscopy can produce an individual spectrum or
“fingerprint”. From this fingerprint, it is possible to
distinguish between two materials with the same
elemental components, but in different phases.

Figure 1 Allen et al. demonstrating the oxidation of UO2 into U308.
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Fig, 2. Raman spectra of LG, U0, oudised i laser boam,
and Uy,

Figure 1. Shows UO, in its initial phase, with clear
distinction of the 455cm ™! peak. The sample material is
allowed to be oxidised which leads to the eventual
production of U30g. Notice the growth of several peaks
during this process [1]. Other factors such as stress,
strain, heat or pressure on the material will appear in
the spectra as artefacts, such as peak shifting, widening
or flattening. This could be helpful as the sludge will be
formed of many components, with it being under
containment in varying pond conditions. Currently there
is limited characterisation work performed by NNL and
Sellafield with sludge samples, with no in-situ Raman
measurements yet taken [2].

Probe Development

Raman Spectroscopy involves the excitation of a
material’s surface with a laser light source. In this
instance this excitation will need to be achieved through
a target distance of 1m, passing through water.
However there is a limited range of wavelengths that
have minimal absorption in water. Figure 2. Pope et al
demonstrates that 418nm attenuates the least through
water, which therefore is the optimal laser wavelength
for the Raman probe to operate at. A 405nm IPS diode
laser was selected for the new probe with an
operational max power of 30mW. To demonstrate the
capabilities of Stand-off Raman [3], the University of
Bristol has a preceding probe for this project for open
air Stand-off Raman (Figure 3.). With 830nm as the
working wavelength, it produces coherent spectra with
minimal fluorescence. The principles of Stand-off
Raman were established by sampling with this probe,



and is the basis for the new optical arrangement. Table
1. compares all elements used with both probe designs.

Figure 2. Pope et al electromagnetic absorption through pure water
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Table 1. Comparison of Probe designs
Initial Stand Off New developed
Raman Probe Raman Probe
Laser 830nm 405nm
Wavelength
Laser Power 140mW 30mwW

Emission path | 830nm Semrock | 407nm Semrock
filters Short Pass filter laserline clean up
filter (with 12 degree
slant)

Collection Path
filters

830nm Semrock
long pass filter

830nm Semrock
dichroic mirror

N/A (407nm clean up
filter used as a
reflective surface)

Optional Thorlabs

405nm notch filter (to
be applied in biaxial
arm)

Optical layout Coaxial Coaxial/with
additional biaxial

configuration

Spectrometer Headwall Shamrock 193i Andor

Camera 416 iDus Andor 416 iDus Andor

Methodology Details
Stand-off Raman Testing

When testing the 830nm Raman Probe (see figure 3.), it
was important to measure the rate of Raman scattering
loss due to distance. A subject material of PTFE, a
polymer with several Raman peaks ranging from
200cm™~1- 1300cm ™1, was selected for calibration. The
probe was then fixed into position and the PTFE’s
spectrum was measured at 30cm increments ranging
from close range to the maximum distance achievable
(0cm-270cm). This was performed several times and
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each individual peak was examined for a loss in intensity
due to distance.

Figure 3. 830nm Stand-off Probe
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Samples

The probe was used to measure sample material sent
from NNL (National Nuclear Laboratory). Powdered
calcium carbonate, barium sulphate and magnesium
hydroxide were given as appropriate corrosion products
from the fuel cladding and pond infrastructure.
Segments of concrete were given as the structural
material of the ponds. However not all material is
Raman active, such as metals. The fuel cladding’s main
component is magnesium, which is mixed with
aluminium to form Magnox. NNL has also provided
other non-Raman active samples of
magnesium/Magnox turnings, steel and corroded
magnesium sludge (CMgS). Further work will need to be
carried out to allow them to be measured.

New Wavelength

The developed probe is successfully measuring Raman
scattering, with a violet laser (405nm wavelength) being
adopted into the design using a single filter
configuration. The properties of the laser clean-up filter
have been exploited to also reflect any Raman
scattering (transmission window = 403nm-407nm at
12°) onto a positioned mirror and collected at a point
parallel to the emission path (see figure 4). This set-up
has successfully taken multiple spectra, and also
minimises the number of optical elements.

Figure 4. 405nm Stand-off Probe
7 F2

ml
405nm Laser | |

Spectrometer
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Water based sampling has been trialled. Figure 5 shows
the H,0 peak of the O-H bond at around
3500cm™t.Because of this peak, any Raman scattering
in this region is off limits to the sampling. The sample
range for the probe is therefore governed by this.

Figure 5. Water Raman spectra measured through a glass flask
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Results and Discussion
Initial Work

The 830nm probe is currently effective at collecting
Raman scattering due to the minimal fluorescence
generated by the NIR wavelength. Stand-off Raman has
been established as a useful technique to this project
with lab testing. (figure 6), the probe reached 270cm
however Raman scattering could be collected at greater
distance. Collecting a spectra was still feasible even at
the larger distances. Although the technique has
potential to do longer distances than measured, a target
distance of 1m has been selected. Due to the other
issues this probe

PTFE Stand-off test
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Figure 7. PTFE Raman Spectra —405nm
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Alternative Wavelength

The 405nm Raman set-up is currently providing
inexplicit data. With multiple data sets of PTFE
(Polytetrafluoroethylene) taken with the 830nm probe,
the expected spectra (Figure 7.) only showed 4
distinguishable peaks out of a possible 8 [4], with the
peaks from approx.. 0-700cm ™! being overwhelmed by
a strong signal.

Due to the optical bench set-up, performing underwater
measurements at a depth of 1m is restricted. Sampling
a flask of water is sufficient at this current time to
measure the Raman spectrum of water. Implementing
the optical configuration into a portal probe is the next
vital step for testing, with full movement in equipment,
any range of distance of air or water can be tested. The
830nm has the minimal fluorescence, as it is out of
range of expected fluorescence. However it also has 3
optics filters in comparison to the single 405nm laser
clean up filter. Although it is more cost efficient to have
less filters, its filtering will need to be improved by
adopting another collection path using a biaxial set-up.
Figures 8 and 9 proves the difference in probe
performance. Magnesium hydroxide is likely be the
most abundant product of the sludge, as it is the

Figure 8. Magnesium Hydroxide Raman Spectra - 405nm
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oxidisation of the Magnox fuel cladding. Therefore it is
important that the new probe can successfully measure
this material. The Raman peaks of magnesium
hydroxide [5] are engulfed by the strong
fluorescence/laser signal at the start of the spectrum.
This follows for the other NNL samples with a Raman

peak below roughly 500cm™1.

Figure 9. Magnesium Hydroxide Raman Spectra - 830nm
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Conclusions and Future Work

Using two different wavelengths clearly exhibits the
need to exclude fluorescence within the probe design.
Material strongly Raman active will not necessarily need
this extra measure, so keeping a coaxial alignment
would still be beneficial when sampling. However most
of the pond proxy samples produce a strong fluorescent
signal, with any Raman signal being overwhelmed. The
difference with the developed probe’s performance is
currently not enough spectral clarity. This will be
corrected with further filtering into place, such as a
biaxial arm as an optional attachment. This will include
a 405nm notch filter to omit the laser light and due to
the oblique geometric placement, will only be only to
sample at a set distance.

Further work on samples needs to be completed to on
the NNL samples. The sludge will contain a large amount
of corroded metal. Therefore the proposed plan is for
Steel and Magnox metal to be placed into an
experimental steel cell with a water crucible. The cells
will be placed into ovens over several months ranging
from 25- 70 degrees Celsius. These temperatures have
been selected in accordance to the residue heat when
the fuel is retrieved out of the reactor core, so will
simulate the same chemical reaction that occurs within
the pond in a favourable timescale.
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Abstract

Glass is one of the potential host to contain nuclear wastes for disposal in deep geological repositories. Water which can
potentially access repositories can degrade glass and possibly transport radionuclides from vitrified nuclear waste
canisters into environment. Global research efforts to understand degradation of host glass in aqueous conditions and
its ability to retain radionuclides for thousands of years is in progress. To assess the long term degradation of glass, there
is a need to understand many unknown mechanisms and influences. We at Centre for Nuclear Engineering, Imperial
College London are developing experimental methods to understand influences of different realistic conditions on glass
degradation. We are currently studying glass cracks degradation, glass surface modifications and colloids formation. The
document discusses surface modifications of glass when moisture condenses over glass surface.

influence of water condensation on International
] Simple Glass (ISG).
Introduction

Methods

Vitrified nuclear waste disposed of in geological
repositories will be protected with a multilayer barrier
system. These barriers, during the course of time, will
get damaged and can leak water into canisters. In such
an event, water can come in contact with glass and
activate corrosion. Glass corrosion was classified by
Hench and Clark [1] into 5 types, based on the corrosion
medium pH and the gel layer formation mechanisms.
With increase in pH, the glass corrosion mechanisms
and the surface gel layer formation were found to vary.
Decades of nuclear glass degradation studies had led to
establish sequence of degradation mechanisms that
may occur under ideal conditions. Nuclear glass Water
dissolution was said to occur in four stages (1.
Hydrolysis, 2. Protective layer and solution saturation,
3. Water diffusion and secondary phase precipitation,
and 4. Large precipitation of silicate minerals) [2]. Each
stage time frame is not defined and the length of these
stages can vary depending on factors such as
temperature, pH, composition, renewal rate of the

The experimental procedure shown in Figure 1 was
tested on International Simple Glass (ISG) (provided by
James Marra (Savannah River National Laboratory,
USA)). The ISG samples were subject to aqueous
corrosion in static conditions at 90°C in deionised water
for one weeks at pH 7. The ISG was cut into samples of
(Lx B xH)~20 mm x 5mm x 2mm size using a diamond
blade. These samples were grounded using SiC papers
up to 4000 i.e., 2.5um smoothness.

condensation
on glass

Glass immersed

solution. Most previous studies have been dedicated to in water
understanding surface degradation mechanisms of glass

[3, 4] and very few considered additional physical and Figure 1 Schematic of ISG Corrosion test setups.

chemical influences that can affect the length of each

stage completely immersed in water and is bulk in state Only half of the sample was immersed in water while
without any defects nor other influences. In reality, at the other half was left in air in the container. This
the initial stages canisters may not completely but might experiment was conducted for one and 3 weeks to
partially be immersed in water. The effect of partial understand the influence of water condensation on ISG.

immersion and water condensation on surface is not
reported in literature, hence in this paper we discuss the



Results and Discussions

Figure 2 shows back scattered images of simulated glass
which was tested in distilled water for 1 week at 90°C.
The stack of images show areas of ISG developing
features on the surface during degradation studies. In
Figure 2 I1SG was observed to develop a thick gel layer at
the bottom of sample with gel layer cracking because of
water evaporation when dried after removing from
container. The gel layer cracking was found to decrease
from bottom till water and glass contact region
indicating a gradient over gel layer thickness under
water. Because of surface tension of glass and static
condition of water during experiment a convex layer of
water known as meniscus is formed over glass. The
meniscus region on ISG was found to precipitate calcium
rich phase. Region above meniscus did not get affected
by condensation of water, no features or localized
chemical changes were found. Area in the top region

developed pits due to saturation of water.
1 week

0 Top of

sample

Region of
simulated
glass above
distilled water

Meniscus
Region

Region of
simulated glass
'jmmersed in
distilled water

ottom of
- sample

Figure 2 Shows BSE images of ISG tested for degradation in distilled
water for 1 week at 90°C. The images are placed in a sequence bottom
to top and labelled accordingly
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After degrading for 3 weeks, the ISG was found to
develop complex morphologies of calcium rich phases
on the surface (see figure 3). It was found that the glass
immersed in water formed a gel layer while vapor
condensed on the surface of the glass above the water.
Droplets of water on the glass surface saturated with
leachates grew calcium silicate rich phases (see figure
3b and 3c) (confirmed by EDX) and pits (see figure 3d).
Similar effects have been found in archaeological
glasses where a protective Ca-rich surface layer was
found on the surface of glass, this layer hindered inward
growth of the dissolution reaction favoring localized
pitting. The pitting is caused by water condensation
followed by its slow evaporation leading to increased pH
[5]. We believe a similar effect is occurring on ISG glass
(see figure 3d).

Figure 3 Shows ISG glass surface degraded in partially immersed
distilled water for 3 week at 90°C. Description of Figures a, b, ¢, and d
is given in the text.

Conclusions

1. A gel layer thickness gradient from
bottom to glass/water boundary is
found in ISG.

2. The 1 and 3 weeks degradation of I1SG
resulted in precipitation of Ca-rich
phases and pitting on the surface
above water indicating that water
condensation can modify glass surface.
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Abstract

The clean-up of the Fukushima Daiichi site continues to generate large volumes of spent adsorbents which need to be
disposed of permanently, one of the candidates is a low temperature immobilisation process to avoid volatilising
radioactive Cs and Sr species. To this end an immobilisation process with a maximum temperature of 6002C was
developed by sintering model waste with glass frit to form a dense Glass Composite Material (GCM) wasteform. A
zeolitic model wasteform, chabazite, was sintered with two lead-based glass compositions, lead borosilicate (PBS) and a
lead borate (PB) glass composition, at a maximum temperature of 6002C. Full encapsulation of the zeolitic wasteform
was achieved for waste loadings up to 40 wt.% in PBS and 30 wt.% in PB in all cases, with both GCM systems showing
foaming. PBS GCM formation was successful at a maximum of 6002C, while the PB GCM formation was shown to be

possible at a maximum temperature of 5502C.
Introduction

Several water treatment systems are currently in place
at Fukushima to remove radionuclides from the
contaminated water used to cool the reactor cores,
such as the HP-ALPS (High Performance Advanced
Liquid Processing System), the high performance multi-
nuclide removal equipment. However, the treatment
of approximately 500 m3/day of contaminated water
continues to generate large volumes of spent
adsorbents, which can be highly radioactive
(approximate level of activity concentration of the
order of 1E11 Bq/kg to 1E12 Bg/kg). These spent
adsorbents are currently stored on-site, but will
require immobilisation in a suitable wasteform before
being disposed of permanently. The most common
radionuclide species present in the effluent cooling
water are Cs and Sr species with short half-lives, the
longest is Cs-137 with a 30.08 year half-life. The final
ILW wasteform will have an estimated repository
lifetime of 300 years and will likely be disposed of at a
surface storage facility.

Another aspect to consider in any process used to
immobilise the adsorbents is Cs and Sr volatilisation.
Due to the use of seawater as an emergency coolant
and the ingress of groundwater the system has a high
chloride content. The high level of chloride could lead
to CsCl and SrCl species. Both the chloride species of Sr
and Cs are volatile at higher temperatures [1], so to
ensure minimal volatilisation a low temperature
immobilisation process is sought with a maximum
temperature of 6002C. A fully homogeneous glass

wasteform at this temperature is not achievable, as a
fully  vitreous wasteform incorporating these
adsorbents is only achievable above 11002C [2].

Radionuclide volatilisation is a problem that has been
faced by the nuclear industry in many different clean-
up scenarios, including volatilisation from Cs adsorbed
onto zeolites. Gray[3] noted that the volatility is
significant above 7002C, and this is echoed by
Kamizano et al.[4] who notes that volatilisation can be
significant above 1000°C. Furthermore, the presence
of chloride species can greatly increase volatilisation,
the presence of NaCl in a system can push the
volatilisation of Cs to >99% above 10002C [4]. Due to
the situation at Fukushima Daiichi, the waste has a
significant chloride presence that would greatly
increase both Cs and Sr volatilisation. For this reason
alone classical industrial vitrification techniques are not
suited to the immobilisation of this particular waste
stream. The volatilisation concerns are too great and a
viscous flow sintering process is opted for instead to
create a GCM wasteform.

Methodology Details

Two glass compositions were prepared for this study. A
lead borosilicate glass (composition in wt.%: PbO 63,
B203 25 and SiO2 12) was prepared by a melt quench
from base oxides. This glass was melted for 2h at
12009C in a bottom loaded Lenton EHF 1800 furnace
(Carbolite, Hope Valley, UK) using a platinum crucible.
A lead borate glass composition (composition in wt.%:
PbO 80 and B203 20) was prepared by a melt quench



from base oxides. This glass was melted for 2 h at
9502C in a bottom loaded Lenton EHF 1800 furnace
(Carbolite, Hope Valley, UK) using a platinum crucible.
Both melts were quenched in a large volume of
deionised water kept at room temperature. The
resulting glass frits were recovered, washed with
acetone and dried for 12h at 1102C. The dried frits
were wet ball-milled with ethanol in a planetary ball
mill. The ball milling was performed at low frequency
(100 Hz) for 5 minutes, with recovered frit of a particle
size <38 um.

The model waste without Cs and Sr loading was a
commercially acquired chabazite. The chabazite used
was acquired from Verdi Sp.A (Castelnovo di Sotto,
Italy).The chabazite was ground and sieved with the
100 pum - 125 um fraction retained. The chabazite is
initially dried at 1102C to release any sorbed water.
Calcination was performed at 600°2C to remove any
volatile species from the chabazite. Calcined (particle
size: 100 um - 125 pm) and glass frit (particle size: < 38
um) were mixed in a turbula mixer for 12 h to
homogenise at different wt.% waste loadings.

After mixing wasteforms were produced by mixing
different chabazite (particle size: 100 pm - 125 um)
waste loadings, in 10 wt.% increments, with glass frit
(particle size: < 38 um) for 12 h in a turbula mixer. The
mixed powders were loaded into stainless steel ring-
shaped (diameter 9.5 mm) moulds and sintered using
the optimised sintering profiles. Sintering profile for
the PBS system consisted of steps of 2h at 3502C, 2h at
6002C and 2h at 5502C Sintering profile for the PB
system consisted of steps of 2h at 3502C, 2h at 550 2C
and 2h at 5009C (See Figures 1 and 2).

Produced wasteforms were analysed using SEM (JEOL
JSM6400 and JEOL JSM6010) and Energy Dispersive
Spectroscopy (EDS) (Oxford Instruments INCA). Surface
and cross-sectional Secondary Electron Images (SEl)
were taken to examine the microstructure. X-Ray
Diffraction (XRD) was performed using a Bruker D2
PHASER.

Sintering Conditions

Initial attempts were done with cold-pressed lead
borosilicate samples subjected to a two-step sintering
profile, where the first step is to direct sinter the
sample at 6002C for 10 min followed by cooling the
sample to 5502C and annealing for 6h. The sintering
step at 600°C is chosen to activate viscous flow
sintering and the subsequent 5502C annealing is
chosen to homogeneously densify the material. The
resulting wasteform was found to have a glazed
surface, but was bloated [11]. This bloating could to be
due to volatilisation of sorbed species from the zeolitic
model wasteform. During direct sintering, as soon as
the powder compact was introduced into the furnace,
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the surface lead borosilicate glass particles soften and
block all open surface pores. Temperature
homogenisation of the bulk would have softened the
compact resulting in viscous flow. During this process
the release of any volatile material would be blocked
by the lack of open porosity. Hence, the gases get
trapped and lead to foaming [12]. The chabazite is
hygroscopic and a possible source of foaming in the
direct sintered compacts is water sorbed on to
chabazite. To obtain a denser material, an initial
calcination step at 3502C for 2h was added to volatilise
any material or water vapour before the viscous flow
of glass occurs. GCM foaming was greatly diminished
by evaporating volatile species from the chabazite in
an additional sintering step. To further eliminate
adsorbed species from the model wasteform an extra
calcination step was added to the process. The
chabazite was calcined at 6002C for 2h to remove any
possible volatile species that may have adsorbed to the
chabazite during processing (Figures 1 and 2).

PBS

A Sinter
Base | Melt quench | Mill -
oxides | 2h@1200°C B
J R E

Mix .

Chabazite Mi : Ca\cm[; ,—)
2h@600°C
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Temperature profile

Base oxides: PbO 63wt.%, B,0; 25wt.%, SiO, 12wt.%

Figure 1. Process flow diagram of PBS wasteform
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Figure 2. Process flow diagram of PB wasteform
production

Results and Discussion
PBS

To closely mimic the final industrial application the
mixed powders were loaded into stainless steel rings
before sintering. While optimisation was performed
with a 10 wt.% chabazite waste loading, further waste
forms were produced in 10 wt.% increments, up to a
40 wt.% waste loading. Due to increasing waste loading



of chabazite more adsorbed species need to be
eliminated from the wasteform during thermal
treatment. This requires a longer treatment step at
3502C before full viscous flow sintering at 600°C.

Figure 3. Cross-sectional SEI micrographs of PBS
samples.

Cross-sectional SEl in Figure 3 of the different waste
loadings in PBS show different microstructures, with
especially 10 wt.% exhibiting foaming, however this is
decreased at increasing waste loading. The observed
halo effect in the 30 wt.% and 40 wt.% is an artefact of
the sample preparation for SEM and is due to the resin
used for the cold mounting. Work is currently in
progress to ensure full densification at all waste
loadings.

Cross-sectional SEI micrographs and EDS maps from 10
wt.% (Figure 4), 20 wt.% (Figure 5), 30 wt.% (Figure 6)
and 40wt.% (Figure 7) waste loadings reveal
homogeneous waste distribution in the vitreous
matrix. Each  sample shows similar GCM
microstructures, with EDS spectra showing different
phases in the microstructures. The Al, Si, and K-rich
chabazite phases and Pb-rich glass phase became
mixed in the final microstructure.

Figure 5. 20 wt.% PBS SEl and EDS micrographs.

The SEI in Figure 4 show the 10 wt.% sample with
closed closed porosity, but the SEI in Figure 5 shows
the denser microstructure of the 20 wt.% wasteform.
In both cases encapsulation of the chabazite in the lead
glass matrix is achieved.

Figure 6. 30 wt.% PBS SEl and EDS micrographs.
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Figure 7. 40 wt.% PBS SEI and EDS micrographs.

At higher waste loadings foaming is greatly diminished.
Both Figure 6 and Figure 7, showing 30 wt.% and 40
wt.% waste loading respectively, show a dense
microstructure. Due to the higher waste loading initial
sintering and pore occlusion is presumed to take
longer, giving adsorbed volatiles longer to diffuse out
of the wasteform, and leaving dense microstructures.
Encapsulation of the chabazite in the lead glass matrix
is consistently achieved in all presented wasteloadings.

chabazite wasteloading in PBS

¥ =chabazite

40 wt.%

M

10 20 30 40 50 60 70 80
position (°28)

counts (a.u)

Figure 8. Increasing waste loadings of pre-calcined
chabazite in PBS, three-step sintering profile

Figure 8 shows the spectra of increasing waste loading
of the pre-calcined chabazite in PBS glass. These
samples underwent the sintering profile described
previously. In the diffractogram, at 10 wt.% waste
loadings the crystalline peaks of the chabazite,
denoted by the X, are overlapped by the amorphous
halo of the PBS glass. As waste loading increases the
relative peak intensity increases and the peaks start
showing above the amorphous halo, especially with
the 40 wt.% waste loading pattern which exhibits clear
crystalline peaks. The fact that such peaks are visible
confirms that the crystalline phase has not dissolved
into the amorphous glass phase, thereby showing that
the created wasteform is indeed a glass-composite.

PB

The PB glass composition lacks the silica phase as a
glass former, with the lead phase acting as the glass
former. The lack of silica in the glass lowers the melting
temperatures and the flow point, leading to lower
processing temperatures [5]. The PB frit was mixed
with the pre-calcined chabazite and loaded into
stainless steel rings before sintering. Waste loading
was done in 10 wt.% increments, up to 40 wt.%.



However 40 wt.% waste loading wasteforms did not
sinter well, so only up to 30 wt.% samples were
analysed. The 3502C pre-treatment step was retained,
to ensure removal of any sorbed volatile species from
the chabazite. After this the composites were sintered
at 5502C for 2 h and then treated at 5002C for a further
2h. Afterwards samples were left to cool in equilibrium
in the furnace.

Figure 9. Cross-sectional SE micrographs of PB samples.

PB GCM wasteforms are similar to PBS GCM
wasteforms in their foaming behaviour, as seen in the
un-optimised PBS samples in Pletser et al. [11] and the
SEl of the PB in Figure 6. While the microstructures
exhibit strong foaming characteristics, encapsulation of
the chabazite model waste is achieved for all waste
loadings.

Figure 12. 30 wt.% waste loading PB EDS maps.

EDS maps of all samples show, despite foaming, good
encapsulation of the chabazite, revealed by the
presence of Si surrounded by lead borate glass, as
shown by the Si and Pb maps (Figures 7-9). The
successful encapsulation of the model wasteform with
the lead borate glass shows that even at temperatures
as low as 550°C a viable GCM wasteform can be
produced.
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Figure 13. Increasing waste loadings of pre-calcined
chabazite in PB, three-step sintering profile

Figure 13 shows a similar pattern to Figure 8 with pre-
calcined chabazite in PB glass. Here a maximum 30
wt.% waste loading was achieved. Again at 10 wt.%
waste loadings the crystalline peaks are obscured by
the amorphous halo, with the crystalline peaks
showing above the halo at 30 wt.% waste loading. The
visible crystalline peaks, along with the amorphous
halo of the glass confirm that the produced
wasteforms are glass-composites.

Conclusions and Future Work

Glass composite wasteforms were successfully
produced to immobilise volatile Cs and Sr containing
waste generated in the clean-up of the Fukushima
Daiichi site. The challenge of overcoming a low
processing temperature to design a viable model
nuclear wasteform was successfully achieved by
producing a GCM loaded with chabazite and subjected
to direct sintering to form a bulk material with a
maximum operating temperature of 600°2C. Two
different glass compositions, PBS and a PB
composition, were used to produce the wasteforms.
These two compositions were studied for their low
temperature processing capabilities and their results
compared. The release of adsorbed volatile species
was enabled by modifying the sintering profile, as
during viscous flow sintering a glaze can form on the
surface of the wasteform, impeding the diffusion of
volatile species, leading to bloating and a foamed
microstructure. These initial results open up a
promising route of processing for these spent
adsorbents and the possibility of low temperature
immobilisation of volatile nuclear waste in general.

Further work includes crystallisation studies, in which
both PB and PBS frit are being analysed using coupled
differential thermal analysis (DTA) - thermogravimetric
analysis (TGA) to assess crystallization kinetics of both
glass compositions. This work is still ongoing.



While most has concerned itself with the viscous flow
sintering behaviour of the glass compositions work has
continued to produce loaded Cs loaded wasteforms.
For this a Cs loading protocol is being developed to
accurately load the chabazite. An accurate Cs loading
protocol for up to 12 wt.% Cs using a 24 h reflux with
CsCl is being perfected, with successful Cs loading to be
confirmed by X-Ray Fluorescence (XRF).

Acknowledgements
The support of Hitachi is gratefully acknowledged.

References

1. M.H. Langowski, J.G. Darab, and P.A. Smith,
Volatility Literature of Chlorine, lodine, Cesium,
Strontium, Technetium and Rhenium; Technetium and
Rhenium Volatility Testing, Pacific Northwest National
Laboratory, Editor. 1996, US Department of Energy,:
Oak Ridge, USA.

2. D.M. McPherson, B.W. Bowan, and L.D. Pye.
The Dissolution of Zeolitic Compounds in Borosilicate
Glass Melts. in International Congress on Glass. 1986.
New Delhi, India.

3. W.J. Gray, Volatility of some potential high-
level radioactive waste forms. Radioactive Waste
Management, 1980. 1(2): p. 147-169.

4, H. Kamizono, S. Kikkawa, S. Tashiro, and H.
Nakamura, Volatilization of Cesium from Nuclear
Waste Glass in a Canister. Nuclear Technology, 1986.
72(1): p. 84-88.

5. C. Erdogan, M. Bengisu, and S.A. Erenturk,
Chemical Durability and Structural Analysis of PbO-
B203 Glasses and Testing for Simulated Radioactive
Wastes. Journal of Nuclear Materials, 2014. 445: p.
154-156.

6. K. Raj and C.P. Kaushik, Glass Matrices for
Vitrification and Radioactive Waste, in International
Seminar on Science and Technology of Glass Materials.
2009, Institute of Physics: UK.

7. V.S. Yalmali, D.S. Deshingkar, and P.K. Wattal,
Chemical Durability of Lead Borosilicate Glass Matrix
Under Simulated Geological Conditions, B.A.R.C. Back-
End Technology Development Division, Editor. 2002,
Government of India: Mumbai, India.

8. W.E. Lee, M.I. Ojovan, M.C. Stennett, and N.C.
Hyatt, Immobilisation of Radioactive Waste in Glasses,
Glass Composite Materials and Ceramics. Advances in
Applied Ceramics, 2006. 105: p. 3-12.

Theme 3 - Silo Ponds and Legacy Wastes

9. A.A. Digeos, J.A. Valdez, K.E. Sickafus, S. Atiq,
R.W. Grimes, and A.R. Boccaccini, Glass
Matrix/Pyrochlore Phase Composites for Nuclear
Wastes Encapsulation. Journal of Materials Science,
2003. 38(8): p. 1597-1604.

10. S. Le Caér, Water Radiolysis: Influence of
Oxide Surfaces on H2 Production under lonizing
Radiation. Water, 2011. 3(1): p. 235.

11. D. Pletser, R.K. Chinnam, M. Kamoshida, and
W.E. Lee, Immobilisation Process for Contaminated
Zeolitic lon Exchangers from Fukushima. MRS Scientific
Basis for Nuclear Waste Management, 2015.
Submitted.

12. R.K. Chinnam, S. Molinaro, E. Bernardo, and
A.R. Boccaccini, Borosilicate Glass Foams from Glass
Packaging Residues, in Ceramic Transactions. 2014. p.
205-210.



Theme 3 - Silo Ponds and Legacy Wastes
DISTINCTIVE 2" Annual Meeting

Bristol, UK

19t — 20 April 2016

Nanoscale Investigation and Control of Radionuclides in Waste
Management

E. Cali’*, M.P. Ryan?, and L. Vandeperre!

*Correspondence: e.calil4@.imperial.ac.uk

1Department of Materials (Imperial College London, London, UK SW7 2AZ)

Abstract

The rapid development of the nuclear industry and the associated production of toxic waste has created a large
demand for the design of new novel materials aimed at the removal of soluble metals and radionuclides for safe and
efficient waste disposal. The recent years’ development of magnetic nanoparticles for separation technologies in liquid
systems is wide-spread and already in use in medical testing ™. The challenge is to translate this methodology, via
surface functionalization to target the species of interest, and to use superparamagnetic behavior for waste form
speciation and separation. The potential for magnetic-sorbent structures to be used in waste form separation or
removal of RNs from liquid streams has been investigated. Particle development is being carried out and
characterization studies performed using TEM-EDX, ATR-FTIR, XRD, DLS and -potential. Preliminary sorption tests with

Sr and U have been carried out to evaluate the sample specificity.

Introduction

The Legacy Ponds and Silos (LP&S) at Sellafield Nuclear
Site, built to develop an underwater radioactive waste
temporary storage system, contain large amounts of
waste and sludge from corroded fuel accumulated
from the 50s, as well as solubilised metal ions, the
removal of which is the target of this project.

Recent vyears has seen the development of
nanotechnologies that have the potential to be used
for this application, as nanoparticles offer advantages
as nanosensors in rapid and high-throughput detection
methods®. Specifically, magnetite (FesOa4) nanoparticles
(MNPs), given their capability of showing
superparamagnetic behaviour if in a particular size
range © could be a potential tool in separation
technologies. Through the application of external
magnetic fields, the nanoparticles could be used as
adsorbents in water treatment to provide a convenient
approach for separating and removing the water
contaminants in the LP&S.

The aim of the project is to provide a device capable of
selectively target radionuclides and heavy metals in
solution and sequester them via specific or non-specific
ligand agents, thereby tuning their magnetic properties
for sensitive detection. In order for this system to be
highly effective, the nanoparticles need to be stable in

wastewater systems and, ideally, to regenerate and
hence to be reusable for more than one cycle.

As last goal, in collaboration with Loughborough
University (Laura Mayne, a PhD student also in EPSRC
DISTINCTIVE programme) the MNPs will be silica
coated and further used in nanopore technology for
contaminant separation purposes. The use of a
magnetic core structure will lead to better direction
and sensing capability.

Methodology Details
Fes04 Nanoparticles Synthesis

Magnetite Nanoparticles are prepared via a thermal
decomposition method of organic iron-oleate complex
in the presence of a hydrophobic ligand 7. Specifically,
iron chloride (FeCls*6H.0) and sodium oleate are
dissolved in a mixture of ethanol, DI water and hexane
and the solution is heated to 70 °C for four hours. At
the completion of the reaction, the upper organic layer
is washed and separated from the mixture and the
resulting iron-oleate complex is stored in the fridge.

A reaction mixture of the iron-oleate complex, oleic
acid and 1-octadecene is heated at 320 °C and kept
stirring at that temperature for 30 minutes, when then
the solution is cooled down at room temperature and
further washed with ethanol in order to precipitate
and collect the resulting oleic acid capped-magnetite
nanoparticles, which are 12 nm in diameter ’.



Ligand-Exchange Reaction

Water stable and dispersible magnetite nanoparticles
are required for their application in wastewater. This
feature can be achieved through a ligand-exchange
procedure that has recently been optimised.

10 mg of the oleic capped-MNPs are added drop-wise
to a mixed phosphate solution of Na2HPO4 and KH2PO4
(5 mL) & Hexane is then added to the mixture in order
to have a 5:1 ratio with the aqueous phase and the
sample is stirred at room temperature for 17 hours.
When the reaction is complete, the phosphate capped
and water stable particles are washed twice in ethanol
and DI H20, and then re-dispersed in water.

Adsorption tests

Adsorption tests with U and Sr were undertaken in
order to study the specificity of the nanoparticles. For
each adsorption test 5 mg of phosphate capped-
magnetite NPs were incubated with 50 ppm of uranyl
nitrate solution for different times, specifically 30 min,
60 min, 90 min, 120 min, 240 min. Before the test,
both the particles and the uranium solution were
purged with nitrogen for two hours in order to ensure
a CO»-free reaction.

The samples were prepared for ICP-OES analysis by
filtrating the liquids three times, after U adsorption, in
order to remove the U-PO4s-MNPs from the analysed
supernatants. Each sample was then diluted by half in
2% nitric acid, and blanks and standards were prepared
in the same way.

Results and Discussion

The synthesized magnetite nanoparticles result
homogeneous in shape and quite monodisperse, with a
size distribution very close to 12 nm, as shown in fig. 1.
TEM results (fig. 1, left) and DLS data (fig. 1, right)
agree in confirming the non aggregation and size
characterization of the systems, whereas ATR-FTIR (fig.
2) and XRD (fig. 3) data confirm a relatively high oleic
acid coating of the spherical particles, with an
approximate calculated surface coverage of = 80 %.
The crystalline structure of the samples is confirmed by
XRD data which possibly suggest magnetite as the only
crystalline structure present.

The ligand-exchange reaction between the
hydrophobic coated particles and the hydrophilic
phosphate ligand successfully formed water dispersible
MNPs, as shown by the FT-IR data reported in fig. 4.

The intense peak in the region between 1200 and 900
cm® comprises the typical stretching signals of the P-O
and P=0 bonds, and the band at ~ 950 cm™ can be
attributed to the Fe-O-P bond, suggesting a

Theme 3 - Silo Ponds and Legacy Wastes

monoprotonated binuclear phosphate complex as the
main species.
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Figure 1. TEM image (left) and size distribution obtained by DLS measurements (right)
of 12 nm MNPs samples.
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Figure 2. FT-IR spectrum of oleic acid coated-MNPs. The signals at 583 and 630 cm™
correspond to the Fe-O bond stretching; the signals at 2850 and 2950 cm™
correspond to the stretching vibrations of -CH,- bonds of the oleic acid chain.
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Figure 3. XRD pattern of as-synthesised magnetite NPs from two different samples.
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Figure 4. ATR-FTIR spectra obtained for oleic capped-MNPs (blue dashed line) and
phosphate capped-MNPs (red line).

(-potential analysis shows that the particles are
negatively charged at this stage, suggesting that the
phosphate-coated MNPs samples are depronotated at
pH 7 (fig. 5).
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Figure 5. Zeta potential distribution of 12 nm MNPs after the ligand exchange
reaction. The phosphate coated-MNPs are negatively charged, with a Zeta Potential
value of -28.

Sorption tests with Sr have been firstly carried out.
Although the samples seem not to have been effective
in the Sr sequester (fig. 6), further studies need to be
undertaken as these preliminary tests were conducted
in air.

Sr concentration (ppm)

18 210 240 270

Time (minutes)

Figure 6. Graph obtained from ICP tests after Sr adsorption on the phosphate coated
magnetite NPs. The blank solution measures 33 ppm, and after the different sorption
times the amount of Sr not bonded to the MNPs varies from 28-25 ppm, showing a
not really selective process.

ICP-OES preliminary results show a rapid U removal for
all the different adsorption time systems analysed over
a 4 hours’ maximum period (fig. 7). Removal of 51-55 %
was observed for the four different samples, with small
variations with increasing sorption time. The results
are promising in terms of rapidity of the sorption
process, but might suggest that all the different
systems are saturated in U (51 % of U removed after
just 30 min).
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Figure 7. ICP results showing the quantity of U sequestered by the phosphate capped-
MNPs. From the first sample (30 min) the U removed is half the amount of the initial
concentration.

Conclusions and Future Work

To obtain effective removal of radionuclides and heavy
metals from water, magnetite NPs capable of
specifically binding the contaminants for removing
them from water are necessary. Therefore, a sensing
device is to be realised using superparamagnetic
magnetite NPs functionalised with specific or non
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specific ligands. The ligands on the surface of the
particles have to show high capacity for the pollutants
being investigated, starting from uranium.

Phosphate capped-MNPs have shown to be highly
effective for the removal of U in water at pH 7. ICP-OES
data have shown a 51-54 % sequester by using 0.002 g
of PO4-MNPs with a 50 ppm U solution.

Further adsorption tests will help understanding the
kinetics of the process and the capacity of the MNPs
samples. In order to evaluate the selectivity of the
phosphate capped nanoparticles for the Rn ions, co-
existing ions will be added in the reaction system at the
optimal conditions. Desorption studies will also be
carried treating the sorbent systems with various
eluents in different concentrations, in order to test the
feasibility of regeneration and reuse the adsorbents.
After U and Sr studies will be completed, the attention
will be focused on tuning the superparamagnetic
nanoparticles’ magnetism and changing the ligand in
order to achieve the best performing system for
adsorbing different heavy metals and Rn.
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Abstract

In order to ensure the safe reprocessing of the legacy waste storage ponds at Sellafield in Cumbria the sludge which has
formed at the bottom of the ponds must be characterised. Due to the high radioactivity within the ponds a computational
approach offers significant advantages when investigating the behaviour of the various radionuclides which are present
and how they adsorb onto the mineral present in the sludge brucite, without the risks associated with working with
radioactive materials. This project uses ab initio molecular dynamics to quantum chemically study the interactions of
magnesium, calcium and strontium ions in a body of water at varying temperatures. The average coordination number
and first solvation shell properties have been investigated at 300 K, 350 K and 400 K. Using these methods we have
started to develop a picture of the solvation of these ions in order to simulate the behaviour exhibited in the legacy

storage ponds.

Introduction

External waste ponds and silos, known as legacy ponds,
at Sellafield in North West England have been used to
hold spent uranium fuel rods and their associated
magnesium alloy cladding (Magnox) since the 1950s.
Over time, the corrosion of the Magnox cladding into
the mineral brucite (Mg(OH)2) and the variation of
external conditions has led to a fine particulate sludge
forming in the legacy ponds. This sludge is mainly
comprised of brucite and the organic matter which has
blown into the ponds; in particular, there are thought to
be carbonate and hydroxide complexes of the
radionuclide 228U and two of its fission products, *°Sr and
137Cs. These radionuclides will be incorporated into the
mineral sludge to varying degrees. The presence of the
sludge adds an extra dimension to the reprocessing of
the legacy ponds, which cannot proceed until the sludge
has been characterised.

By computationally studying the composition of the
radionuclides found in the water of the legacy waste
ponds we can gain an understanding of their solvation
behaviour, before investigating interactions with the
sludge itself, and more specifically with the brucite
mineral.

Previously this problem has been approached using gas
phase Density Functional Theory (DFT) which is used to
find the lowest energy conformation of a given system.
Ab initio molecular dynamics (AIMD) is used to calculate
the electronic structure of a given system at regular
intervals within a given time period. AIMD generates a
trajectory for each atom in a system, meaning in this
case that the coordination of the dications in bulk
solution environments can be examined in a dynamic
context.

The use of ab initio molecular dynamics in this project is
of great relevance to the development of strategies for
the continued storage and disposal of nuclear waste. It
represents be the first time this methodology has been
used to address this issue, and builds on work previously
performed by Kerridge and Kaltsoyannis into the
coordination of aquo complexes of strontium.t-3!

Methodology Details

All calculations were carried out with CP2K (version
2.6).19 The PBE Generalised Gradient Approximation
(GGA) exchange-correlation functional was used with
Double Zeta Valence Polarised (DZVP) basis sets.l®! The
Gaussian Augmented Planewave method (GAPW) was
used with Goedecker-Teter-Hutter (GTH)
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pseudopotentials and periodic boundary conditions
with a fixed cell length of 11.99 A.

Each system is comprised of 64 water molecules, with a
central dication of either magnesium, calcium or
strontium. A Nosé-Hoover thermostat was used to
maintain the temperature of the systems at 300 K, 350
K and 400 K respectively. Each simulation ran for a total
simulation time of 40 picoseconds (ps), incorporating a
5 ps equilibration period.

Figure 1: Visual representation of a 64 water molecule cell with a Ca?*
ion at its centre

Results and Discussion

Solvation Shell Structure

The radial distribution function g(r) was calculated as
an average over every step in the simulation. A running
coordination number n(r) was also calculated. The g
(r) describes the probability of finding an oxygen ion at
that distance from the central ion. The n (r) indicates
the number of oxygen ions at a certain distance. A
plateau in the n(r) indicates the existence of a well-
defined solvation shell.

From these the radii of the first and second solvation
shells were derived and are shown in Table 1.

300K 350K 400K
Mg 2.15(3.85)  2.15(3.85)  2.15(3.85)
Ca 2.35(4.15)  2.45(4.15)  2.45(4.15)
Sr 2.55(4.25)  2.55(4.25)  2.65 (4.25)

Table 1: Positions of the maxima of the first (second) peaks of the M-
0 Radial Distribution Functions, in A

For Mg the first solvation shell is slightly larger than is
seen in both computational (2.08 A) ! and experimental
literature (2.08 - 2.12 A)U71 18 at all temperatures. For Ca
the computational literature gives the first solvation
shell radius to be 2.36 A whilst experimental results give
a range of 2. 39- 2.46 A.19 1101 While at 300 K our result
(2.35 A) is in excellent agreement with that found in
previous computational work, at high temperatures
calculated values lie within the experimental range.
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For Sr, calculated values at all temperatures are very
slightly outside the ranges, but still in excellent
agreement with previous solvation shell distances found
both computationally (2.60 A)» 11l and experimentally
(2.57-2.63 A). 16l 111l

For all systems a second solvation shell is indicated by
the radial distribution functions, all of which are
significantly lower than reported in the literature for
Mg, Ca and Sr (4.3, 4.6, 4.7 A respectively)2- 1131 byt on
examining the running coordination number a second
shell structure cannot be well defined. It is known that
the PBE functional over binds water and requires a high
temperature to simulate the liquid phase, this may point
to a possible reason why the second solvation shell is
underestimated in this case.

e I

Figure 2: Radial Distribution Function (blue) and running
coordination number (orange) for Strontium at 300 K

Coordination Number

The coordination number (CN) for each system at each
temperature was calculated using a cut-off distance of
3.4 A from the ion. The total time spent at each
coordination number, or residence time (tr), is show in
Table 2. The coordination number has been analysed
according to the direct method protocol detailed by
Hofer. et al where variation in coordination number is
only considered to be a true transition if its duration is
longer than 0.5 ps.[14] All instances where a
coordination number change occurs for less than 0.5 ps
have therefore been ignored in the analysis.

At 300 K, the average coordination numbers of all ions
are in good agreement with both computational and
experimental data for Mg (6)1* (2. 16] 3 (6-8)[101 (171, [18]
and Sr (6-9)1%21 At higher temperatures the Mg
coordination number remains at 6 for the total
simulation time: this is mirrored in both experimental
and computational data.

The temperature variation of Ca and Sr coordination
numbers has produced some interesting results, shown
in Table 2, which are still under investigation. For Ca,
increasing the temperature to 350 K leads to a decrease
in coordination number from 6 to 4.89, but a further



increase in the temperature to 400 K increases the
coordination number to 5.85 in line with literature
values (6-8). In contrast, an increase in temperature of
the Sr system to 350 K shows a slight increase in
coordination number from 7 to 7.04, whereas a further
increase in temperature to 400 K decreases the
coordination number to 6.08. These are still within the
literature values (6-9) of first shell coordination number
found for strontium, but the long time (15.72 ps) spent

at a coordination number of 5 is unusual.

300 K
CN t /ps (%) CN

Mg 6 35 (100)
Ca 6 35 (100)
Sr 7 35 (100) 7

350 K
CN tR /ps (%) CN

Mg
Ca

35 (100) 6
7.39 (21.10) 4.89
24.83 (70.96)
2.78 (7.94)
7.80 (22.28) 7.04
17.99 (51.40)
9.21(26.32)

Sr

o NOO UL B O

400 K
CN tR /ps (%) CN

Mg 35 (100) 6

10.58 (30.22) 5.85
19.14 (54.68)
5.29 (15.10)
15.72 (44.92) 6.08
5.55 (15.86)
9.09 (25.97)
8 4.64 (13.25)

Table 2. Variation in coordination (CN) and residence time (tg) at
each temperature for all systems studied.

Ca

Sr

N O ol O

Statistically one single trajectory is not sufficient to be
used as a definite example of how a system behaves.
While there is no one clear reason for the changes in
coordination numbers, we note that, when compared to
previous AIMD literature the simulation time used here
is twice as long.l®! 211 \When examining the graphs of the
change of coordination number change over time, an
example is shown in Figure 3, the lower coordination
numbers are seen in the second half of the molecular
dynamics run past 20 ps, and the coordination number
rises again around 37 ps. A similar pattern is found in
our calcium data.
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It is possible, and indeed likely, that in some cases that
the systems have become trapped in a local energetic
minimum, which would explain why such a low
coordination number has been seen for a prolonged
period of time. To investigate this further, AIMD
simulations have been continued for a further 40 ps to
ascertain if higher coordination numbers seen in the
first 20 ps of the calculation are found on longer
timescales.

Also, new AIMD simulations of 40 ps length have also
been initiated using different starting geometries to
further investigate coordination number dependence
on starting geometry.

e

o
T

Coordination Number

0 20 30 40
Time /ps

]

Figure 3. Coordination number over total simulation time for
Sr-(H20)s4 at 400 K.

Conclusions and Future Work

From the results presented here it is clear there is much
analysis is still needed before the approach can be
considered a viable computational model, and clarify
while the values for the first and second solvation shell
distances vary are in good agreement with literature,
the variation in average coordination number as
temperature changes is not typical, and why low
coordination numbers are seen at higher temperatures.

Calculations have also been performed on systems
where two water molecules are replaced with hydroxide
ions, in order to investigate the effect of pH. The
analysis of these hydrated hydroxide systems will build
on work performed by the Kaltsoyannis group at
Manchester into the hydrated strontium hydroxides,
and investigate proton transfer through the hydration
shells.

Further analysis of these systems will give insight into
both the coordination structure of the hydrated ions
and the effect of pH on these structures.

Additionally, the same methodology will be used to
introduce a brucite mineral surface into the simulations
and the adsorption process of the ion onto brucite will
be studied.
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Abstract

It is proposed here that further research efforts should be made in order to develop the use of acoustic backscatter to

measure concentration in flocculated systems. The use of acoustics is generally widespread in marine, food and water

treatment industries and has great potential in applications where access to process fluid presents a chemical or

radiological hazard. Despite the fact that there have been many developments made recently by various authors to

better understand how acoustic models can be developed to further to broaden their applications to measuring particle

size and concentration in flocculated or otherwise cohesive systems there is not a robust model relating flocculated

particle structure to its acoustic backscatter properties.

Introduction

Acoustical equipment is used routinely to study
sediment transport in coastal and estuarine
environments as well as for measuring the flow of
currents and their profiles. Sediment transport is
calculated from the suspended sediment
concentration which can be estimated from the
intensity of the backscattered signal [1] [2]. This
method of concentration measurement, however,
relies on taking a large number of samples in
order to determine an empirical relationship
between concentration and the backscattered
signal intensity which could prove to be both
difficult and costly in applications where chemical
or Radiological hazards make access to process
fluid dangerous or completely impossible. This
method also fails to describe the level of
flocculation present within the system which can
be very important information for both
sedimentological and for industrial applications
such mineral settling and water treatment
operations where settling rates are critical in the

design and operation of process equipment [3]
[4].

Recent Developments

When attempting to fit experimental values of the
particle species backscatter coefficient (ks) (one of
two parameters that define the acoustic
properties of a particulate system) to those
predicted by the Elastic Sphere and Fluid Sphere
models it was found that, although the ES and FS
models bounded their data it was not in the way
that was first hypothesized as they expected that
the experimental data would move from fitting
the ES better at smaller sizes and the FS as the
flocs grew larger, less dense and incorporated
more water [4]. This was not the case however
and even applying a distributed mass model to
account for floc density change gave results that
suggested an alternative model is required [5].

Further to this, Vincent and MacDonald [5]
proposed their “flocculi model” when they found
that data from a forward-scattering light device
(LISST-100) gave particle sizes three times smaller



than that of a camera for flocculated particles and
inversion of the ABS data gave particle sizes
similar to that seen by the LISST it was proposed,
as this phenomenon had been seen previously by
Graham [6] with an incredibly high resolution
holocamera and other authors [7] [8] , that both
the light and ultrasound were interacting, not
with the whole structure of the floc, but with
flocculi [5]. The small, tightly-bound structures
that comprise it. Although the correlation
coefficient was typically only 0.44-0.49 when
correlating the ABS size data with the LISST-100 If
this model can be confirmed, in particular within
equipment that does not suffer from the bias
toward measuring smaller particles more often
and is more in-situ, then samples from flocculated
systems would not need to have the structure of
the macro flocs preserved during transport
making samples more reliable in terms of their
acoustic properties even if they have undergone
some small amount of shear. [5].

The dual frequency method is a concentration
inversion method whereby, if ks, k: (the
transducer constant), T (particle attenuation
coefficient) and ay (the attenuation coefficient)
are known the concentration at any point in the
system can be calculated so long as the
backscatter and attenuation coefficients have
been found by taking measurements at the
desired two frequencies in a homogeneous vessel
[9]. This paper describes the modification of a
stirred, 80 cm high settling column to include a
conical base, a peristaltic pump for fluid
recirculation and a Focussed Beam Reflectance
Measurement probe for in-situ size measurement
of flocs. This was done in order to more reliably
characterise flocculated particle size of common
nuclear simulants while reducing shear conditions
in the tank but still maintaining a homogeneous
solution and to determine the shear conditions at
which floc breakdown occurs.
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Methodology Details

Materials

Three materials were used, Calcite (Calcium
Carbonate) and glass beads (Honite-16). Their
details are shown in the table below.

Table 1 Details of Materials used in new calibration tank

Material Supplier Particle Size
(pm)
Calcite Omya 2
(Omyacarb)
Honite-16 Guyson 53 - 106
FBRM Data

Using a Lasentec Probe, Focussed Beam
Reflectance Measurement size data was collected
in both a 85cm high, 30 cm diameter impeller
agitated (at 400 RPM), Perspex tank and a 1L glass
beaker for calcite (a common nuclear simulant)
and glass particles (Honite-16) as they are known
to give a good acoustic response at 1% w/w
concentration in water. This was then compared
to data taken for the materials in a Mastersizer in
order to ensure that the size measured was
correct.

Tank Reconstruction

Following the first set of results taken in the
Perspex tank it was then modified to include the
use of a peristaltic pump to recirculate liquid at a
rate of 33 ml/s from the tank outlet at the bottom
of the tank back to the top as shown in Error!
Reference source not found.Error! Reference
source not found..

Sample Data

Following the tank modification Honite-16 was
used at weight concentrations of 2% and 4% in
order to determine whether the conditions in the
tank allowed it to remain homogeneous. Using
steel rod with five sets of peristaltic tubing (figure
2) attached to a five-headed peristaltic pump five
simultaneous samples from the tank were taken
at the waterline and at depths of 8.5, 18.5, 28.5
and 38.5 from the waterline which was at a depth
of 24 cm from the top of the tank for the glass
and for calcite to ensure homogeneity in the tank.



Stirrer

Sampling

Redistribution
Hose

Recirculation
Pump

Figure 1 Showing redesigned tank configuration

Peristaltic
Tubing

Figure 2 Sampling probe used to take simultaneous samples at
various depths in the calibration tank

Results and Discussion

From Figure 2 it can be seen that, despite the
large density of the glass particles (2400-
2600kg/m3), it is possible to keep the calibration
tank homogeneous in concentration. It was seen,
however, that as the recirculation pump outlet
was below the waterline the first 10 cm depth in
the tank was seen to be of a lower concentration
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than the rest of the tank and so the sample data
for the waterline has not been shown.

Figure 3 Concentration profiles in reconfigured calibration tank for
Honite-16 at agitation rate of 400 RPM
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From Figures 4 & 5 it can be seen that the FBRM
captured the size data for both calcite and glass
well despite the low number of counts attained for
the glass particles. This can be attributed to its
higher density and therefore lower volume % when
compared to the calcite resulting in a lower
number of counts.
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Figure 4 FBRM size data for larger glass particles (large scale)

35000
30000 q
£ °
£25000 + &
©20000
o
§15000

£10000 @
=2

5000 @
o
0

10
Chord Length (um)

Figure 5 FBRM Size data for Calcite at 1% w/w



Conclusions and Future Work

It can be seen, therefore, that an accurate model
for the interaction of flocculated particles with
acoustic devices is somewhat lacking but that
recent results support the novel concept of the
flocculi model which would seem to explain
previously anomalous results as well as suggest
that sampling need not be done so carefully as
the structure of the macro-flocs will not need to
be preserved [5]. More laboratory work must be
done to confirm this new model utilising more
reliable, in-situ techniques to measure
size/degree of flocculation accurately and thereby
try and find a relationship between the degree of
flocculation and the backscatter and attenuation
coefficients so that accurate concentration
profiles can be produced for the simulant systems
and any real-world systems that have similar
acoustic properties if taking samples for

calibration would prove too costly [10] [3] [11] [5].

A Saturn Digisizer is to be used to determine the
size of flocs at different concentrations of
simulant and flocculent as it utilises a peristaltic
pump to recirculate the flocs rather than the
impeller used by the mastersizer. This will ensure
that flocs are not broken during measurement
and therefore their size can be accurately
determined without breaking up their structure.
The newly configured calibration tank will
therefore be used with the FBRM and a Saturn
Digisizer in order to more reliably determine the
exact size of flocs produced by calcite and other
nuclear simulants at different shear conditions
and concentrations of flocculent and simulant
material as well as assessing their robustness to
shear while also taking acoustic backscatter data
simultaneously at multiple levels within the tank.
Following this, robust flocs of various sizes can
then be produced and acoustically characterised
within the redesigned calibration tank and a
relationship between floc size/structure and its
acoustic backscatter response.
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Abstract

The requirement to evacuate aging legacy facilities at Sellafield represents a multibillion pound challenge and the safety
implications of retained hydrogen bubbles must inform the strategy for this legacy waste. This study uses the
decomposition of hydrogen peroxide in soft sediments of a magnesium hydroxide test material to replicate behaviour in
the magnox swarf storage silos and similar Magnox-era waste, while x-ray tomography is used to gain statistical insights
into the retained bubble population. Time dependent x-ray tomograms reveal that bubbles reside only for relatively brief
periods of less than an hour in beds of 7 Pa yield stress and that even small bubbles of around 2 mm diameter, with a
relatively small buoyancy force, are mobile within the sediment bed. While the larger retained bubbles grow with an
increasingly distorted geometry in beds of increased yield stress, the size distribution of bubbles appears largely
independent of the bed strength within the 7-234 Pa yield stress range. Each of the beds within this yield strength range
have demonstrated the capacity to retain large voidages in the order of 32 %, which would substantially reduce the
functional capacity of future waste containers and would reduce the bulk bed density to less than that of a water
supernatant, placing submerged beds at risk for rollover events.

Introduction through the bed. The resulting images have
demonstrated a well dispersed distribution of bubbles
through weak to intermediate strength soft sediments
of 7-234 Pa yield stress. Statistical analysis has been
performed on the retained bubble population to
demonstrate the evolution of bubble size and shape
with time and in sediments of different shear yield
stress conditions.

Decommissioning of the magnox swarf storage silos
(MSSS) and first generation magnox storage pond
(FGMSP) legacy buildings are priority activities for the
Sellafield nuclear decommissioning site [1], accounting
for a quarter of its annual budget. Long term
underwater storage of magnox clad fuel since the 1960s
has allowed the magnesium/aluminum cladding alloy to
corrode, with precipitation products consolidating into
a legacy of corroded magnox sludge waste [2, 3].
Concerns have arisen regarding the periodic release of
significant volumes of gas, formed by a combination of
corrosion reactions and by radiolysis of the pond and
silo liquors, from these consolidated beds. The
economics of evacuating the MSSS to 3m?3 containers is
also greatly influenced by how significantly waste swell
due to gas retention reduces the real capacity of these
vessels.

Methodology Details

The brucite, Mg(OH), test material used in this study is
H3 Versamag (Martin Marietta Magnesia Specialties
LLC, USA), a fine white precipitated powder with less
than 1.2 % oxide impurities and a median particle size of
1.09 um. Soft sediments are prepared by the addition of
water and agitation for 30 minutes using an overhead
stirrer. The shear yield stress of these soft sediments has
been characterised using the vane method [5] with both
a Brookfield DV-II Pro Viscometer and a Bohlin Gemini
Previously, x-ray computed tomography (CT) tests have Rheometer.
shown that non-homogeneous gas generation through

X-ray t h
the sediment enables the bed to segregate into a bulk ray tomography

bed and foam layer, while submerged pathways
promote gas transport from the bed and limit the
capacity for gas retention [4]. These features have not
been observed during recent CT experiments where gas
generating reagents are dispersed homogeneously

A 26 ml volume of 35 % w/w hydrogen peroxide (Merck
Chemicals, Germany) was injected into a 6.5 | volume of
soft sediment and dispersed through the sediment by
agitating for 2 minutes using an overhead stirrer. Over
the course of 8-12 hrs, the hydrogen peroxide



decomposes on contact with the sediment forming
bubbles of oxygen:

1
H202 g H20 +§02

This mixture is pumped using a peristaltic pump to a
sideways mounted clear acrylic cylinder of 30 cm
diameter and 15 cm length. The vessel is transferred to
a Brivo CT385 medical CT scanner (GE Healthcare, UK) at
the University of Leeds. Tomograms were captured of a
small field of view (FOV) at 0, 1, 2, 4, 6 and 8 hrs and of
a larger FOV at 2 and 6 hrs. Additional images of the
small FOV were captured at 15 minute intervals in the 7
Pa sediment after it was determined that the residence
time of individual bubbles was typically less than an
hour. The parameters used for CT imaging for the two
FOVs are summarised in Table 1.

Table 1 CT parameters used for two fields of view

Small FOV | Large FOV

X-ray voltage (kVp) 120 120
X-ray tube current (mA) 79 40
Field of view diameter 96 250
(mm)

Field of view depth (mm) 20 140
Pixel dimensions (um) 250 488
Slice separation (um) 625 1250

The CT tomograms were post-processed using Imagel
and Matlab to determine a statistical representation of
the bubble population. First, the radiodensity
distribution was normalised to visualise the slices as a
16-bit greyscale image. The bubbles were then isolated
by bi-level thresholding using the Renyi Entropy
algorithm [4], such that the bulk sediment would be
white and the bubbles black. Finally, adjacent black
voxels touching at the corners, edges and faces were
interconnected and the individual bubbles numbered
using the procedure outlined in Bolte and Cordelieres
2006 [5]. The volume, surface area and centre of mass
of each bubble is then logged for analysis.

Results and Discussion

An example of a large FOV x-ray CT slice through a 7 Pa
soft sediment is shown in Figure 1. Bubbles are relatively
small, no larger than 6 mm in diameter and very
spherical. Some areas of slightly more concentrated soft
sediment are observed as bright streaks near the edge
of the vessel, but the test material is largely
homogeneous. The same features were observed in
beds of 84 and 234 Pa yield stress.
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Figure 1 Example slice through a magnesium hydroxide soft sediment
of 7 Payield stress after 6 hrs gas generation

Post processing of the small FOV tomograms for the 84
Pa sediment generated the transient bubble diameter
histograms in Figure 2. From side-on scout images of the
entire rig, the bed is observed to swell over the first 4-6
hrs of gas generation, however Figure 2 implies that the
the bubble population achieves a relatively steady state
size distribution after around an hour of gas generation.
The increase in bed voidage observed after the first hour
is explained by the increase in the number of bubbles
retained in the soft sediment as indicated by the bubble
count in the legend of Figure 2.
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Figure 2 Transient bubble diameter histogram for 84 Pa yield stress
soft sediment, captured from the small FOV tomograms

In the same way that two-dimensional tomograms have
been stacked and interpolated to produce a three-
dimensional representation of the bed, a time sequence
of these 2D stacks can be represented as a hyperstack.
In Figure 3, a hyperstack has been flattened such that



each different frame, or colour, represents a bubble 15
minutes after the previous frame.

frame

Figure 3 CT slice from a flattened ‘hyperstack’ of the small FOV
showing the growth and upward motion of individual bubbles with
time. Each frame/colour is captured at a 15 minute interval.

Most bubbles appear to have a relatively short
residence time in the bed as most bubbles cannot be
traced between time frames. This implies that bubbles
quickly grow to a buoyant volume at which point the
bubble is able to fluidise the surrounding sediment
matrix and escape. Conversely, the region outlined in
white shows the same bubble in 4 successive time
frames. The bubble grows to a diameter of around 2 mm
and over a 45 minute period rises very slowly through
the bed at a rate of no more than 25 mm hrl. Even fairly
small bubbles, with minimal buoyant force, appear to be
fairly mobile within this low strength bed and reside
within the bed over timescales of less than an hour. The
fact that Figure 2 shows a steady state size distribution
after an hour of gas generation suggests that a
mechanism for gas release limits the maximum size to
which a bubble can grow to before it is released from
the bed.

The mechanism for the release of individual bubbles
from low strength soft sediments is believed to be
fluidisation [8]. The buoyant force, Fp, of a bubble
increases with its volume as shown in equation 1:

Fp == (ps = pp)gd; 1

We assume that the buoyant force of the bubble is
resisted by the strength of the sediment, which we
characterise using the shear vyield stress. This critical
force, F,, to restrain a bubble is given by the product of
the yield stress, T, and the bubble cross sectional area:

F. = kdit 2
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where k is a material dependent proportionality
constant. If the ratio of these forces exceeds unity than
the bubble will be sufficiently buoyant to fluidise the
bed. This implies that the critical diameter to which a
bubble must grow to escape the bed by fluidisation is
proportional to the yield stress.

T

dy pip K ———
b.erit = (ps—pp)

Consequently, if we increase the shear yield stress of the
bed 33-fold from 7 to 234 Pa, substantially larger
bubbles should be observed in the higher strength
sediment, if the bubble size distribution is limited by
fluidisation. This is at odds with Figure 4, which shows
three bubble size distributions, obtained from the large
FOV tomograms, in beds of different yield stress. The
bubble size distribution appears almost identical in beds
of 7-234 Pa yield stress and the largest bubble diameter
observed in any of the beds is an 8.5 mm diameter
bubble in the 84 Pa bed. The maximum voidage also
appears independent of yield stress, at around 32 % in
each instance. The analysis will be extended into beds
of greater yield stress to see if this trend continues, but
fluidisation does not explain how these 6-9 mm bubbles
are equally able to escape beds of 7-234 Pa yield stress.
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Figure 4 Bubble diameter histograms for the large FOV in soft
sediments of 7-234 Pa yield stress

The bubble shape is represented here by the bubbles’
corrected sphericity, ¥. This is the bubble sphericity
normalised by that of a cube, since the sphericity of a
digitised sphere made of voxels cannot exceed the
sphericity of a cube.

12 1
_ m3(6V)3 (6\3

¥= A (n) 4

where V and A are the volume and surface area of the

bubble respectively. Figure 5 thereby shows that the

bubbles become less spherical with increased bed

strength. This is consistent with observations that beds



of greater yield stress also demonstrate an increasingly
anisotropic stress distribution [9]. Consequently, the
growing bubble displaces the sediment network in the
direction that the bed is weakest and so larger bubbles
will be more deformed in beds of anisotropic yield
stress. As this analysis is extended into beds of greater
solids concentration, it is expected that this trend
continues until tensile cracks and channels appear in
sediments of greater than 800 Pa yield stress, where the
capacity for gas retention is reduced.
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Figure 3 Bubble sphericity histogram for the large FOV in soft
sediments of 7-234 Pa yield stress

Conclusions and Future Work

Magnesium hydroxide beds of 7-234 Pa yield stress have
all demonstrated the capacity to retain large voidages of
gas, occupying up to around 32 % of the ultimate bed
volume. This has significant economic and safety
implications for new buildings and containers due to
receive legacy waste from aging facilities at Sellafield. X-
ray tomography has highlighted several features of the
retained bubble population under different yield stress
conditions:

e The bubble population quickly achieves a steady
state size distribution long before the maximum
void fraction is reached

e The bubble population is limited to diameters of
less than 9 mm and this size distribution appears
to be independent of yield stress within the 7-234
Pa yield stress range

e Short time interval tomograms reveal that
individual bubbles are mobile within the bed and
have short residence times of typically less than an
hour

e The largest bubbles grow with reduced sphericity
with increasing bed yield stress due to increased
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anisotropy of stress through higher strength
sediments
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Abstract

Particle agglomeration can occur during some stages of the decommissioning process (retrieval and transport) of UK
legacy nuclear waste, resulting in unwanted effects such as the formation of deposits and plugging of transfer and process
pipes. This project, therefore, studies particle-particle interactions to understand particle agglomeration and break-up in

turbulent flow using nuclear waste simulant properties.

Introduction

High particle concentrations with volume fractions over
a tenth of a percent result in particle-particle collisions
becoming an important physical mechanism [1],
although only a fraction of the collisions leads to
agglomeration, known as the collision efficiency or
agglomeration rate. Agglomerates can further associate
to form larger structures called flocs. In a reverse
process, agglomerates can also be broken-up into
smaller particles due to turbulent shear. In physical
space, the agglomeration and break-up processes occur
concurrently, hence, the rate of formation of
agglomerates is then controlled by the balance between
agglomeration and break-up.

In nuclear waste sludge processes, where high mass
loadings are desirable to minimise waste volumes,
agglomeration processes are undesirable. Although the
agglomerate density, which includes the interstitial
liquid, is less than the primary particle density,
agglomerates usually settle faster than primary particles
[2]. Agglomeration, therefore, enhances particle
deposition leading to bed formation, pipe blockage,
surface erosion and alteration in the designed fluid
dynamics of any process. During decommissioning of UK
legacy nuclear waste and those of any nuclear waste in
general, in a temporal storage, the wastes will be
retrieved and transported to a supplemental treatment
facility for pre-treatment and immobilization before
eventually ending up in a permanent storage.

The need to understand agglomeration and break-up
processes and design effective waste treatment
processes drives this research to determine the
probability of fouling, bed formation and pipe blockage
due to agglomerated particles.

Methodology

In this section, the deterministic approach adopted for
the two-phase simulations in the large eddy simulation
(LES) context is presented. An Eulerian description of
the continuous phase is employed and coupled with a
Lagrangian approach for the dispersed phase. The two
phases are coupled through the inclusion of the forces
exerted on the particles by the continuous phase and
vice-versa.

The BOFFIN-LES code was used to solve the LES
equations. The flow was characterised by its shear
Reynolds number, Re, =u h/v, based on the shear
the channel half height, h, and the
kinematic viscosity, v = 10° m? s, with the density

velocity, u

T

p=10° kg m3 and discretised using grid nodes of

129x129x129 in the wall normal, spanwise and
streamwise directions, respectively.

The characteristic dimensions of the dispersed phase
are presumed small compared to the length scales of
the smallest resolved turbulent motions, enabling the
particles to be viewed as point sources with respect to
the continuous phase. Since the LES solution provides
only the resolved values of the carrier phase properties
at the particle position, hence, the influences of
unresolved SGS velocity fluctuations of the carrier phase
on the particle accelerations are introduced through a
stochastic Markov model, [3].

An Adams 4t"-order predictor-corrector method is used
for the particle equation of motion (Eq.1) integration in
a Lagrangian particle tracking (LPT) code, with a trilinear
interpolation scheme employed for the fluid dynamic
properties at the particle position.



dv_(u-v)

where a boldfaced letter denotes a matrix-vector and
the terms in the RHS of Eq. Error! Reference source not
found. are respectively contributions from the drag,
shear lift, pressure-gradient, added mass and SGS
velocity fluctuations terms. The particle properties are
denoted by the subscript p, and fluid properties are
either given without subscript (for readability) or by the
subscript f (where it enhances clarity). U and
w=0.5(VxUu) are known resolved fluid velocity and
vorticity interpolated at particle position. The term
f(Re,) is the non-linear Schiller and Newman’s

correction due to the particle finite Reynolds number,
Re,, expressed as f(Re,)=1.0+0.15Re;* . The

pl
instantaneous particle Reynolds number is defined
Re, =lu—v|d, /v, where d_ isthe particle diameter.

_ 2 . . . .
T,=®.d;/(18v) is the particle relaxation time and
when normalised by the viscous time-scale, 7, = V/u,z,

gives the particle Stokes number, 7, =7, /T, which is

then used to characterise the particle response time,
with CDp :pp/p being the particle to fluid density

ratio.

The dispersed phase is dense so that particle-particle
collisions, agglomeration and break-up of agglomerates
are all accounted for, leading to a four-way coupled
simulation. For particle-particle interactions, the
deterministic hard sphere frictionless collision model [4,
5] is used subject to the following assumptions: particles
and agglomerates are modelled as spheres; interaction
between particles is due to binary collisions; only van
der Waals’ forces are responsible for post-collision
adhesion; only small deformations of particles are
allowed post-collision; agglomeration is based on the
pre-collision energy momentum balance and van der
Waals’ interactions [6, 7]; and agglomerate break-up is
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due to hydrodynamic shear stresses caused by fluid
deformations [8].

Results and Discussion

Recent results will be shown at the meeting.

Conclusions and Future Work

LES and LPT are used to simulate particle agglomeration
and break-up events, together with a deterministic
treatment of inter-particle collisions and particle
feedback effects on the fluid phase. Agglomeration is
based on the pre-collision energy momentum balance,
restitution coefficient and van der Waals’ interactions,
while agglomerate break-up occurs instantaneously
subject to a hydrodynamic stress exceeding a critical
value dictated by the properties of the agglomerates
modelled using their fractal dimension. These models
have been developed using turbulent channel flow. The
models will be applied to pipe flows, which are relevant
to nuclear waste processing operations.
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Abstract

The UK’s civil nuclear waste inventory is large, diverse and requires processing and disposal but characterisation of
nuclear waste slurries during storage, resuspension and hydraulic transport is made difficult by poor accessibility,
radioactivity and chemical hazards. The aim of this study is to develop a suite of safe, accurate, versatile and cost-
effective acoustic methods for rapid monitoring and characterisation of high-concentration nuclear waste-analogue
slurries, based on existing expertise at the University of Leeds. Results from and proposals for several acoustic methods
are described — in-line pipe rheometry, time-domain velocimetry, multi-frequency particle concentration measurement,
bed depth and critical deposition velocity determination. A new flow loop laboratory has been commissioned in which
these methods will be combined with pumped sampling to investigate horizontal and vertical flow of suspensions of

relevance to nuclear waste

Introduction

The sludges, slurries and suspensions that comprise a
proportion of the UK’s nuclear waste inventory have a
wide range of properties — in terms of particle size,
density, concentration, chemistry and radioactivity —
and so the methods that are used to characterise them
must be versatile and simple to deploy. Following on
from expertise developed at the University of Leeds, a
number of acoustic methods are proposed or in use for
nuclear waste characterisation and flow measurement
in a new flow laboratory (Figure 1). Two of these
methods (in-line rheometry [1] and critical deposition
velocity measurement [2]) are described in detail
below, while several others (particle concentration
measurement [3], time-domain velocimetry [4] and
pumped sampling) are excluded for brevity.

Figure 1 Pipe flow loop at University of Leeds.

decommissioning and disposal.

Methodology Details

In-line rheometry
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Figure 2 In-line pipe rheometry for various substances compared to
conventional off-line results [1].

The viscosity, n, of a fluid can be measured in tube or
pipe flow as a function of radial distance from the
centreline, r, as follows:

’7(") - y.(r)l

where t(r) and p(r) are the local shear stress and shear
rate, respectively, and are defined below:

~ APr

T(r) - YI
du

iy = 20

dr’



where AP is the pressure drop over a measurement
distance L, and U is the local mean axial flow velocity.
This method has been shown to give accurate results
when compared with conventional off-line viscometry,
as shown in Figure 2 [1].

This method can be used in situ and non-intrusively,
and avoids the need for potentially costly and
dangerous off-line measurement of viscosity.

Bed depth and critical deposition velocity
determination

A method for bed depth and critical deposition velocity
measurement developed at the University of Leeds [2]
has been applied to nuclear-analogue suspensions,
with a view to providing predictive capabilities to the
nuclear industry and to expand the database of
materials and volume fractions for which data exists.

Test materials

Following discussions with industry partners, three
nuclear-analogue test materials are being investigated
at volume fractions up to 10%: calcium carbonate,
magnesium hydroxide and barium sulphate.

Results and Discussion
The following results will be presented:

1. Pipe rheometry results using a Doppler
velocimetry/pressure-drop method (Figure 1) will be
presented for a number of test materials: water,
xanthan gum and glycerol for method validation and
the three test materials given above. Results will be
compared to conventional, off-line viscometry
measurements.

2. Measurements of the critical deposition velocity for
the test materials given above will be presented over
the full range of volume fractions.

3. The effect of acoustic attenuation on the results, and
the implications and consequences for deployment on
nuclear sites, will be discussed in detail.

4. In addition, more details and images of the new flow
loop laboratory will be presented, along with
suggestions for future exploitation.

Conclusions and Future Work

The new flow loop laboratory allows for thorough
characterisation of suspensions and slurries with
arbitrary concentrations and physical properties with
the acoustic methods discussed above, in horizontal
and vertical configurations over a range of flow
diameters. In addition, laser-based particle image
velocimetry (PIV) capabilities are being commissioned
for high-resolution, near-wall measurements in the
same pipe-flow regimes.
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Abstract

Sellafield is currently entering a phase of post-operational clean out where the remediation of the site is anticipated to
cost £35 bn over the next 100 years. A substantial portion of this cost is associated with the clean-up, transfer and safe
storage of legacy particulate wastes encountered in ponds, silos, highly active storage tanks and other large tanks on site.
In order to develop suitable strategies for the transport and removal of these particulate suspensions, the rheology of
the sludge should be accurately determined. The current work demonstrates the applicability of a quartz crystal
microbalance (QCM) to measure sludge rheology; specifically its shear yield stress. The device is simple to operate with
no mechanical parts near the test material, is small and portable which allows for deployment into limited access areas
and provides the user with in-situ rheological information on the test sample which eliminates the need for operator
sampling. The measurement principle of the QCM relates to the changes in resonance frequency and motional resistance
of a piezo-electric gold-coated quartz sensor as it is submerged into the desired test material. The air-to-sample frequency
and resistance shifts are shown to correlate well with the shear yield stress of a suspension as measured by conventional
vane viscometry. An increase in the suspension yield stress relates to a more positive frequency and resistance shift,

where this correlation have been confirmed for a range of particle suspensions.

Introduction

Sellafield is currently the largest nuclear site in Europe
and globally contains one of the largest inventories of
untreated waste. Effective treatment and clean-up of
these waste inventories is therefore a significant
challenge to the UK’s nuclear decommissioning program
where costs to turn the site into a greenfield site are
estimated to be £53 bn over the next 100 years. A
significant portion of these costs relate to the recovery
and transport of legacy waste sludge to interim storage
facilities. The First Generation Magnox Storage Pond
(FGMSP) contains approximately 14,000 m?® of
contaminated water and approximately 1,200 — 1,500
m3 of complex radioactive sludge formed by the
corrosion of Magnox fuel rods due to lengthy storage
times in water and organic material and dust entering
the open air pond [1, 2].

In order to best design suitable sludge handling
processes, the rheological properties of the sludge must
be characterised. Sampling is potentially hazardous and
is a costly undertaking, and sampling of the sludge
introduces history effects where the rheology of the
sample changes due to pre-shearing of the sample. A
technology that could therefore determine the
rheological properties of the sludge in situ is an

attractive alternative, especially if the new technology
could be deployed at a number of locations around a
pond or at another facility.

The current research investigates the use of a quartz
crystal microbalance (QCM) to measure sludge
rheology. The devices are small (sensor area typically
less than 1 inch in diameter), portable and contain no
electrical parts near the sensor, making their application
to measure the rheological properties of complex fluids
and sludge across a nuclear facility highly desirable.

The device is traditionally described as being an ultra-
sensitive mass balance that have been widely applied in
other scientific disciplines to measure the
adsorption/desorption of surface active species
(surfactants, polymers, biological molecules) at the
sensor surface [3-7]. The QCM has also been used in
liguid environments where changes in the bulk
properties of the nonadsorbing fluid will result in
characteristic shifts in the vibrational frequency and
motional resistance across the quartz resonator [8, 9].
The objective is to expand the usability of the QCM to
include yield stress suspensions, where previous results
to the work have been demonstrated at the Waste
Management 2016 Symposia [10].



Methodology Details

The particle suspension was prepared by pouring Milli-
Q water (resistivity = 18.2 MQ c¢m) to a known mass of
sample powder to form a suspension of the desired
solids concentration. The suspension was mixed using a
metal spatula for at least 5 min until the suspension
resembled a smooth paste. For pH tests, 10 mM NaCl
was added as a background electrolyte and the
suspension beaker was covered with parafilm and was
left overnight to reach equilibrium before further pH
adjustments and measurements occurred.

The particle systems considered were as follows:

e Versamag A (high MgO content MgOH2, Rohm
and Haas) — concentration tests, aging tests

e Versamag B (low MgO content MgOH, Martin
Marietta) — concentration tests, aging tests

e Titanium dioxide (ANX Type-N anatase grade,
Degussa) — concentration tests, pH tests

Vane viscometry: The suspension shear yield stress was
measured using a Brookfield DV I+ Viscometer. A four
blade vane (H 43.33 mm; D 21.67 mm) was gently
lowered into the particle suspension and rotated at 1
rpm. The resistance to vane rotation is measured as an
increase in the torque. At the yield stress the torque
passes through a maximum as the suspension begins to
flow. To avoid any wall effects the vane-to-cylinder radii
ratio was equal to 1:3.5. The sample beaker was
clamped to avoid any rotation of the sample when
measuring high yield stress suspensions. The yield stress
(ty) can be calculated by Equation 4 [11]. The yield
stress was measured for a suspension at different
known solids concentrations.

nD3 (H 1
T(max) = T(B-I_E) Ty (Eq. 4)
Where T (max) = maximum torque, D = vane diameter,
H = vane height and 7, = shear yield stress of the test
material.

Quartz crystal microbalance: A'5 MHz AT-cut gold-
coated quartz sensor (d = 25.4 mm) was cleaned by
sonicating in 2 vol.% Decon-90 solution for 5 min and
rinsed thoroughly with Milli-Q water and subsequently
ethanol. The sensor was rinsed with Milli-Q water
before being dried using nitrogen. The sensor was
loaded into a Stanford Research Systems (SRS) QCM
200. The sensor was allowed to stabilize in air for 30
min. A stable sensor resonance was considered when
both the frequency and resistance responses are less
than 5 Hz/hr and 0.5 Ohm/hr, respectively. The
suspension was prepared as previously outlined. The
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sensor probe was then submerged into the test material
and rotated horizontally at an angle of 90° to ensure
good contact. Due to the dampening effect the
oscillator compensation was adjusted to provide stable
oscillation. The sensor was left for approximately 30 min
until a new stable response for both the frequency and
resistance had been achieved and the values were
recorded. The experiment was repeated for each new
suspension solids concentration that is to be
investigated.

Versamag aging: A Versamag suspension was prepared
to a concentration of 22 vol% using the methodology
previously outlined. A layer of mineral oil (approx. 20
mL) was gently poured over the surface of the
suspension to avoid evaporation. The beaker was then
covered using parafilm and was left for the required
amount of time. The suspension yield stress then
obtained using the methodology previously outlined
using separate batches of the suspension. For the QCM
frequency and resistance data, the QCM was prepared
as previously outlined, however the probe was
submerged into a fresh batch of Versamag and the
suspension was left in a water bath that was being
maintained at 30°C using a hot plate. The suspension
was then covered with mineral oil with the probe
inserted and was left to collect data in-situ over 70 hrs.

Titanium dioxide pH tests: A 16.2 vol% titanium dioxide
suspension was prepared using the methodology
previously outlined. The pH of the suspension was
altered using NaOH, and for a different batch HCl was
used. After each adjustment the suspension was well
mixed for 5 min, the beaker was covered with parafilm,
then left for 30 min to reach equilibrium. The shear yield
stress and QCM frequency and resistance shift data was
then obtained by following the methodology previously
outlined.

Results and Discussion

Particle concentration: Figure 1 (A) shows the QCM
frequency shift and yield stress changes as a function of
solids concentration for Versamag A. An increase in the
yield stress of the suspension correlates to a more
positive frequency shift as well as a more positive
resistance shift as can be seen from figure 1 (B). The
overall linear trend between the frequency shift,
resistance shift and the yield stress of the Versamag
suspension begins to break down at higher vyield
stresses however (Figure 1 (B)) where a similar
behaviour has been observed for titanium dioxide and
Versamag B (Figure 1 (C)).

The break in the linear trend may be due to a ‘slip effect’
occurring at the sensor — suspension interface; a high
yield stress suspension will have network links between
the individual particles that are overall too strong to be



moved by the vibrating sensor. In order to extend the
usability of the QCM to include higher
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and (B) XRD pattern showing the reduction in the MgO content of
Versamag A as a function of aging time.
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Figure 1 Comparison between the quartz crystal microbalance
frequency and resistance shift response to the shear yield stress for
Versamag A, Versamag B and titanium dioxide (line in figure 1 B is to
guide the eye).

suspension yield stresses, the roughness of the crystal
should be modified to provide edges to help maintain
hold onto the suspension as the crystal vibrates.

Versamag aging: Figure 2 (A) shows the time
dependent shear yield stress and QCM frequency shift
data for Versamag A and B. The shear yield stress of the
Versamag A increases significantly more than the
Versamag B over a 70 hr period (~300 Pa and ~75 Pa
respectively). This is followed by a QCM frequency
response that closely resembles that of the yield stress
data where the frequency shift of Versamag A is
significantly more positive than the Versamag B after a
70 hour period.
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Figure 2 (A) comparison between the shear yield stress and QCM
frequency response of Versamag A and B as a function of aging time.
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A background test was performed on the QCM where it
was submerged in Millipore water over a 70 hr period,
and no significant change was observed in its response.
The changes shown are therefore purely a result of the
changes in the properties of the suspension. Figure 2 (B)
shows an XRD analysis of the Versamag A at different
points in time during its aging process. The MgO peaks
decrease in height with increasing aging time suggesting
that the MgO within the Versamag is converting into
Mg(OH). over time, where it re-precipitates out
between neighbouring particle clusters and bind them
together, forming larger clusters which will then have a
higher yield stress [12, 13]. Since the Versamag B is of a
much lower MgO content (approx. 0.2 wt% as opposed
to 2.6 wt% for Versamag A), less of the MgO converts
into Mg(OH)z resulting in a smaller increase in its shear
yield stress and a more negative frequency shift.

Titanium dioxide pH: Figure 3 (A) shows a
comparison between the shear yield stress and the QCM
frequency shift of 16.2 vol% titanium dioxide in 10 mM
NaCl electrolyte. The QCM frequency response appears
to follow the shear yield stress of the suspension at low
pH ranges (pH 4 — 6.5). At higher pH values beyond the
maximum vyield stress of the suspension, this
relationship breaks down where the frequency
response remains relatively unchanged as the pH of the
suspension is increased further. The titanium dioxide —
gold interaction could therefore be repulsive at pH
values of beyond 6 - 6.5 to 10, resulting in the
suspension being unable to completely come into
contact with the crystal surface. Using the Hogg, Healy
and Fuersten relationship [14], the total interaction
potential between the gold and the titanium dioxide
particles can be determined by using zeta potential data
for both systems from literature [15, 16]. The total
interaction potential of a titanium dioxide — gold system
in water of a 10 mM background electrolyte solution is
shown in figure 3 (B). As the pH of the suspension
increases the total interaction potential becomes more



positive overall. A positive interaction potential implies
that the titanium dioxide — gold interaction system will
gain energy which is thermodynamically unfavourable.
The curves shown become positive at around a pH of 6,
which is at the same point where the QCM frequency
response no longer change significantly with increasing
pH. The surface on the QCM sensor should therefore be
modified in order to change this interaction to a more
positive one overall for the given pH range in order to
ensure that the crystal will remain in contact with the
suspension for the entire pH range.
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Figure 3 (A) comparison between the QCM shear yield stress and its
frequency shift at a pH range of 4 — 10 and (B) the HHF interaction
potential between titanium dioxide and a gold surface (line in figure 3
B is to guide the eye).

Conclusions and Future Work

The QCM frequency and resistance response to
measure sludge rheology has been demonstrated for a
number of different systems. Improvements to the
technique can be made by improving the contact
mechanics between the crystal surface and the
particulate suspension. This will allow for accurate
rheological measurements for high vyield stress
suspensions and suspensions at a range of different pH
values. QCM crystals are to be coated with a titanium-
oxide layer using a sol-gel process in order to remove
the effects of a changing interaction potential with
varying pH. The QCM response for this coated crystal in
titanium dioxide will then be examined. The crystal
roughness will also be improved and quantified using
atomic force microscopy measurements and will be
used in higher yield stress suspensions in order to
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extend the usability of the QCM to include higher yield
stress suspensions.
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Abstract

This project investigates enhancing the flux rate in microfiltration through directed membrane surface shear. This is
achieved by reducing the filter cake formed by oscillating the filters either vertically or azimuthally. Control of the filter
cake build-up enables a higher flux rate, while maintaining the required particle retention.

Introduction

Microfiltration is used in many industries, including in
the treatment of nuclear effluent. Currently cross flow
filters are employed to filter suspensions. In order to
receive reasonable flux across the membrane the cross
flow filtration requires constant recirculation of the
suspension. By replacing the recirculating pump with
directed shear at the membrane surface it may be
possible to reduce energy usage and increase flux

(1][2], [3][4]

The application of shear enhancement on filtration has
been reported to increase flux as high as 18x the
pseudo steady state filtration amount [2].A significant
amount of research has already been done in this field,
[5], [6]. There are industrially available units (V-
SEP)[6][7].

This enhancement in pseudo steady state flux is very
large, prompting interest in the usage of shear
enhanced filtration. In the papers currently reviewed
though there is no mention of the reduction in particle
retention.

The purpose of this project is to determine the specific
mechanism behind the flux increase, to study the
controlled shear at the surface of a filtering membrane
and a theoretical understanding of a compact but
efficient filtering system.

The goal is to replace the current cross flow filtration
methods, which require constant recycling of the
suspension in order to receive reasonable fluxes, with
a more efficient and compact filtration method.

Cake formation is essentially an irreversible process,
where applying additional shear will prevent additional
cake formation, but not remove the cake which has
formed. [8]

Key research questions

The following are the main questions which this project
aims to answer.

e s it the effect of localised shear which creates
the increase in flux? If so then how shear is
applied is irrelevant

e  What are the specific advantages of oscillating
or pulsed flow?

e Does the application of the shear
(azimuthal/axial) matter?

e How can the filters be scaled up?
e How do filter coatings effect filtration

e  What are the potential problems of using this
technology?

e What is the effect of frequency and amplitude
on flux?

e How easy would a filter be to clean?

e Does the localised shear damage the
suspension, creating a more difficult to filter
suspension?



Methodology
Experimental Setup

A 1% w/w Calcium carbonate suspension (calcite) was
drawn through a filter while the filter was oscillated
either axially (vertical) or azimuthally (rotational) for 1
hour. The frequency and amplitude were controlled.
The flowrate (from change in mass), trans-membrane
pressure (TMP) and absorbance (for particle retention)
were logged. The filter cake that had formed was
measured optically (photo & image analysis) and was
sampled for concentration (dry and wet cake weight)
and particle size distribution (Malvern master-sizer).

Pressure ﬁ Pressure
Indicator Transducer

Pump.

UV Spectrometer

\m—m:ﬂ‘ - mww E"S'“Em

Figure 1, Simple experimental setup

The Suspension

The suspension under test is a 1% w/w Calcium
carbonate (chalk) suspension. It is calcite (a cubic
structure) which has an average sauter mean diameter
(ds2) of 2.74um.

Normalised frequency

3 W 1 1]
Particle Size fum)

Figure 2, Particle size distribution of the bulk suspension Ds;
is 2.74 um

The filter cake which formed had consistently a
concentration of 37% by volume, (dry/wet cake
weighing method) regardless of shear applied. At this
concentration the viscosity is 607 mPa.s (tested by
concentric cylinder rheometer), bulk viscosity of the
suspension can be taken to be 1 mPa.s.
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Calcium carbonate was used a suspension medium due
to its particle size range, inherent safety, availability &
ease of cleaning the filter.

Results and Discussion

Filter cake thickness

The thickness of the cake formed was measured by
taking a photograph and measuring on the image. The
thickness is heavily effected by the shear applied

o

[

xe!

Thickeness of cake {(mm)

Shear ;;res: (Pa)
Figure 3, Thickness of the cake formed under shear
As the resistance of the filter is heavily dependent on

the resistance due to cake, the reduction of filter cake
is a significant finding.

R=R,, +R,
R,, = Constant
-
<k

Where L is the cake thickness, and k is constant of the
material. By controlling the filter cake thickness, we are
able to directly control the resistance of the filter. It
may be tempting to try and remove the cake entirely
with shear, however the cake is important for effective
particle retention. Therefore it is ideal to control the
filter cake to a very thin layer. The power requirements
in order to reduce the formation of the cake get larger
as the cake gets thinner, so there are diminishing
returns as the cake gets thinner.

Permeability

Under greater shear the permeability is reduced. This is
likely due to the removal of larger particles due to drag
effects caused by the shear. This leaves smaller
particles as the filter cake, which pack tighter,
decreasing the permeability. (See Figure 5)
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Figure 4, Permeability under different shear rates.

This effect on permeability may impact the reduction
in cake resistance, which in turn provides diminishing
returns.
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Figure 5, D3, of filter cake (range bars are of triplicates)

A slight trend towards lower diameters of particles
found in the filter cake as the shear stress increases. A
small change in the D32 can make a very large
difference in the permeability.

Cake formation and striations

Figure 6, Filter cake formed with increasing shear left to right
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With the filters above, shear increasing left to right
show how the filter cake thickness differs with the
applied shear. Additionally there is an effect of
striations being formed on the filters under shear,
which can be seen from the images. These striations
have not yet been investigated, the significance of
these are currently unknown.

Conclusions and future work

Applying shear to the surface of the filter has shown to
reduce the cake formation (but not removal of the
cake when a pressure gradient is present). This reduces
the resistance to flow and therefore an increase in flux
across the filter.

The reduction in the cake formation appears to effect
the composition of the cake. This appears to be
different for azimuthal and axial oscillations, the cause
of this is currently being investigated.

The current testing has been done with calcium
carbonate. Future testing with ferric flocc (used in the
EARP) and magnesium hydroxide (used in SixEP)
compared to what has been found with calcium
carbonate, will have a more direct impact on industry
applications.

How the enhanced shear at the membrane surface
effects floccs and other shear sensitive materials also
needs to be investigated.

Oscillating flow will also be investigated, ideally using
solid state devices.
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Abstract

The aim of this research is to identify experimental factors that influence the quality of results from sludge sampling
and characterisation campaigns, to evaluate their contributions to data uncertainties and to seek ways to optimise the
protocol through the use of an in-situ core sampler and analyser. The research involves the use of relevant statistical
tools to analyse the results obtained from simulation and laboratory tests. By ensuring high quality in the data obtained
from sludge sampling and characterisation campaigns, the quality of decisions taken in the design of sludge
transportation and processing systems is further enhanced. The research looks into the measurement of particle size
distribution (PSD) as an indicator of the physical properties of sludge.

In this report, the experimental factors considered were the sampling intensity, as represented by the number of
samples collected, the sampler device used and the sampling strategy adopted. Other important factors considered
were the degree of homogeneity of sludge spatial distribution in the ponds and the method of spatial extrapolation
used to predict measured physical properties on non-sampled areas of the sludge bed. Maps showing the confidence
limits associated with the resulting spatial extrapolations were also produced.

A useful statistical tool for analysing the influence of different experimental factors on variability of results is the F-
statistics. The magnitude of a factor’s F-statistics is an indication of the significance of such a factor to variability. From
early results obtained from 2D sampling simulations, it was observed that the sampling intensity factor had an F-
statistics of about 80,000. This was followed by the sampling strategy factor with an F-Statistics of about 1000.
Unexpectedly, the choice of sampler device, which is thought to be an equally significant factor, had an F-statistics of 0.
This has led further investigations using a 3D sampling simulation. Analytical factors will also be investigated using the
principle of laser diffraction. Another work in progress is the design of a bench-top experiment to investigate the use of
an in-situ sampler and analyser for remote characterisation.

Introduction Particle size distribution (PSD) data is critical for the
design of appropriate transportation facilities for the
various classes of sludge present in the pond [5] and
generally in other fields such as water treatment,
product quality and performance especially in the
production of detergents, food and drugs. In studying
the flow-ability and compactness of detergent
powders, Hart, 2015 [6] found that there is a significant
relationship between the particle size distribution of
the powdered detergent and the compactness and
tensile strength of detergent tablets formed as well as
the flow-ability of the detergent. This assertion is also
supported by a study on food processing [7] and

There are a number of factors that contribute to the
reliability of any sampling data and subsequent
measurement results. These factors may include; the
actual number and spread of samples taken [1], the
sampler device used [2] and the method of sample
handling adopted [3] [4]. While records of previous
sludge sampling and analysis campaigns conducted at
Sellafield may be available, there is a need to
scientifically evaluate the actual degree of confidence
and certainty associated with such measurements.
Hence, the contribution of sampling and analysis

experimental factors to overall confidence must be another study on drug performance [8] and is also

well understood. Also, depending on the degree of established by Leyva and Mullarney, 2009 [9] wherein
uncertainty associated with previous records, it may the PSD data was used in modelling the flow
become necessary to device optimisation techniques performance of pharmaceutical powder.

towards improving such confidence and repeatability
of results in future campaigns. SPATIAL UNCERTAINTY:

The ability to collect representative sludge samples
from a given population remains an industrial



challenge, but when dealing with an underwater
environment, with the likelihood of radiation hazards
such as that in Figure 1 which shows a bed of
radioactive sludge at the bottom of a long term storage
pool NPP A-1 in Jaslovske Bohunice [10], the challenge
becomes even more. Factors like; adequacy of the
number of samples collected, otherwise represented
by the sampling intensity, the strategy for selecting the
sampled positions and monitoring of the sampler’s
location, accessibility to sampled positions, the type of
sampler device used, the method of sample handling
and the spatial extrapolation method all contribute to
the variability, uncertainties and the level of
confidence of results on sample representation and
consequentially, spatial mapping of PSD.

Figure 1 Radioactive sludge at the bottom of a long-term storage [10]

Analytical Uncertainty:

Studies have shown that in the use of laser diffraction
technique for PSD analysis, the optical parameters of
the particulate sample and that of the dispersion
medium, being vital ingredients for the computational
algorithm, affect to a large extent the final result
obtained. The refractive index and absorption
coefficient have been identified as two of such
parameters [11] [12] [4] [3] [13] [14]. While this is
understandably a challenge for unknown samples and
heterogeneous samples, interestingly, the situation is
not any better in the case of known homogenous
samples either such as particulate samples produced in
the manufacturing industries. This is because there are
different approaches to obtaining such parameters
with each giving different values. While some studies
have recommended specific optimal parameters as
generic settings that have proven to reduce variability,
there are concerns about the validity and applicability
of any one parametric setting in ensuring valid results
for all cases [13].

Methodology Details

To evaluate the effect and interactions of experimental
factors as they influence result variability, a statistical
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tool known as the Analysis of Variance (ANOVA) is
commonly used [15]. It involves a test in which
deliberate changes in the settings of these
experimental factors are made and the corresponding
experimental results are analysed. In this study, the
result to be analysed is the accuracy observed in the
PSD spatial map obtained from the treatment. To do
this, the PSD characteristics, described by the
associated mean size values or even a class of such PSD
characteristics at each unit area in the population is
represented on a PSD spatial map. Such observed PSD
maps are only obtainable by conducting spatial
extrapolation from the data collected at sampled
points. If the observed PSD map is compared to the
correct PSD map of the sludge bed, a performance
rating can be determined. In a soil mapping research,
Grinand et al., 2008 [1] adopted the use of an error
matrix, also known as the confusion matrix, to obtain
observed classification accuracy and kappa index rating
for result assessment.

In reality however, performance assessment must be
made in the absence of any “actual” map. An approach
to qualitatively assessment of performance is therefore
the use of a confidence map or variation map as
observed. It has been observed [1] that the level of
correctness of any prediction made at a non-sampled
point on the map is dependent on its distance to the
sampled point(s) from which its prediction was made.

Simulation Results and Discussion

Observed Map Accuracy

The sludge bed area modelled and sampled was a 200
m x 100 m sludge bed, an arbitrary case for analysis. It
was divided into 20,000 pixels each of 1 m x 1 m
representing a likely sample point. By comparing the
percentage of pixels whose PSD predictions in non-
sampled areas, obtained by spatial extrapolation,
correspond to that in the sludge bed model, the map
accuracy was calculated. It was generally observed that
map accuracies improved with increasing number of
samples collected. In the case of 8 samples collection
(0.04% sampling intensity), an accuracy of about 19%
was observed on the average. Whereas, an increase to
200 samples collected (1% sampling intensity), showed
that map accuracy increased by 400%. Subsequent
increments in the number of samples as can be seen in
Figure 2 saw a rather mild improvement in map
accuracy. Although this portrays the significance of the
number of samples collected, or sampling intensity
factor on map accuracy, it can also be deduced that a
100% sampling intensity may not be necessary to
achieve a satisfactory map accuracy level. The sampling
intensity that produces optimal map accuracy should
be most important, for example, 1% sampling intensity



in the case of the sludge bed model studied. This
optimal setting however, will largely depend on the
heterogeneity of the PSD spatial distribution in the
actual population.

Figure 2 also depicts the behaviour of a deterministic
approach in the presence or absence of spatial
autocorrelation as against the behaviour of a
geostatistical method. Unlike the geostatistical method
that presents fairly similar map accuracies to sludge
beds of both cases, the deterministic approach
performed better in the absence of spatial
autocorrelation.
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Figure 2 Classification map accuracy obtained using the Delaunay
triangular algorithm as number of samples increases in bed 1 and 2

Spatial Distribution Of Confidence Limits And Variance

Figures 3 and 4 show the spread of confidence levels
represented by the kriging variance (see Appendix A
below for more information) for bed 1 and bed 2
respectively with 8 samples collected. The darker a
region, the poorer is the confidence in the PSD
predictions obtained from the spatial extrapolation
campaign.

100

=G> PSD Class

Length of pond (metres)

Kriging variance of Particle Size
Distribution Class

&0 80 100 120 140 160 180 200 i

Breadth of Pond (metres)
Figure 3 Kriging variance distribution of PSD class sizes for bed 1
Figure 3 shows a better spread of confidence because

of the spatial autocorrelation that exists in bed 2. In
subsequent investigations, it was observed that with
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200 samples collection, the confidence spread
improved and was satisfactorily similar for both beds. It
can be deduced from this that the spread of
confidence improves with sampling intensity; the
confidence map provides guidance on areas where
further sampling is needed; and with a low sampling
intensity, the detection of spatial autocorrelation may
result in a better spread of confidence. It must be
noted however, that the ability to detect spatial
autocorrelation depends on the optimisation of
sampling factors.
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Figure 4 Kriging variance distribution of PSD class sizes for bed 2

Screening And Evaluation Of Sampling Factors

Three major sampling factors were analysed using the
2k factorial ANOVA approach and the results of their F-
statistics on bed 1 are as follows;

Number of samples: 84,176.04; Sampling strategy:
996.3; Sampler device used: 0

The magnitude of a factor’s F-statistics is an indication
of the significance of such a factor to variability. Hence,
the number of factor is a vital component of result
confidence. Although sampling strategy appears to be
satisfactorily significant with regards to bed 1, the
result of an ANOVA on bed 2 gives the sampling
strategy an F-statistic value of 0.02. Nonetheless, both
ANOVA results agree on the insignificance of sampler
device used as a component of result variability. Such
an unexpected result casts doubts on the validity of the
sampler device models regarding the representation of
the physical limitations exhibited by a typical sampler
on the field. This result needs further investigation.

Conclusions and Future Work

From the above discussions, it can be deduced that the
number of samples, preferably represented by the
sampling intensity factor, contributes majorly to
sampling uncertainties. Also, the sampling strategy
factor does significantly contribute to uncertainties.

Distribution Class



The method of spatial extrapolation is equally a
significant determinant of the accuracy of spatial map
predictions for a bed with unknown spatial
autocorrelation. It has also been seen that the
confidence limit map or variance map as may be the
case for kriging, provides insight into areas where
further sampling is required to clear out grey areas on
the PSD spatial distribution map. Finally, the role of the
sampler device used with respect to its physical
limitation on penetration depth (as modelled in the
simulation exercise) has no significant contribution to
variability, this unexpected result, poses a need for
more investigation into the practical limitations of
samplers used. Expected limitations to be looked into
include the bias towards sampling depth penetration,
particle size collection and sample retention. Analytical
factors will also be investigated using the principle of
laser diffraction. Analytical factors will also be
investigated using the principle of laser diffraction.
Another work in progress is the design of a bench-top
experiment to investigate the use of an in-situ sampler
and analyser for remote characterisation.
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Abstract

This project aims to identify production mechanisms of important radiolytic products, especially gaseous products for

example molecular hydrogen gas, from Magnox sludges at Sellafield sites. We will use the Q14 irradiation platform, in

Queen's University Belfast, to irradiate sludge mimics, and then take measurements of the type and amount of different

end products, like hydrogen gas, produced by irradiation. These results will then be compared to the predictions of

simulations made by the Atomistic Simulation Centre, also at Queen's University Belfast.

Introduction

Sellafield site has one of the largest inventories of
nuclear legacy waste in Europe. Sludge makes up a large
amount of this waste, the Magnox Sludges are the most
common form of sludge. Magnox sludge is the corroded
nuclear fuel rod cladding from the early Magnox nuclear
reactor; the cladding is made from alloy Magnox
AL80[1], which is made mostly magnesium. Most of the
sludge is in the Magnox Swarf Storage Silos. During the
1974 miner's strike, the Magnox Power plants,
importantly Calder Hall located on the Sellafield site,
had more fuel cycled, to make up for power lost from
the coal burning plants. The buffer ponds at Calder Hall,
where the fuel rods were stored before being moved for
reprocessing, were overwhelmed by the increase in the
amount of fuel used in such a short amount of time. The
legacy of this is in the First Generation Storage Pond
(seenin figure 1), the sludge in these ponds will soon be
moved to the Sellafield Sludge Packaging Plant (SPP1, in
Figure 2)[1]. The major safety issue in these sludges is
the build up and retention of gases. Two main ways to
produce gas are through radiolytic production of gases
and through the corrosion of the fuel rod cladding. This
project will investigate the ways that irradiating sludges
affects gas produced in them.

In order to investigate the gases produced by the effects
of irradiation on sludges: we will irradiate sludge
mimics, and measure the quantity and types of gases
produced. The irradiations will be done using Q14, a

new irradiation platform at Queen's University Belfast
(Figure 3). At the heart of Ql4 is a mechatronic
irradiation control apparatus, called MJOLNIR-2 that
builds on the previously developed MJOLNIR; which was
developed to be used as an end station for hanging drip
irradiation experiments at the Diamond Light Source[2].
MJOLNIR-2 includes an integrated broad band x-ray
source, with the capability to do vertical and horizontal
irradiations of samples. Primary application of Q14 will
be in the domain of nano-medicine, irradiating various

nano-particle solutions.

J—

Figure 1 First Generation Storage Pond
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Figure 5 Picture of the Sample Container

Theme 3 - Silo Ponds and Legacy Wastes

Element Min (% wiw)  Max (% w/w)
Aluminium 0.7 0.9
Beryllium 0.002 0.03
Cadmium - 0.0002
Calcium - 0.008
Cerium(1) - 0.02
Copper - 0.01
Iron - 0.006
Lead - 0.005
Magnesium base base
Manganese - 0.015
Neodymium(1) - 0.02
Nickel - 0.005
Silicon - 0.01
Silver(1) - 0.01
Thorium(1)+Uranium(1) - 0.0001
Zinc - 0.01
Zirconium - 0.025

Table 1 Composition of Magnox AL80

Methodology Details

The basic methodology, employed in this project, is to:
irradiate sludge mimics; then after irradiation to
measure the amount of a particular end product
produced by irradiating the sample; then these results
are compared to the predictions made by simulations,
to validate physical reliability of the simulations or to
investigate possible radiation induced mechanisms in
the sludge.

Initial irradiation will be done on the newly developed
Q14 irradiation platform. Q14 consists of MJOLNIR-2, its
lead housing and a control station. MJOLNIR-2 has an
inbuilt radiation source, an x-ray tube. The x-rays are
produced by accelerating electrons at a truncated
cylindrical piece copper, onto which pieces of other
materials can be placed to produce different x-ray
energy spectra. Below and to the side of the target
there are beryllium windows, through which the x-rays
are emitted.

The samples are held in a sample container made out of
stainless steel. The sample container is a cylindrical
chamber milled out of stainless steel. The top of the
container will have a thin aluminium foil window
through which is x-ray transparent, but also keep the
container air tight. The side of the sample container will
have gas fittings that allow for the removal and sampling
of the headspace.

Before the irradiation of sludge mimics can begin the
apparatus has to be calibrated, so that the results
obtained can be properly interpreted. Chemicals that
have well know G values, the amount of a particular end
product produced by irradiation for an amount of
energy absorbed by the medium, are being used to



calibrate the chamber. G value for molecular hydrogen
from gamma irradiation is well known for water, across
the full range of pH [3]. Sludge mimics that are being
used are a mixture of water with Magnesium Hydroxide
at the pH of the ponds; then materials of increasing
similarity to the sludge in the ponds will be added.

The measurement of the end products involves the use
of a variety of methods tailored for each specific end
product. For gaseous end products, gas
chromatography is used to measure the amount
produced. With a thermal conductivity detector (TCD)
the concentrations of the different chemicals in a
gaseous sample can be measured. By sampling the
headspace of the sample container, and then
desiccating the headspace sample and then sending the
headspace sample through the Gas Chromatograph, the
amounts of different gaseous end products can be
measured. The Hydrogen gas given of during irradiation
can be directly measured by this method; and any
gaseous products trapped in the sample can be
measured by agitating the sample after taking a
headspace sample and then repeating the above
method. For aqueous end products, a variety of
colorimetric assays in solution are used. Trapping
assays are particularly useful in that they remove the
particular end product from solution while also
producing a noticeable change, acting as a scavenger
and an assay.

When, using methods outlined above, the amount of an
end product produced is measured; then to get a G-
value for the end product one has to know how much
energy was absorbed by the sample. Measuring the
dose (energy absorbed per unit mass), dosimetry, is
important to calculate how much energy was absorbed
in the sample. For water many methods of dosimetry
have been developed like the Fricke dosimeter, a
chemical dosimeter that measures the production of Fe
(1) from Fe (ll) by irradiation [3]. But it will probable
that other methods of dosimetry may have to be
developed for sludge mimics, for example applying
correction factors to the dose to water derived from
Monte Carlo radiation transport simulations.

Discussion and Future Work

Comparison of the results to the predictions of the
simulations will help to calibrate those simulations. The
mechanisms can be further investigation using
scavengers to remove certain intermediary species from
solution; thus cutting off certain pathways that were
predicted produce a particular end product, then by
comparing the yield of that end product with and
without the scavenger it will be possible to establish
potential pathways for gas production, here using
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trapping assays will be useful because the amount of the
intermediary species produced can also be measured.

Since Q14 was not designed to host experiments with
long irradiations that may be necessary later in the
project, and may not be capable of the high dose rates
that will be needed to get a suitable stimulant of the
sludge environment. Then for these longer irradiations
and higher dose rates, we are considering the
development of a new dedicated radiation source, for
this project, will probably be necessary. A design that
uses an x-ray source that can perform irradiations in
from many angles on a sample is being designed. Work
has started on the development of a prototype of this
irradiator.

Conclusions

This document outlines the proposed shape of this
project over the next few years. The project will mainly
look into the possible mechanisms for the production of
gaseous end products from the irradiation of sludges, in
particular the Magnox sludges. This will be done
through the measurement of yields of a variety of end
products produced in sludge mimics when they are
irradiated; then comparing these results to the
predictions of simulations.
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Abstract

The First Generation Magnox Storage Pond (FGMSP) represents one of the highest priority targets for risk reduction at
the Sellafield Site. This legacy pond has accumulated a deep layer of sludge over many years, formed primarily from
corroding Magnox alloy, but also from windblown debris and decaying organic matter. This sludge is of complex and
uncertain composition. Additionally it contains dissolved fission products where cladding has failed and split, or even
fragments of spent fuel where cladding has corroded entirely. The production of methane and hydrogen gas complicates
the future handling and disposal of this sludge. The focus of the modelling project will be on the radiolytic route to
hydrogen production through the study of a water-brucite-hydrocarbon system. By studying a simple model system we
will develop an understanding of the underlying chemical reactions. Simulations will be carried out using both classical

and quantum, ab initio mechanical molecular dynamics.
Introduction

The sludges found in the First Generation Magnox
Storage Pond are essentially the mineral brucite
(Mg(OH)2), formed as a corrosion product by reaction of
the magnesium in the Magnox alloy with water over
many years. The sludge also includes a complex cocktail
of contaminants in the form of dissolved fission
products and fragments of spent fuel from fuel
elements where corrosion has led to cladding failure.
Hydrogen gas is formed by the reaction of water with
magnesium, by radiolysis of water, and speculatively by
a thermal or a catalytic route. Reliable estimates for
hydrogen generation are required to underpin the
safety case and design for future sludge disposal.
Presently, most of the hydrogen produced in the FGMSP
can be attributed to the reaction of the magnesium-
based Magnox alloy with water, with the radiolysis of
water suspected to be a minor secondary route arising
due to the high radiation flux from fission products
dispersed throughout the sludge. Screening of the
sludge as it is transferred to Sludge Packing Plant 1 will
remove large solids, effectively removing the corrosion
route for hydrogen production and leaving only the
radiolysis route, and a postulated catalytic route.

This research will attempt to give quantitative estimates
for hydrogen production through the use of multi-scale
atomistic modelling. Colleagues will also be irradiating
corroded Magnox sludge samples using a new in-house
x-ray platform.

Methodology Details

The basis of the modelling project will be the study of a
water-brucite-hydrocarbon system. By studying a
simple model system we will develop an understanding
of the underlying chemical reactions. Simulations will be
carried out wusing both classical and quantum
mechanical molecular dynamics using the CP2K
package. To date, a brucite bulk system has been
modelled. Later, we will increase the complexity by
including water and hydrocarbon species to better
represent Magnox sludge. Initial work was undertaken
to benchmark the ab initio methods and approximations
that would be utilised. The model brucite solid system
was prepared and relaxed, and replicating the method
of Smyth and Kohanoffl!l, the effect of incident
irradiation was established by vertically attaching an
electron to the system. Later, in a similar way, an
electron was removed to create an electron hole. The
additional electron and the electron hole are
representative of electronic defects that arise as a
consequence of the low energy secondary electrons
that occur in material following a radiation event. The
electronic structure of these systems was examined to
observe where the excess electron or electron hole
localised. The systems were then further relaxed with
these defects. Finite temperature ab initio molecular
dynamics will be carried out with the bulk model and the
two types of electronic defect.



To better explore the feasible chemical reactions,
metadynamics simulations will be used to sample the
free energy surface of the bulk system. This will help to

Later work will examine the effect of the interaction of
water with the surface of the brucite, again looking at
electron localisation and free energy barriers to bond
breaking. The effect of the surface on hydroxyl radical
formation and stability is suspected to be important and
so later studies will introduce these radicals with their
conjugate hydrogen radicals. Other products known to
form from bulk water irradiation will need to be
examined, such as hydrated electrons, hydronium ions
and oxygen radicals.[>>4 A catalytic route may exist for
hydrogen production. It is hoped that suspect metal ions
can be identified and the system modified to test the
effects of these contaminants when they are embedded
in the surface in contact with water.!

We will examine the rates for different decomposition
pathways and will build up a library of likely chemical
processes. We can use this information to examine the
long term behavior of larger scale systems by inserting
this information into a kinetic Monte Carlo program.
More complex systems can be studied by examining
how these basic processes are perturbed when metallic
surfaces are present.

Discussion

The problem of accounting for hydrogen generation in
the absence of a corrosion pathway is complicated by
the many routes that may contribute to the process.
These processes need to be de-coupled from each other
and considered independently.

Direct thermal decomposition of water only occurs at
elevated temperatures, in the region of 2000 K+,
which are infeasible in sludge. However, in the presence
of a metallic surface where adsorption can occur, the
barriers to water dissociation are reduced through a
catalytic process. The low-temperature water-gas shift
reaction is an interesting example of a reaction involving
the catalysed dissociation of water molecules®®" In the
reversible reaction scheme, CO oxidised by an oxygen
atom, generated from the dissociation of water, forms
COz and Hz. As the reaction is exothermic, it is favoured
at low temperatures, typically around 150 °C. The
kinetics at lower temperatures (sub 100 °C) would be
interesting to examine. It is conceivable that some of
the metals that catalyse this process would be present
in the sludge as contaminants through the decay of
fission products from the spent Magnox fuel.
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identify reaction coordinates in an unbiased way. The
effect of electronic defects on the energy barriers for
these candidate reactions will then be estimated.

Modelling of temperatures in hotspots around fission
product contaminants to be evaluated in the sludge
could be performed, indicating if temperatures were
high enough for a direct catalytic mechanism to occur.

If one considers a purely radiolytic route to hydrogen
production, some surface effect still is likely to play a
role. The production of hydrogen from plutonium
dioxide surfaces can be considered a related problem.
Sims, Webb, Brown, Morris and Taylor found that a
recombination route reduced radiolysis vyields of
hydrogen from water adsorbed in monolayers closest to
a plutonium dioxide surface, even below what would be
expected from bulk water radiolysis®) An opposite result
is reported for oxides of cesium and zirconium, where
greatly elevated yields for monolayers nearest the
surface were observed.” It is clear that adsorbed water
behaves vary differently than bulk water under
radiolysis and needs close investigation.

The radiochemistry of water is a rich and complex
subject. Many different reactions compete
simultaneously, involving a range of species, including
atoms, ions and radicals of H, H20, Oz, OH, H.02 and
aqueous electrons. Ershov and Gordeev identified 32
such reactions for their kinetic model./ The interactions
between these species and a brucite surface will be a
subject of particular interest over the course of this
work.

Conclusions and Future Work

The problem of hydrogen generation from corroded
Magnox sludges is a rich subject with many factors
affecting the underlying processes. These processes
need to be identified at the most fundamental level
before their interactions within the system can be
explored.
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Abstract

Key drivers for the application of thermal treatment processes include the reduced volume, improved passive safety, and
superior long term stability, of the vitrified wasteform products. These advantages have led to a renewed interest in
thermally treating various UK ILW streams. To support the increased investment in thermal treatment technologies a
fundamental understanding of the processes and the impact of waste inventory needs to be established. The research
described in this report aims to provide the evidence necessary to support a major investment in thermal treatment of
plutonium contaminated materials. The report describes the use of laboratory scale waste simulants to develop an
understanding of the waste and matrix interactions during thermal treatment of PCM waste. The report includes the
thermal treatment process, characterisation and long term performance of the vitrified product.

Introduction

PCM waste is a subcategory of intermediate level waste,
which is generated as a result of the handling of
plutonium during nuclear fuel processing and other
related activities. The amount of PCM waste in the UK is
estimated to be over 31,000m3, with 70% of PCM waste
stored at the Sellafield site [1]. The PCM waste, which
can incorporate masonry, metal, organic or a mixture of
each, are double bagged in heat sealed PVC linings
before being stored in 200 L mild steel drums. The
heterogeneous nature of the waste material presents a
considerable materials science and engineering
challenge for PCM waste immobilisation. A process is
already in place at the Sellafield site for the treatment
of some categories of PCM waste, centred on the Waste
Treatment Centre (WTC). The general method of the
WTC is compression of the 200 L drums containing the
PCM waste, and the resulting crushed drums are
grouted in cement and stored within 500 L steel storage
containers [2]. There are however concerns regarding
the reliability of the supercompaction and subsequent
grouting process to deliver a consistent wasteform
suitable for long-term storage and eventual disposal [3].

Thermal treatment is the main alternative technology
available for the treatment of PCM waste. Key drivers
for the application of thermal treatment processes
include the reduced volume, improved passive safety,
and superior long term stability, of the vitrified
wasteform products. Proof of concept studies by the
University of Sheffield, have demonstrated PCM
compatibility with currently available thermal

treatment technology platforms [4]. In this study [4] the
authors successfully vitrified simulant PCM waste

using ground granulated blast furnace slag (GGBS)
which enabled a mixed slag/metal wasteform for high
metal waste feeds. However, GGBS has a wide range of
applications, combined with low levels of production in
the steel industry, means that GGBS is a poor economic
choice for the application of nuclear waste vitrification.

The study described in this report uses the same process
and wasteform considerations, from the previous study
[4] but with the use of recycled soda lime silica (SLS)
glass cullet as the glass forming additive. Providing SLS
glass cullet meets the required process and wasteform
specifications for a vitrified wasteform, SLS will be more
advantageous as a choice of additive based upon its
unlimited availability. The project will determine the
effectiveness of using SLS glass cullet as a glass forming
additive.

More specifically the aims of the project are to develop
an understanding of waste / matrix interactions during
thermal treatment of PCM wastes. The project will
contribute to accelerating the acquisition of knowledge
and experience required to support NDA in deploying
thermal technologies as a national asset for ILW
treatment.



Methodology Details

Using Ce as a Pu surrogate laboratory scale experiments
using simulant PCM drum mock ups, as shown in figure
1-4, have been performed. The PCM mock up drums
include PVC waste, metal waste, mixed waste and
masonry waste ensuring a complete understanding of
the various wastes streams expected from the PCM
waste drums found at the Sellafield site.

Experimental Procedures

The compositions of the four PCM waste simulants are
given in table 1.

Waste Type | PVC Metal Masonry | Mixed
(wt %) Waste | Waste | Waste Waste
Mild Steel 44.44 20.00 30.00 30.00
PVC 55.56 10.00 10.00 10.00
Metal items | O 70.00 0 15.00
Masonry 0 0 60.00 40.00
Glass 0 0 0 5.00
Total 100.00 | 100.00 | 100.00 100.00

Table 1: Representative PCM waste simulants.

Fig5: Simulant waste with addition of glass frit at 1:1 wt ratio
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The upper estimated PuO2 content of PCM wastes is the
molar equivalent of 0.207 wt% CeO: [5]. All melts were
doped with 1.043 wt% CeO:as a PuO:surrogate to
allow for conservatism and to ensure detection during
analytical studies post processing. Based upon the need
for an oxidising material for waste streams with a higher
metal proportion to aid vitrification, a recycled glass frit
(soda-lime-silica) was selected as an additive at a ratio
of 1:1 (waste to additive) for all waste streams. Crucibles
shown in figure 5, containing simulant waste and
additive were heated overnight at 2 °C min to 1100° C;
crucibles were subsequently transferred to a gas-fired
furnace, which had been preheated to 1100°C, then
ramped to 1450°C over a period of 90 min. The crucibles
were held at 1450°C for 4 hours before being removed
to cool in air to room temperature. It should be noted
from figure 5 that a graphite clay crucible was required
for the higher weight percentage metal waste feed. This
was due to the corrosive nature of the molten metal
with alumina crucibles.

Results and Discussion

Melting behaviour showed no violent reactions
between the waste simulant and glass additive. As
expected a substantial metallic fraction resulted for the
vitrified metal type, as shown in figure 6(b).

e a1

Fig6: Showing vitrified simulant PCM drum mock ups (a) PVC waste,
(b) metal waste, (c) masonry waste, and (d) mixed waste



Wt % PVC Masonry | Metal Mix
SiO2 37.93 54.85 69.87 54.23
MgO 0.86 0.86 1.17 0.93
Al203 16.51 11.70 7.6 9.29
Cao 5.46 7.07 7.43 6.9
Na20 6.02 6.81 7.72 6.53
Fe203 30.38 17.65 0.82 18.13
Ce0: 0.42 0.33 0.60 0.43
Other 2.2 1.25 3.98 3.08
Sum 99.31 99.53 98.59 99.09

Table 2 Composition of wasteform (wt%) components via XRF

XRF determined composition of major elements in the
glass waste form is shown in table 2. PuO: (CeO:
surrogate) from the PCM is physically and chemically
immobilised in the resulting materials, i.e. no residual
PuO2 (Ce02) remains after processing. All of the analysis
indicated that Ce was incorporated into the oxide phase
in all samples. It is known that Pu is more
thermodynamically favourable to partition within the
slag phase; therefore it may be possible to treat the
resultant metallic waste as LLW if sufficient separation
of the two phases can be achieved.

The overriding difference in slag fraction composition is
the Fe20s3 content of the final oxide fraction of the
wasteform which can be attributed to the type of
crucible used and the resulting redox conditions on the
melt. EDS analysis determined no measurable retention
of Cl within the slag fraction of the wasteforms. It was
therefore concluded that all Cl present in the organic
waste was volatilised by the high temperature.

Masonry Waste

XRF and SEM/EDS studies demonstrated the glass
wasteform to be composed of a CaO—-Fe203—Al203—-Si0:
glass. XRD studies evidenced an amorphous structure
with no undissolved material within the glass matrix.

PVC Waste

The XRD pattern of the vitrified PVC waste stream,
Figure 7, showed reflections corresponding to spinel
phase  Mg(Fe,Al)20s  (Magnesioferrite).  Diffuse
scattering corresponding to the presence of an
amorphous component in the form of Ca0-Al;03-SiO;-
Fe20s glass. The SEM/EDS image in figure 8 show the
dendritic crystal structure corresponding to the
identified spinel phase.
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Fig7: X-ray powder diffraction pattern showing identified
reflections corresponding Mg(Fe,Al).Os spinel phase, together with
diffuse scattering corresponding to the presence of an amorphous
component, in the slag produced by vitrification of PVC waste type.

Fig8: BSE image showing microstructure of slag produced by
vitrification of PVC waste type. S corresponds to identified spinel
phase

Metal Waste

The XRD pattern of the vitrified metal waste stream
showed diffuse scattering corresponding to an
amorphous component in the form of Ca0-Al203-SiO:-
Fe20s glass. SEM / EDX analysis showed graphite
inclusions were present from the corrosion of the
crucible.

Mixed Waste

The XRD pattern of vitrified mixed waste stream, Figure
9, showed identified reflections corresponding to
crystalline Ca(Si,Al)20s - diopside, and (Cr,Fe,Al)204 -
spinel phases. Diffuse scattering corresponding to the
presence of an amorphous component in the form of
Ca0O—-Fe203—-Al203-Si0: glass was also observed. SEM /
EDX analysis showed a dendritic structure (spinel phase)
and diopside crystal phase within the glass.
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Fig9: X-ray powder diffraction pattern showing identified
reflections corresponding (Mg,Fe)(Cr,Fe,Al).O4spinel phase (Red
Stars) phases and Ca(Si,Al).0¢ diopside (black stars), together with
diffuse scattering corresponding to the presence of an amorphous
component, in the slag produced by vitrification of mix waste type.

Conclusions

CeO2 as a PuO: surrogate from PCM wastes is physically
and chemically immobilised in the vitrified SLS products,
i.e. no residual CeOz remains after processing. All of the
analysis indicated that Ce was incorporated into the
oxide phase in all samples. The investigation has
demonstrated a strong case for vitrifying PCM waste
based upon analytical studies showing a high quality
glass produced for waste immobilisation with a
substantial volume reduction resulting in lower disposal
costs.

Further Work
Long term Durability tests

The project has also developed an understanding of the
vitrified waste product in terms of stability with respect
to generic ILW disposal concepts, through accelerated
dissolution experiments. Figure 10 shows the controlled
atmosphere experiment designed during the project.
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Fig 10: Controlled nitrogen atmospheric chamber to avoid
carbonation of samples and ensure high PH conditions to simulate
the GDF environment.

PCT test of the vitrified waste types described in the
project will be performed for the next 12 months. PCT is
used to evaluate the chemical durability of a glass waste
form by measuring the concentrations of the chemical
elements released to a test solution, in this experiment
the solution is a saturated Ca(OH)2 solution to simulate
the conditions expected within a GDF. Initial results
from the first 48 days of testing show that the materials
produced in this investigation are broadly comparable,
in terms of durability, to other simulant UK ILW glass
products considered potentially suitable for geological
disposal. Therefore the project has provided strong
evidence that the glass wasteforms meet the defined
waste acceptance criteria (WAC).

Ce XANES analysis

Using the light source at Brookhaven National Lab, X-ray
absorption spectroscopy has been used to investigate
the elemental speciation of Ce within the slag samples.
Ce* was determined as the bulk speciation, which is
comparable to the known speciation of Pu3* in silicate
glasses at high temperatures. The upper analysed Ce203
concentration in the slag is well below the solubility
limits of Pu20s3 in borosilicate glasses. This provides
strong evidence the glass developed here would
incorporate Pu at the concentration expected from the
PCM waste.

Future Work

The author has recently started a PhD industrial
secondment with Kurion inc. who has teamed with the
UK’s National Nuclear Laboratory (NNL) to install a
GeoMelt In-Container Vitrification (ICV) system in the
Central Lab at Sellafield. The tasks during the three



months are to provide operational support and qualify
as a Kurion Geomelt operator and support
commissioning of the system. The work will also result
in the development of glass formulations for a number
of melt trials, and to provide a plan for future research
utilising the GeoMelt system. The work undertaken on
the placement will be used as part of the student’s
thesis.
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Abstract

A quantum chemical model of the brucite (0001) surface is developed using the periodic electrostatic embedded cluster
method (PEECM) and used to investigate the adsorption of Sr** hydroxide and hydrate complexes on the surface. The
PEECM model is compared to another well established method, periodic density functional theory (periodic DFT), by
calculating Sr?* dihydroxide complexes adsorbed on the bare brucite surface. Relative energies between the different
complexes are found to be very similar with the different approaches. Explicit water molecules, whose geometries are
based on previous molecular dynamic studies, are introduced above the brucite surface with the PEECM model,
allowing the interaction of the Sr?* ion with the hydrated surface to be investigated. Several possible complexes are

identified with different Sr-surface distances.
Introduction

In the first generation of British civil nuclear power
reactors a Mg-Al based alloy, called Magnox, was used
as a fuel cladding. The waste was generated in the
1950s onwards and is stored in legacy storage ponds
around the UK, such as the one in Sellafield. The ponds
are filled with water to act as a radioactivity shield and
as a cooling medium and are open to the air. Their
content is heterogeneous in nature. The aqueous
phase contains a range of soluble radioisotopes, from
which the biggest contributors to activity are *¥’Cs and
%0Sr. In addition there is a significant amount of sludge
present in the ponds, consisting of a mixture of solid
materials from fuel and cladding corrosion (e.g.
uranium metal, brucite, Magnox).[1]

The decommissioning of the legacy ponds is an ongoing
process, but is time-consuming and costly, with
significant uncertainties in the program. The main issue
is the uncertain volume and chemical composition of
the waste, e.g. the liquid effluent feed to the planned
removal process (Site lon eXchange Plant, SIXEP) which
is sensitive to active and inactive cation
concentration.[2] There is only limited access to real
samples and monitoring the condition in-situ is difficult
due to the radiation hazard posed by the ponds.
Chemical models can play a crucial role in
understanding the conditions in the ponds and in the
improvement of the treatment process. Modelling can
help to better understand the plant behaviour and

predict feed composition may significantly reduce the
costs.

We use quantum chemical techniques based on
density functional theory (DFT) to gain a better
understanding of the conditions in the ponds by
studying the interaction of fission-generated
strontium, as one of the most abundant radioactive
ions in the ponds, with the (0001) surface of brucite,
which is the main corrosion product of the Magnox
cladding. For this particular problem we employ the
periodic electrostatic embedded cluster method
(PEECM) which allows us to describe isolated
adsorption sites on surfaces. More importantly, it is
uniquely capable of dealing with charged systems and
introducing higher quality basis sets in the calculations,
if necessary, is relatively straightforward. [3]

Computational Details
PEECM model

All calculations were performed with version 6.6 of the
TURBOMOLE program using resolution-of-the-identity
DFT. Results were visualised with the MOLDRAW
chemical graphical software. The TPSS exchange-
correlation functional, which employs the meta-
generalised gradient approximation (meta-GGA), was
used because it was shown to be good for describing
Sr* complexes in previous studies.[4] The brucite
surface was considered as a slab containing 1 or 2
layers of Mg(OH)2 and modelled using the PEECM. In



this approach, a finite sized cluster of brucite was
treated quantum chemically and embedded in a 2D
infinite array of point charges (PCs) (aperiodic in the z
direction). The cluster was formed from a 6x6 unit cell
(Mg3s(OH)72) per layer of brucite. Experimental cell
parameters, obtained via neutron diffraction
measurements by Catti et al. [5], were used to define
both the initial geometry for the quantum mechanical
(QM) cluster and the positions of the PCs in the infinite
two dimensional array: the a and b lattice parameters
of the hexagonal unit cell were 3.15 A, and the
interlayer distance ¢ was 4.77 A. The following natural
charges were used for the periodic PCs: Mg = +1.78, O
=-1.33and H =+0.44 a.u.

Due to the large size of the QM cluster, the def2-SVP
basis sets of polarised double-T quality were used for
all atoms represented in the surface cluster (Mg, O, H).
Partial optimisations, in which the boundary atoms of
the cluster were held fixed and the inner part allowed
to fully relax (see Figure 1), were carried out in the gas
phase with the m4 integration grid and the default
convergence criteria: SCF energy: 10, structural
103,

Figure 1 lllustration of the top and side view of the single layer
PEECM model. The point charges are represented as balls around the
QM cluster, the fixed boundary atoms as wires and the inner part of
the cluster as balls and sticks. (Mg=green, O=red, H=grey)

Periodic DFT model

We chose the CRYSTAL14 code to model the brucite
(0001) surface with periodic DFT, since this program
allows us to use atom-centred basis sets, which are
used in TURBOMOLE. We used the PBE exchange-
correlation functional with this method as it is one of
the most commonly accepted GGA functionals in solid
state chemistry. Polarised triple-{ basis sets derived
specifically for solid state calculations were used for
the surface atoms. In the case of the Sr atom, a lower
quality basis set was used for geometry optimisations,
whilst single point energies were calculated using
doubly polarised triple- basis sets for the valence
electrons with the multi-electron fit quasi-
pseudopotential on the core 1s-3d orbitals. We created
a series of Mg(OH)2 slabs with different supercell sizes
and with 1, 2 and 3 layers of brucite and optimised the
internal coordinates for each using a shrinking factor of
4 along with the convergence criteria: SCF energy: 10”7
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and structural energy: 107. We used the 0D
‘MOLECULE’ option of CRYSTAL14 for the single point
energies of the solvated Sr(OH)2 complexes. To make
comparison between the two different methods
possible, we used the PBE functional with the same
computational parameters for the PEECM calculations.
Although def2-SVP basis sets were used for the
geometry optimisation, single point energies were
obtained after geometry optimisation with the above
defined CRYSTAL14 basis functions.

Results and Discussion

A comparison study: adsorption of Sr(OH)2+4H204 on
brucite

By comparing the adsorption energies of Sr(OH)2
complexes onto brucite calculated with the two
different methods, we aim to show that the embedded
cluster model, which we developed with the
TURBOMOLE code, gives similar adsorption energies
for neutral systems as a well-established periodic DFT
code (CRYSTAL14). The initial structure of the
Sr(OH)2+4H20 complex is based on the most stable Sr?*
dihydroxide coordination with two solvation shells
from our previous study[6]. We searched for the most
stable structure by generating three more initial
geometries via random rotation of the original
molecule and optimised their geometry on the brucite
surface, represented by a single layer 5x5 supercell
slab in CRYSTAL (see Figure 2).

2 4

Figure 2 Middle: The ball and stick representation of the 5x5
supercell and the original Sr(OH). complex with its complete 1%
coordination shell. Side: 1,2,3,4 are the optimised structures of the
adsorbed complexes. (Mg=green, O=red, H=grey, Sr=magenta, O in
the coordinated OH- groups=blue)

These optimised geometries were used as starting
structures in TURBOMOLE, where they were
reoptimised with the PEECM model, placing each
complex at the same position on the QM cluster. We
compared the final geometries of the complexes and
calculated the adsorption energies, shown in Table 1,
with the following equation:

Eads = LEcomplex — (Ebrucite + ESr(DH)2+4-H20) (1)

Ecompiex is the SCF energy of the adsorbed complex
and the surface, while E},,ite is the energy of the bare
brucite surface, and Eg,on),+4m,0 IS the single point
energy of the solvated complex.



Eads (kJ/mol)
Periodic
method PEECM DET
structure CN E E Eqits (%)
1 8 -422.7 -431.7 2.1
2 7 -393.8 -402.3 2.1
3 6 -437.2 -444 .4 1.6
4 6 -401.1 -416.1 3.6

Table 1 Adsorption energies (Eads) of four Sr(OH)+4H20 complexes
calculated with PEECM and Periodic DFT. Eqif is the percentage
energy difference between the two methods. CN=coordination
number

A E,q (kJ/mol)
Periodic

PEECM DFT
structure single +PC layer double single
1 14.5 14.2 14.9 12.7

2 43.4 49.0 47.8 42.1

3 0.0 0.0 0.0 0.0

4 36.1 34.0 36.2 28.2

Table 2 Relative adsorption energies (A Eags), calculated by comparing
the results of structures 1, 2 and 4 to the adsorption energy of the
most stable structure (3). Energies are calculated with the two
different methods and three different surface representations for
the PEECM: 1 layer of brucite (single), 2 layers with an extra PC layer
under the cluster (+PC layer) and with a second cluster (double).

Based on the results in Table 1, there is excellent
agreement between the adsorption energies obtained
from the two methods: the energy difference is
between 1.6 and 3.6% in each case. Structure 3 is
predicted to be the most stable and the relative
adsorption energies, shown in Table 2, are calculated
by comparing the energies of the other structures to
this one. The differences between the calculated
relative energies with periodic DFT and the PEECM
model for the single layer surface representation are
less than 2 kJ/mol, except structure 4, where the
geometry of the optimised complexes slightly differs
between the two methods. Although we calculated the
basis set superposition error for the adsorption
energies in TURBOMOLE, only slight differences were
found, since this type of error is largely cancelled out in
the definition of the relative adsorption energy.

When we consider a two layered slab in PEECM either
via an extra PC layer (+PC layer) or a second 6x6 cluster
(double) underneath the first, the relative adsorption
energies are very similar to the single layer results(see
Table 2). Furthermore, according to the preliminary
results of a cell size study in CRYSTAL, changing the
surface cell size has negligible effect on the adsorption
energies and including a second layer in the slab causes
similarly small (~5 kl/mol) energy differences, as in the
case of the PEECM results. This study suggests that
including a 2" layer in the surface model has only a
small effect on the relatively weak adsorption of the
hydrated complexes, and the size of the quantum
chemically treated cluster is sufficient for the studied
systems.
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Hydration of the brucite surface

Since the actual sludge is an aqueous environment, our
ultimate goal is to study the absorption behaviour of
the Sr?* ion on the brucite surface in the presence of
water. To introduce a water monolayer in the PEECM
model, we used two starting geometries (A and C in
Figure 3) derived from molecular dynamics studies of
Sakuma et al.[7] 36 explicit water molecules were
placed above the surface and the point charge region
was extended with water equivalents. The water
molecules at the QM cluster boundaries were fixed and
the remaining molecules were free to relax. Similar
structures were made using 2 water layers, shown in
Figure 4 with water structure A.

I/
1

A C

Figure 3 A and C positions of water molecules above brucite. In A,
the hydrogen of the water molecule is coordinated to the surface
oxygen in the down-facing OH group, while in the C coordination
there is a hydrogen-bond between the oxygen of the water molecule
and the hydrogen of the up-facing OH group.
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Figure 4 Ball and stick representation of initial (top) and optimised
(bottom) geometries of one (left) or two (right) layers of explicit
water molecules above the brucite surface in A coordination.
(Mg=green, O=red, H=grey)

Adsorption of Sr?* jon on a hydrated brucite surface

We are currently studying the adsorption of the Sr?*
ion by using the hydrated surface representations
described above and introducing one Sr?* into the
systems. To describe the Sr — surface interactions as
realistically as possible, we created a theoretical
reaction, in which we compared the energy of the
adsorbed Sr?* ion with the energy of a solvated one in
the bulk solution, i.e. we looked at the propensity of
the Sr?* ion to coordinate with the surface rather than
remaining in the aqueous phase.We used our previous
results regarding the solvated complexes[6] to be able
to calculate the energy of this theoretical reaction:

Eads = (Ecomplex + EW24) - (Ehydrated layer + EW24-57) (2)

Ecompiex is the SCF energy of the adsorbed complex
with the hydrated surface, while Ey,, is the energy of a
24 water molecule cluster representing the bulk water



phase. Epyaratediayer 1S the energy of the hydrated
brucite surface without the Sr** ion and Ey,,,, is the
energy of the solvated Sr?* hydrate complex
incorporating its 1%t and 2" solvation shells. Applying
equation 2 to Sr** complexes adsorbed to a surface
hydrated with one layer of water resulted in
adsorption energies with a magnitude of 100-200
kJ/mol (see Table 3). All systems with one water layer
contain a Sr?* ion directly coordinated to three OH
groups of the brucite surface. Furthermore, in the case
of the two structures derived from the C hydration
model, one surface OH group was protonated by a
water molecule, resulting in an additional OH group in
the water monolayer directly coordinating to the ion.
Presumably this extra OH group is responsible for the
~180 kJ/mol energy difference between these
structures and the first one.

Hydration Eads dsurf-sr
model CN Structure (k/mol) (&)
1 water layer

A 7 [Sr(OH)s]+4H,0 | -100.9 | 3.153
C 6 [Sr(OH)4]>+2H,0 | -284.2 | 2.709
C 7 [Sr(OH)4]>+3H,0 | -272.4 | 2.785

2 water layers
A 6 Sr(OH)2+4H,0 -37.2 3.681
A 6 SrZ* +6H,0 -236.5
C 7 [Sr(OH):]*+6H,0 | -461.2 | 4.265

Table 3 Structural properties (CN=coordination number, dsurf=Sr-
surface distance) of the optimised Sr** complexes on a brucite
surface with 1 and 2 layers of water along with corresponding
adsorption energies calculated using equation 2.

With two layers of water molecules above the surface,
we found that the Sr?* ion is more likely to move away
from the surface and coordinate with the first
monolayer of water rather than directly with the
surface. Among the results, which are shown in the
second half of Table 3, only the first structure,
Sr(OH)2+4H20, is directly coordinated to the brucite
surface, and it has a significantly smaller adsorption
energy than the other structures. In the third system
an extra OH" ion appears due to the protonation of a
surface OH group, as described above, which
presumably leads to the higher Eads energy.

Although this investigation is still ongoing, these results
are compatible with the previously described three
possible coordination regimes of Sr?* ion: the inner
shell, i.e. direct coordination with Sr-surface distances
less than 4 A, the outer shell (4 < d < 6 A) where the
complex is coordinated to a monolayer of water on the
surface, and the uncoordinated regime with d>6 A.[8]

Conclusions and Future Work

In the first part of this contribution, through a
comparison with periodic DFT, we demonstrated that
the PEECM model we developed sufficiently reflects
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the qualities of the brucite surface to be able to
describe the surface complexation of Sr?* dihydroxide.
We then introduced our hydrated surface model and
moved on to the adsorption of the Sr** ion with this
more realistic surface representation. Although this is
an ongoing investigation, we found two distinguishable
coordination regimes based on the Sr-surface distance
and, so far, we have found that the outer shell
coordination is more favourable. Furthermore, in the
most stable cases, protonation of a surface OH group
was predicted which is a phenomena which needs to
be studied in more details. We are also investigating
systems containing solvated OH" ions in the water
layers and the adsorption of other ions, such as Cs™.
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Abstract

In order to facilitate planning and execution of remote handing during the object manipulation of robot arm in
industrial environment, every object should be 3D reconstruction and 3D pose tracking in real-time. This research
summary proposes a dense semantic 3D reconstruction approach. It also made some preliminary tests in office
environment because our nuclear industrial dataset is still under way. Using Kinect like camera, the RGB and depth
images can be obtained. Objects and scene can be 3D reconstructed as point clouds in real-time based graph
optimization. At the same time, each voxel of point cloud can be labeled to different classes like wall, ground, pipe,
metal, robot and etc. based on Randomized Decision Forest classification and 3D Conditional Random Field refinement.
Finally, all the recognized objects can be convert to CAD models in order to 3D pose tracking and object manipulation.

Introduction

In robotic arm manipulation of Nuclear Industrial,
facilitating planning and execution of remote handing
is a big challenge. The advanced computational vision
techniques can perform to recognize object in 3D point
cloud from laser scanner or depth camera, built CAD
model for those objects and track 3D poses of moving
objects. In order to achieve this, 3D semantic real time
reconstruction or SLAM (Simultaneous localization and
mapping) is necessary. It means that the industrial
objects and scene can be reconstructed as 3D point
clouds in real-time, and meanwhile every voxel of point
cloud will be labeled to different classes like wall,
ground, pipe, metal, robot and etc. After that, all the
recognized objects can be convert to CAD models using
some emerging algorithm.

My work mainly includes two modules: 3D SLAM
module and semantic labeling module. The RGB and
depth images can be obtained from Xtion or Kinect
sensor. Using RGB and depth information, 3D
reconstruction can be performed based on graph
optimization. Meanwhile, a classic machine learning
method like randomized decision forest or deep
learning is used for the 2D images labeling. Then the
result will be refined using dense conditional random
field. Each 3D point cloud can be assigned a class label,
giving a dense semantic reconstruction. Finally, the
recognized object can be converted to CAD model,
which make 3D pose to be tracked easily.

RGB Images Depth Images

Graph Randomized

P Decision Forest
Optimization

OR Deep learnin,

3D Scene 2D Semantic
Reconstruction labelling
L |
3D Dense Conditional
Random Field
3D Semantic
Reconstruction

Convert recognized
objects to CAD model

Figure 1 The workflow of the system
Methodology Details
3D SLAM

The concept of Simultaneous Localization and Mapping
(SLAM) was firstly proposed by Smith in 1986. The first
completed SLAM implementation was done by Annee
in 1991. With 30 years progress, with the contributions
from so many genius researchers, SLAM had already
obtained many significant breakthroughs. The basic
theory of SLAM mainly have two branches: Filter and
Bundle Adjustment(BA).



1) 1985-2015 Filter

1990, EKF SLAM[1]

2002, FastSLAM(2]

2002, SFIT SLAM[3]

2005, Rao-Blackwellised Particle Filter[4]
2003, Monocular SLAM[5]

2008, EKF SLAM in O(n)[6]

2) 2000-2015 Bundle Adjustment
2000, Bundle adjustment[7]

2006, Graph optimization[8]

2007, PTAM[9]

2008, FrameSLAM[10]

2009, Adaptive relative bundle adjustment[11]
2014, RGB-D SLAM[12]

3) Compare Filter and BA

2012, Visual slam: Why filter?[13]
4) Newest popular SLAM algorithm
2014 LSD SLAM[14]

2015 ORB SLAM[15]

2011 Kinect Fusion[16]

2012 KinLnuous[17]

2014 Dense planner SLAM[18]
2013 SLAM++[19]

2015 Dense semantic SLAM[20]

In our system, graph optimization is used for 3D
reconstruction. The 3D reconstruction map of graph-
based is a graph consisting of nodes and edges, as
shown in equation (1)(2)(3).

G={V, E} (1)

R t
Vi = [xvy' Z,9x, 9y, 4z qz] = Ti = [Oizz 3£<1 (2)

R3xz  taxa
Ej=Ti= o, 1 i‘j(3)
The nodes contain the visual odometry poses, RGB and
depth images of each location. In addition, they also
save visual words which are used for loop closure
detection. The edges are mode of neighbors and loop
closures, which save the geometrical transformation
between nodes. When the odometry transformation
between the current and previous nodes is generated,
the neighbor edges are added to the graph. When a

Theme 4 — Structural Integrity

loop closure detection is found between the current
node and one of the previous maps, the loop closure
edges are added to the graph. After the construction of
graph, the graph optimization is performed which
calculates the most likely configuration that best
satisfies the constraints of edges.

Suppose x = (x;, X, ...x,)T is a vector of parameters
which represent the configuration of nodes. w; ; and
; ; represent the mean and the information matrix of
the observation of node i and j respectively. For the
state x, f;j(x) is the function which can calculate the
observation of the current state. The residual r; ; can
be calculated via equation (4).

1, (0) = wy; — fi;(x) (4)

The amount of error introduced by constraints which
are calculated by real or visual odometry, weighed by
its information, can be obtained via equation (5).

di ;(x)* = 1,;(0)"Q; j1;,;(x) (5)

Assuming all the constraints to be independent, the
overall error can be calculated through equation (6).

D*(x) = Y jyeodij(X)* = X jyep 1ij)TQ; 1 ;(x)
(6)

where diJ-(x)2 is residual of the edge which connects
node iandjin graph ¢ . So the key of graph-based
SLAM is to find a state x* that minimizes the overall
error.

x* = argmin Y jeqp 1i,; ()7 Qy ;73 () (7)
X
Compactly, it is rewritten in equation (8)
x* = argmin Y jyeg |17, (115 ;) (8)
X

where Zi’j=ﬂz} is the corresponding covariance
matrix of the information matrix. This is a typical
Bundle Adjustment (BA) problem. The main optimized
iteration strategies contain Gauss-Neton (GN) and
Levenberg Marquardt (LM). In this report, the
G20[12][21] framework is used in our work. This
approach performs a minimization of non-linear error
function that can be represented as a graph. G20 can
minimize the error in a graph in which vertices are
parameterized by transformation and edges represent
constraints between vertices with associated
covariance matrices. It maximizes the likelihood of the
vertex parameters subject to the constraints using
stochastic gradient descent.

Semantic labelling

There are several 3D semantic segmentation
approaches for both outdoor and indoor scenes.

Outdoor:[22][23][24]



Indoor:[25][26][27][28]

For the visual features extraction, the most popular
feature are shown below:

Color Histogram

Color Moment

Histogram of Gradients(HOG)[29]

Fast Point Feature Histograms(FPFH)[30]
Point-Pair Feature(PPF)[31]

Dominant Orientation Templates(DOT)[32]

For the classification of 2D/3D pixel or voxel, the most
useful method are shown below:

Randomized Decision Forest[33]

Hough Forests[34]

3D Conditional Random Field[35]

Multi-scale Convolutional Neural Network[36]

This part work is still under way. Our solution now is
that: RGBD images are classified using the randomized
decision forest. Then those labeled RGBD images can
be combined together based on the graph optimization
visual odometry. Finally, the result is refined using 3D
dense Conditional Random Field. But in the future, we
will turn to CNN model for the voxel classification to
increase the accuracy and decrease the time of
classification.

Results and Discussion

Many 3D SLAM/Reconstruction tests are performed
only in the office environment, because of the dataset
of Nuclear industrial environment is still under way.
We will make tests as soon as possible when the
nuclear dataset is built. The office data form TUM
dataset[37] and Birmingham STRANDS dataset[38] are
used now. In the Frantend of 3D SLAM, different
features like SIFT[39], SURF[40], ORB[41] and BRIEF[42]
are tested for feature detection and loop detection.
The ICP[43] and RANSAC[44] are tested for motion
estimation. In the Backend of 3D SLAM, different graph
optimizations algorithms like TORO[45], GTSAM[46]
and G20[21] are tested.

The qualitative result of 3D SLAM in office environment
is shown in Figure 2. It is built using SIFT + RANSAC +
TORO. The evaluated camera trajectory from RGBD
SLAM is shown in Figure 3. The TUM dataset also
provide ground truth trajectory from VICON system.
The ground truth of office is shown in Figure 4.

We can not evaluate the 3D reconstruction directly.
But it is reasonable to assume that the error in the 3D
map will be directly related to the error of the camera
trajectory. According to [47], there are two mainly

Theme 4 — Structural Integrity

error: relative pose error (RPE) and absolute trajectory
error(ATE) for the evaluation of the visual odometry
drift and the global pose deviation. The RPE considers
both translational and rotational errors, while the ATE
only considers the translational errors. So, the RPE is
always slightly larger than the ATE.

Figure 2 The 3D reconstruction of office environment
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Figure 3 The evaluated trajectory from RGBD SLAM in office
environment



Figure 4 The ground truth trajectory from VICON in office
environment

The RPE of the office environment is show in Figure 5
and the RPE with time plot of the office environment is
show in Figure 6. The ATE of the office environment is
shown in Figure 7 and the ATE plot of the office
environment is show in Figure 8.

ompared_pose_pairs 10008 pairs
ranslational_error.rmse 0.201289 m
ranslational_error.mean ©.143743 m
ranslational_error.median 0.093907 m
ranslational_error.std ©.140909 m
ranslational_error.min ©.0880800 m
ranslational_error.max 0.747304 m

rotational_error.rmse 9.107426 deg
rotational_error.mean 7.458703 deg
rotational_error.median 0.098676 deg
rotational_error.std 5.226180 deg
rotational_error.min 0.800000 deg
rotational_error.max 20.845892 deg

Figure 5 The RPE of the office environment
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Figure 6 The RPE with time plot of the office environment
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compared_pose_pairs 1332 pairs
absolute_translational_error.rmse 0.101165 m
absolute_translational_error.mean 0.872363 m
absolute_translational_error.median ©.048731 m

absolute_translational_error.std ©.070696 m
absolute_translational_error.min 0.005000 m
absolute_translational_error.max 0.436558 m

Figure 7 The ATE of the office environment
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Figure 8 The ATE plot of the office environment

Using Randomized Decision Forest and refined by 3D
Conditional Random Field[48], each voxel in the 3D
reconstruction can be assigned a class label. Figure 9
shows the original 3D office reconstruction and the
Figure 10 shows the labeled 3D office reconstruction.
Each voxel is labeled by different color, like red is table,
green is table, brown is cupboard and etc. All the
objects can be recognized in this office. Then the
millions of point clouds belong to the object can be
converted to a whole CAD model which is used for 3D
pose tracking and object manipulation.

Figure 9 The original 3D reconstruction of an office includes table,
chair, cupboard, wall and ground.



Figure 10 The labeled 3D reconstruction of an office. The table, chair,
cupboard, wall and ground are labeled using different color.

Conclusions and Future Work
The next step work will mainly focus on two areas:

1. Build a nuclear environment dataset and perform
3D dense semantic reconstruction tests using this
dataset. This dataset will include metal, wood,
pipe and many nuclear objects. With the help from
Dr. Jeff, many 3D CAD models of real Sellafield
nuclear plants will be provided very soon.

2. The CNN model will be used for 2/3D object
labelling to increase the accuracy and decrease the
labelling time.
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Abstract

Around 50% of the UK’s classified nuclear waste is building waste including concrete, cement and rubble. While research

has gone into ways to minimise the volume of this waste, little has examined recycling of the materials. This research

aims to investigate methods to reduce the burden on present and future storage and disposal facilities through re-use

and volume reduction of conditioned contaminated concrete. MSc research has shown possible reactivity within the

scabbled material enabling the potential for use as a cementitious replacement material. The overall aim of future PhD

research is to investigate the use of scabbled contaminated concrete as a replacement material within nuclear waste

encapsulation grouts, or at volume reduction of conditioned waste.

Introduction

As nuclear facilities come to the end of their design life,
decommissioning work is carried out such that the sites
can be decontaminated and eventually demolished.
Within the United Kingdom this includes a number of
power production facilities, particularly of the Magnox
fleet, as well as Sellafield nuclear reprocessing and
storage site.

Arising from the decommissioning are large quantities
of building wastes, rubble and soil, accounting for over
half of all classified waste [1]. In an effort to reduce the
volume of concrete waste, part of the
decommissioning process involves scabbling of
contaminated concrete; the removal of the outer
contaminated layer of concrete (usually the top 2-3cm)
from the larger mass through laser or mechanical
means, enabling the bulk of the concrete to be
disposed of as low level or exempt waste.

The scabbled material produced is a fine granular
material with a large particle size distribution,
contaminated with a number of radionuclides that are
either chemically bound to specific solid phases of the
concrete or absorbed into the pore water of the
material [2]. As a contaminated material the scabbled
concrete is at present treated as a new Intermediate

Level Waste (ILW) stream. The purpose of this project
is to examine the nature of the scabbled material and
examine options for possible re-use or recycling,
primarily as a replacement material in existing
cementitious encapsulation grouts.

Re-use and recycling of concrete has been taking place
for a number of decades, in an attempt to reduce
waste and carbon emissions arising from the
construction industry [3]. Due to economic reasons
however, little research has been conducted into the
re-use of concrete fines as they are seen as detrimental
to fresh concrete, particularly due to high absorption
and the subsequent requirement for increased water
content [4], and are produced in insufficient quantities
during processing. Within the nuclear industry
however, disposal costs of £14,000 per m? of ILW mean
that the same economic constraints no longer apply
[5], and the filler effect produced by an increase in
nucleation sites [6], as well as secondary hydration
from any newly exposed anhydrous material during
scabbling, present options for investigating the re-use
of the material.

MSc Research

Initial research focussed around ‘investigating the
impact of recycled concrete fines on the engineering
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performance of cementitious infill’. This involved the
synthesis of recycled concrete fines, and
characterisation of the resultant powder. This was
followed by an investigation of the material’s
reactivity, impact on microstructure, and engineering
performance when blended with fresh cement. Quartz
was used as an inert reference material against which
the performance of the recycled fines could be
measured. A 50MPa CEMI mortar was cast, cured in
ideal conditions for 28 days and then ground to
provide the recycled fines. The quartz reference
material was ground to the same particle size
distribution of the ground mortar, using a Malvern
Mastersizer to investigate PSD, and a gyromill to grind
the materials.

Characterisation

Calorimetry, chemical shrinkage, Mastersizer and SEM
shape analysis were used to characterise the ground
mortar, in terms of particle analysis and reactivity.
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Figure 1 - M1 filler cumulative heat evolution against time, normalized
per gram of cement

While chemical shrinkage testing showed little
variation in volume change between samples, linked to
degree of hydration, calorimetry work showed
increased heat of hydration when recycled fines were
used within the mix, as seen in figure 1. This clearly
shows the filler effect, with increased nucleation sites
on the surface of the filler particles enabling more
hydration products to be formed [6].

Figure 2 compares the normalised heat per gram of
cement of a CEMI reference, a 40% quartz mix and a
40% ground mortar filler replacement. As can be seen,
there is a significant increase normalised heat
produced when ground mortar is used compared to
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quartz, suggesting that there is further hydration
occurring above and beyond that induced by the filler
effect, caused by the presence of additional anhydrous
material exposed during the grinding of the mortar.
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Figure 2 - 40% Quartz Replacement vs 40% Filler Replacement
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Figure 3 - Hydration of recycled fines component during early stage
curing

Figure 3 shows the hydration of the recycled fines
component for each replacement level, where the
normalised heat of the quartz reference has been
subtracted from that of the recycled filler. While
compared to a standard CEMI reference the
cumulative heat levels aren’t high, there are significant
peaks to show possible secondary hydration of the
recycled material occurring, above that occurring due
to the filler effect, as discounted for by the quartz
reference mix.

Engineering Performance

Compressive strength testing was used to assess the
effect of the recycled fines on the engineering
performance of a secondary mortar using the recycled
fines, and a quartz reference, as a cementitious



replacement material.

Compressive strength testing showed a noticeable
increase in strength when recycled concrete is used as
a filler as opposed to quartz at 40% replacement, as
seem in figure 3, but with both replacements
performing significantly worse than the CEMI
reference. This significant decrease in compressive
strength, with both achieving only approximately 50%
of the 28 day strength of the reference mix. This can be
attributed to both a decrease in overall cement
content leading to reduced strength, as well as
increasing the overall water to cement (w/c) ratio,
leading to a further decrease in strength [7].
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Figure 3 - 1, 7 and 28 day compressive strength comparison

Conclusions

Both compressive strength testing and calorimetry
work showed the possible presence of secondary
hydration occurring from the use of recycled fines, and
so further investigations can be made to examine this
effect and its further use in secondary grouts, as a
method of reducing the volume of ILW.

Future PhD Research

Following MSc research, the PhD project aims to
investigate methods of re-use and volume reduction of
scabbled contaminated concrete, with the aim of
reducing the volume of ILW sent to long term disposal,
in the proposed Geological Disposal Facility (GDF) [8].

This research is in early stages, with 50MPa CEMI and
CEMII concrete having been cast, and with curing
ongoing at present, before a suitable material can be
used for synthesis. Initial research will focus on the re-
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use of scabbled material within future mortars or
grouts for waste disposal, either through harnessing
the possible secondary hydration discovered in earlier
research, or through incorporating the material within
fresh encapsulation grouts, such that the grouts still
perform to nuclear specifications, as has been trialled
in Japan with some success [9].

Further research will investigate the possibility of
volume reduction of the conditioned waste form, to
reduce the volume of waste needing disposal in a
Geological Disposal Facility (GDF), in an effort to
reduce the overall cost of disposal for contaminated
concretes. Volume reduction will involve investigation
possible activation of the scabbled material, initially
through alkali-activation, such that a lower volume of
cementitious grout is required to achieve the same
performance [10], and so the overall volume of the
conditioned waste form can be reduced.
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Abstract

The ab initio simulation of cement-based materials is a vital task in understanding the processes that will occur in the
storage of nuclear wastes in preparation for geological disposal in the future. As cement is an amorphous material
whose composition is hotly debated, the problem is as complex as it is important. Initial work building on prior work
done by collaborators has shown that while calcium-silicate-hydrate materials are unlikely to be strongly affected by
the loss of electrons induced by y-irradiation. The water contained within the cement is likely to undergo reaction and
produce a rich cocktail of molecular species, in particular hydroxyl radicals which may produce hydrogen gas, causing
expansion and cracking, or contribute to the Pozzolanic reaction which produces a gel-like layer that compromises the
mechanical strength of cements. As such, knowledge of the properties of irradiated cement are necessary for the

understanding and safe storage of nuclear wasteforms.

Introduction

Cements and grouts consisting of ordinary Portland
cement (OPC) and blast furnace slag (BFS) are
considered among the most important materials for
the long term disposal of intermediate and low-level
nuclear wastes in the UK due to their good mechanical
and thermal properties and high tolerance for a wide
variety of waste types, leading to ease of use.l!l The UK
employs an iterative process, slowly improving the
quality of cements to provide the requirements for a
given application, as complimentary properties are
essential in the storage of both short and long-lived
wastes.

Cement-based storage in the UK focuses on
intermediate-level wastes (ILW) such as brucite
(Mg(OH)2) and plutonium contaminated materials
(PCM), which are assorted waste items generated in
the processing and handling of plutonium. These
wastes are stored in a cement matrix encased in a steel
container, and the presence of radionuclides such as
uranium dioxide (UOz), plutonium and their associated
decay daughters results in a massive range of particles
that can interact and affect the properties of cements.
Throughout their lifetime as a storage matrix, cements
are exposed to ionizing radiation and may undergo
detrimental changes that compromise the storage
medium. Other such issues to consider include the
irradiation of the water contained in cement and
substitutions of atoms in the cement structure by

radioactive fission products of uranium and plutonium,
which may affect the structural properties of the
cement matrix.? As such, fundamental understanding
of the effects of radiation on cements is essential in
improving the quality of storage materials.

This work aims to provide an insight into the effects of
radiation on an atomic scale in the hopes of providing a
fundamental outlook on the properties of cement
under irradiation.

Methodology Details

The models employed in this project were the same
used by Dezerald et. al.[?). These were obtained using a
combinatorial optimization technique by Abdolhosseini
Qomi et. al.®! to realistically build the calcium-silicate-
hydrate (CSH) phases of cement.!! This original model
was produced via a force-field method and eventually
adapted to the CP2K open source electronic structure
code and used in this work." Initial work consisted of
re-optimization of the neutral unit cell using ab intitio
density functional theory (DFT). The calculation was
performed using the Quickstep!® algorithm utilizing the
Gaussian and Plane Wave (GPW) method”! with
molecularly optimized Gaussian atom-centered basis
sets were used!® in conjunction to the Perdew-Burke-
Ernzerhof (PBE) functional.””

The cell is a triclinic structure with cell vectors A, B and
C equal to 13.244, 18.183 and 23.869 A respectively.
The angles a, B and y are equal to 90.08, 92.59 and



86.62° and the unit cell is periodic. The system consists
of a layered hybrid of tobermorite with 14 A
interlayer spacing and jennite.['Y] The structure, figure
1, is shown below and contains 44 Si, 72 Ca, 235 O and
150 H atoms.

I intralayer

+ interlayer

Figure 1 The schematic representation of the C-S-H structure.
Hydrogen is shown in white, oxygen in red, silicon in blue and
calcium in yellow. The corner-sharing SiO*4 tetrahedra forming the
silica chains are shown. Reproduced from Dezerald et. al.!!

Following the CP2K re-optimization, the charge of the
system was adjusted to +1 to simulate an electron-hole
induced by y-irradiation. This charge was compensated
with a uniform negative background of charge -1.
Further single-point energy and geometry optimization
calculations were performed using the Minnesota
MO06-2X global hybrid Hartree-Fock functional with 54%
Hartree-Fock exchange to increase the accuracy of the
calculations performed on the system. The MO06-2X
functional was chosen due to its versatility and wide
use in the quantum chemistry community. M06-2X is a
member of the M06 functional family, which is known
for its excellent performance in main-group
thermochemistry and kinetics.[*?

Results and Discussion

Simulation of the electron-hole using the PBE
functional and subsequent visualisation of the spin
density has shown that there are particular oxygen-
containing species that preferentially lose an electron
(Figure 2). A significant portion of the spin density is
located on OH and H20 moieties scattered throughout
the cell, with a smaller portion located on the Si-O
tetrahedral oxygen atoms. This suggests that the
electronegative, electron rich oxygen atoms spread
throughout have the most available electron density to
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be "knocked" out by y-irradiation. Electron density is
more likely to be situated closer to the oxygen atoms in
the more polar O-H species than in less polar Si-O
systems, suggesting that the radiolysis of water in the
cell as well as damage to the Ca(OH)2 hydroxyl species
are the main problems to be considered for this
specific model. This was highlighted by Mobasher et.
al. who stated that the y-irradiation of an OPC-BFS
cement at 20 and 50 °C shows no significant difference
in properties other than a slight increase in cracking,
which was attributed to an increase in temperature in
conjunction to the y-irradiation.!*3!

Figure 2 The spin density of the electron hole drawn at an isovalue of
0.0001 e/A3 calculated with PBE geometry using the PBE functional.
The hydrogen is shown in white, oxygen in red, silicon in dark blue
and the calcium in light blue.

Further optimization using the Minnesota functional
MO06-2X yielded a more localised electron spin density
plot wherein the density seems to significantly localise
around an OH moiety in the bottom left of the unit cell
and to surrounding oxygen species to an extent.
Localisation of the electron-hole suggests that the
negative spin density, or spin depletion, surrounding
the OH species acts as a boundary for the nodal plane.
Figure 3 shows the spin density of the electron hole
after geometry optimization.

Mulliken population analysis suggests the oxygen atom
at the centre of the density possesses a spin moment
of close to 1, which is significantly higher than the
average spin value of 0.0002 for the oxygen atoms
around it. A markedly different charge of -0.33 on the
oxygen contrasts the -1.08 average charge of the
surrounding atoms. Showing a similar anomalous
trend, the H atom bonded to this oxygen possesses a
spin moment of -0.03 while other hydrogen atoms in
the proximity average to 0.000001.



Hirshfeld analysis was also performed to avoid
ambiguities in the Mulliken analysis, which is basis set-
dependent. Hirshfeld charges paint a similar picture.
The oxygen atom thought to be the location of the hole
has a spin moment of 0.834, while other oxygen atoms
have virtually no spin with an average of 0.0001. The
bound hydrogen acts as the only other significant
source of spin at 0.034, meaning that approximately
87% of all spin in the system is localised on the OH
species in question. The strong localisation of the
electron-hole on this species using M06-2X suggests
that PBE can accurately predict the geometry of the
electron hole, as supported by Hirshfield and Mulliken
charges.

Figure 3 The spin density of the electron-hole drawn at an isovalue of
0.0001 e/A3 calculated with PBE geometry using the MO06-2X
functional. The hydrogen is shown in white, oxygen in red, silicon in
dark blue and the calcium in light blue. Yellow density denotes spin-
positive regions and blue denotes spin negative.

Analysis of the optimized geometries of the cement
unit cell using PBE and M06-2X suggest that the main
species susceptible to loss of electrons via y-irradiation
are free H,0 and OH" species. Removing an electron
from OH results in the production of a hydroxyl (OH’)
radical, which is likely to cause degradation in the
cement via the Alkali-Silica Reaction (ASR), or
Pozzolanic Reaction, whereby Ca(OH)> or hydroxyl
species react with the silica chains to produce an
expansive gel that can cause cracking and eventual
failure of the concrete.[**! Also of note is the ability for
water in the system to undergo radiolysis and produce
a rich range of reactive species such as OH", OH-, H30*
and H:0; as identified by Ershov et. al.'*,which may
react and compromise the wasteform by damaging the
CSH phases or producing gases such as Hz in the pores
which can expand and cause cracking.
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Conclusions and Future Work

The reactions of cement and the various radiolytic
products of water are of particular interest within the
nuclear decommissioning context. The results obtained
in the present work suggest that while cement is
robust to the loss of electrons via y-irradiation, the
effects of water radiolysis may prove significant.
Further work addressing the effects of excess electrons
in the cement system provides complementary insight
into phenomena arising from the irradiation of cement.
Currently, the main priority is to expand the cement
model. Expansion of the cement model to include
aluminates or ferrites such as those found in BFS may
provide results of interest, as the enhanced model will
be closer to the cements being proposed in the UK for
storing nuclear waste. Haber-Weiss-like reactions!*®! of
H202 and iron could account for significant production
of hydroxyl radicals and subsequent damage or
production of hydrogen, and as such should be
investigated.
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Abstract

The microbial production of phosphate minerals has gained attention as a promising mechanism of in situ groundwater
remediation. To date, most research has focused on the immobilisation of contaminants by the induced precipitation of
insoluble contaminant-phosphate minerals (e.g. uranyl phosphates); however, it is also possible to use this technique to
manufacture permeable reactive barriers (PRBs) which are then capable of mediating long-term, passive remediation of
groundwater flow. This project investigates the use of bacteria and fungi to induce the formation of a phosphate
mineral PRB via the enzymatic hydrolysis of an organic phosphate substrate (phytate). Attention is given to the factors
influencing biomineral formation, composition, and characteristics (e.g. enzyme production and activity, secretion of
microbial metabolites, other chemical species present, pH, redox potential) and this knowledge used to promote the
manufacture of a biomineral with optimal physicochemical properties for deployment in a PRB (large, reactive surface
area with a high capacity for contaminant sorption while remaining hydraulically permeable). Additionally, challenges

relating to the scale-up and practical deployment of the process will be considered.

Introduction

Groundwater contamination is a problem that arises at
all stages of the nuclear fuel cycle, from mining to plant
operation to decommissioning and disposal [1].
Treatment of this contamination is required to prevent
further spread into the environment and to avoid the
potential for contamination to reach public water
supplies. A range of remediation measures exist (e.g.
pump and treat), but a particularly attractive option
with regards to cost, effectiveness, and Ilow
maintenance requirements is the use of permeable
reactive barriers (PRBs) [1, 2]. PRBs are a form of
passive, in situ remediation technology in which a
barrier is constructed across the path of groundwater
flow; the barrier is constructed from a hydraulically
permeable material that allows water to flow through
while  removing/immobilising  contaminants  via
sorption and redox mechanisms [2, 3].

A wide range of materials can be used in PRB
construction, for example zerovalent iron or zeolites
[2], but within the context of the nuclear industry
phosphate minerals (particularly members of the
apatite group such as hydroxyapatite [Cas(POa)30H])
are considered to be suitable [4]. This is due to their
ability to immobilise and incorporate a range of
relevant contaminants into their structure [4-8] and
stability towards degradation by geochemical
processes and ionising radiation [4]. Currently, there is
concern over price stability and future supply of

geologically-sourced phosphate minerals [4] and the
use of biominerals provides a more sustainable option.
Phosphate biominerals can be sourced from animal
bones [8] or, alternatively, may be produced by
microbial processes.

Microorganisms are able to induce phosphate
biomineralisation through the action of phosphatase
enzymes. These enzymes hydrolyse organic phosphate
compounds and release inorganic phosphate into
solution, which can then form precipitates with other
ions present, for example contaminants in the
environment or a supplied source of calcium [6, 9]. The
microbial cell may also provide a nucleation point for
mineralisation, further supporting the process [9].

Most research to date has focused on using this
process to immobilise contaminants directly via the
formation of insoluble metal phosphates, e.g. [10-14]
but it is also possible to use the process to
manufacture a biomineral PRB. The use of a ‘priming
deposit’ has been identified as necessary for the
immobilisation of metals such as Np and Pu, which do
not precipitate out of bulk solution as metal
phosphates [9], and the formation of a PRB may be a
superior option where there is a complex mixture of
contaminants at a range of concentrations down to
trace levels.

Microbial formation of a PRB may be advantageous
from a construction point of view as it should be
possible to inject solutions of microorganisms and



mineral constituents into the ground, allowing
formation to occur in situ; this is in contrast to
traditional excavation techniques [2] which are more
invasive and will produce quantities of excavated soil
that will require disposal somehow. It would also be
possible to inject soluble phosphates (e.g. K2HPO4) but
this leads to the high possibility of clogging the
injection location; the use of an organic phosphate
allows more control over the location of mineralisation
[13].

Amorphous calcium phosphate produced by bacterial
processes has also been observed to possess superior
physicochemical properties to crystalline
hydroxyapatite. The produced biomineral showed
higher uptake capacities for Sr?*, Co?, Eu®*, and UO2**
as compared to a synthetically produced
hydroxyapatite, which was attributed to the more
amorphous nature of the material, a smaller crystallite
size, and a higher specific surface area [6, 15].
Additionally, =~ when  compared to  synthetic
hydroxyapatite and clinoptilolite (a zeolite mineral),
the biomineral maintained higher uptake values for
Sr?* and Co?* in the presence of competing cations
(Na*, Mg?*, Ca?*) contained in seawater; an important
property due to the threat of saline intrusion at sites
such as Sellafield and Fukushima [16].

In laboratory scale, proof-of-principle studies, glycerol
phosphate compounds have typically been used as an
organic phosphate donor molecule. However, the high
cost of this compound has been recognised as the main
cost-limiting factor in the practical deployment of the
technique [9, 17]. An alternative source of phosphate is
myo-inositol hexakisphosphate (Figure 1), commonly
referred to as ‘phytic acid’ or ‘phytate’ (in salt form),
which is a widespread component of plant tissues [9,
17, 18]. Phytate extracted from plant waste products
may be able to provide a readily available and low-cost
source of phosphate. Research into phytate
degradation has mostly occurred within agricultural
sciences [19] and it is only in the past decade that the
use of phytate as a substrate for phosphate
biomineralisation has been studied [11, 12, 17, 20].

O\\\ ,”//
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Figure 1 Structure of phytic acid, which mostly occurs in nature as a
mixed Mg/K salt [18].
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Phosphatase enzymes that hydrolyse phytate are
commonly known as ‘phytases’ and are produced by
many microorganisms [19, 21, 22]. Four ‘model
organisms’ have been chosen for use in initial
experiments; all are widespread in the environment
and have interesting properties that merit further
research into their ability to induce phosphate
biomineralisation:

1. Aspergillus niger (ATCC 201373): A
flamentous fungi that has been used
commercially for the production of phytase
enzymes to enhance animal feed [21]. Recent
research has demonstrated the ability of A.
niger to induce the precipitation of uranyl
phosphates (in that case with glycerol 2-
phosphate as phosphate source) [10].
However, the species is also known for its high
production of organic acids, particularly oxalic
and citric acid [23, 24]. These acids may
solubilise minerals, leading to the mobilisation
of contaminants, or may form complexes with
metals at the expense of phosphate
precipitation [9, 11, 23, 24]. On the other
hand, the presence of citrate in the system
during biomineralisation has been shown to
improve subsequent metal uptake values [15]
while the formation of insoluble oxalates may
be able to support contaminant
immobilisation [25].

2. Blastobotrys adeninivorans (CBS 8335): A
species of yeast amongst which phytase
activity appears to be a uniform property [26].
B. adeninivorans is also able to use phytate as
a source of carbon [26] and has been used to
induce calcium phosphate precipitation [20].

3. Bacillus subtilis subsp. spizizenii (ATCC 6633):
A gram-positive bacterium. Bacillus spp.
produce phytase enzymes which display an
optimum activity at neutral pH values; this is
in contrast to most other phytases which
display an acidic pH optimum [21]. The activity
of phytase enzymes produced by Bacillus spp.
is enhanced by the presence of Ca?* ions
which bind to the enzyme and increase its
stability [22]; the impact this would have on
biomineral formation (i.e. would the binding
of calcium to enzymes prevent it from taking
part in mineral formation?) is currently
uncertain.

4. Escherichia coli (ATCC 25922): A gram-
negative bacterium that has been used
commercially for phytase production [21]. E.
coli has been demonstrated to be capable of
inducing phytate-mediated precipitation of
hydrogen uranyl phosphate [17].



A range of factors influence the production and activity
of phytase enzymes with phosphate concentration and
source, C source, presence/absence of O, presence of
other chemical species, initial pH, and temperature all
known to be important [19, 21, 22, 26]. The effect
these factors have differs between microbial species
and, while an in-depth study of enzyme regulation is
beyond the scope of this work, a basic understanding
of these processes is required as they will influence
mineral  precipitation and determine  which
environments particular microorganisms are best
suited to be deployed in.

Outline of initial experiments
Phytate degradation

Initial tests will study the ability of model
microorganisms to degrade phytate. Cells will be
grown in phosphate-rich and phosphate-depleted
media and then extracted and resuspended in solution
with phytate. Samples will be extracted and analysed
for phytate degradation and free-phosphate released
to solution as indicators of phytase activity. Variable
parameters will include source of C (e.g. glucose,
galactose, phytate), aerobic/anaerobic  growth
environment, initial pH of phytate solution, presence of
chemical species such as Ca?*, temperature, and
incubation time.

Analysis

Samples will be extracted from phytate solutions, filter
sterilised, and then analysed by anion-exchange
chromatography with a sodium carbonate or sodium
hydroxide eluent and suppressed conductivity
detection. Concentrations of free phosphate ions,
oxalate, citrate, and phytate in solution will be
measured.

Conclusions and Future Work

Results from the initial experiments detailed above will
be able to confirm that the chosen organisms are
capable of degrading phytate and provide an idea of
the conditions under which optimum phytate
degradation occurs. Knowledge regarding the amount
of phosphate, oxalate, and citrate released to solution,
along with the amount of phytate and phytate
hydrolysis products remaining in the system, will then
be used to inform biomineralisation experiments.
Initially this will be performed in batch solution tests
with a focus on precipitating calcium
phosphates/hydroxyapatite. The manufacture of other
phosphate minerals will also be investigated, with
interest given to materials able to incorporate Cs and |,
elements that are not easily incorporated into the
structure of hydroxyapatite. Produced minerals will be
characterised to understand their structure,
composition, crystallinity, and specific surface area.
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Select biominerals will then be tested in flow-through
column experiments. This will involve biomineral
formation on a matrix of sand or soil followed by
passing  through a simulated contaminated
groundwater solution. Effluent outflow will be
monitored for contaminants passing through the
column and leaching of mineral constituents. The
impact of biomineralisation on the permeability of the
matrix will also be assessed, as the clogging of pores is
a major limiting factor in the successful deployment of
PRB technology. At the conclusion of these
experiments, the columns will be analysed to
understand how contaminants have been immobilised
by the biomineral and to what extent available
sorption sites have been ‘consumed’.

In parallel to biomineralisation experiments, work is
required to identify a usable source of phytate. Many
plant waste products may be useful here (e.g. waste
corn, coffee granules, by-products from biodiesel
production or fermentation processes) but there is a
need to define a cost-effective supply route that
provides phytate in sufficient quantities. Additionally,
there is a need to develop efficient extraction
procedures that can be practically incorporated into a
PRB construction process.
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Abstract

Colloidal silica based grouts are increasingly being considered as a potential grouting technology for the application of
subsurface ground barriers, overcoming several limitations of traditional techniques. Colloidal silica grout has an initial
low viscosity, small particle size, and is environmentally inert. Colloidal silica grouts are formed of a solution of silica
nanoparticles and a salt accelerator such as NaCl. This summary presents results from on-going research at Strathclyde
which aims to develop a greater understanding of the hydro-mechanical behaviour of colloidal silica grouts. Laboratory
tests were carried out to investigate the stress-strain behaviour of colloidal silica grout samples considering the
influence of curing environment, length of curing time, and gel time. A series of one-dimensional oedometer
consolidation and direct shear tests were conducted on colloidal silica samples. Additionally, the soil-water retention

behaviour of colloidal silica grout was determined.
Introduction

Subsurface migration of contaminants can be a costly
and problematic issue. If appropriately managed
contaminant risks can be minimised or eliminated. The
use of grouts to form a hydraulic ground barrier
provides a method of limiting subsurface migration of
contaminants. However the use of traditional cement
based grouts near surface may not be possible, in
particular at sensitive sites, due to ground heave or
excavation requirements. Colloidal silica provides an
alternative to traditional grouting materials for the
formation of in-situ subsurface hydraulic ground
barriers.

Colloidal silica has been established as a fluid flow
control system over the last two decades within the
petroleum industry [1]. Moreover, studies have also
considered its potential in various other applications
such as for protection against liquefaction [2]. As a
potential grout, colloidal silica poses several favourable
characteristics: i) initial low viscosity, ii) low
permeability after gelling, iii) minimal injection
pressure iv) controllable set/gel times from minutes to
several days, v) environmental inert nature once
formed into a rigid gel state, and vi) its small particle
size (when compared with cement grouts) [3]. The
characteristics of colloidal silica enable low injection
pressures to be used, whilst achieving good
penetration of pore space; forming a final grouted soil
mass with low permeability [4].

Colloidal silica is a stable aqueous suspension of silica
nanoparticles (SiO2). In alkaline solutions and low
electrolyte concentration colloidal silica is stable.
Destabilisation of the solution and subsequent gelation

can be induced by reducing particle repulsive forces
through the addition of an accelerator electrolyte
compound such as NaCl.

In order to understand how colloidal silica grouts
perform under different mechanical loading conditions,
a series of laboratory tests were performed. This paper
presents suction measurements and preliminary
results from one-dimensional oedometer consolidation
testing, and direct shear box testing. The test methods
are described in the next section.

Methodology Details
Colloidal silica solution

MasterRoc MP 320 (formerly Meyco MP 320) colloidal
silica solution was used in this study. According to BASF
product information [5], MP320 has a SiO:
concentration 40+1%, an average particle size of
0.015um, and density of 1.3 kg/I. Before mixing with an
accelerator at 20°C the solution has a dynamic viscosity
of ~10mPa.s and a pH of 9.5-9.8. For experimental
testing, accelerator solutions of NaCl were added at a
mixing ratio of 5:1 (colloidal silica to accelerator by
volume) was used. All of the test sample mixtures were
prepared with a final accelerator (electrolyte)
concentration of 0.28M Nacl.

Water retention curve

Due to evaporation or the lowering of the water table,
water can be progressively removed from soil pores.
The relationship between water content and soil
suction (i.e. negative pore water pressure) is known as
the water retention curve. The water retention curve
can be determined by subjecting a sample to drying
and measuring the suction at each stage. In this study



total suction of colloidal silica samples was measured
using a WP4 Dew Point Potentiameter (Decagon
Devices, Inc). The WP4 instrument uses the chilled
mirror dew point technique to infer total suction from
relative humidity measurements [6].

Electronic
Optical Sensor ispla
Closed _Fan il
Chamber
Infrared | | >|| Mirror
Sensor
WP4 Sliding Tray
Dewpoint
PotentiaMeter |
= ==}

Figure 1 Schematic drawing of a WP4 chilled mirror psychrometer [7]

The suction measurements were carried out on two
identical colloidal silica grout specimens with a final
electrolyte concentration of 0.28M NaCl. The
specimens were prepared and placed into plastic WP4
measuring cups. During the gelling phase (of 1 hr) the
mixtures were kept in a 90% relative humidity
environment. After gelling, the specimens were left to
cure in water for one week (1 week cure). Prior to
suction measurement the mass of each specimen was
recorded. Following the first WP4 suction
measurement, the specimens were left to air dry.

Oedometer Testing

Low permeability materials (e.g. clay soils) do not
respond instantaneously to increases in applied vertical
stresses, but undergo settlement for a period of time
after the load is applied. Compression occurs due to a
decrease in the volume of voids as the effective stress
increases. The compressibility of soils and low
permeability materials can be examined by means of
the oedometer test.
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Figure 2 Oedometer loading cell [8]

In the oedometer tests, the colloidal silica grout
specimens were enclosed in a metal ring (ensuring
one-dimensional compression conditions) and placed
between two porous stones (fig. 2). The specimens
were then immersed in water. Drainage of specimens
occurred only through the porous stones at the top
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and bottom of the specimen. The Vvertical
displacements  were  monitored during the
consolidation process as successive incremental
vertical loads were applied. Specimens were loaded in
steps to 1000kPa and unloaded to 1kPa. For each
loading step, specimens were left to consolidate over a
24-hour period, with tests lasting 1 week in total.
Moisture content measurements were subsequently
taken after the final unloading stage of the oedometer
test.

Oedometer tests were carried out in order to
investigate the influence of curing condition on the
grout  compression behaviour.  Two  curing
environments were investigated: curing in distilled
water and at 90% relative humidity. All specimens
were gelled and cured in laboratory temperatures of
20°C. Specimens were gelled under 90% relative
humidity. To minimise disturbance, all specimens were
prepared within oedometer test rings attached to a
plastic base. When specimens achieved the required
curing time the plastic base was removed.
Subsequently, the test rings were placed directing into
the oedometer cell.

Shear strength tests

The shear strength of soils is the maximum resistance
that it can offer against shear stress. Direct shear
testing is a laboratory test that can be used to
determine the shearing behaviour of soils. These
parameters are commonly determined within the field
of geotechnical engineering, providing necessary
information on failure and stability conditions.
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Figure 3 Schematic diagram of the direct shear box test [9]

A schematic of a direct shear box test is shown in figure
3. Specimens are placed within the shear box which
consists of two halves (of square cross-section) split
horizontally at mid-height. During testing the
specimens are subject to a constant vertical load,
whilst shear stress is progressively applied by moving
the lower half of the shear box, relative to the fixed
upper part [8].

A series of direct shear tests were carried out on a
sand/gravel mixture grouted with MP320 colloidal



silica. All specimens were prepared with the same soil
composition of washed building sand (50%), pea gravel
(30%), and Scottish beach pebble (20%). Direct shear
tests were performed in a large shear box (Wykeham
Farrance Shearmatic 300). The initial dimensions of the
specimens  were:  A=22500mm?; Lo=150mm;
Ho=140mm. Tests were carried out at normal stresses
(on) of 100, 200 and 300 kPa.

Results and Discussion
Soil-water retention curve

Figure 4 shows the soil water retention curve for
0.28M NaCl colloidal silica specimens cured for 1 week
in water. Results are compared against test results of
kaolin clay from Tarantino [10]. Water is progressively
removed from the colloidal silica specimens even at
relatively low suctions of several hundred kilopascals.
However, the colloidal silica specimens are not fully
desaturated until suctions of 100MPa are reached,
whereas the kaolin specimen is fully desaturated at
10MPa. The results presented in Figure 4 suggest that,
as expected, the colloidal silica grout has a
microstructure with smaller pore sizes than the kaolin
clay.
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Figure 4 Soil-water retention curve for a 0.28M NaCl colloidal silica 1
week sample cured in water and also results for kaolin clay [10].

Consolidation test results

Figure 5 shows the oedometer tests of two colloidal
silica specimens (0.28M NaCl) cured in conditions of
distilled water, and relative humidity (RH). Void ratio
(volume of voids/volume of solids) is plotted against
the effective vertical stress. As the effective stress
increases the void ratio decreases as the sample is
compressed. The specimen cured in water is the most
compressible, exhibiting the greatest change in void
ratio (i.e. height change). The specimen cured under
RH=90% shows a stiffer initial response on loading
which may be attributable to effects of suction
developed during the curing duration.
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Figure 5 Compression tests with 0.28M NaCl colloidal silica 1 week
specimens stored in different curing environments

Figure 6 shows colloidal silica specimens (0.28M NacCl)
cured in water for 1 and 2 weeks. Although, the
response is very similar between the 1 week and 2
week cured specimens, it appears that the overall
compression (change in void ratio) of the specimens is
reduced slightly with increasing curing time.
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Figure 6 Compression tests with 0.28M NaCl colloidal silica
specimens at different curing times

Figure 7 shows the oedometer test results of colloidal
silica specimens with different gel times. A gel time of
5.5 hours was controlled by fixing a grout pH of 4
(purple triangle) and a gel time of 1 hr was controlled
by fixing a grout pH of 8.7 (blue triangle). Both
specimens were cured for 1 week in water prior to
testing in the oedometer. The different gel times of the
specimens would appear to have a negligible influence
on the overall compression within the range of gel
times tested.
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Figure 7 Compression tests of colloidal silica samples at different gel
times cured in distilled water.



Direct shear tests

In Figures 8a and b the shearing behaviour for grouted
soil specimens cured under distilled water for 7 days
and 28 days is compared with that of ungrouted soil
specimens, tested under a normal stress of 300kPa.
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Figure 8 Shearing behaviour of distilled water-cured specimens: (a)
Shear stress and (b) vertical strain vs. horizontal strain compared
with ungrouted specimens.

The time after curing (i.e. 7 days or 28 days) had little
effect on the maximum shear stress reached on
shearing. However, the time after curing had a clear
influence on the behaviour displayed, the stress-strain
response indicates that with increasing curing time the
specimens became more brittle, with a tendency to
reach higher shear stresses at lower horizontal strains.
The vertical strain plots also support this: at 7 days the
volume change is contractive and after 28 days it is
tending towards more dilatant behaviour. Figures 8a
and b highlight that the presence of the colloidal silica
grout initially (after 7 days) makes the specimens to
some extent more ductile (compared to the ungrouted
specimens) and with increasing curing time the
specimens tend towards the behaviour of the
ungrouted specimens.

Conclusions and Future Work

A series of laboratory tests to explore the influence of
curing environment and curing duration on the hydro-
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mechanical behaviour of colloidal silica grout has been
conducted. Comparisons of the soil water retention
curve suggest that the microstructure of the colloidal
silica may be characterised by smaller pore sizes than
kaolin clay. Preliminary results from oedometer tests
indicate that increasing the curing duration from 1
week to 2 weeks has a small stiffening effect (reducing
overall compression of specimens). Shear test results
which compared curing durations of 1 week and 4
weeks appear to show more clearly that a longer
curing duration results in a stiffer grout material, which
exhibits a more brittle stress-strain response. Future
work will include pore size distribution analyses to
investigate the influence of curing on the grout
microstructure.  To  further  understand  the
performance of colloidal silica grout under in-situ
conditions, further experimental tests will incorporate
clay, silt and sand fractions.
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Abstract

Over the last three decades, colloidal silica has been investigated and more recently adopted as a low viscosity grouting
technology (e.g. for grouting rock fractures within geological disposal facilities nuclear waste). The potential of colloidal
silica as a favourable grouting material exists due to: its initial low viscosity; its low hydraulic conductivity after gelling
(of the order of 107 cm/s); the very low injection pressures required; its controllable set/gel times (from minutes to
several days); the fact it is environmentally inert; its small particle size (less than hundreds of nanometres) and its cost-
effectiveness. Colloidal silica can be destabilised by the addition of a salt accelerator compound and a change to pH,
resulting in a rapid increase in viscosity (i.e. gelation) and formation of a rigid solid gel. This behaviour allows for low
injection pressures to be used during the grouting process due to the initial low viscosity; with the resulting gel forming
the contaminant ground barrier. This study aims to investigate the use of colloidal silica based grouts for formation of
ground barriers at the Sellafield site. Potential applications include pre-treatment of the ground beneath, and
surrounding, legacy structures prior to the retrieval of hazardous wastes and the formation of horizontal and vertical
barriers surrounding unlined waste disposal trenches. The programme of research includes the successful completion
of a large scale laboratory experiment, followed by field trials, to demonstrate the reliable application of colloidal silica
for near-surface ground barrier formation. Here we summarise results to-date on colloidal silica gelling behaviour,
grout-site interaction, the colloidal silica grout injection process, injection monitoring and the mechanical

characterisation of the colloidal silica grout.

Context

Groundwater control at contaminated sites is often
controlled via the use of low permeability barriers
created using excavation and replacement or grouting
techniques. Soil-bentonite slurry trenches are a
commonly employed method. They are constructed by
excavating a continuous narrow trench under a
bentonite slurry that stabilizes the excavation. The
trench is backfilled subsequently with a blend of
natural soil and bentonite, thereby displacing the slurry
[1]. The completed wall acts as a barrier to lateral flow
of water and most fluid pollutants. The main issues
with the deployment of this technique on a nuclear
decommissioning site relate to worker exposure and
the challenge of accessing and excavating
contaminated soil.

Jet grouting and permeation grouting are two
general categories usually suitable for hydraulic
barriers. Jet grouting uses high-energy emplacement of
cement or chemical grouts whereby the sediment is
displaced and mixed with the grouting material.
Permeation grouting is the injection of a liquid grout

(low viscosity) that fills the natural porosity and then
sets or gels to form a solid void-filling material [2].

The most commonly used grouts are cement grouts
where Portland cement is the primary component. The
particle size distribution of the cement particles
controls the ability of the grout to penetrate small
pores or openings. For cement grouts, emplacement is
often an issue for finely textured regions. Microfine or
ultrafine cement grouts incorporate micron-scale solids
in the mix. However grout penetration for cement
grouts would only be appropriate for coarse sand or
gravel layers, with no fine sediments less than about
0.1 mm diameter [2]. Cement grouts are also not
suitable for injection near surface due to the potential
for ground heave under the necessary high injection
pressures.

Chemical grouts are easier to inject than cement
grouts because they are stable solutions, they have
lower viscosity and can be injected into smaller pore
sizes. However, chemical grouts are often expensive,
exhibit syneresis and may contain toxic components
[3], colloidal silica represents an exception.



Colloidal silica as a grouting material has been
successfully adopted as a fluid-flow control system
within the petroleum industry since the late 1980s [4].
Consolidated core plugs of fully cured colloidal silica
were observed to withstand applied pressure gradients
of more than (56 MPa/m) before exhibiting any
permeability change. Passive site remediation
proposed by Gallagher [5] studied the application of
colloidal silica as a non-disruptive mitigation technique
to sites susceptible to liquefaction. Desirable
characteristics were long injection periods up to 100
days for low concentration solutions of approximately
10 to 20% colloidal silica concentration. Du Pont
Chemicals R & D initiated work examining the
feasibility of colloidal silica grout as a soil remediation
technique through a series of bench-scale laboratory
studies. Gelled colloidal silica was seen to prevent
leaching of fluids containing metals through
permeability reduction. Further, high affinities for the
adsorption of metals from solution were seen by the
colloidal silica gel itself [6]. Similarly, the stabilization
process of chromium contaminated soils using colloidal
silica was investigated by Yossapol and Meegoda [7].

In the 90s, Lawrence Berkley National Laboratory
and Brookhaven National Laboratory carried out in-situ
[8-12] and laboratory [13-15] tests to demonstrate the
use of silica colloids for permeation grouting for
containment technology.

Researchers at Chalmers University of Technology
have investigated the application of colloidal silica
grout to minimise water ingress during the
construction and operation of a nuclear waste
repository in hard rock at great depth. In order to
evaluate penetrability, laboratory mechanical tests on
colloidal silica [16, 17] and field tests [18, 19] were
performed. More recently, colloidal silica has been
adopted in the tunnelling and underground
construction industry for preventing water ingress,
mainly as a secondary injection grout during the pre-
injection stage (i.e. injecting in advance of the tunnel
face during excavation) (e.g. Butrdn, Gustafson [20],
Bahadur, Holter [21]).

Project overview

Despite the well-documented success of colloidal silica
based grout for hydraulic barrier formation, research
has not translated into widespread industrial use. A key
factor in this limited commercial uptake is the lack of a
predictive model for grout gelling: whilst data are
available to underpin design of a grouting campaign in
laboratory conditions, little research has been done to
underpin applications in natural groundwater systems
(Lakatos et al., 2009).

Theme 4 — Structural Integrity

a CONTAMINATED SITE

GROUTED SOIL [ gio;

COLLOIDAL

SILICA GROUT
+ = B

LOOSE SOIL

—_———

Figure 1. Project overview

The aims of this research project are to (1) develop a
predictive understanding of the behaviour of colloidal
silica grout in radionuclide contaminated environments
and (2) to develop strategies for the formation of
horizontal and vertical colloidal silica based hydraulic
barriers via near-surface low pressure borehole
injection. Particular attention is paid to existing
challenges at the Sellafield site, for example, the need
to seal the ground beneath leaking waste silos and
trenches, without mobilising any radionuclides sorbed
onto clays beneath the structure (Figure 1).

Colloidal silica and gelling behaviour

The potential of colloidal silica as a favourable grouting
material exists due to: i) its initial low viscosity (close to
water), ii) its low hydraulic conductivity after gelling (of
the order of 107 cm/s), iii) the very low injection
pressures required, iv) its controllable set/gel times
(from minutes to several days), v) the fact it is
environmentally inert and vi) its small particle size (less
than hundreds of nanometres).

Colloidal silica is a stable aqueous suspension of
microscopic silica particles (SiOz). In alkaline solutions
and low electrolyte concentration colloidal silica is
stable. Destabilization of the solution and subsequent
gelation can be induced by destabilization of the
particle repulsive forces through the addition of an
accelerator electrolyte compound. This process, shown
in Figure 2, results in a rapid viscosity increase after a
given period of time (gel time). Gel time has been
proven to depend on colloidal particle size, colloidal
particle concentration, electrolyte concentration,
cation valency, cation atomic mass and temperature
(which is not considered here) [22].

Pedrotti et al. [22] describes an electrochemically
inferred model that has been developed under the
DISTINCTIVE project . This model is able to predict, for
the first time, the gelation time and the change in
viscosity as a function of pH, electrolyte, silica particle
size and silica concentration.
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Figure 4 (a) shows an example of the modelled gel time
versus the experimental data for variations in solution
pH and accelerator concentration. In Figure 3b,
viscosity change over time is plotted for a single
accelerator concentration of 2M at different pH. In all
experiments, the model provides a good prediction of
the experimental observations.
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Accelerator design

The main advantage of the model developed in
Pedrotti et al. [22] is the ability to simultaneously
account for the presence of many different cation
species in the estimation of grout gel time and
viscosity. This capability provides a useful tool for the
design of grout mixes using colloidal silica that can take
account of the situ groundwater conditions,
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overcoming one of the main challenges to its use in
industry.

In Pedrotti et al. [22], purely by way of example, the
model is applied to demonstrate design of an
appropriate accelerator for colloidal silica grouting at
the proposed site for a spent fuel disposal in the
Olkiluoto area of Finland [23]. Our calculations show
that if the manufacturer recommended grout mix was
prepared with in-situ groundwater, which is naturally
saline, the gel time would be approximately half that of
the same grout mix made with deionised water. By
accounting for the cations species already present in
the groundwater, however, we show that our model
can correct the required accelerator concentration and
achieve the desired grout gel time (in this case 55
minutes). We validate our model results using
experimental data by preparing a grout mix with
artificial groundwater with the same cation
composition to that published for the Olkiluoto area
[21].

Colloidal silica grout — radionuclide
interactions

Since the colloidal silica grout will be injected into
contaminated areas (to create hydraulic barriers for
nuclear waste disposal), understanding silica-
radionuclide interaction is crucial. Firstly, the effect of
radionuclides on the colloidal silica grout gel time and
on the final hydraulic conductivity should be
investigated. Secondly, and perhaps more importantly,
the effect of grout injection on subsurface radionuclide
mobility, sorption and de-sorption phenomena must
be well understood.

Sorption of Sr and Cs has been intensively studied in
the last years (among many [24-27]). In general, the
sorption of cold Sr and Cs has been studied onto
different clays (kaolinite, illite and montmorillonite). Sr
and Cs sorption depends on the electrical charge of the
clay: hence, different clays result in different amounts
of sorbed radionuclides. The electrical charge of clay
mineral surfaces is dependent on pH and the
concentration of electrolytes in solution, hence,
sorption of radionuclides also changes with the pH (the
higher the pH the higher the sorption capacity) and the
concentration of background electrolytes (the higher
the electrolyte concentration the lower the sorption
capacity). Previous studies on amorphous silica and
colloidal silica have showed silica to have some
sorption potential [28, 29].

An experimental campaign is now ongoing to study the
de-sorption of Sr and Cs from contaminated clays in
the presence of colloidal-silica based grout. The first
stage consists of batch experiments to study the de-



sorption from clay minerals of cold isotopes in the
presence of water with different background
electrolyte concentration (different grout accelerators)
and in the presence of colloidal silica in suspension. A
second stage is planned to take place at NNL facilities
using hot isotopes. The experimental campaign
planned to take place at NNL beginning Summer 2016
has been funded via the DISTINCTIVE Active Research
Fund.

Design of the injection process

An injection tank (1.5m x 0.4m x 0.2m) has been set up
to investigate strategies for grout injection (Figure 5).
These experiments will test our capability to accurately
predict grout penetration within different soils, using a
variety of ground water compositions. Experiments in
the injection tank will be designed using the newly
developed grout viscosity model coupled with a 3D
numerical model of fluid flow in porous media.

Figure 5 Injection tank

The numerical model is being developed with the open
source computational fluid dynamics OpenFoam®. As a
first stage, the model will simulate a multiphase
injection process by implementing a mass balance
equation and a generalised form of Darcy’s equation.
The two fluids will be modelled as incompressible, with
an initial assumption of constant viscosity and no
electrolyte transport. This model will be validated using
tracer tests in the experimental tank. In the second
stage, the injected grout will have a time-dependent
viscosity resulting in no further movement of the grout
once gelled. The ultimate aim is to demonstrate
predictive model capability of grout penetration for
design of the larger-scale tank and field-scale
experiments.

Injection monitoring
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Figure 6 ERT setup

A collaboration with Dr Oliver Kuras at BGS has been
initiated in order to monitor the movement of grout
during injection using the Electrical Resistivity
Tomography (ERT) technique.

A preliminary test was conducted by Dr Kuras (BGS) in
the laboratories at Strathclyde. A controlled volume of
sand was saturated with colloidal silica grout (Figure 6)
and results clearly indicated the potential for detecting
the presence of the silica grout (illustrated in Figure 7)
due to a distinct change in the electrical resistivity.
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Figure 7 ERT output.

Mechanical characterization

A series of direct shear tests have been carried out on
a sand/gravel mixture grouted with colloidal silica. The
objective of these tests was to determine the influence
of both curing conditions and curing time, on the
stress-strain behaviour of the grouted specimens.

Figure 8 Colloidal silica grouted sample of initially loose soil.



The presence of the colloidal silica grout did not
change the maximum shear resistance of the material.
The shearing resistance remained dominated by that of
the natural sand/gravel mixture (i.e. without grout).
Tests also showed that the curing environment did not
affect the maximum shear resistance nor the
mechanical behaviour observed. In terms of shear
resistance, these tests are not definitive, since only
sand/gravel mixtures have been tested to-date.

The shear tests using the grouted sand/gravel mixtures
did demonstrate a significant effect of curing time on
the mechanical behaviour of the specimens under
increasing shear load. After 7 days of curing, the soil
showed contractive behaviour, whilst at 28 days the
soil became more brittle, showing some dilation. With
increased curing time the stress-strain response
tended towards that of the ungrouted specimens.

Conclusions

Small- scale laboratory grouting experiments have
been conducted to investigate the behaviour of
colloidal silica grout in terms of its gelling behaviour in
natural environments, its mechanical properties and its
detectability using ERT. A model of colloidal silica
gelling has been developed and successfully validated
against the experimental data; a publication is now in
review. Forthcoming research will focus on conducting
and modelling larger-scale laboratory and field tests,
and on developing a robust understanding of the
interactions between colloidal silica grout and
radionuclides within the subsurface.
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