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Abstract

Since the 195Q0ghe majority ofoperatingcommercial nuclear fuel reprocessing plants
including those in the UK, France, Russiad Japanhave usel the well-proven
hydrometallurgical PUREX (plutonium uranium extraction) procesa varianPUREX-
basedorocesgo chemically separate uranium (U) and plutonium (Pu) from used nuclear
fuel. However, enhancements to PUREX are needed for future fuel cycles to improve its
proliferation resistance, its capability to handle higher burnup fuels and to minimize its
waste asings. A key objective within the development of an Advanced PUREX process
is the effective control of thactinides U,neptunium Kp) and Pu within a single cycle
flowsheetSimple hydroxamic acids such as acetohydroxamic acid (AHA) have the ability
to strip Pu(IV) and Np(IV) from trbutyl phosphate into nitric acid and have thus been
identified as suitable reagents for this purpastdising this in an Advanced PUREX
processwill ultimately allow for the generation of a quocessed Pu/Np product aad

high purity U product, addressing some of the shortcomings of traditional PUREX.

There are however a few key knowledge gaps that must be addrefsedAHA can be
implemented in such a procedsirstly, it is known that simple hydroxamic acids
hydrolyse to hydroxylamine (NEDH) and the parent carboxylic acid in acidic media, the
former product being known to react autocatalytically / explosively with nitric acid which
IS ubiquitous in reprocessing flowsheets. Whetherrdaetion mechanism groduct
distribution changes when the AHA is complexed to a metal ion is unclear. Additionally,
observations that Pu(1V) is reduced to Pu(lll) during complex hydrolysis have opened up
the possibility of their use as replacements for U(I¥jiNor NH,OH in advanced
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PUREX processes, but whether the reducing agent is the hydroxamate itselz@HNH

is still in question.

To answer these questions, Fe(Hs beemused as a neactive analogue to Pu(lV) and
Np(lV), as itexhibits analogous complexation with AHA and ishthermodynamically
possible, redox chemistmpechanisticallyanalogous to that of Pu(lV) is thought to be
kinetically hinderedat high hydrogen ion concentratiotts the point where it can be
ignored on the timescales of AHA hydrolysigHowever, nitial studies by Raman
spectroscopy showed identical AHA hydrolysis products in the absence and presence of
initial Fe(lll), but with differingfinal yields. Further quantification techniques were then
exploredincluding a titrimetric method for hydroxylamineJV-Vis spectroscopy for
nitrous acid and Fe(ll)and ion chromatography (IC) for multiple species, all of which

suggested redox chemistry akin to Pu(IV).

A library of data to describe these systems has been gathidisedgia single column ion
chromatography systeta measure& number of key ions over time in nitric acid solutions
of varying temperatures and initial Fe(lll) and AHA concentrations. These key species
include the acetate ion (GEOQO) and protonated hydroxylamine (N®H") from the
hydrolysis of AHA, and the reduced form of the metal ion, Fe(ll), which has been not
previously been seen during hydrolysis of the Fe@AHA complex. Our analysis
therefore shows that the current definition of Fe(lll) as amadizing metal ion with
regards to AHA needs revisinglsing CHCOO ingrowth as a direct measure of AHA
loss and assuming redox chemistry of Fe(lll) mechanistically analogous to Pu(lV), these
studies havadditionallybeen combined with kinetic modelling in the software platform
viii
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gPROMS (General PROcess Modelling System), and have thus provided key insights into

the nature of the reducing agent in these systems
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Figure 4.18: Proposed mechanism for the acid catalysed hydrolysis of free -and Fe
complexed AHA [83] (reprduced with permission from reference [83], copyright 2014
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Figure 4.19: Boundary conditions determined by Gowland and Stedman for the
decomposition of hydroxylamine in HNGor NH3OH* concentrations of A) 0.05, B)
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Figure 4.24: Modelled equilibrium concentration of HN@&s a function of [HNG].
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Figure 4.26: Measurements of MBH after hydrolysis of 4 mmol dAHA at 333K in
0.3 mol dm? HNOgs, H2SQy and HCIQ, in the absence and presence of 2.5 mmot dm

Fe(lll). In each case the Fe(lll) was added as the corresponding.salt.............. 216

Figure 4.27: Measurements of NBH after hydrolysis of 4 mmol dfAHA at r.t.p in
0.3 mol dm?® HNOs, H.SQy and HCIQ, in the absencand presence of 2.5 mmol dm

Fe(lll). In each case the Fe(lll) was added as the corresponding.salt.............. 216

Figure 4.28: Measurements of standandsons of NHOH in the range of 4 and 20 mmol
dnr3 in aqueous and 0.3 mol dhperchloric or nitric acid media. A standard of 20 mmol
dn® NH20H in 0.3 mol dr? HNOs with the addition of sulfamic acid was also tested for

any possible INterfereNCe..........coiiii i e 218

Figure 4.29 Measurements of NdDH after hydrolysis of 20 mmol dAAHA at r.t.p. in
0.3 mol dn?® perchloric and nitric acid, in the absence and presence of 12.5 mriiol dm

Fe(lll). In each case the Fe(lll) was added as the corresponding.salt.............. 220

Figure 4.30: Measurements of NBH afte hydrolysis of 20 mmol drAAHA at 333K in
HNO;s of concentration 0.3 mol dfyin the absence and presence of 25 mmol Beflll),

and the same experiments with an additional 60 mmadl slifamic acid................ 222

Figure 4.31: Measurements of MBH after hydrolysis of 2@nmol dm?® AHA at 333K
and r.t.p. in 0.3 mol diHCIOs, in the presence of 25 mmol drfre(lll), under an inert
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Figure 4.32: NHOH" ingrowth measured from the hydrolysis of 10 mmot®aHA with
initial [Fe(lI)] of 0 mmol dm?® (navy blue), 2.5 mmol dri(light blue), and 10 mmol dm
3 (orange) at temperatures of A) 333K, B) 323K and C) 313K. Errors bars are shown as

the RSD value from the respective calibration.............cccccvveiiieeeiiiis 226

Figure 4.33: NHOH" ingrowth measured from the hydrolysis of 1énoi dm® AHA at

313K (navy blue), 323K (light blue), and 333K (0range)..........ccccvvvvvvvvvieemeeeeennn. 229

Figure 4.34: Spectra taken for diluted samples of solutions of 20 mmbAtHA post
hydrolysis in the prsence of 25 mmol dior 12.5 mmol drd initial Fe(lll) in 0.3 mol

dn® HNOs or HCIOs media at 333K under oxidising (air) and reducing) @mospheres.

Figure 4.35: Calibration of peak heightds.cm! against the concentration of a Fe(ll)

standard iN MMOL A ..o et ee e e e e e e e e e eeeeean 237

Figure 4.36: F& ingrowth measured from the hydrolysis of 10 mmoldAHA with

initial [Fe(l11)] = 2.5 mmol dm (light blue), and 10 mmol drh(orange) at temperatures

of A) 333K, B) 323K and C) 313K. For the data obtained at 3131K with 10 mmd| dm
initial Fe(lll), a system fault overnight caused a large stoppage period in data acquisition
in which the ICsystem had to be cleaned;aguilibrated and put back into operation.

Errors bars are shown as the RSD value from the respective calibratian......... 238

Figure 4.37: Plots of N¥OH" (light blue) and F& (orange) ingrowth measured by IC
during the hydrolysis of 10 mmol diAHA in 0.1 mol dm® HNOs at 323K for an initial

concentration of F& of A) 2.5 mmol dn¥® and B) 10 mmol dm. The measurements of
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NH3OH* for the same system in the absence of initidf Beplotted as a reference (dark

S ET=) PO 241

Figure 4.38: Ingrowth of Fe(ll) from solutions of Fe(lll):HAN in initial ratios of i) 50:5

mM (10:1), i) 50:5 mM (10:1) in the presence of additional sulfamic acid, and iii) 50:10
mM (5:1). Dotted lines show the maximumneentration reached, with black and red
representing 100% and 80% respectively of the theoretical maximum based on a purely
2:1 stoichiometry reaction. Errors bars are shown as the RSD value from the respective

(or=1 1] o] 2= 1 (o] o TR TR TSRO 245

Figure 4.39: Plot of the Pu(lll) conceation (measured byV-Vis electronic absorption
spectroscopy and normalised to initial P(IV)) vs time during Pu@MA hydrolysis,
showing the reduction d?u(IV) at low molar AHA: Pu ratios ([Pu] = 1 g% [HNO3] =

1 mol dm?; [AHA] = 0.0042 0.001 moldm3; T = 298K) [74] (reproduced under Creative

Commons License through Lancaster UniVersity).........ccceevvvvvvvimeeeeeeeeevnninnnnns 246

Figure 4.40: Plot showing the [Fe(lll)]/[HAN] ratio as a function of loss of HAN
concentration for a systewith initial composition of 20 mmol dFe(lll) and 10 mmol

dn® HAN, reacting with @ 1:1 StoiChiOMEtry...........cccoviveeieieeee e 247

Figure 4.41: Ingrowth of Fe(ll) from solutions of Fe(lll):&BH in initial ratios of i)
20:10 mM (2:1), and ii) 10:20 mM (1:1). Dotted lines show the marinconcentration
reached, with black and red representing 100% and 80% respectively of the theoretical
maximum based on purely 1:1 and 2:1 stoichiometry reactions. Errors bars are shown as
the RSD value from the respective calibration. A final point imedataset was taken
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some time after completion of the main experimental run to check the trajectory of the

Fe(I1) INGrowth Profile.........ooo e 248

Figure 4.42: Redox ladder showing standard Pu(IV)/Pu(lll), Fe(ll)/Fe(ll) and
Np(IV)/Np(lll) couples and those relating to NBIH, including an illustration of the

calculating of the redox potential for thee®ctron oxidation of HNO to N#DH......250

Figure 4.43: Redox potentials as a function obNB*] for the (FHbNO*/NH>OH),
(FE*/Fe?) and (N /Np®*) couples for a 0.1 mol dmH* system at 313K, 323K and
333K. Calculated for concentrations of MPH and F&" = 10 mmol di? and Ng@* = 5

18100 70] e [ SO SSRRRRRR 254

Figure 5.1: Plots of experimental data and model output at 313K (A &D), 323K (B &E)
and 333K (C & F) from which pameter estimations were obtained. PlotsCA
Experimental data (points) and model output (lines) for Ac, when [Fe(HI)Y} (dark
blue), 2.5 (light blue) and 10 mmol dhforange). Plots EF: Experimental data (points)
and model output (lines) for Fe when [Fe(lll)} = 2.5 (light blue) and 10 mmol din
(orange). For the data obtained at 3131K with 10 mmot ishitial Fe(lll), a system fault
overnight caused a large spgme period in data acquisition in which the IC system had

to be cleaned, requilibrated and put back into operatian...............ccccovvvvieeernnn. 268

Figure 5.2: Polynomial plots of the concentrations of the?FFebmplex (AC) and the
Fel." complex (BF) as calculated from Egs. 5-5316, anl those output from the model,

for the fits Shown IN FIgUre 5.0, ... e 269
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Figure 5.3: Plots of experimental data and model output at 313K (A &D), 323K (B &E)
and 333K (C & F) from which parameter estimations were obtained using stetéffent
model with [Fe(Ill)] = [Fé*aq] and n=0.25 in the inequality. Plots@ Experimental

data (points) and model output (lines) for Ac, when [FeQlH)PD (dark blue), 2.5 (light

blue) and 10 mmol dif(orange). Plots BF: Experimental data (points) and model output
(lines) for Fé*, when [Fe(lll)p = 2.5 (light blue) and 10 mmol dif{orange). For the data
obtained at 3131K with 10 mmol dfinitial Fe(lll), a system fault overnight caused a
large stoppage period in data acquisition in which the IC system had to be cleaned, re

equilibrated and put back iNt0 OPEration................eeeeiiiccmeeeeeiririiar e e e e e eeeeeees 278

Figure 5.4: Plots of the rate equations (5.19 and 5.20) for the reduction o) Bg(lll
NH3OH* via pathway 1 and 2, denoted as (d[Fe(ll)]dt)_pathwayl and
(d[Fe(I)]dt)_pathway2 respectively, in the datasets where [Fe(E)2.5 mmol dr?,
showing where the stoichiometric pathway switches during each run in Figure 5.3 from 2

to 1 as aesult of the inequality in thismodel...............covviiiicccee 280

Figure 5.5: Plots of the rate equations (5.19 and 5.20) for the reduction of Fe(lll) by
NH:OH* via pathway 1 and 2, denoted as (d[Fe(ll)]dt)_pathwayl and
(d[Fe(I)]dt)_pathway2 respectively, in the datasets where [Fe(H)10 mmol dn?,
showing where the stoichiometric pathway switches during each run in Figure 5.3 from 2

to 1 as a result of the inequality in this model...............ccooiiieeeii s 281

Figure 5.6: Schematic diagram showing formal redox potentidls Eolts (V) vs.
standard hydrogen eleotte (SHE)3Lemire, 2001],°[Carrot et al., 2008]Lind and
XXXViii
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Merenyi], 9[Bard et al., 1985]9Andrieux et al., unpublishedicalculated in this thesis.

Figure 5.7: Redox potentials as a function of P for the (NH.O'/NH20H),
(FEIFeY), (Np*/Np®") and FeAHA?'/Fe&") couples for a 0.1 mol diH* system at
313K, 323K and 333K. Calculated for concentrations of®H and F&" = 10 mmol dm

3, and for Nf* and FEAHA" =5 MmOl dimP. ........cooeoiiiiriie e, 294

Figure 5.8: Plots of experimental datad model output at 313K (A &D), 323K (B &E)

and 333K (C & F) from which parameter estimations were obtained using stetéfent
model with [Fe(lll)] = [Fé*aq] and n=0.25 in the inequality, with the addition of FelL
reduction by NHOH". Plots AC: Experimental data (points) and model output (lines) for
Ac, when [Fe(ll)p = 0 (dark blue), 2.5 (light blue) and 10 mmol-éerange). Plots b

F: Experimental data (points) and model output (lines) f&f, Bden [Fe(llD} = 2.5 (light

blue) and 10 mmotim™ (orange). For the data obtained at 3131K with 10 mmof dm
initial Fe(lll), a system fault overnight caused a large stoppage period in data acquisition

in which the IC system had to be cleaneekqgilibrated and put back into operatke8

Figure 5.9: Plots of experimental Ac {@) and Fe(ll) (BF) data (points) and model
output (lines) for the model with the inclusion of the reduction of?Fély NHsOH",
Fel2* hydrolysis, F&"aq reduction by NHOH" modelled with the modified Bengtsson
equation, and equilibrium constants &dK: estimated. Experimental data (points) and
model output (lines) for Ac, when [Fe(llb)¥ O (dark blue), 2.5 (light blue) and 10 mmol
dm® (orange). Plots BF: Experimental data (points) and model output (lines) fét,Fe

when [Fe(ll)p = 2.5 (light bue) and 10 mmol drh(orange). For the data obtained at
XXXIX
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3131K with 10 mmol driinitial Fe(lll), a system fault overnight caused a large stoppage
period in data acquisition in which the IC system had to be cleaneduiébrated and

PUL DACK INTO OPEIAEN.......coiiiiie e et e e e e e e e e e e e 311

Figure 5.10: Plots of experimental Ac-@ and Fe(ll) (BF) data (points) and model
output (lines) for the model with the inclusion of the reduction ofFey NHsOH", FeL
hydrolysis, and Fq) reduction by NHOH" modelled with the modified Bengtsson
equation, and equilibrium constants &d K set at 298K, with [Fe(lll)J= 0 mmol dm

3 (dark blue), 2.5 mmol difi(light blue) and 10 mmol dih(orange). For the data obtained

at 3131K with 10 mmol dr initial Fe(lll), a system fault overnight causedaage
stoppage period in data acquisition in which the IC system had to be cleaned, re

equilibrated and put back iNt0 OPeration..................uuiiiccmeeeeiiiiiiiee e e eeeeanns 322

Figure 5.11: Polynomial plots of the concentrations of the?Feamplex (AC) and the
Fel>" complex (BF) as calculated from Egs. 5:5316, and those output from the model,

for the fits shown in Figure 5.10........ccoooiiiiiiiiiiiiieee e 324

Figure 5.12: Plots of experimental WNBH" data (points) and model output (lines) for the
final model, inciding the reduction of Fél. by NHsOH", the hydrolysis of Fet!, the
reduction of F& aq) by NHsOH" modelled with the modified Bengtsson equation, and K
and Ko set at 298K, with [Fe(Il1)J= 0 mmol dm? (dark blue), 2.5 mmol dii(light blue)

and 10 MMONMT3 (OFANGE)..........cvireeeeiee et eeeeeere et ee et eeeme et ve s 333

Figure 7.1: Plots of experimental data and model output at 313K (A &D), 323K (B &E)

and 333K (C & F) from which parameter estimations were obtained using stetéffent
Xl
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model with [Fe(lll)] = [Fa] and n=0.25 in the inequality. Plots@: Experimental data
(points) and model output (lines) for Ac, when [Fe(HB]0 (dark blue), 2.5 (light blue)

and 10 mmol dm (orange). Plots BF: Experimental data (points) and model output
(lines) for Fé*, when [Fe(lll)p = 2.5 (light blue) and 10 mmdim? (orange). For the data
obtained at 3131K with 10 mmol dfinitial Fe(lll), a system fault overnight caused a
large stoppage period in data acquisition in which the IC system had to be cleaned, re

equilibrated and put back iNnto Operation...................eeeiieeeiiiiiiiiiiieieeeeee e 365

xli

List of Figures


file:///D:/PhD/Thesis/Final%20thesis/Thesis%20-%20S.Jones%20-%20minor%20corrections%20-final%20-%2030-11-23.docx%23_Toc152271972
file:///D:/PhD/Thesis/Final%20thesis/Thesis%20-%20S.Jones%20-%20minor%20corrections%20-final%20-%2030-11-23.docx%23_Toc152271972
file:///D:/PhD/Thesis/Final%20thesis/Thesis%20-%20S.Jones%20-%20minor%20corrections%20-final%20-%2030-11-23.docx%23_Toc152271972
file:///D:/PhD/Thesis/Final%20thesis/Thesis%20-%20S.Jones%20-%20minor%20corrections%20-final%20-%2030-11-23.docx%23_Toc152271972
file:///D:/PhD/Thesis/Final%20thesis/Thesis%20-%20S.Jones%20-%20minor%20corrections%20-final%20-%2030-11-23.docx%23_Toc152271972
file:///D:/PhD/Thesis/Final%20thesis/Thesis%20-%20S.Jones%20-%20minor%20corrections%20-final%20-%2030-11-23.docx%23_Toc152271972
file:///D:/PhD/Thesis/Final%20thesis/Thesis%20-%20S.Jones%20-%20minor%20corrections%20-final%20-%2030-11-23.docx%23_Toc152271972

Li st of

ABWR
AERE
AFCs
AFR
AGR
AHA
AR

An
BEPO
BHA
BWR
EURO-GANEX
FBR

Fe
FHA
FP
GDF
GIF
GLEEP
gPROMS
HAN
HLW
HPLC
IC

Ln

LOD
LOQ

LWR

Abbreviations

Advanced Boiling Water Reactor
Atomic Energy Research Establishment
Advanced Fuel Cycle

Away From Reactor

Advanced Ga£Cooled Reactor
Acetohydroxamic Acid

At Reactor
Actinide element
British
Benzohydroxamic Acid

Experi mental Pile 0
Boiling Water Reactor

European Group Actinide Extraction

Fast BreedeReactor

Iron

Formohydroxamic Acid

Fission Product

Geological Disposal Facility

Generation IV International Forum
Graphite Low Energy Experimental Pile
General PROcess Modelling System
Hydroxylamine Nitrate

High-Level Waste

High Performance Liquid Chromatography
lon Chromatography

Lanthanide element

Limit of Detection

Limit of Quantification

Light Water Reactors
xlii

List of Abbreviations and Acronyms

and Acronyr



MA
MOx
MSR
NNL

Np

OK

Pu
PUREX
PWR
P&T
QRS
RSD
R&D
SACSESS
SADT
SCE
SERS
SFR
SHE
SNF
SIT
TBP
THORP
TRU

U
UKAEA
UO«
UREX
UV-Vis
VHTR

Minor Actinide

Mixed Oxide

Molten Salt Reactor

National Nuclear Laboratory

Neptunium

Odourless Kerosene

Plutonium

Plutonium Uranium Redox Extraction
Pressurized Water Reactor

Partitioning and Transmutation
Quantitative Raman Spectroscopy
Relative StandarBeviation

Research and Development

Safety of Actinide Separation Processes
Self-accelerating decomposition temperature
Saturated calomel electrode
Surfaceenhanced Raman Spectroscopy
Sodiumcooled Fast Reactor

Standard Hydrogen Electrode

Spent Nuclear Fuel

Specific lon Interaction

Tri-Butyl Phosphate

Thermal Oxide Reprocessing Plant
Transuranic

Uranium

United Kingdom Atomic Energy Authority
Uranium Oxide

Uranium Extraction

Ultraviolet-Visible

Very High Temperature Reactor

xliii

List of Abbreviations and Acronyms



XHA Simple hydroxamic acid

xliv

List of Abbreviations and Acronyms



L i

Ak
bn
bn'

=
Ea
Es/A
eV

Co

St

of Symbol s

Preexponential Factor 9

Absorbance at wavelength I

Asymmetry factor L
Stability constant M
Conditional stability constant r.t.p
Concentration of sample R
Distribution coefficient R?
Redox potential T
Standard redox potential t
Activation energy Oy

Binding energy per nucleon 0
Electron volts 0
Extinction coefficient 0
tHM

const i wth

Faradays constant
Pl ankos
hydroxamic acid z

lonic Strength

Joules _
Kinetic rate constant aH*
Boltzmanndés c (aH°
Kelvin st
Equilibrium constant as
Dissociation constant a

Conductivity

Path length
hydroxamate anion
mol dm?3

Room temperature & pressure
Universal gas constant
Correlation coefficient
Temperature

Time

Half life

Dead time

Retention Time

Net Retention Time
Tonnes of heavy metal
Weight percentage
lonic Charge

Molar conductivity
Wavelength

Enthalpy of activation
Enthalpy of formation
Entropy of activation
Entropy of formation

Cross section

xlv

List of Symbols



CHAPTER

Introduction

1

46



1 Introduction

1.1 ResearchMotivation and Objectives

Historically, he commerciahydrometallurgical PUREX (Plutonium Uranium Redox
EXtraction) processas been successfully usexdchemically separate uraniuf)
and plutonim (Pu)from used nuclear fueDnceseparatedU andPucan be recycled
as newuranium oxide (UOXx) or mixed oxide (MOxjels for re-use in current and
future reactorsThe remaininghighly radioactive liquid containing, amongst other
things, fission producté-Ps)such asshortlived Cesiuml137 and Strontiur®0 and
long lived lodinel29 and Technicium®9, and minor actinidesngainly neptunium
(Np), americium and curium) iwvitrified into glassfor immobilisation of the

radionuclidesand stored pendingeologicaldisposal as higtevel waste (HLW).

There is asignificantinternationalresearch effortvith regards to enhancement of

PUREXthat meet the requirements of future fuel cyobspecially with regards to:

1 The peventon of the formation of a pure Pu stream and thengtgwventing
the use of the recovered plutonium in weapons manufaaturenhancing the
proliferation resistance of the process

1 Its process safetyi especially wih resgct to explosion risks under
maloperationgrom the possible occurrence atitocatalytic reactions of the
reductant hydroxylamine with nitric acid, atige removal of U(IV)/hydrazine

as a reductant.
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1 Its management of the highly radiotoxic minor adis (MAs) to be
compatible with the design of future aqueous flowsheets that willtaim
recyclethe elementas fuel materialso beburnt within a reactorather than
being ultimately sent to disposal.

1 Simplification of the process into angle cycle flowsheet compatible with
centrifugal contactordeading to a reduction waste arisings, and overall plant

footprint, complexity and associated costs.

With these requirements in mindn Advanced PUREX processnder a range of
different names, is etently being developed in the UK, US and EU, amongst others.
To address some of the shodmings of traditional PUREX, the National Nuclear
Laboratory (NNL) is developing a processtred around the use of hydroxamic acids
as selective complexants fibre tetravalent actinidd3u(lV) and NgIV). The design

of the process will ultimately result in tlgeeneration of a high purity bulk uranium

product andh co-processed U/Pu produegtjth Np also remaining with the latter.

Much work has already been donetba study of actinid¢lA systems of relevance

to Advanced PUREX. However, key science and technology gaps rdtinaily, it is

well known that gdroxamate ligands undergo hydrolysis under acid conditions to
generate hydroxylamine and the correspondarbaxylic acid Whilst this hydrolytic
instability is beneficial in terms of the downstream decomposition of the ligand, it must
be understood in any process flowsh@étether the mechanism anltimateproducts

of the hydrolysis are affected by comple&atof the hydroxamic acidith the Pu(IV)

or Np(IV) ionsis as yetunresolved.
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Further, the hydroxamates are redox actige example, Pu(lV) undergoes reduction
to Pu(lll) in the presence of hydrolysing hydroxaesal his redox behaviouopers

up the possibility of their use an Advanced PUREX procesas replacements for
U(IV)/N 2H4 or hydroxylamineused in currenteprocessing flowsheetdowever, the
nature of the reductant is unclear, being potentially the hydrateantself, its
hydrolysis products hydroxylaminer some other, as yet unidentified, ag&mom a
processsafety point of view, there are also key uncertainties about the possible

(explosive) reaction between hydroxamdegived hydroxylaminand HNQ.

This thesis aims to address these knowledge gaps via a study of the hydrolysis of AHA
in the presence of Fél which, like Np(IV), is currently defined as a complexing but
non-oxidising metal ion with regards to AHA. Whereas NpdAMyA speciation in

nitric acid is complicated by the formation of competing nitrate complexes, this is not
the case with Fe(lll), thus allowing analysis of the hydrolysis of the F&HA

complexes).

An ingrowth of Pu(lll) is observed during the associated PufMA complex
hydrolysis as a result of redox reactions of Pu(lV) with@H and/or AHA, which
complicate the study of the hydrolysis reaction in this system. Whilst mechanistically
similar reactions are known to be thermodynamically feasible with Fe(lll), they have
not been observed in these systems to date and are thought to be absent due to kinetic

hinderancepertaining to the definition of Fe(lll) as naxidising in these systems.

This thesiswill aim to answer these quest®andis structured in the following wa

After summarising the motivation behind the research and aims of the project in
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Chapter 1 (thisChapter), Chapter 2 will then discuss introduce the concept of the
nuclear fuel cycle, the different types of fuel cycle including the closed fuel cycle with
agueous reprocessing via the current PUREX process, the options for advanced fuel
cycles and these of AHA inAdvanced PUREX procesand finally, the chemistry

of AHA in acidic media, and in the presence of metal ions that must be understood

before itsmplementation.

Chapter 3 will then describe the materials and experimental methods used in this thesis
for analysis of the various species of interest in the Fe(lll)/AHA/BBY3tem, with

the aim to fill in the knowledge gaps relating to the complex Hyslis that will
ultimately inform the Pu(I\MAHA system. Chapter 4 will then present the results of
the various analyses and discuss the implicatimetuding Raman spectroscopy for
identity of hydrolysis products,a titrimetric method for quantificationof
hydroxylamine, Utraviolet-Visible (UV-Vis) absorptiorspectroscopy for nitrous acid

and Fe(Il) measurements, and ion chromatography (IC) fetinealquantification of

multiple species.

Chapter 5 will discuss the development of a revised full kimetidel of this system
based on the experimental results by ion chromatography presetedpter 4 The
experimental work presented here showed that the current knowledge of the Fe(lll)
AHA system is incomplete, andcorporaton ofredox chemistry akin to thabserved

in the Pu(lV}AHA system was required. The chemical theory and analysis work
behindthe model development is the work of this thesis. The modelling work itself

described in thi€hapter was performed by Mr Alexander Jackson.
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Finally, Chapter 6 summarises the conclusions drawn from the work presented here

and suggests possible future wéndm it.
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2 Background

2.1 Nuclear Power

Nuclear power plants harness the energy released from the disintegration of an
unstable atomic nucleyg], a process termed nuclear fission. Fission involves the
splitting of the atomic nucleus of a radioactive element into two (occasionally three)
individual nuclei[2], which in turn creates heat that is used to boil water and create
steam, and the steam is used to turn a turbine that drives generators that produce
electricity. Ernest Rutherford, widely accepted as a pioneer for the study of radiation,
first observed th great energy emerging from samples of uranium, thorium, and other
radioactive substances, and hinted at an enormous reservoir of energy locked inside

their atomg3].

Whilst there aranany different types of nuclear reactors, they can all be defined as
apparatus in which a nuclear fission ch
controlled for generating he[3tFouothngst he pr

happen in a typical fission reactor core:

1 A uranium atom is hit by neutrons and splits, producing heat, fission products
& fast neutrons
1 Fast neutrons are slowed by the moderator to form thermal neutrons
f 238y, the majority uranium isotope, is hit bpchabsorbs thermal neutrons to
form 23 initially, but decaying quickly to the relatively staBféPu isotope
53

CHAPTER 2



f 2%, the minority uranium isotope, typically enriched to ~2.&t% in metal
oxide-based fuels, is hit by and absorbs thermal neutron angptes) giving

heat, fission products & fast neutrons

To understand the role of these processes in the generation of nuclear power, a
knowledge of nuclear fission and its wider place within what is termed the nuclear fuel

cycle, is required. Fission ancetfuel cycle are the subject of the next two sections.

2.1.1 Nuclear Fission

A key milestone in the field of nuclear and elementary particle physics was the
discovery of the neutron by James Chadwick in 182 a crucial factor in our
understanding of the atomic nucleus and the mechanism of nuclear fission. Neutrons
exhibit different energies, ranging from being in thermal equilibrium with their
surroundings (0.0253 eV at 293 K) to beyond 1 MeV iolear energy applications

[5], and thus are termed accordingly.the context of conventional nuclear power

generation, low energy thermal neutrons are required to drive the fission process.

As mentioned previousjynuclear fission is a reaction involving the splitting of an
atomic nucleus into smaller fragments and can take place in certain unstable heavy
nuclei after capture of a neutron. An important measure of nuclear stability is the
binding energy per nucleo&g/A, which is shown irFigure2.1 as a function of the
atomic mass number, or number of nucleons, for all known elerf@niBhehigher
the value ofEs/A, the more stable nuclid@he most stable nuclide with the greatest
Es/Ais that of "OQBelow this,unstable lighter nuclei can undergo aqass called
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nuclear fusion to give heavier, more stable nuclei (higaé%), whereas above this,

nuclear fission of unstable heavy nuclei will give lighter, more stable nuclei (higher

Es/A). The latter can occur either bgontaneous fission, typically tife evemumber

transuranic isotopes such &ECf, 2*Cm, ?*Pu and?*®U, or stimulated fission

associated with operating reactors, as in the caS&8band?**Pu[2, 5].

Average binding energy per nucleon (MeV)
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Figure 2.1: Binding energy per nucleon as a function of atomic mass number, or number of nucledH
through to?32Cf. Source: [Wikimedia Commons].

The fission of heavy elements was first experimentally demonstrated by Hahn and

Strassmann in 1939]. They bombarded a uranium compound with neutrons to create

el

subsequently named fission by Meitner and Frig¢hdue to the process being an

ement s

of

much small

er

wei ght

and

atom

analogy to the division of a fluid sphere. The first publication on the physics and

mechanism of the nuclear fission reaction was published by Bohr and Wheeler in

September 193], who pointed out that fission is more likely to occur vt than

238U )
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In its very natur e, radioactive decay I
concerns the probability of a neutron interacting with a given nucleus, termed the cross
section, which is given the mathemati cal
barn is 164 cn? [2]. Depending on the specific nuclide in question and the incident
neutron energy, several types of interaction are often posaitdehus an attempt is

made to divide up the total probability into partial cross sections for each interaction.
Figure2.2 shows the crossection of neutroinduced fission for the isotopes<fU,

238y and?*%Pu[10]. It can be thought of as an area surrounding the nucleus within

which a neutron must enter to induce the interaction in question.

7 . Fission

E | 1000 Resonance region neutron
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Figure 2.2: Neutron cross sections for the fission of Uranium and Plutofidj (reproduced with permissi
from sourcg10], copryright2007 Elsevie).

As can be seen fRigure2.2, values of the neutron cross section’fdd are greater at

the lower energies of thermal neutrons, making the chain reaction easier to sustain in
this region. D reduce the incident neutron energies, a material known as a moderator
is thus includedn reactor designs. The most common thermal reactors worldwide are
light water reactors (LWRS), either pressurised water reactors (PWRSs) or boiling water

reactors (BWR), which are fuelled by the fissile isotof®8J and incorporate water
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as a moderator, slowing the initially fast (> 0.5 MeV) neutrons produced by the fission
reaction[11]. The general fission reaction ©PU occurring in a reactacore is given

by Eqg.2.1. 23U initially absorbs a neutron to producJ, which then splits into two
unequal fragments, releasing a large amount (~200MeV) of energy and typidally 2

neutrons, 1 of which must trigger another fission to sustain a meition[12].
Y £0 YO QQI iTREEQE Qaod ix ¢ TTQ W (2.1)

The only naturally occurring thermally fissile isotopeiJ, which makes up only
0.7% of natural uranium. Other fissile isotopes suct*@u and?*Pu, can be
produced artificially in a reactor via a series of beta particle emissions and neutron
captue events, from the isotopég®U and 2*Pu respectively[9], termed fertile
isotopes. This concept is for example utilised in the design of breeder reactors, which
would use fissilé**Pu as the core, antse the neutrons leaked from the core to breed
further?®®Pu from a fertile*®U blanket that surrounds it as described byZE2[13].

Y OEO Y wauuw OfQay 00 (22

As mentioned previously, the nuclear fission reaction occurring in the core of a nuclear
reactor forms just part of something termed the nuclear fuel cycle, which is described

in the following section.
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2.2 The Nuclear Fuel Cycle

The collective processes and operations involved in the manufacture of nuclear fuel,
its irradiation in nuclear reactors, and the storage, reprocessing or final disposal of
spent nuclear fuel (SNF), are described as the nuclear fuel cycle. This is illustrated

Figure2.3 [14].

UF6 Conversion

Uranium

Fuel production

Recycling:
MOX fuel

Final waste disposal production

Reactor

Front End ‘ Reactors and Services ‘ Back End

Figure 2.3: The nuclear fuel cycléeproduced from open access source, referghel.

FromFigure2.3it can be seen that the nuclear fuel cycle is subdivided into three main

stages:

® The frontend, which involves the nuclear fuel manufacture;
(i) Reactors and Services, which involves the processes involved in the

operation of a nuclear reactor and the generation of energy, including the
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in-reactor irradiation of the fuel, inducing the fission of fissile isotopes and
the release of heat;
(i)  and the badcend, which begins with the discharge of nuclear fuel from the

reactor and ends in either reprocessing/recycle or geological disposal.

Stages (i) and (ii) are beyond the scope of this thesis whose focus is very much on the
backend, stage (iii). Howevett is useful to briefly discuss the evolution and future

of reactor technology, especially in the UK as this informs the direction that
developments and advances that stage (iii) technologies may take over the next 50
years. Thus, the next section will &ty review the timeline of reactor evolution in the

UK, before moving on to a detailed discussion of baic# in subsequent sections.

2.2.1 Reactor Technology and its evolution

To describe the evolution of reactor technology, a classification system of reactor
designs by generation has been aedmncompassing all commercial nuclear power
reactors currently in use today, those now defunct, and new designs under
development. This is illustrated ifigure 2.4, which shows the time ranges

corresponding to the first deployment of each generation of reactor ¢Esjgn
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. Generation IV
Generation I+ B
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LWRs

B designs
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Figure2.4: Nuclear Technology Roadmmeproduced with permission from souf@é&], copryright2014 OECD.
Original source of material: GIF (2002JiA Technology Roadmap for Generation IV Nuclear Energy Sy
«Sodiumcooled Fast Reactor (SFR)ttps://www.gerd.org/.gificms/c_40481/technologgadmap)

The reactor types can be summarised as follows:

1 Generation I: The earliest prototype reactors, designed and commissioned
the late 1950s and early 1960s. The power output is usually small by the
standards of the reactor generations that followed and most of these have now
reached the end of their functional life.

1 Generation Il: The majority of the operating reactors weidé fall into this
category, including the PWR and BWR designs in the US and France, and the
advanced gasooled reactors (AGRs) in the UKL6]. In comparison to
Generation |, these reactors have a larger power generation capacityised u
oxide-based fuels capable of higher bum for sustained operation.

1 Generation lll: Designed as direct folleans from Generation Il. This includes
the advanced LWRs such as the Sizewell B PWR in the United Kingdom, and
the advanced boiling wateractors (ABWR) in Japan, with improved

operational life expectancy and reductions in core damage frequency.
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1 Generation llI+: This is a sub generation of designs that are an evolutionary
development of Gen Il reactors incorporating extra passive safdtyrdea
Otherwise known as passive cooling, these are design feature that do not
require active controls or operator intervention to shut down the plant safely in
the event of an emergenfdy7].

1 Generation IV (Gen IV): Gen IV reactor technologies encompass design
concepts that offer significant advantages over Gen Il and 111+ that would be
expected to be deployed commercially in approximately4@BOyearsi
including very high temperature thermal reactors (VHTR), molten salt reactors
(MSR) and fast reactors. The empkagith Gen IV systems is that such a
design uses fuel more efficiently, produces less waste, is economically
competitive and compliant with high standards of safety and proliferation

resistance.

Having briefly described the reactor classification systdme, riext section will

describe the evolution of nuclear reactors specifically in the UK.

2.2.2 Nuclear Energy in the UK

The UKOGs first nuclear reactors, ter med
piles built at the Atomic Energy Research EstablishmentRBEat Harwell,
Oxfordshire, built to enable scientists to determine the most effective design, materials
and construction methods to be used in later piles. This began with tmoksd

graphite moderated GLEEP (Graphite Low Energy Experimental Pilajchw

commenced operation in 1946 as the first working reactor in Western Europe, and was
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followed in 1947 by the commissioning of
(BEPO) reactor on the same s[t8]. This reactor demonstrated the viability of
nuclear power reactors prior to the construction of the Windscale &ilgsllafield

completed in 1951.

The UKOGs first nuclear reactors were buli
under the nuclear weapons programme, until 1953, when President Eisenhower
addressed the United Nations and called for internationadpecation in the
development of nuclear technology for peaceful purposes. The UK Atomic Energy
Authority (UKAEA) was then set up in 1954 to take control of this program, and the
smallscale commercial Magnox nuclear power station opened and commenced
operdion at Calder Hall near Sellafield in 198B)]. These first gagooled reactors

were also used to produce plutonium for the weapons programme in addition to
electricity. Over the next 15 years, the original design was scaled up and 10 additional
stations comprising 26 reactor units started oper§20h The Magnox reactors were
followed later bythe Advanced Gafooled ReactordAGRSs), totalling 7 plants,
which opened between 1976 and 1988. The UKs nuclear installed capacity peaked at
12.7 GW in 1995 with the opening of the UKs only Pressurised Water Reactor (PWR),

Sizewell B,pushing nuclears sine of supply to a peak of 26.9% by 1997].

In 2017, nuclear energy contributed to 19% of the UKs electricity. There are currently
15 operational reactors operated by EDF Energy, consisting of 14 AGRs and 1 PWR,
and with a total generating capacity of 9.5 GWe. All but one are scheduled to be retired
by 20232030, with the only exception being Sizewell B, which began operations in

1995and is scheduled for decommissioning in 2[22j. The UK is currently formally
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considering four different Pressurised Water Reactor (PWR) designs for new nuclear
build. These are: 1) the FramatorBER (originally the Areva European Pressurised
Reactor, 2 wunits currently under constr uc
AP1000 (considered for the neatbandoned Moorside developmeBi HitachiGE 6 s
Advanced Boiling Water Reactor (ABWR, to hieed at Wylfa), and 4) the Chinese

Hualong HPR1000 (currently under assessment for construction at Bradwell B).

2.2.3 Back End

The fate of the irradiated fuel once it is removed from the reactor, otherwise known as
spent nuclear fuel (SNF), defines the naturhefuel cycle being implemented. There

are two general types of nuclear fuel cycle defined as follows:

1 Open Fuel Cyclé: also referred to as a ontteough fuel cycle, whereby SNF
is disposed of directly and sent straight to final waste disposal iolagyzal
repository.

91 Closed Fuel Cycle: whereby SNF is reprocessed to extract the uranium and
plutonium it contains for reuse in new fuel. For complete closure of the fuel
cycle commercial implementation of technologies for the partitioning and
transmutdon (P&T) of plutonium and the minor actinides (MAS) in fast
neutron reactors is required to fully utilise all the reusable material, extracting
50- 100 times more energy from the originally mined uranium than reactors
currently in operation todd3]. Development work for these Gen IV reactors

is however still orgoing.
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In some countries currently, such as France, a partially closed fuel cycle is in operation.
This is where SNF is reprocessed once for the extraction of uranium and plutonium,
which are reused in MOX fuel (mixed oxide fuel) in existing thermal neugactors.

The spent MOX fuel is then stored, pending future reprocessing in fast neutron
reactors, whilst the remaining processed uranium can-bariehed and reised in

fuel. This approach improves the overall utilisation of the original mined uranium

resource by approximately 20% compared to an open fuel [38]e

The type of baclend fuel cycle deployed is a matter of national policy with some
countries adopting an open, some a partially closed and some a fully closed fuel cycle.
For example, Korea, the United States and the United Kingdom (since November
2018) curently operate a onethrough, or open fuel cycle. Whilst Korea is currently

i mpl ementing a fiwait and seeo0 policy wit
development plan for a closed fuel cycle with the construction of a pyroprocessing
(dry, hightempeature recycling) demonstration facility by 2025 together with an
advanced prototype sodidoooled fast reactor (SFR) plant by 20EB1]. The UK is
currently investing in research and development (R&D) in numerous aspects of the
fuel cycle, including both aqueous reprocessing pyroprocessing technologies. It is
assumed longerm that it will operate a fully closed fuel cycle including fast reactors
and recycle of at least uranium and plutonium from LWRs to fuel the first of these
reactors before fast reactor recycling isikde [25]. The US policy however still
considers an open cycle with final geological disposal, but there is ongoing investment
in R&D around advanced reactors and waste managementhgitaim to support

existing reactors fleet and evaluate options for advanced fuel cycles if28)30
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France and Jam are currently reprocessing towards closed fuel cycles, which France
has implemented from the beginning of their nuclear programme in the 1980s with
reprocessing and MOXx fuel fabrication activities at the La Hague and Marcoule sites.
France is focusingurrently on multirecycling of plutoniurrbased mixed oxide fuels

in the midterm, with the generation IV SFR as the current reference option for the
long-term[27]. Japan is prioritising R&D on pyroprocessing and P&T for full closure
of the full cycle, with plans for construction of a Transmutation Experimental Facility

(TEF)[24]. Some strategies countries are adopting are summarisabla?.1 below.

Table2.1: Summary of fuel cycles currently adopted by some countries and considered for future use.

Active reprocessing  Fuel

Country plants oycle Future fuel cycle policy

Japan Rokkasho (currently Closed Closed. R&D focussed on fast
in test phase) reactors, pyroprocessing and P&T.

France UP2.400, UP3and Closed Closed. Focus on multecycling of
UP2.800 at La Hagut Pubased MOxXuels.

India Trombay, Tarapul, Closed Closed. Plans for diversifying from
Tarapurll, uranium to thorium cycle with
Kalpakkam thermal breeder reactors.

UK None Open  Full closure of fuel cycle including

fast reactors and reprocessing.

us None Open  No decision yet. R&D around
advanced fuel cycles ongoing.

Korea None Open  Closed. Plans for SFR fleet with
pyroprocessing.

Having described the types of fuel cycles, the following sections will describe the
backend processes that define edsbginning with geological disposal of SNF in a

repository, the final step in an open fuel cycle (UKs current option).
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2.2.4 Geological disposal

Once the fuel has reached its designed burnup level it must be removed from the
reactor, but due to its high levelmafdioactivity, SNF generates large amounts of heat.
Whether destined for reprocessing or final geological disposal, SNF is initially stored

in At-Reactor (AR) pools for an interim period of time, typicallyi9080 dayq28],

to allow the majority o tcaytalay. Aenhthiginitiall i v e d
storage period, the fuel is transferred to Away From Reactor (AFR) storage facilities,
which can be wet (pools) or dry (dry silos or containers) in dgd&igh Figure 2.5

shows an example of therfoer, the spent fuel AFR interim storage ponds at the
Thermal Oxide Reprocessing Plant (THORP) at Sellafield in th¢30K Whilst the
reprocessing activitieat THORP, which are described in the next section in more

detail, have now ceased, the facility will be used to store SNF until the Z110s

Figure 2.5: Receipt of spent fuel and interim storage at THQ®IP (reproduced with permission from refere
[30], copyright 2015 Sellafield Ltd.).

Figure2.6 shows the contents of 1 tonne of a typical spent fuel from a PWR after a 10

year cooling period in interim storage. SpentU@l from a typical LWR contains;

94-95% uranium (< 19%63%U), approximately 1% plutoniumoasisting of over 50%

239y and the isotop&dPu,?*%Pu,?*Pu and*®Pu making up the rest, between 3 and
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5% fission products (FPs) and approximately@2% minor actinide32]. The MAs
consist of neptunium primarily #'Np with a halflife (0 y ) of 2.14x10° years,and
various isotopes of americium and curium. Only a few elements; plutonium,
neptunium, americium, curium and some ldivgd FPs such as iodine and technetium
(O =15.%10° and 0.2%10° years respectively) at concentration levels of grams per
tonne contribute to the major hazard from S[8B]. However, du¢o the hazards they
present to life forms when released to the environment, their disposal requires isolation
from the biosphere in stable deep geological formations for long periods dBdine

The required size of a geological repository (not yet available), and siting, thus

presents significant challenges.

1 tonne of SNF contains:
9554kg U
8.5kgPu

Minor glc_tinides (MAs)
0.5kg ™ Np

0.6 kg Am

0.02 kg Cm

Long-lived fission products (LLFPs)
0.2kg 1

0.8keg Te

0.7kg 93_2[

03ke cs

m Uranium (95.5 %)
M Stable fission products (3.2 %)

Short-lived fission products (SLFPs)

@ Plutonium (0.8 %)
E Short-lived Cs and Sr (0.2 %)
O Minor Actinides (0.1 %)
O LongHived | and Te (0.1 %)
0 Other long-lived fission products (0.1 %)

lkg R Cs
0.7kg “sr

Stable isotopes
10.1 kg lanthanides
21.8 kg other stable

21.8 kg other stable

Figure 2.6: Composition of SNF for a standard PWR withAf@l, 33 GWd/t burup, 18year cooling period33]
(reproduced with permission from refereri@8], copyright2006 OECD)

At the end of 2016, approxirtedy 58,000 tHM (tonnes of heavy metal) of spent fuel
was stored in the EUB5]. Figure 2.7 shows the timescales for decay of the total

radiotoxicity of spent PWR fuel and the fuel and the contributing components. The
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radiotoxicity associated with the raw materials used for fabrication of detoh
enriched uranium, including all uranium isoto@esl their radioactive progenies, is
indicated as a reference lewgl Figure2.7a s A Ur a n SNFmonly@eadhes this

level after periods of more than 100,000 ydad. The first 100 years of this period

is dominaéd by the FPs, which decrease to the natural reference level in about 300
years. The actinides, mainly plutonium and americium, dominate thetdomg
radiotoxicity. Between approximately 1A®00 years after discharge, the
radiotoxicity is dominated by"Am, the radioactive daughter éPu which has a

level approximately 300 times that of natural ore. After this time, the main contributors

become&“%Pu, followed by**Pu and finally longived FPs descended frothtAm.
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Figure 2.7: Radiotoxicity ofSNF[34] (reproducedwith permission from referen¢d4], copyright 2011 Elseviel

The overall aim of any geological disposal facility (GDF) for final disposal of waste

is that the radioactivityemains isolated and contained from the biosphere until it has
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decayed to the safe reference level. Whilst the specific design of a GDF will vary, they
all adopt a philosophy whereby several barriers are in place, known as the engineered
barrier system (EB). These barriers comprise those directly around the specific waste
form itself for immobilisation of the radionuclides, and those provided by the disposal
facility they are ultimately stored in which, for example, might be a specially
excavated, grodined vault[36]. The geological structure selected for siting of the

GDF needs to be deep, inaccessible and stable for long timescales.

Having discussed geol ogic dielpydasoared i n at
option, Section2.2.5will now discuss the closed fuel cycle with reprocessing as the

UKOs historically f soptionoftleedutuepti on and pr

2.2.5 Nuclear Fuel Reprocessing

Nuclear fuel reprocessing is the process by which uranium and plutonium are separated

and purified from SNF and subsequently converted into a new uranium oxide (UOXx)

or MOx[37]. Until recently, the THORP facility had been reprocessing spehtrbm

oxide fuel reactors (e.g. AGRs, PWRs and BWRs) for over forty years, and spent
uranium metabased f uel from the UKOGs first ge

reprocessed at the Magnox reprocessing plant at the sarf83kite

In the UK there have been several geopolitical reasons for reprocessing SNF over the
last 50 years. Historically, reprocessing was primarily used to contribute to both
national energy and sectyriprogrammes by recovering the unused fissile Pu and

fertile U contained pogburnup in the fuel elements, which comprise ~95% of SNF.
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The added benefit of reprocessing was the reduction of waste volumes and
radioactivity, thus lowering the burden on al&rhe separation of pure uranium and
plutonium however, also raise concerns over the proliferation of nuclear material,
amongst other factors. The following section will discuss in more detail the PUREX

process, which is the only commercially availabthteology for spent fuel recycling.

2.2.6 The UK PUREX Process

Bet ween its opening in the 19900s to the
THORP at Sellafield in the UK has used the Plutonium Uranium Extraction (PUREX)
process to reprocess 9331 tonnes eflusuclear fuel from nine countries around the

world [39]. The industrial reprocessing flowsheets still in operation today were
originally developed for the prodticn of pure weapons grade plutonium and thus

have very high separation efficiency and product qualification requirements in regards

to the purity of the produced uranium and plutonj4oi.

The key stages of the THORMprocessing plant are shown kigure 2.8 [41],
including the initial stages to prepare the fuel fe PUREX process and a summary

of the extraction process itself. Prior to extraction, spent fuel is first chopped and
dissolved in hot (about 100) nitric acid. The undissolved fuel cladding and insoluble
fission products are then removed from the sotlutd SNF and nitric acid, vitrified

and disposed of as higavel waste (HLW). The dissolution of the fuel also liberates
volatile radioactive gases which are scrubbed and purified. The resultant SNF liquor
is then conditioned to adjust the pH in preparatior reprocessing by the PUREX

extraction proces82].
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Figure 2.8: Key stages in a reprocessing pldreproduced from open accessusce, referenc@tl]).

PUREX is a &ycle liquidliquid sdvent extraction process that produces high purity
separate U and Pu product streams as the end pf2dijattilizing tri-butyl phosphate

(TBP) as the organic solvent and nitric acid as the salting agent. This process is classed
as a heterogeneous recycle process, meanmgpives the separate management and
recycle of the Pu and Ak, in comparison to a homogeneous recycle process which
would involve a grouped recycling. A detailed description of each cycle in this process

is provided in the following paragraphs.

In thefirst cycle, U(VI) present as US and Pu(lV) are separated from the fission
products and minor actinides via multiple licdiguid extractions using TBP,
typically 30% diluted irodourleskerosen€OK). The Pu(lV) and U(VI) cations form
neutral nitratecomplexes in the aqueous phase that are selectively complexed by TBP
and extracted into the organic phase via. B and2.4, whereas fission product

cations generally do not form nitrate complexesler these conditiorend are not
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extracted The strutures of TBP, and the complexes formed with8/@nd Pu(lV)

ions are shown ifrigure2.9 below.
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Figure 2.9: From left to right Chemical structures of TBP, Pu(NJ@2TBP and UQNGs)2.2TBP.

Whilst TBP is an effective extractant for Pu(lV) and U(VI), it is too dense and viscous
to use pure. A diluent is therefore used to reduce the density and viscosity of the
organic phase, improving the physical characteristics to enhance the phase separatio
kinetics [32]. Due to the required formation of the nitrate complexes, extraction of
Pu(lV) and U(VI) is also a function of nitrate concentration, known as the salting
effect, thus theoncentration of HN®iIs strictly controlled. This initial stage of the
PUREX process uses strongly acidic ~3M HN@drive,viaL e Chat el i er 6s
lipophilic U(VI)-TBP-nitrate and Pu(I\JTBP-nitrate complex formation and thus the
extraction of P(IV) and U(VI) into the organic phase. After extraction, the remaining
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nitric acid stream, which now contains only highly active fission products/minor

actinides, is then routed for vitrification and subsequent geological disposal.

In the second cycle, Usiseparated from Pu via a reductive stripping process. A
reductant, such as uranium nitrate*{lUstabilised with hydrazine, is added to the
organic phase to reduce Pu(lV) to Pu(lll) by Bd [37]. The stabilizer for U(1V)
prevents the occurrence of the autocatalytic oxidation of U(IV) by NQ]. Due to

the change in the oxidation state of Buah odd charge state via Efj5, the TBP
releases the Pu(lll) back into a newly added clean aqueous phase, while the mixture of

U(IVv) as U* and U(VI) as UG remains complexed in the organic phase by TBP.

~

¢0o Y ¢O0=c¢cdbo YO 10O (25)

The final cycle is comprised of two subsidiary cydldhe uranium purification (UP)

cycle and the plutonium purification (PP) cycle. In the UP cycle, the loaded
TBP/OK/U phase is reontacted with dilute (~0.1M) nitric acid to reverse, again via
LeChatt i er 6s principle, the complexing reac
2.4. This results in a slow back extraction of the U(VI) as;i3@om the organic

phase into the dilute acid agueous phase. This resulting aqueous phase is then
concentrated byvaporation before being sent for product finishing. Here the uranium

nitrate left after evaporation of the HN®om the aqueous stream is first calcined to

a powder form of U@ before subsequent pelletization and reduction in close to pure

hydrogen to fam the final fuel form UQ[43].

In the PP cycle, the Pl requires stabilising in the aqueous phase because nitric acid

can easily reoxidise Pu(lll) back to Pu(lV) via a series of reactions autocatalyzed by
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nitrous acid (Eg 2.6 and2.7). A nitrous acid scavenger, such as hydrazine, is therefore

added intahe separation column during this cycle $E2)8 and2.9) [37].

66 060 0006 GO Of (2.6)
W6 0006 00 ° gOb § @2.7)
60 "O60° 50 ¢Ob 2.8)
60 05600 006 ‘OO 2.9)

The plutonium nitrate product is then concentrated by an evaporation process similar
to the uranium nitrate product, before being precipitated via an oxalate precipitation

process and calcined to a powder form of PiaDreuse in fuel43].

Whilst the PUREX procesdescribed in this section is an established and mature
technology, significant improvements to the process are required to optimise it for
future Advanced Fuel Cycles (AFCs). The concept of an AFC will be described in the
next section, followed by a disaisn of some reprocessing flowsheets under

development.

2.3 Gen IV Advanced Fuel Cycles

2.3.1 Key Challenges for Advanced Reprocessing Schemes

There has been a growing international interest in future Advanced fuel cycles, and
based around the basic alternativearobpen, partially closed or fully closed cycle, a
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variety of different scenarios have been proposed. The Generation IV International
Forum (GIF) defines four key areas inTischnology Roadmdf5] for advancement

in nuclear energy gog through to Gen IV fuel cycles. These are; 1) sustainability, 2)
safety and reliability, 3) economic competitiveness, anddalf@ration resistance and

physical protection.

Improving the overall sustainability of nuclear energy involves enhancements for more
effective natural resource utilisation and reduction in the volume andtdomg
radioactivity of high level waste, wisil maintaining energy costs to an economically
viable level[44]. Thae are number of variations on AFCs, but in order to meet the
sustainability goal, most scenarios aim to include a full recycling and burnup of all the
transuranic (TRU) actinide elemenit37]. Partitioning and Transmutation (P&T)
involves separation of the FPs from the actinide elemé@aigi{joning), and removal

of the latter from a reactor irradiation (Transmutation).

It is anticipated that the wedlstablished PUREX process will play an important role

in upcoming and advanced future nuclear fuel cycles. There are however three major
challenges, namely; i) modification of the process to be compatible with the recycle of
the MAs (Np, Am, Cm), ii) the design of aqueous flowsheets with the ability to handle
very high burrup fuels greater Pu content, and iii) enhancing proliferation rasesta

by avoiding production of a pure Pu stream. With these requirements in mind, some
options for AFCs include (but are not limited to) the Advanced PUREX process being
developed by National Nuclear Laboratory (NNL), and the European Grouped
Actinide Extraction (EURGGANEX) process. These will be described in more detall

in the following sections.
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2.3.2 The Advanced PUREX Process

While the PUREX process has been used successfully to reprocess irradiated fuel for
the last 40 years, many enhancements are neededdgporation into AFCs. A major
objective is the full control of the actinides U, Np and Pu within a single solvent
extraction cycle that is flexible to a wide range of feeds, whereby the process meets
high product specifications on the U streams anersfincreased proliferation
resistance on the Pu streaj®8]. The use of a single cycle flowsheet compatible with
centrifugal contactors would consequently lead to a reduction in plant size, complexity
and waste volumdg5]. Centrifugal contractors off several advantages over currently
used mixer settlers and extraction columns including; 1) high compa¢toescapital

and operating costs), 2) short residence time (less solvent degradation and reduction
in solvent waste volume), 3) excellent phase separation, 4) high-traaster

efficiency, and 5) high safety with respect to critical4g].

The NNL have been developing such an Advanced PUREX process centred around
the use of acetohydroxamic acid (AHA), whereby Pu@xd Np(IV) are ceseparated

by the formation of strong hydrophilic complexes with AHA and Np(VI) is stripped
from U(VI) via a rapid reduction by AHA to Np(M}7]. A simple schematic of the

process is illustratenh Figure2.10.

After the initial U/Pu separation stage, conducted as per the conventional PUREX
process using 30% TBP/OK solvent, Np(lV) is theffectively rejected from the
solvent phase by contacting with a low acidity agueous nitric acid phase, containing

the hydroxamic acid. The hydroxamic acid selectively complexes tetravalent over
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Figure 2.10: The single cycle Advanced PUREX process suitable for Gen IV fuel reprocessing

Figure 2.11: The structure of acetohyakamic acid (left) and thprincipal complex formed in low acidity HNO

with a metal ion M, where M* is Pu(IV) or Np(IV) (right).

hexavalent actinides in nitric acid, and thus complexes Np(IV) and Pu(lV), stripping
them to the aqueous phase, whilst U(VI) is unaffected and remains orgaeic
solvent phase. In this way, the-egtraction of Np(IV) and Pu(lV) is achieved,
avoiding apure Pu stream and thus increasing the proliferation resistance of the
processThe structure of AHA and the principal complex it forms in low acidity HNO
with Pu(lV) or Np(lV) is shown irFigure2.11. Flowsheet trials at laboratory scale

have demonstrated high actinide recoveries and decontamination factors on products
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for active feeds up to 40 wt.% IF2ir] comparable with the requirements for Advanced

flowsheets as stated by Birkettal and summarised ifable2.2 [37].

Table2.2: Key objetives within the design of an Advanced PUREX process for LWR and/or fast breeder reactor
(FBR) fuel reprocessing.

Objective How to meet it
Reduced costs Reduction in plant footprint and size by the
development of a single cycle flowsheempatible
with centrifugal contractors.

Reduction in waste arisings Use of a single cycle flowsheet with fewer strean
and environmental impact and lower volumes, and use of decomposable
organic (CHON) reagents.

Reduced impact on Reduce heat loading in GDF via minor actinide
geologicalrepositories separation processes.

Increased proliferation Avoid the separation of pure Pu by-pmcessing
resistance and integration with fuel fabrication.

Greater flexibility Ability to processes much higher burnup MOX fu

within the flowsheet.

Enhanced process safety Removal of U(IV)/hydrazine as a reductant and
replacement with AHA.

Fuels reprocessed currently are generally oxide fuels with 1% or less Pu by mass,
whereas a much higher Pu content, possibly tens of percent, is envisaged for future,
higher burnup fuelsThere are significant drawbacks with the use of U(IV)/hydrazine
used for the reductive stripping of Pu in the current PUREX process, and many of
which are exacerbated with increased Pu content fuels, thus replacement of this step
by a complexation with AHA offers significant advantages in process safety. Other
advantages of complexation include fast kinetics and relative temperature insensitivity
compaed to redox reactions, and additionally, AHA itself is aBak organic reagent

that decomposes in nitric adido offering a convenient disposal route. These aspects
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relating to the chemistrgf hydroxamic acids wilbe described further in subsequent

sections.

Extraction of not only U and Pu, but also Np, also reduces the radiotoxicity and heat
load in the final HLW and thus the burden on any GDF. The extraction of other MAs
and some FPs would reduce this further, and there are several modifictibiss o
process under development for this purpose. One of these is the-BBREX

process described in the next section.

2.3.3 The EURGGANEX Process

There are many advanced actinide management options under development
worldwide, which are either based on aenegeneous or homogeneous recycling
concept. One of the aqueous flowsheets being developed by The Safety of Actinide
Separation Processes (SACSESS) programme is the European Grouped Actinide
Extraction (EURGGANEX) process. This is an example of the lati@ncept, which
involves the grouped recycling of all actinides (including Pu and the MAS) in a single
stream[40]. The flowsheet for the GANEX process is &\Zle flowsheet, broadly
similar to the Advanced PUREX flsheetbut employng different solventsalso
improves proliferation resistance by eliminating the production of a pure plutonium

stream[48]. The flowsheet for the overall GANEX process is showhigure2.12.

The concept assumes that the heavy metal content of the dissolved SNF solution is

initially reduced via a uranium extraction process (GANBXvhich extracts U from

the FPs, actinides and lanthanides, followed by subsequent separation on the highly
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activeaqueous stream for full recovery of the transuranic actinides (Np, Pu, Am, Cm)

via the EURGGANEX procesg47].

- = Solvent flow

Dissolution —_— gaueous flo
Conditioning dueet "
I__——l———-r-‘ Solvent:leanup |

Conversion to

= =p Uranium extraction = = Uranium stripping »

oxide
Feed Adjustment E
r==-= ﬁ Solvent clean up |-— 1 v
N i ——— . 3
} TRU actinide Lanthanide @
= =» Exractscrub = =py stripping = => stripping ;
m
| | | x

HA waste Conversion to Waste

immaobilization oxide immobilization

Figure 2.12: Flowsheet for the overall GANEX prosdseproduced from open access source, refer¢hcp.

In the first, GANEX1, cycle the feed is contacted with 1M NgN2-ethylhexyt
isobutyramide (DEHIBA) dissolved in odourless kerosene, which selectivebcextr

the uranium and some actinide speceasd FPs particularly neptunium and
technetium, into the organic phase. A scrub or solvent clean up section then follows in
which the solvent is contacted with hydrazine t@xé&act technetium and neptunium

backto the aqueous phase.

The 2nd cycle comprises a TRU Extraction and Scrub and TRU Back Extraction. The
latter can be further divided into three sséxtions: i) Actinide Strip 1 in which the
FPs are separated from the actinides and lanthanides, follgw@dhbtinide Strip 2,

and iii) Lanthanide Strip. This cycle forms three output streams o{49&llA number

of reagents are utilised in these steps but an aqueous stream consisting @5
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acid, 0.55Mbis-triazinyl pyridine(BTP) and 1M AHA is added between the Actinide

Strip 2 and Lanthanide Strip sections for stripping the actinides from the lanthanides.

The overall goal to allow for complete closure of the fuel cycle is via elimination of
99.9% of tle actinide elements from the reprocessing of SNF using P&T strategies,
which would reduce the radioactivity of HLW by a factor of up to 100]38() and

thus the burden on @DF. R&D on flowsheet development and optimisation is still
ongoing but flowsheet demonstrations of the EUBANEX process so far have been
highly successful, achieving almost complete recovery of Pu, Np and Am, and less

than 0.1% lanthanide impuritiestime actinide product and vice ve[58)].

Both the options for AFCs described here include the use of AHA as a complexant for
the coeextraction of Pu and Np. The remaining sections of@hiapter willtherefore
discuss the behaviour and important chemistry of hydroxamic acids in relation to the

GANEX and, especially, Advanced PUREX processes and modifications thereof.

2.4 The Chemistry of Hydroxamic Acids

Simple hydroxamic acids (XHASs) such as formamd @&etohydroxamic acid (FHA

and AHA) are hydrophilic, organic acids with the general structure RCONHOH.
Figure 2.11 shows the structure of AHA for whicR=CHs. XHAs are structurally
related to carboxylic acids, but with a much weaker dissoci@ib illustrated by

the respective pKa values of 4.74 for acetic acid and 9.2 for AHA. They have several

characteristics that identify them as suitable reagents for use in a GANEX and,
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especially, an Advanced PUREX process. Their small organic backbonesem$awe
solubility in TBP solvents, and they have the advantage of bein{resltcontaining

only C, H, O and N, meaning that they decompose in high temperature and/or highly
acidic solutions to form N®and CQ gases, thus not significantly adding tee th

aqueous wastp?2].

They have been shown to reduce important actir{ai#gls for example, studies have
shown the rapid reduction of Np(VI) by FHA4] and by AHA[55] to inextractable
Np(V) for separation from U. In strongly acidic media, Np(V) undergoes a
disproportionation reaction to form Np(VI) and Np(Ifp6] which, coupled with the
reduction of Np(V), could offer a potential route for the complete conversion to
Np(lV), as the former of which would be redddeack to Np(V) and disproportionate
once more. With tetravalent actinides such as Np(IV) and Pu(lV), hydroxamic acids
form stable complexes while not affecting uranium extraction behaviour. This
complexation behaviour with certain metal ions, which makesm suitable
candidates for use in an Advanced PUREX process, will be described in the next

section.

2.4.1 Complexation with Metal lons

Hydroxamic acids are weak acids that act a® @onor bidentate ligands with high
affinities for hard cations with high chaglensities such as Fe(lll), Pu(lV) and
Np(1V), with which they form strong-fnembered chelate rings7]. While related to
carboxylic acids, their metal chelates are generally much stronger. They have many

applications including use as enzyme inhibitors, soil enhancers, spectrophotometric
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reagents for the determination of metal icarsd uses in drug delivery systems and ion
exchange applications among othf&8]. They are also utilised by fungi in naturally
occurring biomolecules callesiderophores, which employ a hydroxamate group for

sequestration of Fe from so[E9].

The complexation of a metal ioMf and a monovalent ligandl)is described by Eqg.

2.10, wherezis the charge of the metal ion ands the number of interacting ligands
[60]. The equilibrium constant for the formation of a complex witumber of ligands

(Kn) is related to the stability constant J of that complex in solution by EQ.11,

where the {} braes denote the molar activity; the effective concentration of a species
in solution. For systems where the activity of species is unknown and these true
stability constants cannot be calculated, the conditional stability con$taptsaf be

determinedrom the molar concentration of each species by?B@.

0 € 0 ~—K—‘ 0 0 (2.10
00
R 1 e Qe — (219
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I T 0 (212

XHAs preferentially complex tetravalent ions such as Pu(lV) and Np(lV), as can be
observed inTable 2.3 in the form of higher stability constants for AHA complexes
with these ions over U(VI) and others. AHA generally does not form strong complexes
with actinides of other oxidation states, particularly theatnd pentavalent oxidation
states. Via a conceghown as the actinide contraction, the ionic radii of the actinides

in the same oxidation state systematically decreases along the series with the increase
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in atomic numbef65]. This is because the increase in the nuclear charge subsequently
leads to a more effectivadtraction of the outer electron shell. The effect of a smaller
radius is an increase in cationic charge density, and therefore greater attraction for the
ligand and more rapid complex formation. Actinide ions therefore show an increase in

the stability costants in line with an increase of effective cationic chfggp

Table2.3: Stability constants for the 1:1 to 1:5 complexes with AtHdetermined at 298K.determined at 295K.

Reference Metalion { 1AH {1AH 1 13H {144 1 17H
[57] Fe(ll) 10.94 20.68  28.26
[61] Fe(ll) 11.00 2093 28.7%
[62] Pu(ll) 577 1166 1483 1584
[63] Pu(IV) 14.2 24.1 32.2
[64] Np(IV) 12.83 2296 31.00 36.17 39.33
[64] u(Iv) 12.25 2224 3011 3436 36.80
[64] U(VI) 794 1411

The complexation of these hydroxamic acids with certain metal ions is well
understood. Adss understood but important issue that must be addressed before XHAs
can be employed in the implementation of an Advanced PUREX process, is their
hydrolytic instability in acidic media that ultimately leads to their decompogBioip
particularly in the presence of these metal ions. This will be discussed in the following

sections.
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2.4.2 Acid-catalysed Hydrolysis of Free AHA

The acid catalysetlydrolysis of hydroxamic acids to form NBH and the parent
carboxylic acid (Eg2.13) is well knownThe structure of the former product, MBH,

and its protonation in acidic media is showrFigure2.13. Although this hydrolytic
instability is beneficial in terms of the downstream decomposition and removal /

disposal of the ligand, it must be understood and controlled in any process flbwshee

H H H
\
N— o’ wN— o’
H H +

Figure 2.13: The structure of hydroxylamirie neutral (left) and acidic (right) media

&'0B 06 "0 © Y80 G 06 0 (213)

The established mechanism in the low to moderate acidity range is based on a
collection of studies on both natural siderophd6&3 and free hydroxamic acids in
acidic media[67, 69, 70] Consequently, it is widely accepted to be an addition
elimination reaction mechanism similar to that of amide hydrolysis; a -stefi
associative bimlecular mechanism involving the formation of a tetrahedral
intermediate. Mollin and Kucerovfr1] first suggested the framework for the
mechanism of the hydrolysis of hydroxamic acids. Further studies by @idstn
benzohydroxamic acid BHA) and its derivatives provided a more detailed
mechanism, that has been widely used to describe the behaviour of hydroxamic acids

in generalThis mechanisms shown inFigure2.14.
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Figure 2.14: Mechanism for the acidatalysed hydrolysis of BHA. Redrawn frogferencd67].

The steps include: (i) a rapid peguilibrium protonation ofthe hydroxamic acid, (ii)

the attack of water on the carbonyl group resulting in a neutral tetrahedral intermediate
(T°), and (iii) the recreation of the carbonyl group and the loss of the leaving group
NH2OH [67]. Step (iii) can happen in two ways. In highly acidic media which can
support the formation of a protonated estef)( hydroxylamine is lst directly

(Pat hway A) . I n |l ow to moderately acidic
OH proton will give the zwitterion”{ ) which readily loses N{DH to give the

corresponding acid by Pathway[R].
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The first study on the kinetics of the aetdtalysed hydrolysis of unsubstituted
hydroxamic acids in agueous solution was performed by Berndt and [F3Jewho
reported a linear increase of rate with increasing acid concentration for BHA over a
low acidity range (0.1 0.58mol dni® hydrochloric acid (HCI) equivalent to a pH of
0.26:0.79). Subsequent studies on unsubstituted hydroxamic acids have shown that a
hydrolytic rate maximum exists at higher acidities, above which there is a decrease in
the rate of XHA hydrolysi$67]. The overall rate acidity profile is therefore a bell
shaped curve, with the maximum thought to correspond to complete conversion of the
substrate into # conjugate acid via EQ.14. For simple hydroxamic acids such as
FHA and AHA, this rate maximum falls in the range of acidities that are commonly

accessed in reprocessing scenarios.

&'0d "0 © &'0® (2.14)

Studies on thdaydrolysis of simple hydroxamic acidls the context of the PUREX
process are commonly performed in the presence of the PUREX acid;, HNOw

to moderately acidic media, the kinetics for the acid catalysed hydrolysis of FHA
and AHA [69, 7476] in HNOs have been found to follow second order kinetics in
accordance with EQ.15. In this equatiorkp is the second order rate constant for the
reaction as described, ai@lis the correspondinpseudo firsbrder rate constant (i.e.
incorporating [H] in its definition) Due to the belkhaped nature of the dependence
of the rate of reaction on proton concentration, ZtpH is only valid up to 3nol dni

SHNOs3 ( p H0.48), and wherO0 6  ®'0d
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The kinetic rate constant for free AHA hydrolysis, tkas been determined by several
authors using indirect measurements. Via analysis eMi$\spectra of Fe(lll) bound

to AHA in the form of the mon@omplex, which has a menum absorbance at
498nm, the remaining free AHA can be calculatdsing this method, Andrieux and
co-workers[77] reported a value df = 1.84x1.0° dm®-molt.st at all pH >-0.5 in
comparison to previously reported values3ef2x10° and2.5x10° dn-mol?t-s? by

Taylor et al. [78] and Chung and Led69] respectively, using the same
spectrophotometric based method. More recently, Quantitative Raman Spectroscopy
(QRS) has also been utilised as a direct method for determining the kinetics of AHA
hydrolysis, with these authors reporting a similar valule ef2.53x1 dm® mol.s

Lat 298K[79].

Having discussed the hydrolysis of free XHAs in acidic solution, a discussion of the
less understood hydrolysis of XidAvhen bound to a metal ion is required, particularly
with regards to Np and Pu that undergeseparation from U and transfer across the
agueousorganic interface a result of complexation by AHA within the Advanced

PUREX process.

2.4.3 Acid-catalysed Hydrolysisf Complexed AHA

As mentioned previously, hydroxamic acids are ligands with high affinities for hard
cations with high charge densities such as Fe(lll), Pu(lV) and Np(lV). They are also

redox active, with the onset potential for AHA oxidation determinadaogold
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electrode as +0.62V vs. saturated calomel electrode (SCE) afpH. Fe(lll) acts
similar to tetravalent actinides, chemically speaking, and is therefore often used as a
useful noractive analogue to Np(lIV) and Pu(IV)o date,Fe(lll) and Np(IV) have

been characterized as metal ions that complex with but do not oxidize the[8§and
whereas Pu(lV) does oxidize the ligand (Seetion2.4.3.3. These definitions are
based on the observation that the AHA hydrolysis produciONH reduces Pu(1V)

but not Fe(l11)[81] and the suggestion that AHA itself may reduce Pu(lV) ions during

complex hydrolysi$82].

Pu**/Pu** —— E’= +0.982°
[Pu(NO;)J** / Pu’* E? = +0.966"
AHA oxidation onset —— E’= +0.861°
Fe¥*/Fe*" —— E%=+0.771¢
\ Pu(AHA)** / Pu®* E%= +0.7434

> Pu(AHA),** / Pu** —— E%= +0.6954

- A

@ N,H,0, /NH,0H —— E’= +0.387¢

7

f: Fe(AHA)** / Fe** —— E'=+0.365¢
~Nv

Np** / Np** —— EO%= +0.155°
Fe(AHA),*" / Fe?* —— E’=+0.011¢
N,O/NH,0H — E’=-0.05¢
Y

N,/NH,0H —— E°=-0.873¢

Figure 2.15: Schematic diagram showing formal redox potentidlmEolts (V) vs. standard hydrogen electr
(SHE).?[Lemire, 2001],°[Carrot et al., 2008],{Bard et al., 198F 9Andrieux et al., unpublishedfcalculate
in this thesis.
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Figure 2.15 shows some standard redox potentials vs. standard hydrogen electrode
(SHE), both experimentally determined and calculated values, for several redox
couples relevant to these systems. Looking specifically at the &&# ion couples,
observation of this figure shows that the reduction of Pu(lV) is thermodynamically
possible by either AHAOH nthe dage®f Np(W)dando | y s i
Fe(lll), the reduction by NKDH is thought to be thermodynamically pdssibut
kinetically hindered; in contrast, reduction of Np(IV) or Fe(lll) ions by AHA is

thermodynamically impossible.

Formal potentials for the reduction of Pu(AHAaNnd Pu(AHA)?" are calculated from
electrochemical measurements obtained by Caetod. [74]. Whilst the authors
suggested that thermodynamically, hydroxylamine should reduce PAKIX)
complexes, they did not observe this experiméntahd suggested that steric factors
were likely resulting in kinetic hinderance. Similar theoretical potentials for the
Fe(AHA'IFe* and Fe(AHAY'/F&* couples have additionally been calculated in

this thesis and will be described in Chapter 5.

Having introduced the three primary metal ions of interest with regards to AHA¢HNO
systems, the following sections will now discuss the speciation and complex

hydrolysis kinetics of each of the systems in more detail, beginning with Fe(lll).

2.4.3.1 The Fe(lll)AHA sytem
Study of the hydrolysis of met&lHA systems in HN@or other acidic media, requires
knowledge of the complex speciatiohnalogous to Np(IV) and Pu(lV), Fe(lll) is

90

CHAPTER 2



known to form mong bis and trs-hydroxamatocomplexes with  AHA by the
following equlibria (Egs. 2.16 - 2.18), whereHL = hydroxamic acid and. =
hydroxamate anionThe structure of the three complexes is showFRigure 2.16.

From preliminary investigations by stopped flow spectroscopy in the presence of
excess Fe(lll), Tayloet al. [64] suggested the complexation kinetics of the mono
complex were rapid, but these are complicated in the presence of excess AHA]and [H

by the equilibria for the 1:2 and 1:3 complexes.

K L @& ¢
00 "0Q =="0Q0 'O (2.16)
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Figure 2.16: From left to right: Chemical structure of the moendis and tris-acetohydroxamatoiron(lll)
complexes, formation of which is described by Eqgs.i22.68.

Andrieuxet al.[77] performed a kinetic study orytirolysis in Fe(llIl}AHA systems
in HNOz at 293K; using UWis spectroscopy to follow the mor@mplex hydrolysis,
given by Eqg.2.19, via its maximum absorbance at 498nm, and calculating the free
AHA remaining. Using their data obtained for the acadal/sed hydrolysis of Fe(ll})

complexed AHA, these authors developed a kinetic model for the hydrolysis of XHAs
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in the presence of a complexing but roadising metal ion (Fe(lll) and Np(IV)).
These authors reported on hydrolysis kinetics from experimemducted at a
constant AHA:Fe(lll) ratio of 1.6:1 where mowwomplex dominates, at 298K and over

a range of pH values. From this low temperature study, they concluded equivalent
pseudefirst order kinetics for the complex, via E2j20, and a mechanism angbus

to that of free AHA. Their reported value flar= 1.02x1¢* dm®mol?-s! was greater

than the analogous parameter, except pH €.5 where they obtained a negative
value ofki. They attributed this to a change in mechanism due tadhglete

conversion of AHA into its conjugate acid AHAH

"0Q0 O O © '0Q Y6 U U '® 06O (219)
Q0Q0 . e
a5 Q0Qbh xEADA QO (2.20)

Following this initial study, the same authors then reported on the temperature
dependant speciation of Fe(HYHA complexes in acidic media and determined
values for the complex equilibrium constars - Kz at 293323K, each under
conditions where theoncentrations of other complexes were thought to be minimal,
in a pH range of 0:.93 ([acid] = 0.10.65mol dn®) [57]. The equilibrium constants
shown in Eg. 2.16 - 2.18 are those they reported at 293K. Using their published
temperature dependent speciation data to determine conditions where the mono
complex dominated, they proded a further publication on the kinetics of the
hydrolysis of Fe(lljcomplexed AHA at low pH (pH = 1.02) and elevated
temperatures up to 333K. They foukd> ko for at all temperature considered, and

thus concluded that complexed AHA is more susceptibhydrolysis than free AHA.
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The Arrhenius relationship for a rate constiarg shown in Eq2.21, whereR is the

Gas constant, and T is temperature.

From a collection of studies in thigerature, the Arrhenius factoA] and activation
energy Ea) for the acidcatalysed hydrolysis of free AHA has been shown to be
approximately 4x10dm?®-mol?-stand 80 kJ-mot respectively, se€able2.4. Taylor

and ceworkers[78] provided one of the first studies tre acidcatalysed hydrolysis

of the Fe(lll)c o mp | ex e d

they stated thé, for the hydrolysis of the ligand in the complex was approximately

AHA and,

whi |l st

(2.21)

t hey

30 kJ-mott lower than that of their previously detemad value oEa = 79.9 kJ.mot

for the free ligand hydrolysis. More recently, Andriezbal. [83] have determined

andEa for the hydrolysis of the complexed ligand to be 2.44%gén*- molt-s* and
89.6 kJ-motf respectively, also showm iTable 2.4. These values correspond to an

increase with respect to the free ligand of approximately 2 orders of magnitade in

and 10 kJ-mot in Ea.

Table2.4: Activation parameters for the acchtalysed hydrolysis of free and Fe({tpmplexed AHA.

Ref. Metal [HNOs] T/K A/dmimol' Ei/kd Y5 / ¥ /3K
ion I'M st mol*  kJmol?  mol?

[78], : - -

74] 0.53 298 3.22 x 16 79.9

[69] - 1713 298318  4.64x 106 81.4 - -

[84] - 15-25 298313 - 76.27 73.68 -79.24

[83] - 0.1 293333  4.24x10 80.1  77.2 -70.3

[84] Fe(ll) 0.1 293333  2.44x10! 89.6  87.0 -35.7
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The enthalpy ¥'J") and entropy Y'Y of activation for the hydrolysis processes can

be obtained from a collection of temperature dependent rate parameters usingrthe line
form of Eyring®2, weeeiDasi oPl ahEfO6sQ sonst an
Boltzmanndés constant.

Y
Y

&
&

S C]
~ 1k

oy (222

<

Andrieux et al. [83] reported values faY'd! of 77.2 kdmol* and 87.0 kdnol* and
values forY"Y' of -70.3 Jmol*-K* and-35.7 J-mol*-K™ for the free and complexed
ligand hydrolysis respectively, which compare well with previously reported values,
seeTable2.4. These authors correlatéite differences in th¥'J" values for the free

and complexed AHA hydrolysis, which is the major component associatetavith
breaking in the transition state, with quantum mechanical modelling to suggest a subtly
different mechanisnillustrated inFigure2.17, they proposed a difference in the initial
protonation step, with the bound ligand protonating on the nitrogen rather than the
carbonyl oxygenproducing a transition state with a lower degree of order as indicated

by the entropy of activation.
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r c H2<— H 3+
Hs HsC, H HsC H
/ o \ / H,0 /
/ N\ —_— / N\ — = o + H—N\ +  Fed
0, O 0, O HO OH
“Fe “Fed*

Figure 2.17: Proposed mechanism for the addtalysed hydrolysis of; a) free AHA andHg(lll)-complexe
AHA[83] (reproduced with permission from refererj&], copyright 2014 Springer Nature).

The Fe(lllyAHA system is considered a useful ractive actinide analogue for
studying the hydrolysis of both freeac&metalcomplexed AHA, as other interfering
complexation or redox reactions that must be considered with regards to Np(IV) and
Pu(lll) are thought to be absent. Kinetic analysis of the FeAHA system can
therefore provide a basis for study of the NP{AHA system, which is described in

the next section, and finally the Pu(PXHA system.

2.4.3.2 The Np(IVJAHA system

While Fe(lll) and Np(IV) are both defined as complexing but-oriizing with
regards to AHA, Np(lV) has additional complications over Fe@li¢ to the formation
of weak Np(IV) moneand dinitrate complexes, which limit the availability of Np(1V)
for complexation with AHA85]. Tayloret al.[86] first determined stabiy constants
at295K ofl 11 C 12.83] i1 C 22.96and If C 30.06for the mone, bis and
tris- Np(IV)-AHA complexes respectively in nesomplexing perchlorate media at a

constant ionic strength)(of 2.0mol dm?®. Those for the equivalent Np(\Mpomplexes
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were found to be significantly lower, with1f C  4.83for the monecomplex[86],

and thu$ differing by eight orders of magnitudempared to that for Np(IV)

These authors later performed some @sidon the hydrolysis of Np(IVXHA
complexes at [HNg) of 0.79mol dm?i 1.30mol dm?® (0.10 > pH >0.11). Whilst

they observed pseudo firgtder kinetics analogous to that of free XHA when the
concentration of the metal was approximately equal todhXHA, an Sshaped or
exponential decay was observed when [metdlKHA] [64]. In the latter case, an
induction period was observed, where the concentration of the complex remained
initially constant, which had not been observed for the hydrolysis of free FHA or
Fe(lll)-complexed AHA. They attributed this to an immediateoeplexation of the

free metal ions produced from the complex hydrolysis while free XHA remained, and
the removal of thecomplex was only observed once the free XHA was fully

hydrolysed.

Later, Andrieuxet al.[80] studied hydrolysis kinetics of the 1:1 Np(FWHA complex

in HNOzs. By using previouslypublished speciation data and interpretation of Np(IV)
absorption spectra in the presence of AHA and FHA, they first identified conditions
under which the 1:1 Np(IVFFHA complex was the dominant species, and obtained
spectrophotometric Np(IVlFHA hydrolysk data under these conditions. They applied
their kinetic model developed previously fordrolysis of XHAs in the presence of a
complexing but notoxidising metal ion to this data, but with a slight modification;
the formation of weak nitrate complexes sviaken into account by the incorporation

of a modifiedd for nitratecomplexing actinide(lV) species via E2)23, whereKq is

the dissociation constant for the weak nitrate complex.
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0 5 55 70 (2.23

In agreement with Taylaet al. [64], these authors also observed an induction period.
They attributed this to a high equilibrium constant for tHeNp(IV)-FHA complex
(estimated in their study to lba = 2754), meaning that the complex will be present at

a significant concentration for a longer period before it breaks down at the lower ligand
concentrations. Using this approach, they estimatedataeterQ to be less than

"Q, obtaining values 60= 7.9x10%s and 1.%10°s?at 0.79 and 1.810l dm®HNO3
respectivelythus concluding that complexation protects the ligand from hydrolysis at
0.1 > pH >-0.1. The authors explain this Bgsuming an analogous mechanism to that
of the Fe(llIYAHA system; in the initial rateletermining step, the 3+ charge on the
NpL3* complex in the makes the interaction with a proton more unfavourable

compared to the same interaction with the ¥e&bmplex

R UL UVOXT (2.24)
O vn =vunu O

K 0 22
00 60 ZUr‘]i) 0 P& P (2.29)

K 0 8t T 2.26
00 GO <=0n0 'O Pt P (2:26)

Kiow . . . . (] . o 22
TR wHunuO @ P& (2.27)
Y . . BwOH 11 ¢y P W (2.28)
un U U unuuov

B2, 0H [ O & W (2.29)

01 OO =—0NUVO
More recently, Edwardset al. [58] have performed a full kinetic analysis on the

Np(IV)-AHA system in HNQ, including the monoand bishydroxamatoomplex
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hydrdysis, and the formation of the morand bisnitrateNp(IV) complexes, and the
Np(IV)-OH complex. Their values for Np(IVAHA complex equilibrium constants

K11 Ks, given in Eg. 2.2471 2.26 above, are reported at 295K anahdl dni® HNOs.

Based off stabity constants for the complex formation reported by Sir{B&Y, these
authorsused Specific lon Interaction (SIT) theory to calculate values at the conditions
specific to their study, incorporating the AHA dissociation constant in their
calculations. Additionally, the authors used SIT theory for the calculation of
conditional stabiity constants for theNpOH** and mone and bisnitrateNp(IV)
complexes as shown in EQ.277 2.29. Their values for | ¢  =1.79+0.14

and ¥- 5 = 0.13 = 0.03) kg-mdl* compare favourably with the values of
11T ¢ =190%0.1%ndY- ; =-(0.09+ 0.05) kg-mdl* reported in a critical
review by Lemirg87]. In the absence of AHA, these authors reportedizalipOH*
concentration is negligiblat [HNO3z] > 0.50 mol dm?®, and the nitrate complexes
dominate at [HNG] > D0.30 mol dm?, particularly the Np(N@?3* complex which
quickly rises to a maximum value at [HNJ3= D1 mol dni®. Through their modelling

of kinetic data at pH = 0, and they reported hydrolysis rate parameters for the mono
and bishydroxamato complexes &f = 3.5x10° + 2.5x10° dm®mol 1. ! andk. =
1.9x103% + 1.3x103 dm’mol 1-s'* respectively at 298K. In contrast to the NpdV)
FHA system, they founé> > k1 > Ko, indicating that complexation of Np(IV) with
AHA increases the rate of ligand hydrolysis. With this trend being the same as that
obsened in the Fe(IIBAHA system , a similar mechanism was suggested to operate,
with the carbonyl carbon in the transition state being more susceptible to nucleophilic

attack due to the electron withdrawing effect of the Np(IV) centre.
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In comparison to the F#I)-AHA system, further knowledge of the speciation is
required with Np(1V), not only with AHA, but also with nitrate ions from the acidic
media itself. It is still currently considered possible however to study the complex
hydrolysis reactions so long déhe speciation is known. Further interfering reactions
however can occur in the case of the PHAWA system, which is discussed in the

next section.

2.4.3.3 The Pu(IVJAHA system

In comparison to those containing the rmadizing metal ions Fe(lll) or Np(1V)
acidic solutions of AHA containing Pu(lV) show another added complexity in the form
of the reduction of Pu(IV) to Pu(lll) during the associated complex hydrolysis. While
this has been known for many years, the complexity and conditions in the reaction
system have made identification of the specific redox reactions diffibtlt By
following the growth of the Pu(lll) absorption band at 908nm, Caetoal. [74]
showed the slow reduction of AHéomplexed Pu(lV) to free Pu(lll) ions to be
characterized by a variable induction period where no Pu(lll) is seen, followed by a
near zereorder growth in Pu(lll). These authors suggested a mechanism for this
wherebyPu(lV) is initially strongly stabilized as the hydroxamate complex, while
excess free AHA is being continuously depleted by hydrolysis. At a critical point, the
complex then starts to dissociate and releases a reducible form of Pu(lV) (as free
Pu(IV) or PINOs%Y), and the Pu(lV) is then rapidly reduced by either the AHA itself,

or NH20OH.
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With their model previously developed for the hydrolysis of XHAs in the presence of
nonoxidizing metal ions (Fe(lll) and Np(lV)), Andriewet al.[82] then reviewed data

on the hydrolysis of XHAs in the presence of Pu(lV) ions, following Pu(lll) ingrowth
under conditions of a large excesfsXHA to Pu(lV) in 1M HNG; at 291K. Under

these conditions the authors thought that redox processes could potentially be
neglected and they could adopt the approach whereby nitrate and AHA are expected
to competitively complex Pu(IV) but the concentratmf AHA was not so high as to

allow the formation of nitrat&HA cross complexe88]. The speciation of the system

considered was therefore described bg. R@0T 2.34 below.

00 56 <560 O L ptupo (2.30)
00 D60 =060 O O T Qg (2.31)
00 Goof:f,ég 0 L p& pT (2.32)
56 00 =260 0 bp O8O 233
5660 00 == 5600 Op o8 X (2:34)

Using previously published valuesof; or0 ; (reported forl = 2.0 mol dn)
[81], andstability constants for the formation of Pu(MXHA complexeq63], these
authors calculated the equilibrium constants shown is EQ0 i 2.32 for the
formation of the Pu(I\VWAHA complexes under their experimental cdrafis. Based
on the extremely high calculated valuekaf compared to that dz, K3, 0 or
0 ,they suggested that the chemistry of the PUAMA system would likely be

dominated by the monohydroxamato complex rather than the higher complexes or the
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nitrato-complexes, even in the presence of a large excess of hydroxamic acid.
Calculation of speaeition diagrams with a 2tbld excess of AHA showed this to be
true for -0.8 < pH <1.3, with the bishydroxamato complex only present at non
negligible amounts at pH > 0.5. Under these conditions, they found the formation of
the nitratecomplexes, primarilyas the bisnitrato complex, only at pH-&.8, the
formation of which was accounted for the by use of an analo§gusarameter as

used for the Np(I\VAAHA system[80].

From the desdoed kinetic analysis, Andrieuat al [82] reported a rate parameter for
the hydrolysis of the bound ligand'® ="Q 'O = 1.45¢103s?, which is two orders
of magnitude larger than that obtained for the free AHA hydrohfsi@="Q 0 =
1.47x10° st. They suggested that, as for Fe(lll) and Np{tdmplexed AHA,
complex formation with Pu(IV) increases the rate of hydrolysis andhedtigher the

co-ordination number, the faster the hydrolysis of the ligand proceeds.

Having discussed the speciation and hydrolysis of AHA in the presence of metal ions,
the final sections will describe the chemistry of the AHA hydrolysis product,
hydroxylamine. This is important to understand for two reasons; i) under high acid,
high temperature conditions, hydroxylamine can react autocatalytically / explosively
with nitric acid, which is ubiquitous in reprocessing flowsheets, and ii) the nature of
the reducing agent for the reduction of free Pu(lV) ions in the presence of AHA is still
unclear, potentially being the hydroxamic acid itself, or hydroxylamine. The known
chemistry of hydroxylamine with regards to its reaction with HM@d metal ions

will therefore be described in the following sections.
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2.5 The Chemistry of Hydroxylamine

2.5.1 Instability in Nitric Acid

Hydroxylamine is oxidised by both nitrous and nitric acid. For the more familiar

reaction of hydroxylamine with nitrous acid, the kinetics and mecmahg&ve been

investigated in some detail, with the reaction having been found to occur readily in

aqueous solution at room temperature according t@ B§[89].

0000 O00 0 UV OO0 00 (2.39)

Values for the rate paramet®, , have been published by a number of autf@s
92] from measurements made in both nitric and perchloric acid medm@ti 6.0
mol dm™ and temperatures @731 323K. Barney[90] reports an increase in the rate
constant fromi0.0 +0.8M?sec!i 35.6+ 1.0M?sin the range of 3B 323Kin HNOs
media atl = 2.00, and observed rate constantthe range of 8.27 11.14 M?s* for
H* concentrations of 0.8 1.89M at298K in HNOz media at = 2.00. Rate constants

of 13.11 24.2 M's! have been reported in@M HCIOs at 298K. Measurements at

298Kin HNOs media have shown that at higher ionic strengths of 4M, the rate constant

increases with increasing acid concentration until it reaches a maximum of

approximately 30 Ms? betweerD.5 and 1.0 M H, after which it decreasg81].

However, hydroxylamine can also be oxidised by HNOform nitrous acid (HNGQ)

via Eq. 2.36 and subsequendiyitrogen monoxide (PO) via Eq. 2.35 in proportions

that vary with the reaction conditionsrom their experiments of varying initial
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[HNO2] and [NHsOH'] at 25°C and 3 mol drH*, Bennettet al [91] observed the
products of the above mentioned reactidmydroxylamine with HN@to be HNQ,
N20, andadditionally N2 from a reaction of HN@with hyponitrous acidthe yields

of which wereall dependent on the initial NNOH* and HNQ.

600 "0 ¢06 60 gOb § "Ob (2:36)

When investigating the oxidation of hydroxylamine by HIN®embridge and
Stedman[92] found aqueous solutions of hydroxylammonium nitrate (HAN) to be
stable at room temperature, but to reatbcatalytically by EqR.36 when heated with
excess HN@ Specifically, they found the reaction to be characterized by an induction
period followed by the rapid autocatalytic procéssiggesting that the main reaction
product, HNQ, acts as a catalysbrf the HAN/nitric acid reaction described by Eg.
2.36. Gowland and Stedmg®3] later studied this further, producing boundary
conditions for the decomposition of hydroxylamine in nitric adty(re 2.18) by
plotting the yield nitrous acidp  "OU0 0 OO0V 7000 O against

0 "00 'O and extrapolating t& = 0. Nitric acid solutions of HAN are stable in the
region of low [HNQ] and T, where the nitrous acid scavenging reaction 263%)
dominates over the reaction that produces it (E§6) [94], so inhibiting any

autocatalytic effect that the nitrous may have on the latteegs.
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Figure 2.18: Boundary conditions for tt
decomposition of N¥DH* in nitric acid with
(A) [NH3OH*)/M =0.05. (B) 0.02. (C) 0.0
(D) 0.005. Solutions of HAN in nitric ac
are stable below thines and unstable abo
them[93] (reprodiced with permission fro
source[93], copryight 1981Elsevie).

10 20 30
Temperature, °C

From their investigations, these authors found the H&¢@venging reaction to follow
simple second order kinetics (E2)37) at low hydroxylamine (<0.0mol dn3), and
fixed HNOs; concentrations in the range 8 mol dnt3,

Qov Y %ﬁbﬁ Q000 GUOb 0 LMV Q0 (237
The reaction rate constarf® , varied only slightly in this range, buthen HNG
fell below 3moldm®a fAcritical 0 conc ént feleshaipgtw was
zero[94]. Bennettet al.[91] then later studied the readatian solutions of constant
ionic strength LINQ + HNGQs, providing a more quantitative treatment gfié. using
calculated values of the hydrogen ion activity . This is shown in Eq. 2.38 below,
wherec, d andf are constants. Under the conditions stddby these author&, was

calculated to be almost proportional to the molar concentration of nitric acid

equivalent to [Hi].

P Qd Q& (2.39)
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The mechanism proposed by Pembridge and Ste@@23rno describe 