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Solvent Systems
2015
Plutonium Uranium Reduction EXtraction (PUREX) technology is a solvent
extraction process used to recover plutonium and uranium from spent nuclear fuel.
The solvent system is composed of an aqueous nitric acid phase in contact with an
organic phase made up of tributyl phosphate in an organic diluent. During the
separation process, the PUREX solvent system is subject to an intense multicomponent radiation field (gamma rays, alpha particles, beta particles, neutrons, and
fission fragments) rendering it susceptible to radiolytic degradation, which reduces
its performance. Despite the PUREX process being used for over sixty years, a
complete quantitative mechanistic understanding of the radiolytic degradation
processes is not available. Nitrous acid is the most significant radiolytic degradation
product of nitric acid, especially as its chemical and physical properties alter the
formulation of the PUREX solvent system. Furthermore, nitrous acid exhibits
complex redox relationships with a number of actinides, with plutonium being of
greatest concern to the performance of the PUREX process.
A combination of experimental and computational (stochastic and deterministic)
techniques have been used to investigate the radiolysis of the PUREX solvent
system’s aqueous phase, specifically the radiolytic formation of nitrous acid, and its
conjugate base nitrite, as a function of solvent system formulation, absorbed dose (up
to 1.7 kGy), and radiation quality (cobalt-60 gamma rays and alpha particles from
plutonium and americium alpha decay). The research presented in this thesis focuses
on
(i)
(ii)

the experimental radiation chemistry of solutions of nitric acid and
sodium nitrate over the range of concentrations 1 × 10−3 to 6 mol dm−3,
and
the development of a multi-scale modelling approach for evaluating the
radiolysis of aqueous systems in terms of reaction mechanisms.

The experimental and modelling studies provide insight into the radiation chemistry
of the PUREX solvent system’s aqueous phase, mechanistically demonstrating how
the radiation chemical yield of nitrous acid and nitrite is dependent upon the
interplay between non-homogeneous radiation track chemistry and secondary bulk
homogeneous chemistry. This interplay is influenced by low pH, the presence of
chemical scavengers and redox active metal ions, and radiation quality. These
findings will act as a benchmark for the development of advanced reprocessing
schemes, which must seriously consider how modifications in solvent system
formulation and fuel composition may affect this dynamic interplay, and ultimately
the generation of secondary highly active liquid waste.
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Chapter 1 – Introduction

1.1.

Research Overview

The presented research investigates the radiolysis of plutonium uranium reduction
extraction (PUREX) solvent systems, with particular emphasis on the radiolytic
yields of nitrite (NO2−) and nitrous acid (HNO2) from aerated sodium nitrate
(NaNO3) and nitric acid (HNO3) solutions. PUREX technology is a liquid-liquid
solvent extraction process used by the nuclear industry to reprocess spent nuclear
fuel (SNF). The civil aim of which is the recovery of potential energy content in the
form of plutonium (Pu) and uranium (U) for the fabrication of new fuel.1-3 The
PUREX process achieves this goal by using a solvent system consisting of aqueous
HNO3 in contact with an organic phase, composed of a tributyl phosphate (TBP)
extractant and an organic diluent, e.g. the USA has used n-dodecane (n-C12H26) and
the UK uses odourless kerosene (OK).1-7 Despite the maturity of the technology
(over 60 years of industrial scale usage), there are a number of complexities which
limit the performance of the PUREX process, e.g. radiolytic degradation, third phase
formation, actinide-lanthanide partitioning, and proliferation resistance.1-7 A
significant amount of research has gone into the development of a number of
advanced reprocessing methodologies, e.g. group actinide extraction (GANEX) and
selective actinide extraction (SANEX).3,7,8 The majority of research into these
advanced methods has focused upon the design and implementation of specialised
extractants, which still apply solvent extraction techniques to selectively separate
targeted metal ions from aqueous HNO3 into an organic phase. However, these
advanced systems have been developed whilst neglecting both the fundamental
radiolytic behaviour of their novel solvent systems, and baseline knowledge of the
radiolysis of the PUREX solvent system.3 Therefore, there is a critical lack of
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research knowledge concerning the radiolysis of SNF reprocessing solvent systems
and how best to achieve this.
Under process conditions, the PUREX solvent system is loaded with a range of
actinides and fission products, many of which are unstable with respect to
radioactive degradation.1-7 These elements contribute to an intense multi-component
radiation field (gamma rays, alpha particles, beta particles, neutrons, and fission
fragments), which induces radiolytic degradation of the PUREX solvent system,
yielding numerous degradation products.1-7 These degradation products are
detrimental to the PUREX process, as they drastically reduce the performance of the
PUREX solvent system by altering its formulation, physical and chemical properties,
extraction affinities, kinetics, and redox properties. Deterioration of these finely
tuned properties limits recyclability of the PUREX solvent system and increases
waste management costs.3-7 Of particular importance to the PUREX process is the
radiolytic formation and behaviour of NO2− and HNO2 from the radiolysis of nitrate
(NO3−) and HNO3. Both NO2− and HNO2 are redox active species, capable of
altering the formulation of the PUREX solvent system by denitrification,
deacidification, and nitration.3-7,9 These two species also interact with a number of
important metal ions (e.g. uranium, neptunium, and plutonium), disrupting their
extraction properties through the formation of unfavourable complexes and oxidation
states.4-6,10-13 As a consequence, it is important to understand the radiolytic yields of
NO2− and HNO2, their associated radiation chemistry and their interactions with
other PUREX solvent system components, e.g. TBP and n-C12H26. Radiation studies
in this area have typically investigated solvent systems which are unrepresentative of
the PUREX process, with regards to solvent system formulation and radiation field
composition.3
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The intentions of this research are to bridge the outlined knowledge gap by using a
combination of experimental and computational techniques to provide greater insight
in to the radiolytic behaviour of the PUREX solvent system, with respect to the
radiolytic yields of NO2− and HNO2 as a function of radiation quality (γ-rays and αparticles), solvent system formulation, and absorbed dose.
The development of a greater radiation chemistry understanding for the radiolytic
behaviour of the PUREX solvent system will help drive the direction of reprocessing
research, by providing a benchmark against an established process from which future
research can apply to advanced reprocessing methods. This ultimately allows for
more effective innovation of SNF reprocessing technologies.

1.2.

The Nuclear Fuel Cycle

Although the focus of this research is on the effect of radiation upon the PUREX
solvent system, it is necessary that an overview of the nuclear fuel cycle (NFC) be
given to establish context for SNF reprocessing technology. The following
discussion is drawn from references 1 and 2. A NFC is defined as the ‘handling of all
fissile and fertile material necessary for nuclear power production and of the
radioactive products formed in this process’.1 There are two types of industrial scale
uranium fuel cycles operated globally, an open fuel cycle (OFC) and a closed fuel
cycle (CFC), both presented in Figure 1.1. An OFC (stages 1 to 8, and 10) involves
no reprocessing or recovery of material, instead SNF is sent to interim storage and
eventually located in a permanent geological repository. Alternatively, a CFC (stages
1 to 10) incorporates SNF reprocessing for the recovery of Pu and U for the
production of additional nuclear fuel and/or nuclear weaponry. Each of these fuel

27

Chapter 1 – Introduction
cycles may be broken down into a front end and back end, with reactor operations
being the transitional bridge between the two.
(6)

(7)

(5)
(9)

(4)

(8)

(3)
(2)

(1)
(10)

Figure 1.1. Diagrammatic representation of the various stages involved in a nuclear
fuel cycle, sourced from reference 14.

1.2.1. The Front End of the Nuclear Fuel Cycle
The front end of a NFC is the same for both an OFC and CFC, and encompasses all
stages for the preparation of nuclear fuel ready for reactor operations (stages 1 to 6);
prospecting, mining, milling, conversion and enrichment, and fuel fabrication.
Stage 1 - Prospecting involves geological profiling and the selection of areas
viable for U ore mining operations, providing the foundation for the whole
NFC.
Stage 2 - Mining concerns the recovery/extraction of U ore from the earth.
The type of mining operation is determined by the nature of the U ore
deposit, e.g. deposits close to the surface are recovered through open-pit
28
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mining, whereas ‘deep-seated’ intrusions are retrieved via underground
mining methods (e.g. shaft sinking and in-situ leaching).
Stage 3 - Milling comprises the crushing and grinding of extracted U ore
down to a suitable particulate size, which is subsequently chemically leached
(dissolution in concentrated acid) to separate the U from various in-soluble
ore-constituents. The resulting liquor is then chemically treated by a series of
solvent extraction and ion-exchange processes, separating the desired U from
any remaining ore constituents. The U is subsequently precipitated out of
solution and roasted to yield U ore concentrate (UOC), commonly referred to
as ‘yellow cake’.
Stage 4 - Conversion involves chemically converting the UOC into uranium
hexafluoride (UF6) for the enrichment process.
Stage 5 - Enrichment focuses on increasing the fissile 235U content of UF6, as
the natural isotopic abundance of

235

U is typically too low for most

commercial reactors to sustain a thermonuclear fission chain reaction.
However, there are reactors that can operate with naturally abundant

235

U

fuel, e.g. Canada Deuteruium Uranium (CANDU) and Magnesium Alloy
Non-oxidising (Magnox) reactors.* Boiling water and pressurised water
reactors (BWR and PWR, respectively), which are the most common nuclear
reactor types in operation throughout the world, require enriched

235

U fuel.

Commercial enrichment employs one of two technologies; gas centrifugation
and gas diffusion. Both approaches exploit the isotopic mass differences
between

*

235

U and

238

U in gaseous phase UF6, owing to the monoisotopic

U ore possesses a typical isotopic composition of 99.27% 238U, 0.72% 235U, and 0.00054% 234U. It
is the less abundant 235U isotope that is fissionable and necessary to initiate and propagate
thermonuclear fission chain reactions.
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composition of fluorine. The final UF6 product is enriched in 235U and is now
suitable for fuel fabrication.
Stage 6 - Fuel fabrication encompasses the conversion of enriched UF6 in to a
suitable reactor specific fuel form, e.g. UO2 pellets encased in zircaloy
(zirconium alloy) cladding for LWR. Upon completion the fuel is ready for
reactor operations (stage 7).

1.2.2.

Reactor Operations

The basis of all nuclear fission reactors is the controlled propagation of a fission
chain reaction within the fuel rods. The reactor then harnesses the thermal energy
released by fission events and converts it into electricity using a series of steam
generators and turbines. A fission chain reaction is safely propagated when an
initiating neutron is quantitatively replaced by a fission neutron, under these
conditions a reactor is said to be critical and the power output remains constant. The
main isotope exploited by commercial thermonuclear fission reactors is

235

U, which

upon fission liberates two fission fragments and an average of 2.5 neutrons (n),
outlined by (1.1).
235
92U

<236
+ n → <236
<92Fragment 1 + <92Fragment 2 + 2.5n

(1.1)

However, the neutrons emitted from a fission event possess too much kinetic energy
(>10 MeV) to propagate a fission chain reaction. These neutrons must be slowed
down to thermal energies (~0.01 eV), which is achieved by a moderator (e.g. H2O,
D2O, and graphite); a material which slows down energetic neutrons via a series of
elastic collisions. Moderated (or thermal) neutrons are capable of sustaining a

235

U

thermonuclear fission chain reaction.
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Although 238U is not fissile, it is fertile and capable of undergoing neutron capture to
yield 239Pu via 239Np, outlined by reactions (1.2) to (1.4).
238
92𝑈

+ n → 239
92𝑈

(1.2)

239
92𝑈

−
→ 239
93𝑁𝑝 + β + ῡ

(1.3)

239
93𝑁𝑝

−
→ 239
94𝑃𝑢 + β + ῡ

(1.4)

As a consequence, 239Pu builds up overtime and is said to ‘breed’ into the fuel during
reactor operations. The
235

239

Pu isotope is also fissile and thus behaves similarly to

U, undergoing fission upon neutron capture and liberating energy. As a

consequence,

239

Pu progressively contributes to the energy output of the reactor, up

to as much as a third during the life time of the fuel.
As fission occurs, the composition of the fuel changes with time; the fissile
component diminishes and is replaced by fission and transmutation products, some
of which are neutron absorbers. The combination of decreasing fissile content and
increasing neutron absorbing content progressively makes the fuel less efficient,
until eventually the fuel is considered spent and needs replacing. SNF is discharged
and passed onto the back end of the NFC (stages 8 to 10).

1.2.3. The Back End of the Nuclear Fuel Cycle
The back end of the NFC concerns itself with the handling of SNF and the various
other forms of nuclear waste generated by the front end and reactor operations (e.g.
depleted

238

U tails from enrichment). With regards to SNF, a typical composition is

given in Table 1.1. SNF is discharged from a reactor and typically allowed to cool
for several years before any further manipulations are performed (stage 8). This is a
consequence of the presence of highly radioactive fission products and their
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contribution to localised heating. Once cooled, the fate of SNF is decided by the type
of NFC adopted; an OFC prepares SNF for final disposal (stage 10), whereas a CFC
reprocesses SNF to maximise energy utility (stages 9 and 10).
Table 1.1. Example composition of spent nuclear fuel, excluding oxygen, taken from
reference 8.
Component

% Composition of Spent Nuclear Fuel

Uranium

95.6

Plutonium

0.9

Fission Products

3.4

Minor Actinides (Np, Am, and Cm)

0.1

As the focus of this research concerns the PUREX process, the following discussion
will concentrate on the SNF reprocessing aspect of a CFC, i.e. stage 9.

1.3. Spent Nuclear Fuel Reprocessing
SNF reprocessing is a method by which valuable materials are recovered from SNF
by means of chemical separation technology. Commercially the main purpose of
reprocessing SNF is to recover potential energy content in the form of Pu and U,
which allows for the potential fabrication of new fuel and/or for the fabrication of
weaponry. As can be seen from Table 1.1, U and Pu constitute ~97% of the total
mass of SNF, thus their removal and re-use reduces the volume and long-term
radioactivity of material for final disposal, minimising the burden placed upon any
purpose built nuclear waste storage facility.3 Reprocessing offers the ability to more
effectively manage the nuclear waste materials from SNF, e.g. vitrification of fission
products and minor actinides, concrete encapsulation of fuel cladding, and potential
transmutation of long lived radioisotopes.3 Such specialised waste treatment
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methodologies provide increased confidence in the long term storage of such waste
nuclear materials. Overall, reprocessing SNF offers the potential to maximise energy
utility, conserve fuel resources, provide energy security, allow for more effective
waste management, and potentially reduce the overall cost of a NFC.3,7

1.3.1. Development of Spent Nuclear Fuel Reprocessing Technology
SNF reprocessing was developed during the Second World War as a means of
obtaining the necessary materials for the fabrication of nuclear weapons. The
scientists involved in the Manhattan Project were charged with extracting high purity
Pu from a medium composed of the majority of the periodic table enveloped within
an intense multi-component radiation field, i.e. SNF. The earliest reprocessing
chemistry focused on dissolving SNF in concentrated HNO3 (≥4 mol dm−3) and
then extracting the Pu using various precipitation techniques. The principle behind
which was to selectively precipitate out a Pu salt which could then be further purified
by means of sequential re-precipitation. This eventually led to the development of
the Bismuth Phosphate Process, which was very successful in recovering relatively
pure Pu, which was later used for the fabrication of the Fat Man nuclear weapon
detonated over Nagasaki on 09/08/1945. The Bismuth Phosphate Process however
suffered from poor scale-up, large waste volumes, and limited Pu recovery, which
led to its replacement by solvent extraction technologies.
The solvent extraction approach involves dissolving the SNF in concentrated HNO3
(≥4 mol dm−3) and selectively forming Pu and U complexes which are preferentially
soluble in an organic phase.4-6 The Pu and U are then sequentially stripped from the
organic phase to yield high purity isolated product. The first solvent extraction
processes were developed in the USA and in the UK. The USA developed the Redox
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Process, which utilised hexone to form the necessary extraction complexes. The
process also utilised various redox and salting-out agents to enhance extraction
capabilities. Unfortunately, hexone is highly flammable and degrades in
concentrated HNO3. In parallel, the UK developed the Butex Process which used
butex (dibutoxy diethylene glycol) as an alternative to hexone, as it is more
chemically stable in concentrated HNO3, less flammable, and provided much
better separations, despite being more expensive. The Butex Process also
incorporated a separate Pu purification stage which utilised a 20 vol. % TBP-OK
solution. Experience with the Butex Process quickly revealed that TBP is a far
superior extractant than both hexone and butex: it is less flammable and less toxic
than hexone, cheaper and more chemically stable than butex, and provides far better
separations than both, without the need for salting-out agents. As a consequence,
TBP eventually became the extractant of choice, ultimately leading to the
development of the plutonium uranium reduction extraction (PUREX) process and
its adoption as the global reprocessing technology.

1.3.2. Plutonium Uranium Reduction Extraction Process
The PUREX solvent system is composed of an aqueous HNO3 phase in contact with
an organic phase, typically consisting of a 30 vol. % TBP-organic diluent solution;
the identity of the organic diluent is dependent upon the country of operation e.g. nC12H26 (Savannah River and Hanford Site – USA) and OK (Sellafield Site – UK).
Concentrated HNO3 is used to dissolve the SNF prior to reprocessing, and aids in the
formation of favourable oxidation states and complexes. Under process conditions,
the PUREX solvent system uses a variable concentration of HNO3 to regulate the
solubility of the various TBP complexes.4-6 The solubility of a particular complex
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determines to what extent it is extracted into the organic phase or rejected into the
aqueous phase. As outlined above, the presence of TBP is necessary for the
formation of Pu(IV), Pu(VI), and U(VI) complexes, which can then be partitioned
into the organic phase, effecting their separation from the fission products and minor
actinides. The use of an organic diluent is necessary to improve the properties of the
extractant (e.g. density, phase separation, phase disengagement etc.).4-6 Overall, all
of the components of the PUREX solvent system are essential for the efficient
extraction and purification of Pu and U from SNF. Consequently, the progressive
radiolytic and chemical degradation of the solvent system reduces the performance
the PUREX process, and leads to the production of secondary waste, and increased
costs associated with solvent system replacement and waste management.3,7
The extent of extraction with respect to a particular metal ion (𝑀) is often expressed
as a distribution factor (𝐷), given by (1.5)
𝐷 =

[𝑀]organic

.
[𝑀]aqueous

(1.5)

These distribution factors are then be used to determine the separation factor (𝑆) of a
given metal ion (𝑀x) relative to another (𝑀y), outlined by (1.6)
𝑆𝑥/𝑦 =

𝐷(𝑀x)

.
𝐷(𝑀y)

(1.6)

The properties of the PUREX process (e.g. solvent system formulation, density,
redox properties, etc.) are tailored to optimise the separation factors of desired
metals (Pu and U), and minimise those of unwanted species.
The PUREX process may be broken down into three key separation stages;
extraction of Pu and U, Pu partitioning, and U stripping. The first separation stage
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involves separating the desired Pu and U from all other SNF components, i.e. fission
products, minor actinides, and fuel cladding. This stage is considered to be the most
difficult of the three, because of the large mixture of metal ions and other fission
product species present and the intense multi-component radiation field associated
with them. The SNF is dissolved in concentrated HNO3 and then filtered to remove
any insoluble fuel components. This process leaves an elementally rich highly
radioactive HNO3 solution, which is subsequently contacted with a 30 vol. % TBPorganic diluent solution, which allows for the formation of the desired Pu and U
complexes ([Pu(NO3)4·2TBP], [PuO2(NO3)2·2TBP)], and [UO2(NO3)2·2TBP]), that
are preferentially soluble in the organic phase under the concentrated HNO3
conditions. Greater than 99.8% of the Pu and U is co-extracted into the organic
phase, leaving the majority (>99%) of the highly radioactive fission products and
minor actinides in the HNO3 phase. The Pu and U rich organic phase is then sent to a
Pu partitioning stage, whilst the highly radioactive HNO3 phase is sent for highly
active liquid waste (HLW) treatment.†
The separation of Pu from U is achieved by reducing Pu(IV) and Pu(VI) to Pu(III).
The associated complex ([Pu(NO3)3(TBP)3]) is sufficiently insoluble in the
organic phase to partition into the aqueous phase. This stage involves countercurrently contacting the Pu and U rich organic phase with fresh concentrated HNO3,
which contains a reducing agent such as uranium-IV nitrate or ferrous sulfamate.
The Pu is then isolated as a Pu product stream which is subsequently subjected to a
separate Pu purification stage, and is eventually calcined to yield pure PuO2 product.
This approach ultimately leaves a U rich organic phase which is subjected to a U
stripping stage. This involves contacting the U rich organic phase with dilute
†

HLW is highly radiotoxic and heat emitting, which makes it extremely difficult to handle and
represents a serious risk to the environment and biosphere.
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aqueous HNO3, thereby destabilising [UO2(NO3)2·2TBP] and allowing for the
recovery of U in the aqueous phase. The U rich aqueous phase is subsequently
subjected to a separate U purification stage and calcined to yield pure UO2 product.
Upon recovery of the Pu and U, the organic phase is chemically scrubbed and
decontaminated before being recycled.

1.3.3. Partitioning and Transmutation Strategy
Although the PUREX process has been used for over 60 years, a considerable
amount of research effort has been expended into investigating and developing
advanced solvent extraction processes suitable for current and next generation
nuclear fuel cycles, the majority of which are permutations of the PUREX solvent
system.15,16 The intention of this research is to improve the PUREX process (e.g.
increased radiation resistance, proliferation resistance, cost effectiveness, and
improved waste management.) and to facilitate additional applications (e.g. trivalent
actinide-lanthanide separations, extraction of rare elements, and transmutation of
minor actinides and long lived fission products).7,15,16 An innovative option that
addresses some of these aims is the Partitioning and Transmutation (P&T) strategy
which can be broken down into five key objectives; Pu and U partitioning, separation
of short-lived heat-generating fission products (e.g.

137

Cs and 90Sr), co-extraction of

the trivalent actinides and lanthanides (An(III) and Ln(III), respectively) followed by
their respective separation, and finally transmutation of long-lived fission products
and minor actinides (i.e. Np, Am and Cm).7,15,16
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The first objective fulfils the original purpose of SNF reprocessing, i.e. the extraction
of Pu and U. This stage reduces the radiotoxicity of SNF by ~290000 years;‡
assuming the recycled Pu and U fuel is burnt in its entirety, otherwise radiotoxicity
levels remain the same. However, due to proliferation concerns the long-term
recycling of Pu fuel is currently unclear, although three pathways have been
proposed.3,7 The first involves the continued isolation of Pu, which can be either
mixed with U for use as MOX fuel, or used directly as a fuel for fast breeder
reactors. A second approach involves treating Pu as a waste product and disposing of
it within the HLW fraction. The third approach involves co-precipitating Pu and U to
yield MOX fuel. If the recycling of Pu as fuel is continued, the typical extraction of
Pu and U from SNF leaves an aqueous phase consisting of a mixture of fission
products, minor actinides, and corrosion products which can be disposed of as HLW.
These constituents have variable half-lives, radiotoxicities and environmental
mobility behaviours. For example, minor actinides predominantly contribute to the
long-term radiotoxicity of HLW in which Pu and U have been removed. As a
consequence, the subsequent four objectives are designed to more effectively
manage fission products and minor actinides.
Objective two involves separating the short-lived heat-generating fission products
from HLW. These radioisotopes are responsible for the majority of the radiotoxicity
present in HLW for approximately the first 300 years. Partitioning such species
reduces both the thermal and radiological burden upon the final disposal of HLW.
The isolated short-lived fission products may then be put into tailored interim
storage and left to decay to environmentally non-hazardous radiotoxic levels.
Objectives three and four concern the management of An(III) and Ln(III), the
‡

The lifetime of radiotoxicity is the time taken for the radioactivity of SNF to reach U ore activity
levels, which are considered non-hazardous to the environment.
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importance of which relates to the radioactivity of long-lived fission products and
minor actinides: the presence of which delays the return of HLW to environmentally
non-hazardous radiotoxic levels by approximately 9000 years.1 By removing the
long-lived fission products and minor actinides from HLW, the duration of final
disposal is brought within current engineering timeframes (1000’s of years), which
further bolsters confidence in effective waste disposal. The separation of An(III)
(Am and Cm) and Ln(III) is particularly challenging, owing to their chemical
similarities; both groups of elements possess f-orbitals, remain trivalent under acidic
conditions, and exhibit similar cation radii as a consequence of the lanthanide and
actinide contraction.15-18 Considerable research has gone into the design of
extractants capable of effecting their separation.3 A number of these extractants have
been incorporated into proposed reprocessing schemes and have been implemented
in laboratory scale experiments.3,7,15,16 Following

their

isolation,

the

minor

actinides can be processed by stage five, i.e. transmutation. Transmutation is
defined as the transformation of one element into another.19 This stage typically
involves bombarding the original element’s nucleus with particles, e.g. neutrons.
With regards to SNF reprocessing research, transmutation typically involves
subjecting the minor actinides and long-lived fission products to continuous neutron
irradiation, converting them into either stable isotopes or short-lived radionuclides.
Currently, transmutation of the minor actinides and long-lived fission products is the
least technologically developed stage.
Once all of the challenges associated with the above five objectives have been met,
the various components of SNF can be managed more effectively; Pu and U
fabricated into fuel, short-lived fission products allowed to decay in interim storage,
and transmutation of the minor actinides and long-lived fission products. This
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approach ultimately reduces the volume of waste for final disposal and its radiotoxic
lifetime. Currently, the partitioning aspect of P&T is expected to use either the
complete PUREX solvent system or a slight modification of its formulation.3 As a
consequence, it is important that we have an in-depth knowledge of the radiolytic
degradation of the PUREX solvent system, i.e. a greater understanding of the
fundamental radiation chemistry, and how each component of such complex systems
behave in the presence of a multi-component radiation field.
In summary, a NFC is defined by a number of stages that facilitate the acquisition,
preparation, and waste management of all fissile, fertile, and radioactive materials
involved in the production of nuclear power. SNF reprocessing is one of the latter
stages and the defining aspect of a CFC, offering the potential benefits of
maximising energy utility, conserving fuel resources, and providing energy security.
The current industrial benchmark for SNF reprocessing is the PUREX process. The
PUREX process is a solvent extraction technology that uses a solvent system
consisting of an aqueous HNO3 phase in contact with an organic phase, consisting of
TBP dissolved in an organic diluent. Throughout the years, considerable research
efforts have been invested into the development of enhanced reprocessing strategies,
with the intention of expanding the utility of SNF reprocessing and to address a
number of legacy issues. However, despite the aforementioned benefits and research
developments, reprocessing SNF is a costly endeavour, which under the current
economic climate is undermined by the price of freshly mined U ore. Consequently,
future research and development initiatives must focus on improving the costeffectiveness of SNF reprocessing, e.g. by fully understanding the radiolytic
degradation of the PUREX solvent system components, so as to introduce effective
improvements that extend the lifetime of the solvent system, thereby reducing the
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amount of secondary waste formation and waste management costs. Overall,
reprocessing SNF is no trivial task and represents one of the most complex chemical
processes performed on an industrial scale to date. Despite the outlined challenges,
the advantages associated with reprocessing SNF are such that research costs into
increasing its cost-effectiveness are undoubtedly justified from a stewardship and
energy security perspective.

1.4.

Radiation

Radiation is defined as the propagation of energy through space, either in the form of
electromagnetic waves or energetic particles.19 The following discussion is drawn
from references 1 and 20. The absorption of radiation is traditionally expressed in
chemical reactions by the symbol ‘⇝’. Ionising radiation refers to radiation which
possesses energy in excess of that required to eject a valence electron from an
atom/molecule (𝐴), typically of the order of electron volts (eV). Ionisation results in
the formation of an ion-pair, which is essentially a free electron (e−) and its
complementary radical cation (𝐴+), outlined by (1.7).
𝐴 ⇝ 𝐴+ + e−

(1.7)

Non-ionising radiation possesses energy below that required to eject a valence
electron from an atom/molecule. As a consequence, a non-ionising radiation energy
transfer results in the formation of an electronically or vibrationally excited species
(𝐴*), outlined by (1.8).
𝐴 ⇝ 𝐴*

(1.8)

There are numerous fates for such excited species, e.g. physical quenching,
photoionization, dissociation, intermolecular energy transfer, and luminescence.21
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However, radiation chemistry traditionally concerns the effects of ionising radiation,
as such all references to ‘radiation’ within this thesis will be synonymous with
ionizing radiation from hereon in.

1.4.1. Radiation Sources
As previously outlined, under operating conditions the PUREX solvent system is
subjected to an intense multi-component radiation field. Consequently, to truly
understand the radiolysis of the PUREX solvent system, the independent effects of
the radiation species comprising the multi-component radiation field must be
understood. The presented research has studied the radiolytic effects of alpha
particles and gamma rays, sourced from the radioactive decay of certain
radionuclides.
Radioactive Decay
Radioactive decay is a phenomenon by which an unstable nucleus spontaneously
undergoes a nuclear transformation, in which the composition of the parent nucleus
is altered to yield a daughter nucleus and radiation species. The transformation is
defined by a discrete transition from a high energy parent nuclear quantum state to a
lower energy daughter nuclear quantum state; the energy separation between the two
nuclear states is ultimately released as decay energy in the form of radiation.
Isotopes susceptible to radioactive decay are referred to as radionuclides, and are a
natural source of radiation. Radionuclides are typically characterised by their mode
of decay and their associated half-life (𝜏1/2); the time taken for the radioactivity of a
sample to be reduced by one-half, i.e. the decay of one half of the radioactive atoms
within a sample, outlined by (1.19)
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𝜏1/2 =

ln(2)
𝜆

.

(1.19)

Where 𝜆 is the decay constant for the radionuclide concerned. The type of nuclear
transformation undertaken by a radionuclide is dependent upon the composition of
its nucleus. For a more detailed discussion on unstable nuclei and radioactive decay
see Radiochemistry and Nuclear Chemistry 3rd Edition by G. Choppin, J. Liljenzin,
and J. Rydberg.1 The typical modes of radioactive decay are alpha, beta, and gamma
ray emission. As this research concerns the use of alpha particles and gamma rays to
induce radiolysis, their associated modes of decay are discussed in further detail.
Alpha Decay
Alpha decay is a process by which a parent nucleus undergoes fragmentation to yield
a recoiling daughter nucleus, and an ejected nuclear fragment corresponding to a
stripped helium nucleus, referred to as an alpha (α-) particle. The alpha decay energy
is partitioned between the recoiling daughter nucleus and the ejected α-particle.
Alpha particles are a type of heavy charged particle (HCP) radiation, as they possess
masses greater than that of a nucleon, i.e. >1 amu. Although their charge renders
them susceptible to Coulombic interactions with electrons of the medium, α-particles
are deflected to a lesser extent than light charged particles (LCP), radiation which
possesses a mass lower than that of a nucleon, e.g. β-particles. Consequently, the
trajectory of an α-particle is essentially linear. Collectively these properties result in
the radiation chemical track of a HCP being shorter and more densely populated than
that of a gamma ray (γ-) track. HCP tracks typically exhibit a cylindrical column
structure, composed of a dense core of energetic radiolytic species and an outer
diffuse shell of branching tracks. Furthermore, the associated daughter nucleus also
behaves as a HCP, as it receives a fraction of the alpha decay energy, which
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manifests itself as kinetic recoil energy. Although this energy is relatively small
compared to the energy received by the emitted α-particle, the recoil energy
possessed by the daughter nucleus is in considerable excess of that required to break
chemical bonds, which are of the order of eV. Hence, in addition to the damage
induced by the α-particle, the recoiling daughter nucleus also possesses the capacity
to induce significant radiation damage within its vicinity.
The key products from the PUREX process, Pu and U, possess isotopes susceptible
to α-decay. Alpha decay contributes up to 12% of the total energy of the multicomponent radiation field experienced by the PUREX solvent system during
reprocessing UK SNF.22 Consequently, it is important that an understanding of the
effects of alpha radiolysis on the components of the PUREX solvent system is
attained to provide a representative radiolytic mechanistic understanding for which
advanced reprocessing schemes can utilise in their development.
Gamma Decay
Daughter nuclei yielded by both alpha and beta decay are typically produced in
excited nuclear states. As with electronic excitation, return to a stable nuclear ground
state requires dissipation of excitation energy. For excited nuclei, this is typically
achieved by the emission of γ-rays; a form of electromagnetic radiation of nuclear
origin, possessing energies between approximately 40 keV to 4 MeV. The energy
possessed by the emitted γ-rays corresponds to the nuclear excitation energy. Unlike
alpha decay, the gamma decay energy partitioned to the ground state daughter
nucleus is negligible and thus recoil damage is insignificant. As γ-rays exhibit no
charge and possess a rest mass of essentially zero, they are not susceptible to
Coulombic interactions. Consequently, the Beer-Lambert Law is appropriate for
describing their attenuation, outlined by (1.20)
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𝐼o
𝐴𝑏𝑠 = 𝜀 𝐶 𝐿 = log10( ) .
𝐼

(1.20)

Where Abs is absorption, 𝜀 is the molar extinction coefficient, 𝐶 is the concentration
of absorbing species, 𝐿 is the path length, 𝐼o and 𝐼 are incident and transmitted
intensities, respectively. Gamma rays typically undergo a couple of large energy
transfer events before complete absorption. This results in low ionisation densities
and long path lengths. Hence, their passage through matter results in the formation of
randomly distributed and sparsely populated radiation chemical tracks. The majority
of the damage induced by the absorption of γ-rays arises from the action of high
energy secondary electrons.
As a consequence of their emission from most radioisotopes, γ-rays make up a large
fraction of the multi-component radiation field experienced by the PUREX solvent
system; up to 40% of the total energy from UK SNF.22 Despite extensive γirradiation studies in this area, these have typically either been performed on nonrepresentative systems, or have not presented a complete mechanistic understanding
on the radiolysis of the PUREX solvent system and its individual components.3,§
Hence, it is important that further γ-radiolysis studies are performed on the
components of the PUREX solvent system, so as to outline their effects upon the
various radiolytic products, in addition to providing a comparison for higher
complementary α-radiolysis studies.

1.4.2. Modes of Interaction with Matter
For radiation to be able to exert any effect upon matter it must possess some mode of
interaction. These modes of interaction are: elastic scattering, inelastic scattering, the
§

Representative systems, with relevance to the PUREX process, are defined in this work as those
that utilise HNO3 concentrations and radiation qualities similar to those used and experienced by
the PUREX solvent system.
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photoelectric effect, Compton scattering, pair production and positron annihilation,
Bremsstrahlung emission, and Čerenkov emission.
Elastic Scattering
Elastic scattering involves a kinetic energy transfer collision between an incident
radiation species and an absorbing species. The interaction alters the radiation
species’ direction of propagation and does not promote additional internal energy
processes. Elastic scattering does not induce chemical change.
Inelastic Scattering
Inelastic scattering involves an energy transfer through Coulombic interactions with
the valence electrons of an absorbing species. As this mode of interaction
necessitates the need for the incident radiation to possess a Coulomb field, inelastic
scattering is an interaction mode reserved for charged particle radiation, e.g. αparticles. The Coulombic energy transfer results in either ionization or excitation of
the absorbing species. In either case, the radiation species has the potential to be
scattered and may undergo further interactions depending upon its remaining energy.
The Photoelectric Effect
The photoelectric effect is a physical quantum phenomenon in which
electromagnetic radiation is completely absorbed by an absorbing species. The
energy of the electromagnetic radiation is then converted into electronic excitation.
This induces the ejection of a valence electron, which is subsequently referred to as a
photoelectron. The kinetic energy (𝐸K) of the photoelectron is determined by the
difference between the incident energy (𝐸o) of the electromagnetic radiation and the
binding energy of the electron (𝐸B), outlined by (1.21)
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1

EK = (M v2) = Eo − EB .
2

(1.21)

If the photoelectron originated from an inner/core orbital, then additional radiationinduced processes can occur. This is initiated by an electron within a higher orbital
relaxing into the vacancy left by the photoelectron. The difference in orbital energy
can then be emitted in the form of an X-ray (a form of high energy electromagnetic
radiation); this is referred to as fluorescent radiation. However, if the energy to be
dissipated is in excess of electron binding energies, then an internal photoelectric
process can occur. This results in the emission of several electrons, known as Auger
electrons. This electron cascade continues until the absorbing species attains
electronic ground state energy.
Compton Scattering
Compton scattering occurs for higher energy electromagnetic radiation. The incident
photon collides with the orbital electron of an absorbing species, exchanging a
fraction of its energy before becoming deflected from its incident path. The orbital
electron is instantly ejected from the absorbing species, and is then referred to as a
Compton electron. The photoelectron then recoils away from the incident path of the
photon. The deflected photon may still possess enough energy to undergo further
modes of interaction. The energy (𝐸p) of the deflected photon can be determined by
the difference between the incident energy of the photon and the kinetic energy of
the Compton electron, outlined by (1.22)
Ep = Eo − EK .

(1.22)

As with the photoelectric effect, the ejected electron leaves vacant orbitals, which
allows for the potential generation of X-rays and Auger electrons.
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Pair Production and Positron Annihilation
Pair production is a process by which electromagnetic radiation interacts with the
nuclear field of an absorbing species, becoming converted into an electron and a
positron (electron antimatter). The oppositely charged particles travel away from
their source of creation in opposite directions. The ejected electron undergoes
successive energy transfer until thermalization, whereas the positron undergoes
annihilation with electrons of the medium. Positron annihilation results in the
generation of two 0.51 MeV photons, known as annihilation radiation. These
photons are emitted in opposite directions to conserve momentum and are capable of
undergoing any of the previously discussed electromagnetic radiation interaction
modes. To undergo this process, an electromagnetic wave must possess at least 1.02
MeV, twice the rest mass of an electron (0.51 MeV). Energy above this minimum
value manifests itself as kinetic energy in the generated charged particles.
Bremsstrahlung Emission
Bremsstrahlung (breaking radiation) emission is a phenomenon by which LCP
radiation decelerates with the emission of X-rays. A LCP possesses excess charge
and is thus influenced by Coulomb fields. As a consequence, when a LCP
approaches an absorbing species it experiences the positive nuclear field. Depending
upon the charge of the LCP, the positive nuclear field either induces deceleration
towards or away from the nucleus. The effect of deceleration is the concomitant
emission of X-rays. The greater the energy of the LCP, the more predominant
Bremsstrahlung becomes.
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Čerenkov Emission
Čerenkov emission is another LCP interaction mode that involves the emission of
photons within the blue region of the electromagnetic spectrum. These photons are
generated by the passage of an energetic LCP through a medium possessing a high
refractive index. This phenomenon, which is responsible for the blue light source in
spent fuel cooling ponds, arises from a LCP being able to travel faster than light in
certain mediums, as a result of light velocity being dependent upon the refractive
index of the medium being traversed. When this requirement is fulfilled, the passage
of an energetic LCP results in the emission of electromagnetic radiation, emitted
coherently along the radiation track.

1.4.3. Particulate Radiation Chemical Tracks
The passage of radiation through matter results in a series of energy transfer events,
which are collectively referred to as a radiation track. As highlighted above,
electromagnetic radiation typically undergoes a couple of energy transfer events, and
thus their attenuation can be described using the Beer-Lambert law (1.20).
Particulate radiation on the other hand, undergoes significantly more energy transfer
events and thus their attenuation cannot be so easily described. The maximum
energy particulate radiation may transfer (𝑄max) in a single energy transfer event is
given by (1.23)
𝑄max = [

(4 𝑚 𝑀)
(𝑚 + 𝑀)2

1

]×[

2

(𝑀 𝑣2 )] ,

(1.23)

where 𝑚 is the atomic mass of the absorbing species, 𝑀 is the atomic mass of the
radiation particle, and 𝑣 is the velocity of the radiation particle. Hence, the heavier
the radiation particle the lower the maximum amount of energy transferred in a
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single event. Each energy transfer event gives rise to highly reactive radiolytic
species, e.g. radicals, excited species, ionized species, and free electrons. This path
of radiolytic species is referred to as the primary radiation chemical track, outlined in
Figure 1.2.

Branch Track
>5000 eV

Delta Tracks

Spurs
<100 eV

Primary Radiation
Blobs
100-500 eV

Short Track
<5000 eV

Figure 1.2. Schematic representation of a radiation chemical track, qualitatively
outlining the dependency of secondary ionisation event location on the kinetic
energy of secondary electrons.
Although the types of radiation induced species that constitute these tracks are
generally the same for a given material, radiation quality (type of radiation and its
associated energy) affects the relative spatial and temporal distribution of these
radiolytic species, as the structure of a radiation chemical track is strongly dependent
upon the rate of energy deposition (energy per unit path length). A high rate of
energy deposition creates densely populated tracks in which second order processes
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are enhanced. A low rate of energy deposition creates sparsely populated tracks in
which diffusive processes dominate.
As a radiation particle undergoes successive energy transfer events it loses kinetic
energy and thus its velocity decreases. As the radiation particle spends progressively
longer periods of time within the vicinity of valence electrons, the probability of an
energy transfer event increases, leading to more energy transfer events per unit path
length, i.e. the rate of energy deposition generally increases as it traverses through an
absorbing medium. This attenuation continues until a maximum rate of energy
deposition is achieved, which is known as the Bragg peak. At energies lower than the
Bragg peak, the rate of electronic energy transfer drops and nuclear collision
processes become important prior to the radiation particle coming to a rest.
The rate of energy deposition of particulate radiation is traditionally expressed in
terms of linear energy transfer (LET). LET is defined as the amount of energy
absorbed by an absorbing medium (𝑑𝐸abs) per unit path length travelled by a
radiation particle (𝑑𝑥), given by (1.24)
LET =

dEabs
dx

.

(1.24)

As the LET of a radiation particle increases, the mean-free path length between
successive energy transfer events decreases. Eventually the separation between
successive energy transfer events is similar to the separation between the
atoms/molecules of the medium. This results in the formation of an essentially
cylindrical column of radiolytic species, often referred to as columnar ionization.
Upon its effectively instantaneous creation (femtosecond timescales), a radiation
chemical track comprises a non-homogenous mixture of radiolytic species. These
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species are subjected to intra/inter-spur reactions, and diffusive processes drawing
them into the bulk to achieve homogenous distribution. An intra-spur reaction is a
reaction between radiolytic species that were generated from the same primary
energy transfer event. Whereas an inter-spur reaction is a reaction between radiolytic
species that were generated from different primary energy transfer events.

Time Regime

Processes

Timescale

Physical

Energy Transfer and
Track Structure

<1 femtosecond

Physicochemical

Ultra-fast Chemistry

<1 picosecond

Diffusion-Kinetic

Non-homogeneous
Chemistry and Diffusion

<1 microsecond

Figure 1.3. Schematic representation for the breakdown of a radiation chemical
track into three key time regimes; physical, physicochemical, and diffusion-kinetic.
Due to the non-homogeneous nature of a radiation chemical track, its life-time is
finite, with complete homogenous distribution being attained within approximately
10−7/10−6 s in water. Radiation track chemistry can be roughly broken down into
three time regimes, outlined by Figure 1.3.
The physical time regime concerns the initiating energy transfer event and the
establishment of the radiation track, occurring within femtosecond
timescales.
The physicochemical time regime concerns the ultra-fast chemistry of the
initial radiolytic species occurring within picosecond timescales prior to
diffusive motion of species.
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The diffusion-kinetic time regime concerns competition between encounter
driven chemistry and diffusion of radiolytic species into bulk solution, which
occurs on microsecond timescales in water. The diffusing species are
typically a mixture of radiolytic species which have survived the diffusionchemistry time regime, and the products of reactions occurring within the
radiation chemical track.
Once the species surviving reactions within the radiation chemical track have
become homogeneous distributed, bulk chemistry takes over ultimately establishing
the most stable products.
The electrons produced along the primary radiation chemical track, as a consequence
of ionisation events, can possess considerable kinetic energy and are commonly
referred to as secondary electrons. These secondary electrons are capable of inducing
additional energy transfer events within the vicinity of the primary radiation
chemical track. The location of these secondary energy transfer events is dependent
upon the energy of the secondary electrons, as indicated by Figure 1.2. Secondary
electrons possessing <100 eV of kinetic energy have short ranges and tend to
undergo secondary energy transfer events close to the primary radiation chemical
track, resulting in the formation of small clusters of radiolytic species, known as
spurs (<100 eV of deposited energy). As the kinetic energy possessed by a secondary
electron increases, so too does the range and amount of secondary energy transfer
events. This leads to the formation of larger clusters of ionisation and excitation
known as blobs (100-500 eV), short tracks (<5000 eV), and branching tracks (>5000
eV).23-25 Secondary electrons that possess sufficient energy to initiate their own
branching tracks (>500 eV) are known as δ-rays, and their associated radiation
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chemical tracks are referred to as δ-tracks. Secondary electrons will continue to
induce secondary energy transfer events until they thermalize.
The pathway by which chemical change is induced through the radiolysis of matter
falls into one of two categories, direct radiation effects and indirect radiation effects.
The direct effects of radiation involve the transfer of radiation energy into the
valence electrons of an absorbing species, typically leading to ionisation and
subsequent radiation track chemistry. The contribution of direct radiation effects is
usually described through the concept of electron fractions, which assumes that the
energy deposited in a radiation track may be partitioned between the constituents of
the material being traversed, proportional to their respective electron fractions, i.e.
their contribution to the total electron density of the material.26 The electron fraction
(fs) for a given solute is defined by (1.25)
𝑓s =

[(Wtfs 𝑁s) ÷ 𝑀s]
.
[(Wtfs 𝑁s) ÷ 𝑀s] + [{(1 − Wtfs) 𝑁S} ÷ 𝑀S]

(1.25)

Where Wtfs is the weight fraction of the solute, 𝑁s and 𝑁S are the numbers of
electrons, and 𝑀s and 𝑀S are the molecular weights of the solute and solvent,
respectively. Hence the extent to which a component of matter is directly radiolysed
is proportional to its electron fraction and thus its concentration.
The indirect effects of radiation involve chemical change induced by the primary
products of radiolysis, i.e. those originating from direct radiation effects. The extent
to which indirect effects drive chemical change is determined by the chemistry and
proportions of the primary radiolysis products.
In summary, radiation is the propagation of energy through space, either in the form
of electromagnetic waves or energetic particles, e.g. γ-rays and α-particles,
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respectively. The interaction of radiation with matter involves a number of potential
energy transfer processes, through which a radiation chemical track is established.
The radiation chemical track evolves as a function of time, ultimately yielding a
number of reactive radiolytic products that have become homogeneously distributed.
The proportions of these radiolytic species are dependent upon the structure of the
radiation chemical track, which is predominantly influenced by radiation quality.
This dependency on radiation quality outlines the importance of understanding the
effects of different types of radiation and their respective energies upon the radiolytic
degradation of the PUREX solvent system.

1.5.

Radiolysis of the PUREX Solvent System

Unlike most other industrial scale chemical processes, the PUREX process is subject
to an intense multi-component radiation field. This radiation field induces
degradation of the fundamental components of the PUREX solvent system.3,7 Such
degradation results in the production of vast numbers of degradation products, of
which over 200 species have been detected thus far.3 These degradation products are
detrimental to the performance of the PUREX process, as they are capable of
drastically altering the formulation of the PUREX solvent system. This potentially
affects the physical and chemical properties of the system, which in turn influences
extraction affinities, redox properties, and reaction kinetics.3,7 The fundamental
radiation chemistry underpinning the radiolysis of the PUREX solvent system is
highly complex and is still not sufficiently understood. To begin to comprehend the
radiation chemistry occurring within the PUREX solvent system, and extrapolate to
advanced reprocessing methodologies, the fundamental radiation chemistry of the
individual components must be understood.
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What follows is a discussion of the radiation chemistry of the individual components
of the PUREX solvent system. Particular attention is given to the radiolysis of the
aqueous phase, as the associated radiation chemistry is the focus of the presented
research. The general radiation chemistry of the organic phase has been included for
completeness, and to provide appreciation for the challenges involved in
understanding the radiolysis of the PUREX solvent system as a whole. The
following discussion is drawn from references 3 and 7.

1.5.1. Water Radiolysis
The radiolysis of water is one of the most well studied and understood systems in the
discipline. Water radiolysis liberates several species, the kinetics of which are very
much dependent upon the temporal evolution of the radiation chemical track,
outlined by Figure 1.4.1,20 The initial radiolytic species formed from the radiolysis of
water at femtosecond timescales are the transient ionisation and excitation products,
i.e. the ‘hole-pair’ (H2O

+

and e−) and excited water state (H2O*).27,28 The ‘hole-pair’

undergoes either rapid recombination to form H2O*, or interacts with surrounding
water molecules; the water radical cation (H2O +) reacts to yield the hydroxyl radical
(OH ) and the hydroxonium cation (H3O+/Haq+); while the electron (e−) propagates
energy transfer until thermalization, at which point it undergoes solvation to yield
the hydrated electron (eaq−), generalised by (1.26).29,30
110 𝑓𝑠

e− →

240 𝑓𝑠

epre− →

eaq−

(1.26)

The transient species epre− is generally referred to as the precursor to the hydrated
electron or dry electron; henceforth we will refer to it as the precursor to the
hydrated electron. The excited water state either relaxes back to an energetic ground
state through interaction with surrounding water molecules, or undergoes
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fragmentation to yield the hydrogen atom (H ), molecular hydrogen (H2), oxygen
atom (O), and the hydroxyl radical.20,27-31

Time Regime

Event
H2O

<1 femtosecond

H2O*

H 2O

H2 + O

H + OH

+

+ e¯

OH + H3O+

<1 picosecond

<1 microsecond

epre¯

eaq¯

eaq¯, OH , H , H2O2, H2, H3O+

Figure 1.4. Simplified diagram of the temporal evolution of water radiolysis
products.
During the lifetime of the spur, these radiolytic species are capable of reacting with
one another to generate additional radiolytic products, e.g. hydrogen peroxide
(H2O2). The radiolytic species present at the end of spur diffusion are referred to as
the primary products of water radiolysis, outlined by reaction (1.27).20,31
H2O ⇝ eaq−, OH , H , H2, Haq +, H2O2

(1.27)

The radiolytic yields of these species in pure water are very much dependent upon
the LET of the incident radiation, as indicated by Table 1.2, taken from references 31
and 33. As the LET of the incident radiation species increases, the radiolytic yields
of radical products (eaq−, OH , H , and O) decrease while molecular product yields
increase (H2 and H2O2). This is a consequence of the enhancement of second order
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processes, such as radical recombination, through the action of inter-spur
reactions.20,27,28 It is the primary products of water radiolysis that are responsible for
the indirect effects of radiation on the aqueous phase of the PUREX solvent system.
The most reactive of these species are the eaq−, H , OH , and H2O2, of which the eaq−
and H are strongly reducing species (Eo = -2.9 V and -2.3 V**), and OH and H2O2
are strongly oxidising species (Eo = +2.7 V and +1.8 V**).31 These reactive radiolytic
species are produced within radiation chemical tracks and undergo a number of
chemical processes, such as intra-track reactions and reactions with solutes,
compilations of which can be found in Buxton et al. and Elliot and Bartels.31,32
Table 1.2: Radiolytic yields†† of the primary products of water radiolysis as a
function of radiation quality; gamma rays (Buxton et al.31) and alpha particles (5.3
MeV 210Po, Lefort and Tarrago33).
Radiation

Radiolytic yield (ions or molecules 100 eV−1)
eaq−

OH

H

Haq+

H2

H2O2

Gamma

2.8

2.9

0.6

2.8

0.5

0.7

Alpha

-‡‡

0.5

0.6

-‡‡

1.7

1.6

The fundamental processes involved in the radiolysis of pure water during the
lifetime of a radiation chemical track are outlined by (1.28) to (1.37).31

**
††

‡‡

eaq− + eaq− + 2H2O → H2 + 2OH

2k = 1.1 × 1010 dm3 mol−1 s−1 (1.28)

eaq− + H + H2O → H2 + OH−

k = 2.5 × 1010 dm3 mol−1 s−1 (1.29)

eaq− + OH → OH−

k = 3.0 × 1010 dm3 mol−1 s−1 (1.30)

eaq− + Haq+ → H

k = 2.3 × 1010 dm3 mol−1 s−1 (1.31)

Relative to the standard hydrogen electrode.
Throughout this work radiolytic yields are expressed as G-values, quoted in the conventional
radiation chemical unit of ions or molecules 100 eV−1. The corresponding S.I. unit is related by 1
ion or molecule 100 eV−1 = 0.096 μmol J−1.
Data are from the alpha radiolysis of acidic solutions, consequently the H aq+ rapidly scavenges eaq−
to yield H .
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eaq− + H2O2 → OH− + OH

k = 1.1 × 1010 dm3 mol−1 s−1 (1.32)

eaq− + O2 → O2

k = 1.9 × 109 dm3 mol−1 s−1

−

(1.33)

H + H → H2

2k = 1.6 × 1010 dm3 mol−1 s−1 (1.34)

H + OH → H2O

k = 7.0 × 109 dm3 mol−1 s−1

H + O2 → HO2

k = 2.1 × 1010 dm3 mol−1 s−1 (1.36)

OH + OH → H2O2

2k = 1.1 × 1010 dm3 mol−1 s−1 (1.37)

(1.35)

The competition kinetics between these reactions is responsible for the primary
yields of water radiolysis. The relative proportions of these reactive radiolytic
species determine the chemistry and redox properties of the aqueous phase of the
PUREX solvent system.
In pure water, net decomposition is minimal due to the efficiency of back reactions.
However, the presence of certain solutes can alter the proportions of the primary
products of water radiolysis, leading to a greater degree of water and solute
decomposition, the extent to which is dependent upon the concentration and
chemical reactivity of the solute. Solutes in dilute aqueous solutions are effectively
only subject to indirect radiation effects. As the concentration of a solute increases, it
can more effectively interact with the primary products of water radiolysis, thereby
competing with a number of the above reactions.27,31 This leads to the production of
secondary radiolysis products and a modification in the proportions of the primary
products of water radiolysis. The consequences of which are dependent upon the
solute concerned and the susceptibility of the irradiated system to changes in
composition. When the concentration of a given solute attains a particular electron
fraction (>5%), the solute is subject to both direct and indirect radiation effects, the
extent of each alters as the solute concentration is progressively increased.26
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Under the aerated, acidic conditions used by the PUREX solvent system, the relative
proportions of the primary products of water radiolysis are modified by the presence
of NO3− and increased concentrations of O2 and Haq+, rendering the system oxidising.
This is a consequence of key reducing species (epre−, eaq−, and H ) being scavenged at
diffusion-limited rates by reactions (1.31), (1.33), (1.36), and (1.38) to (1.40).
epre− + NO3− → NO32−

k = 1.0 × 1013 dm3 mol−1 s−1 (1.38)30

eaq− + NO3− → NO32−

k = 9.7 × 109 dm3 mol−1 s−1

(1.39)31

H + NO3− → HNO3−

k = 1.0 × 107 dm3 mol−1 s−1

(1.40)34

The establishment of oxidising conditions within the PUREX solvent system works
in favour of the formation of the higher oxidation states necessary for efficient
extraction of Pu and U. However, a number of the processes involved in the
consumption of these key reducing species ultimately yield secondary radiolysis
products, which possess undesirable properties capable of reducing the performance
of the PUREX solvent system, e.g. NO2− and HNO2.7
In summary, the radiolysis of water is an important foundation for which to build
upon to understand the radiation chemistry of the PUREX solvent system, as water is
a key component of the aqueous phase. The relative proportions of the primary
products of water radiolysis are important in determining the extent to which indirect
radiation effects influence the radiolysis of the PUREX solvent system’s aqueous
phase. Furthermore, the radiolytic yields of these species are strongly dependent
upon LET. As the PUREX solvent system is subjected to a multi-component
radiation field, it undergoes complex radiation driven chemistry arising from
multiple LET radiation tracks. An understanding of which must be attained for each
radiation component experienced by the PUREX solvent system. This would provide
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much needed insight into how each radiation component influences the yields of the
primary products of water radiolysis and their contribution to the observable
radiation chemistry of the PUREX solvent system.

1.5.2. Nitrate and Nitric Acid Radiolysis
The radiolysis of NO3− and HNO3 has been studied for over 60 years, during which
time a great deal of mechanistic detail has been obtained.9 The impetus for this
research is two-fold, fundamental and applied. From a fundamental perspective,
NO3− is a high capacity scavenger for both epre− and eaq− (1.55 and 1.54,
respectively).35,36 Consequently, investigations into the radiation chemistry of NO3−
provide considerable insight into the fundamental radiation chemistry occurring
within the radiation chemical track of aqueous solutions.28 From an applied
standpoint, HNO3 is used throughout the nuclear industry, especially in the aqueous
phase of the PUREX solvent system. Its applications within the nuclear industry
render it susceptible to exposure to all manner of ionizing radiation, which induces
chemical degradation. The products of which are a mixture of those originating from
NO3− and HNO3 itself, as a consequence of the inherent acid equilibria between the
two species, outlined by (1.41).
HNO3 ⇌ NO3− + Haq+

pKa ~ 1.37

(1.41)37

The radiolysis of aqueous NO3− and HNO3 primarily results in the formation of
NO2−, HNO2, NO3 , NO2, and O2, in addition to the primary products of water
radiolysis.9 A simplified reaction scheme for which is given by (1.38) to (1.49).
NO3− ⇝ NO3−* → NO2− + O

(1.42)38

NO3− ⇝ NO3−* → NO3 + e−

(1.43)38
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(1.44)38

HNO3 ⇝ HNO3* → HNO2 + O
NO32− + H2O → NO2 + 2OH−

k = 1.0 × 103 dm3 mol−1 s−1

(1.45)34,39

HNO3− → NO2 + OH−

k = 2.0 × 105 s−1

(1.46)34,39

NO2 + NO2 ⇌ N2O4

kf = 4.5 × 108 dm3 mol−1 s−1
kb = 6 × 103 s−1

(1.47)40

N2O4 + H2O → HNO2 + HNO3

k = 18 dm3 mol−1 s−1

(1.48)40

HNO2 ⇌ NO2− + Haq+

pKa = 3.2

(1.49)41

It is clear from this reaction set that both the direct and indirect effects of radiation
contribute to NO3− and HNO3 radiolysis. The direct effects of radiation (1.42 to
1.44), predominantly elucidated through pulse radiolysis techniques and

18

O2

radioisotope measurements, involve either the ionisation of NO3− to yield NO3 and
e−, or excitation followed by fragmentation to yield NO2− or HNO2, and an oxygen
atom (O) which stoichiometrically undergoes recombination to yield O2.42-49 The
indirect effects of radiation (1.38 to 1.40), determined by a mixture of techniques
including scavenger experiments, typically involve the reaction of NO3− with the key
reducing species of water radiolysis, namely epre−, eaq−, and H .9 These reactions lead
to the formation of reduced NO3− intermediates (NO32− and HNO3−), which
subsequently undergo additional chemical processes to ultimately yield NO2− in
neutral to alkaline solutions, and HNO2 in acidic solutions. The extent each
radiolytic pathway contributes to the radiolysis of NO3− and HNO3 is determined by
their respective electron fractions relative to water, relevant values for which have
been calculated and presented in Table 1.3. Generally, as the electron fraction of
NO3− and HNO3 increases, more radiation energy is deposited into their electron
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density, resulting in a greater degree of direct effects and a proportional decrease in
the contribution from indirect effects.
Table 1.3. Electron fractions of NO3− and HNO3 relative to water, for concentrations
between 1 × 10−3 and 6 mol dm−3.
[NO3−/HNO3] (mol dm−3)

Electron Fraction (%)

1 × 10−3

0.01

−2

0.06

1 × 10
0.1

0.57

1

5.45

4

18.73

6

25.68

As outlined above, the presented NO3− and HNO3 radiolysis reaction scheme is more
complex in reality, as there are a considerable number of nitrogen oxide species
(NOx) and complex equilibria involved. A significant amount of research has gone
into investigating the inherent chemistries associated to each of the NO3− and HNO3
radiolysis intermediates. A review of which can be found in N-Centered Radicals,
the Chemistry of Free Radicals.9
The radiolytic formation of NO2− and HNO2 is of particular concern to the nuclear
industry as they (and their precursors) contribute to altering the formulation of the
PUREX solvent system through de-acidification, denitrification, and nitration
processes. De-acidification and denitrification refer to the reduction of the acid and
nitrogen content of a system, respectively. Both HNO2 and NO2 are volatile species
and possess the potential to diffuse out of the PUREX solvent system in to the
gaseous phase, simultaneously reducing the acid and nitrogen content of the PUREX
solvent system. This effect has been reported by a number of authors who observed
differences in the radiolytic yield of HNO2 as a function of headspace volume; the
greater the volume of the gaseous phase the lower the radiolytic yield of HNO2 in the
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aqueous phase.11,50 As previously outlined, the correct acid and nitrogen content of
the PUREX solvent system is crucial for forming the desired Pu and U complexes,
possessing the necessary solubility and chemical stability for efficient extraction and
decontamination.4-6 Consequently, de-acidification and denitrification have a
significant influence upon the performance of the PUREX process.
Nitration processes are those that introduce a nitro (R-NO2) or a nitroso (R-ONO2)
group into an organic molecule.51,52 Within the PUREX solvent system, the
radiolytic formation of NO2− and HNO2 induces nitration of TBP and certain organic
diluents (see sections 1.5.3 and 1.5.4). Many of the resulting nitrated species and
their derivatives (e.g. carbonyl compounds and hydroxamic acids) act as metal
complexing agents and/or possess undesirable properties that influence the physical
and chemical behaviour of the PUREX solvent system.51,52
Furthermore, NO2− and HNO2 exhibit complex redox chemistries with a number of
elements, of which their relationship with Pu, U, and Np, is of most concern.10-13,57-61
The extraction and purification of Pu and U from SNF is fundamental to the PUREX
process. Whereas the need to control the partitioning of Np is important with regards
to decontamination, ensuring the purity of the Pu and U product streams.28 All three
of these actinides exhibit a wide variety of oxidation states, each of which possess’
different chemistries and extractabilities within the PUREX solvent system.4-6
Unfortunately, both NO2− and HNO2 undergo autocatalytic redox processes with
these actinides, negatively affecting their extractability and ultimately the
performance of the PUREX process. 10-13,53-66 These types of redox reactions reduce
control over elemental partitioning, which potentially lowers the purity of the desired
Pu and U product streams, leading to more costly purification cycles and additional
waste streams. In an attempt to combat the redox chemistry of NO2− and HNO2, the
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nuclear industry employs stabilisers, e.g. hydrazine.67-69 Although these species are
highly effective in the aqueous phase of the PUREX solvent system, they are
typically poorly extracted into the organic phase, and as such are unable to prevent
the NO2− and HNO2 redox chemistry from occurring in the organic phase. Although
soluble organic stabilisers (e.g. phenyl hydrazine) exist, they are far are less effective
than their water soluble counterparts, as they do not react sufficiently fast.4-6 To
further exacerbate the situation, some of these oxidative autocatalytic cycles occur
more effectively in the organic phase. This is believed to be a consequence of the
associated TBP adducts facilitating additional reaction pathways.70
The radiolysis of NO3− and HNO3 generates a range of potentially disruptive
degradation products, of which the radiolytic formation of NO2− and HNO2 in the
PUREX solvent system is particularly unfavourable. Therefore, a comprehensive
understanding of their formation mechanisms, radiolytic yields, and interactions with
other solvent system components is vital for providing a more complete
understanding of the radiolysis of the PUREX solvent system. This may potentially
allow for the introduction of effective countermeasures or developments that extend
the lifetime of the solvent system, which in turn may increase economic
competiveness and lead to more effective innovation of advanced reprocessing
schemes.
Radiolytic Nitrite Yields
There have been a number of systematic investigations into the radiolytic formation
of NO2− from NO3− radiolysis, the majority of which have utilised gamma radiolysis
techniques.44-46,71-74 There have been no representative investigations into the
radiolysis of NO3− using higher LET radiations, despite the prevalence of alpha
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emitters in the PUREX solvent system.75 This is an area that requires considerably
more attention than it has received thus far. With regards to radiolytic yields of NO2−
from gamma radiolysis, there are five key publications: references 44, 71, 72, 73,
and 74. The measured yields of NO2− are given in Figure 1.5 as a function of NO3−
concentration.

G(NO2 ) / ions 100 eV-1

2.4

1.8

1.2

0.6

0.0
-4
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-1
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Log10[NO3 ]

Figure 1.5. Radiolytic yield of NO2− as a function of NO3− concentration, from the
gamma radiolysis of NaNO3 solutions; Hyder ( )44, Kiwi and Daniels ( )71, Daniels
and Wigg ( )72, Patil et al. ( )73, and Feraggi et al. ( )74.
The G(NO2−) values are generally in good agreement, although the high NO3−
concentration values from reference 44 are discordant from the rest of the literature.
G(NO2−) increases with NO3− concentration and there are clearly three different
gradients.
The first gradient (—) occurs for NO3− concentrations between 0 and
1 × 10−2 mol dm−3, and is associated with the competition of NO3− with dissolved O2
for eaq−, reactions (1.39) and (1.33), respectively. For neutral to alkaline solutions,
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the contribution of H to the formation of NO2− is negligible. Furthermore, NO3−
does not compete with O2 for epre−, as O2 has not been found to scavenge epre−. The
competition kinetics between NO3− and O2 can be expressed in terms of scavenging
capacities (ks), i.e. the pseudo first-order rate constants for the scavenging reactions,
outlined by (1.50)
ks = k × [Scavenger] .

(1.50)

The extent to which a reactant is partitioned between numerous scavengers is
dependent upon the scavenging capacity of the respective scavengers. Therefore, as
the concentration of NO3− increases from 0 to 1 × 10−2 mol dm−3, its scavenging
capacity for eaq− increases, leading to more NO32− being formed (1.39) and less eaq−
being partitioned to O2. Consequently, the yield of NO2− increases proportionally.
Once the concentration of NO3− is sufficiently high (i.e. ≥1 × 10−2 mol dm−3), the
amount of eaq− scavenged by O2 is negligible, and the first gradient comes to an end.
The second gradient (—) coincides with NO3− concentrations between 1 × 10−2 to
1 mol dm−3, in which NO3− is in competition with other water radiolysis products for
epre− and eaq−. As the concentration of NO3− increases from 1 × 10−2 to 1 mol dm−3,
so too does the extent to which NO3− is able to compete for epre− and eaq−, leading to
a steady increase in the amount of NO2¯ formed via reactions (1.38) and (1.39).
The third gradient (—), for NO3− concentrations >1 mol dm−3, exhibits a more rapid
increase with increasing NO3− concentration. This is a consequence of the election
fraction of NO3− being sufficiently high (>5%) for direct radiation effects to
contribute to NO2− production in addition to indirect effects.
The first and second gradients are within the NO3− concentration range were indirect
radiation effects dominate. Therefore, the radiolytic yield of NO2− is solely
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dependent upon the extent to which NO3− can scavenge epre− and eaq−. This implies
that the maximum yield of NO2− should equate to half the yield of scavenged
electrons, i.e. ~2.15, as epre− has a radiolytic yield around 4.3.76 However, it is
evident from Figure 1.5 that the observed G(NO2−) values, for NO3− concentrations
<1 mol dm−3, are significantly lower than 2.15 (<0.7). This suggests that secondary
homogeneous chemistry plays a significant role in the radiation chemistry of NO2−.
This is further emphasised by the G(NO2−) values for NO3− concentrations
>1 mol dm−3, of which the highest is only 2.19. The importance of this observation is
that (i) these concentrations of NO3− are sufficiently high that NO3¯ should be
scavenging virtually all of the available electrons, and (ii) contributions from direct
effects in addition to indirect effects should result in NO2− yields significantly
greater than 2.15, which is not the case. Despite these observations the literature
provides no quantitative explanation and furthermore, claims that the radiolytic yield
of NO2− is independent of absorbed dose, but if there is secondary homogeneous
chemistry there should be a dose dependency. Consequently, a systematic
investigation into the radiolytic formation of NO2−, from the gamma radiolysis of
NaNO3, as a function of absorbed dose must be performed to determine whether or
not a dose dependency truly exists, and if so provide a quantitative mechanistic
explanation for the secondary homogenous chemistry responsible.
Radiolytic Nitrous Acids Yields
Despite the importance of HNO2 in the PUREX process, there have been few
representative investigations into its radiolytic formation from the radiolysis of
HNO3. Of the few available literature sources there are four key publications:
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references 77, 78, 79, and 80. The measured yields of HNO2 are given in Figure 1.6
as a function of HNO3 concentration.
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Figure 1.6. Radiolytic yield of HNO2 as a function of HNO3 concentration, from the
radiolysis of HNO3 solutions; Gamma radiolysis from Vladimirova et al. ( )77,
Bugaenko et al. ( )78, and Jiang et al. ( )79, and alpha radiolysis from Savel’ev et
al. ( )80.
The G(HNO2) values are generally in good agreement, although some of the
G(HNO2) values from reference 79 are somewhat discordant from the rest of the
literature. G(HNO2) increases with HNO3 concentration and essentially possesses a
single gradient. However, the available G(HNO2) values are restricted to HNO3
concentrations ≥0.5 mol dm−3, and thus predominantly reflect the direct effects of
radiation on HNO3 radiolysis. Despite the absence of representative G(HNO2) data
for HNO3 concentrations <0.5 mol dm−3, it can be concluded from Figure 1.6 that
HNO2 is also subject to secondary homogeneous chemistry, as all of the values are
considerably less than 2.15.
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A couple of additional studies indirectly investigated the effects of secondary
homogenous chemistry on G(HNO2) through the addition of HNO2 scavengers.81,82
Bhattacharyya and Saini used sulfanilamide to scavenge radiolytically formed HNO2
from the gamma radiolysis of HNO3 solutions (0.1 to 8 mol dm−3), thereby
protecting it from secondary homogenous chemistry.81 Not only did they observe a
substantial increase in the concentration of HNO2 (e.g. a G(HNO2) value of 2.0 for
1 mol dm−3 HNO3), they found that the dependency of HNO2 formation on absorbed
dose changed from being non-linear to near-linear, i.e. HNO2 formation exhibits a
non-linear dose dependency and that secondary homogenous chemistry plays a
significant role in its formation. A similar conclusion can also be drawn from work
by Kazanjian et al., who investigated the effects of LET on the radiolysis of HNO3
solutions.82 They used p-nitroaniline as a HNO2 scavenger in solutions of HNO3
(1 × 10−2 to 10 mol dm−3), which were independently exposed to γ-, β-, and αradiation sources. They found significantly increased yields of HNO2 (e.g. a
G(HNO2) value of 2.6 for 1 mol dm−3 HNO3), relative to the data presented in Figure
1.6. They also found that the radiolytic yield of HNO2 was dependent upon radiation
quality, which is in disagreement with the α-radiolysis measurements of Savel’ev et
al. in Figure 1.6. This LET contradiction must be swiftly addressed as the PUREX
solvent system is subject to complex radiation driven chemistry arising from
multiple LET radiation tracks. Therefore, any influence LET has upon the radiolytic
yields of key degradation products must be understood.
Despite acknowledgement of a non-linear dose dependency in G(HNO2) and thus the
existence of secondary homogeneous chemistry, no quantitative explanation has
been provided thus far, and there is very little agreement between the G(HNO2)
values from Bhattacharyya and Saini and Kazanjian et al. Furthermore, there is no
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representative information on the radiolytic behaviour of HNO2 for HNO3
concentrations <0.5 mol dm−3. To provide a quantitative mechanistic description for
the radiolytic formation of HNO2, a complete mechanistic understanding of the
direct and indirect effects of radiation must be attained, and thus a more extensive
HNO3 concentration range must be investigated as a function of absorbed dose and
radiation quality.

1.5.3. Tributyl Phosphate Radiolysis
TBP is currently the major extractant used in SNF reprocessing. The organophosphate ligand is used to preferentially form complex HNO3 adducts with
tetravalent and hexavalent metal cations.4-6 Under the chemical conditions used in
the PUREX process, TBP complexes Pu and U, extracting them into the organic
phase until either their oxidation states are altered or the acidity of the aqueous phase
changes.4-6 As with the other components of the PUREX solvent system, TBP is
susceptible to radiolytic degradation. The radiolysis of neat TBP results in the
formation of electrons (e−), excited TBP molecules (TBP*), and TBP radical cations
(TBP +), outlined by (1.51).
TBP ⇝ e−, TBP*, TBP

+

(1.51)

These primary species eventually decay to yield dibutyl phosphate (DBP),
monobutyl phosphate (MBP), phosphoric acid, phosphate derivatives, methane
(CH4), and H2. Of particular interest are DBP and MBP as they are metal ion
complexing agents and thus can lead to poor separation and decontamination
challenges. Additional radiolytic pathways are facilitated in the presence of the other
components of the PUREX solvent system. A systematic pulse radiolysis study by
Mincher et al. provided considerable insight into these additional indirect radiation
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chemical pathways.7 TBP undergoes reactions with the key radiolysis products of
water and HNO3 to yield TBP , outlined by (1.52) to (1.55).83
TBP + H → TBP + H2

k = 1.8 × 108 dm3 mol−1 s−1 (1.52)

TBP + OH → TBP + H2O

k = 5.0 × 109 dm3 mol−1 s−1 (1.53)

TBP + NO3 → TBP + HNO3

k = 4.3 × 106 dm3 mol−1 s−1 (1.54)

TBP + NO2 → TBP + HNO2

k < 2.0 × 105 dm3 mol−1 s−1 (1.55)

Formation of TBP allows for more diversely functionalised degradation products to
be formed through radical-radical addition reactions, for example (1.56) and
(1.57).51,83
TBP + NO3 → DBP(OC4H8NO3)

(1.56)

TBP + NO2 → DBP(OC4H8NO2)

(1.57)

These additional functionalities reduce the extraction efficiency of Pu and U, while
facilitating the retention of undesirable metal cations in the organic phase.
In summary, the presence and accumulation of TBP degradation products decreases
the performance of the PUREX process, negatively affecting phase separation, masstransfer, and decontamination efficiency.84,85 Many of the TBP radiolysis products
form complexes with a number of key metal ions, which interferes with the
separation and decontamination of Pu and U and can lead to the formation of
interfacial cruds, emulsions, and suspensions, which further impede phase separation
and present potential mal-operation concerns at plant scale.86-94
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1.5.4. Organic Diluent Radiolysis
The PUREX solvent system uses an organic diluent to improve the physical and
chemical properties of the organic phase.4-6 Like the aqueous HNO3 phase and TBP,
the organic diluent is also susceptible to radiolytic degradation, yielding radiolytic
products that are difficult to remove from the solvent system, some of which have
been reported to act as complexing agents or possess properties that negatively
influence the physical and chemical behaviour of the PUREX solvent system, e.g.
poor phase separation, retention of fission products, and decreased separation factors
for Pu and U.51,52,84 The type of organic diluent used by the PUREX process varies
from country to country, but typically consists of either straight-chain alkanes or
mixtures of alkanes and aromatic species, e.g. n-dodecane and OK, respectively.
Consequently, the extent and nature of the resulting degradation products are
dependent upon the type of organic diluent employed.52,95
The following discussion will provide a brief overview of alkane radiation chemistry
of relevance to the radiolysis of the PUREX solvent system. For a more detailed
discussion on alkane radiation chemistry and the radiolysis of reprocessing diluents
see Swallow and Tahraoui and Morris, respectively.52,96 Alkanes (RH2) are defined
as saturated compounds that possess only carbon-carbon (C-C) and carbon-hydrogen
(C-H) chemical bonds. The radiolysis of neat alkanes gives rise to a number of
distinctive primary radiolysis products: e−, H , excited alkane molecules (RH2*),
alkane radical cations (RH2 +), and alkane radicals (RH ), outlined by (1.58).20,96
RH2 ⇝ e−, H , RH2*, RH2 +, RH

(1.58)

Many of these primary species undergo subsequent reactions and processes (e.g.
radical abstraction, radical addition, disproportionation, and fragmentation) to yield a
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variety of secondary degradation products. Overall, the radiolysis of alkanes involves
the cleavage of C-C and C-H bonds, followed by the formation of alkane dimers,
oligomers, alkenes, and various fragments of alkane.20,96 However, within the
PUREX solvent system the organic diluent is exposed to additional reactive species,
which facilitate the formation of functionalised secondary degradation products.
Examples of radiolytic functionalization, oxidation, and nitration are given by (1.59)
to (1.64).51,52
RH2 + OH → RH + H2O

(1.59)

RH2 + H → RH + H2

(1.60)

RH + O2 → RHO2

(1.61)

RH + OH → RHOH

(1.62)

RH + NO2 → RHNO2

(1.63)

RH + NO3 → RHONO2

(1.64)

These additional reactions allow for the formation of a variety of alcohols, carbonyl
compounds, and nitrated species, many of which act as complexing agents and/or
have other undesirable properties that influence the physical and chemical behaviour
of the PUREX solvent system. The products of radiolytic nitration (e.g. nitro- and
nitroso-compounds) and their derivatives (e.g. hydroxamic acids) are of particular
concern, as they act as metal ion complexing agents.97,98 Although there is
considerable debate over which of these species are truly responsible, it is clear that
the radiolytic nitration of alkane diluents is a significant source of fission product
retention in the organic phase of the PUREX solvent system, which affects
decontamination of the Pu and U product streams.97,98 Experiments by Mailen et al.
indicate that the primary driving force behind the radiolytic nitration of alkanes is
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NO2, a significant precursor to NO2− and HNO2 in the radiolysis of aqueous NO3−
and HNO3.99 Therefore, the radiolytic yield of NO2− and HNO2 will provide insight
into the extent to which nitration can take place.
Certain organic diluents (e.g. n-dodecane) enhance the radiolysis of TBP through
what is believed to be a charge transfer process, outlined by (1.65).3
RH2

+

+ TBP → RH2 + TBP

+

(1.65)

Subsequent reactions lead to the formation of higher molecular weight phosphates,
with varying alkane chain-lengths.100 These species are preferentially soluble in the
organic phase, accumulate in the PUREX solvent system despite chemical scrubbing,
and are (partially) responsible for the long term deterioration of the performance.
The radiolysis of alkane organic diluents is complex, resulting in the formation of a
variety of degradation products, many of which possess undesirable functionalities
and properties which are detrimental to the performance of the PUREX process. Of
these degradation products, those resulting from radiolytic nitration are of particular
concern due to their metal cation complexing potential.
Overall,

radiolytic

degradation

of

the

PUREX

solvent

system

(HNO3:30 vol. % TBP-alkane diluent) results in the formation of numerous
degradation products. The resulting species are a consequence of the interplay
between the respective radiolysis products of the individual components. A number
of these species exhibit the potential to reduce the performance of the PUREX
process, by altering the formulation of the solvent system and/or by directly
complexing key metal ions. Although chemical scrubbing of the PUREX solvent
system using an alkali wash affords a temporary solution to degradation product
accumulation, continued recycling of the PUREX solvent system renders the
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scrubbing process ineffective. Ultimately, the end ‘product’ is a permanently
degraded PUREX solvent system, contaminated with various radiolysis products and
radionuclides. Disposal of this waste material is costly. Consequently, a greater
understanding of the radiolysis of the PUREX solvent system is necessary to be able
to implement effective solutions for minimising radiolytic degradation and/or
extending the lifetime of the solvent system. The radiolytic products of NO3− and
HNO3 have a significant role in driving the radiolytic degradation of the PUREX
solvent system; facilitating undesirable functionalization of the organic phase; and
undergoing redox processes with various metal ions. Consequently, it is essential
that the radiolysis of NO3− and HNO3 is more completely understood, in terms of the
types of species formed, their radiolytic yields, formation mechanisms, and their
interplay with the other components of the PUREX solvent system.

1.6.

Aims, Objectives, and Alternate Thesis Layout

Despite the literature available for the radiolysis of the PUREX solvent system’s
components, there are a number of unanswered questions regarding the radiolytic
production of NO2− and HNO2, and their associated radiolytic yields. Previous
investigations in this area have provided limited qualitative mechanistic descriptions
for the radiolysis of NO3− and HNO3, these are typically oversimplifications and
contain a number of non-elementary steps, and a unifying description has not been
provided to account for the transition from short timescale radiation track chemistry
to bulk homogeneous chemistry.
The aim of this research, described in the following papers, is to provide a (more)
complete understanding of the radiolysis of NO3− and HNO3, especially the
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radiolytic yields of NO2− and HNO2, as a function of concentration, absorbed dose,
and radiation quality. The aim was achieved through the following deliverables:
1. Determine the radiolytic yield of NO2− from the gamma radiolysis of aqueous
solutions of NaNO3, as a function of NaNO3 concentration (1 × 10−3 and
6 mol dm−3) and absorbed dose (up to 1 kGy).
2. Determine the radiolytic yield of HNO2 from the gamma radiolysis of
aqueous solutions of HNO3, as a function of HNO3 concentration (1 × 10−3
and 6 mol dm−3) and absorbed dose (up to 1 kGy).
3. Determine the radiolytic yield of HNO2 from plutonium and americium selfradiolysis (α-decay) in aqueous solutions of HNO3, as a function of HNO3
concentration (0.1 and 6 mol dm−3) and absorbed dose (up to 1.7 kGy).
4. Develop a multi-scale modelling approach to elucidate the chemical
mechanisms involved in the radiolytic formation of NO2− and HNO2, from
the radiolysis of aqueous solutions of NO3− and HNO3, respectively. With the
intention of applying the model to explain experimental data.
The research presented in this thesis has significant impact, both fundamentally and
industrially, within the fields of nuclear chemistry, radiochemistry, and radiation
chemistry. Consequently, this research should be readily available and disseminated
as soon as possible for its findings to have maximum impact upon the development
of advanced SNF reprocessing strategies. To enable this, the thesis is presented in
the alternative format style, which involves substituting the typical results and
discussion sections with a series of pending publication manuscripts. The research
data are quite extensive and a number of publications can be formulated from the
combined experimental and computational work. Four key publications are
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presented, with the intention of providing a coherent alternative thesis, possessing a
unifying theme and story.
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2.1.

Research Facilities

The research reported in the following manuscripts has been performed
predominantly at The University of Manchester Dalton Cumbrian Facility (DCF), a
state of the art complex designed to re-establish the UK’s radiation science skill and
knowledge base. Radiation research performed at the DCF is characterised by a
holistic approach spanning mathematical modelling, experimental analysis and
interpretation, through to development, demonstration and practical application. In
this research study both experimental and computational approaches were brought to
bear on the outlined PUREX solvent system knowledge gap. Additional
experimental research was also performed at the National Nuclear Laboratory’s
(NNL) Central Laboratory on Sellafield site. The research performed there made use
of Magnox plutonium and European Space Agency (ESA) americium.

2.2.

Experimental Techniques

2.2.1. Irradiation Sources
Irradiation of aqueous NO3− and HNO3 solutions was performed using γ- and αradiation sources, described in the following sub-sections.
Foss Therapy Cobalt-60 Gamma Irradiator
Cobalt-60 γ-rays were used to induce γ-radiolysis, using the Dalton Cumbrian
Facility’s Foss Therapy Services Model-812 Cobalt-60 Self-Contained Irradiator
Unit (shown in Figure 2.1), which upon installation contained two 222000 GBq
(7500 Ci) 60Co rods, each composed of three 60Co pellets.
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Figure 2.1. Foss Therapy Services Model-812 Cobalt-60 self-contained irradiator
unit.
The

60

Co isotope exhibits a half-life (τ1/2) of 5.27 years and is commonly used as a

source of γ-rays. Its major decay pathway (99.88%) liberates two γ-rays per β-decay,
with an average energy of 1.25 MeV, outlined by (2.1).1
60
27Co

−
→ 60
28Ni + β + ῡ + 2γ

Two self-designed

60

τ1/2 = 5.27 years

(2.1)

Co irradiator rigs (shown in Figure 2.2) were constructed, by

the University of Manchester’s Mechanical Workshop, to ensure samples were held
at fixed positions to minimise variations in dose rate between experiments. The
multiple sample rig (Figure 2.2 - A) was designed with the intention of irradiating up
to four samples at the same time, whilst enabling the use of in-line gas
chromatography (GC) analysis. The single sample rig (Figure 2.2 - B) was designed
for the purpose of irradiating agitated two-phase samples (e.g. an aqueous phase in
contact with an organic phase), facilitating agitation via the magnetic stirring of
glass-coated stirrer bars. This was achieved by using the multiple sample rig
baseplate to accommodate an unheated Fisher Scientific magnetic stirrer, capable of
2000 rpm.
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B

A

Figure 2.2. Multiple sample rig (A) and single sample rig (B).
A typical 60Co irradiation procedure is as follows:
A radiolysis rig is loaded with samples and located inside the 60Co irradiator.
The length of exposure is set using the command console.
60

Co rods are pneumatically raised out of the lead-lined base of the irradiator

using compressed air, exposing the samples to an intense γ-ray field.
Upon completion of an irradiation, the gas is released returning the 60Co rods
to their standby positions within the base of the irradiator, and allowing for
the samples to be collected for subsequent analysis.
The dose received by the samples is determined by the dose rate, which was
established in this research using Fricke dosimetry (see sub-section 2.2.2).2,3
Magnox Plutonium and European Space Agency Americium
The α-decay of Magnox plutonium and ESA americium was used to study αradiolysis of aqueous HNO3 solutions. Preparation and handling of these materials
was performed in high activity glove boxes and active fume-hoods.
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The Magnox plutonium used in this research was originally recovered from Magnox
SNF using the PUREX process at the Magnox Reprocessing Plant on Sellafield site.
Plutonium solutions were prepared from a Magnox plutonium nitrate stock solution
(23.98 g dm−3 Pu in 1.3 mol dm−3 HNO3). The initial isotopics of the stock solution
is given in Table 2.1, and was determined by a combination of inductively coupled
plasma mass spectrometry and high resolution gamma spectrometry techniques,
performed by the NNL Central Laboratory analytical department.
Table 2.1. Isotopic composition of the Magnox plutonium stock solution determined
by the NNL Central Laboratory analytical department on 26/06/2014.
Isotope

Concentration (mg mL−1)

Activity (MeV s−1 mL−1)

238

Pu

0.0791

2.75 × 108

239

Pu

16.0258

1.88 × 108

240

Pu

6.5393

2.83 × 108

241

Pu

0.9640

1.93 × 107

242

Pu

0.3717

2.66 × 105

241

Am

0.2298

1.60 × 108

Plutonium experiments used an average of 0.24 mL of the stock solution, made up to
100 mL using the appropriate concentration of HNO3. This provided an average
initial dose rate of 2.54 × 107 MeV s−1 mL−1 calculated from the respective activities
of the various isotopes.
ESA americium is the product of an innovative NNL chemical separation process,
designed to separate americium from Magnox plutonium.4 The intention of which is
to utilise the americium as a power source for radioisotope thermoelectric generators
to supply power for outer planet exploration missions. The ingrowth of americium
into plutonium stockpiles is a consequence of the negatron decay of
241

241

Pu into

Am, outlined by reaction (2.2).
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241
94Pu

−
→ 241
95Am + β + ῡ

τ1/2 = 14.35 years

(2.2)

Consequently, the americium recovered from Magnox plutonium is isotopically pure
241

Am. Americium solutions were prepared from a ESA americium nitrate stock

solution (3.88 g dm−3 Am in 0.91 mol dm−3 HNO3), with an isotope distribution of
>99%

241

Am (with traces of U, Np, and Pu). Americium experiments used an

average of 63 μl of the stock solution, made up to 70 mL using the appropriate
concentration of HNO3, providing an initial dose rate of 2.57 × 106 MeV s−1 mL−1;
calculated from the respective activity of 241Am.
The activity of the actinide solutions were corrected as a function of time for decay
of the various isotopes and for the ingrowth of additional radionuclides.

2.2.2.

Dosimetry

Dosimetry is the technique of determining the amount of energy deposited by a
radiation field into an absorbing material.2 This knowledge is imperative for
acquiring quantitative data from radiation chemistry studies. Chemical dosimetry
was chosen for this research, which involves calibrating the amount of energy
deposited by a radiation field to the measured amount of chemical change within a
suitable chemical species.2 This approach typically involves monitoring the
formation of a secondary degradation product, which in turn necessitates the need to
understand the primary radiolysis chemical yields of the system composing the
dosimeter.2 The information provided by chemical dosimeters is the average amount
of energy absorbed by the chemical constituents of the dosimeter.
Fricke solution is a chemical dosimeter based on the redox chemistry of the ferrous
ion (Fe2+/Fe(II)).2,3 It is the most widely used chemical dosimeter and as a result is
one of the most mechanistically understood. Fricke solution is composed of an
88

Chapter 2 – Facilities, Experimental Techniques and Computational Methods
aerated, aqueous solution of either iron(II) sulphate (FeSO4) or iron(II) ammonium
sulphate (Fe(NH4)2(SO4)2), and sulphuric acid (H2SO4).2,3 The Fricke solution
formulation

used

in

this

work

consisted

of

an

aerated

solution

of

1.5 × 10−3 mol dm−3 Fe(II) in 0.396 mol dm−3 H2SO4. The solution is subsequently
wrapped in tin-foil to minimise Fe(II) oxidation through photolysis. This method of
dosimetry relies on the primary products of water radiolysis reacting with Fe(II),
which is ultimately oxidised to the ferric ion (Fe3+/Fe(III)).2,3 The H2SO4 acts as a
proton source for the conversion of the eaq− and O2

−

to the (more) oxidising HO2 .

The chemical reaction scheme for the radiolysis of the Fricke dosimeter is given by
reactions (2.3) to (2.11).
k = 1.9 × 1010 dm3 mol−1 s−1

(2.3)5

Haq+ + O2 −→ HO2

k = 5.0 × 1010 dm3 mol−1 s−1

(2.4)6

eaq− + Haq+ → H

k = 2.3 × 1010 dm3 mol−1 s−1

(2.5)5

H + O2 → HO2

k = 2.1 × 1010 dm3 mol−1 s−1

(2.6)5

Fe2+ + H + H2O → Fe3+ + H2 + OH−

k = 7.5 × 106 dm3 mol−1 s−1

(2.7)7

Fe2+ + OH → Fe3+ + OH−

k = 4.3 × 108 dm3 mol-1 s-1

(2.8)7

Fe2+ + H2O2 → Fe3+ + OH + OH−

k = 42 dm3 mol−1 s−1

(2.9)7

→ Fe3+ + OH + OH−

k = 2.1 × 106 dm3 mol−1 s−1

(2.10)7

Fe3+ + H → Fe2+ + H+

k < 2.0 × 106 dm3 mol−1 s−1

(2.11)8

eaq− + O2 → O2

−

Fe2+ + HO2 + H2O

Once irradiated, the Fricke solution is analysed using UV-vis spectrophotometry, as
Fe(III) exhibits a characteristic absorption maximum at 304 nm.2,3 The absorption
value (𝐴𝑏𝑠) at this wavelength is then used to determine the concentration of Fe(III)
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and hence the dose received by the irradiated Fricke solution, by using equation
(2.12)
Dose =

𝐴𝑏𝑠 × 9.65 × 106
𝜀 𝜌 G(Fe(III)) 𝐿

,

(2.12)

where 𝜀 is the molar extinction coefficient of Fe(III) (2174 dm3 mol−1 cm−1 at
304 nm), 𝜌 is the density of the Fricke solution (1.024 g cm−3), G(Fe(III)) is the
radiation yield of the Fe(III) (15.5 molecules 100 eV−1 for γ-rays), and 𝐿 is the
optical path length of the Fricke solution in cm.1,2 Once the radiation dose has been
determined it is a facile job to define the dose rate.
Following extensive dosimetry on the Foss Therapy Services Model-812

60

Co Self-

Contained Irradiator Unit, a calculated dose map was set up using Microsoft Excel.
These calculations involved relating dose rate to the radioactive decay of

60

Co using

(2.13) and (2.14)
𝐴t = 𝐴° 𝑒𝑥𝑝

𝜆𝑡
𝜏1/2

,

(2.13)

Dose Rate ≡ 𝐴t ,

(2.14)

where 𝐴t is the activity at a given time, 𝐴° is the initial activity, 𝜆 is the decay
constant (-0.69315 s−1), t is time, and 𝜏1/2 is the half-life of

60

Co (5.27 years). The

dose-decay calculator was then validated monthly via single point dosimetry, to
ensure the calculated doses were correct. Fricke solution was analyzed in this work
by a Jenway 6715 UV-Vis Spectrophotometer.
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2.2.3.

Analytical Techniques

A number of analytical techniques (e.g. ion chromatography and the Shinn method)
for the quantitative measurement of NO2− and HNO2 were trialled. Due to the
inherent chemical instability of NO2− and HNO2, combined with other practical
issues, the Shinn method was found to be the most suitable analytical technique for
this research, in terms of speed, reproducibility, and sensitivity.

Figure 2.3. Shinn azo-dye colour intensity for a range of NaNO2 concentrations,
with concentration decreasing from left to right.
The Shinn method is a well-established photo-spectroscopy technique, which uses
sulfanilamide and N-(1-naphthyl)ethylenediamine dihydrochloride to determine the
yield of NO2− and HNO2.9 It utilises acidic conditions to convert NO2− into HNO2,
which initiates a reaction with sulfanilamide, liberating the corresponding diazonium
salt.

The

azide

intermediate

produced

undergoes

coupling

with

N-(1-

naphthyl)ethylenediamine dihydrochloride to yield a purple azo-dye (see Figure 2.3).
The intensity of the azo-dye is proportional to the amount of HNO2 (and NO2−)
present in the sample.
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The Shinn method has rapid colour development, sensitivity, and extended azo-dye
stability (approximately 2 hours), and has been used frequently to determine the
yields of NO2− and HNO2 in a variety of systems.10-13 A modified version of the
Shinn method was used in this research, the procedure employed is as follows:14,15
1 g of sulfaniliamide is dissolved in 100 mL of 1.2 mol dm−3 HCl; 0.1 g of N-(1naphthyl)ethylenediamine dihydrochloride is dissolved in 100 mL distilled water;
0.1 mL of sulfanilamide-HCl solution is added to 5 mL of irradiated sample and
allowed to equilibrate for 5 minutes; 0.1 mL of N-(1-naphthyl)ethylenediamine
dihydrochloride-H2O solution is then added to the sample and allowed to stand for
10 minutes to allow for maximum color intensity development; the sample is then
analyzed by an Agilent Technologies Cary Series UV-Vis-NIR Spectrophotometer
(DCF experiments) or a PerkinElmer Lambda 35 UV-Vis-NIR Spectrophotometer
(NNL Central Laboratory experiments) at a wavelength of 543 nm. Prior to sample
measurement, the baseline absorption is set to zero using the corresponding unirradiated concentration of NaNO3 or HNO3 solution (with the addition of the Shinn
reagents), which also acts as the reference cell sample. The procedure was calibrated
using a series of sodium nitrite (NaNO2) standard solutions, 10−7 to 10−5 mol dm−3,
which provided an average molar absorption coefficient (ε) (λmax = 543 nm) of
5.9 × 104 dm3 mol−1 cm−1 (DCF experiments) and 4.6 × 104 dm3 mol−1 cm−1 (NNL
Central Laboratory experiments).
Preliminary experiments found that concentrations of NO2−/HNO2 ≥10−4 mol dm−3
lead to non-linearity in the calibration plots. Furthermore, background concentrations
of NO3− or HNO3 ≥1 mol dm−3 promoted the formation of a purple suspension and
eventually precipitation of purple particulates, which caused problems with
absorption stability and reproducibility. Consequently, post-irradiation sample
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dilution was necessary to obtain valid measurements for systems which fulfilled the
aforementioned conditions. The dilution procedure involved syphoning an aliquot of
irradiated sample and diluting it in ultra-pure water, making up a 5 mL diluted
sample for Shinn analysis. The measured absorptions were then multiplied by the
appropriate dilution factor and subsequently converted into concentrations. To
account for the necessary dilutions, the reference samples were also diluted. The
dilution factors used in this work are given in Table 2.2.
Table 2.2. Dilution factors applied to the post-irradiation analysis of NO3− and
HNO3 using the Shinn method.
[NO3−/HNO3] (mol dm−3)

Dilution Factor

0.001

1 – 2.5

0.01

1 – 2.5

0.1

1–5

1

1 – 100

4

10 – 100

6

10 – 100

2.3.

Computational Methods

Radiation chemistry of complex systems can be highly dependent upon the outcome
of short-time scale processes, i.e. the time regime between the initial energy transfer
event up to the point of at which non-homogeneous diffusion-kinetic chemistry ends.
Therefore, to satisfactorily simulate these systems a multi-scale modelling
approached has been developed to incorporate short-timescale and bulk chemical
processes, the simulation stages for which are outlined in Figure 2.4.
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Multi-scale Modelling Approach

Processes

Timescale

1. Track Structure Simulation

Energy Transfer and
Track Structure

<1 femtosecond

2. Physicochemical Processes

Ultra-fast Chemistry

<1 picosecond

3. Nonhomogeneous Diffusion-Reaction
Kinetics

Intra-track Chemistry

< 1 microsecond

4. Homogeneous Bulk Chemistry

Reaction of Long-lived
Radiolysis Species

>1 microsecond

Figure 2.4. Schematic representation of the multi-scale modelling approach.
The multi-scale modelling approach involves a combination of Monte Carlo and
deterministic bulk chemistry modelling methods, and is described in further detail in
the following sub-sections.

2.3.1. Monte Carlo Simulations of Track Chemistry
The short-timescale radiation track chemistry (stages 1 to 3 in Figure 2.4) was
modelled using Monte Carlo simulations, as the interaction of ionising radiation with
matter is essentially a stochastic process. The Monte Carlo simulations performed in
this research used a combination of modelling methodologies to simulate the
evolution of a radiation chemical track, from the point of initial energy transfer right
up to the point of complete spatial relaxation of the radiation chemical track. To
achieve this, two different models are used; a radiation track structure model was
used for the construction of a radiation chemical track to the point at which the
physicochemical products are formed; a non-homogeneous diffusion-kinetic model
was then used to simulate the diffusion-kinetic competition experienced by the initial
physicochemical products and the resulting products from secondary reactions. This

94

Chapter 2 – Facilities, Experimental Techniques and Computational Methods
stochastic modelling approach has been previously described in detail by Pimblott et
al.7,16
Track Structure Modelling
Construction of a radiation chemical track is necessary to establish to the number of
energy transfer events, their respective spatial separation, and the types of
physicochemical processes induced by the passage of radiation through matter. All of
these properties are significant in determining the proportions of primary radiolytic
products, as outlined in Chapter 3, and thus will ultimately influence bulk
homogeneous chemistry, i.e. stage 4 in Figure 2.4. To construct a foundation for
modelling the evolution of a chemical track, the radiation track structure must first
be assembled. A primary radiation track is essentially a series of collision events, so
to create a track the distance between each event (𝛬z) must be defined. This value is
determined by sampling from a Poisson distribution of mean free path length (𝛬total),
which is dependent upon the energy of the primary radiation species (𝐸°). The total
mean free path length is defined by the density of molecules in the chemical system
(𝜌′) and total cross section for elastic and inelastic (electronic and vibrational)
collisions (𝜎total), as given by (2.15)32
𝛬total =

1
(𝜌′ 𝜎total)

.

(2.15)

The number density refers to the number of species present per unit volume, and the
total collision cross section is defined as the sum of all elastic and inelastic
processes, as outlined by (2.16) to (2.18)
𝜎total = 𝜎elastic + 𝜎inelastic

(2.16)

with
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𝜎inelastic = 𝜎electronic + 𝜎vibrational + 𝜎rotational

(2.17)

and
𝜎electronic = 𝜎ionisation + 𝜎excitation .

(2.18)

The total collision cross section provides a measure of the probability of a radiation
species undergoing a collision event with a target, expressed in terms of the target’s
effective area. The elastic cross-section (𝜎elastic) represents all collision events that
result in zero kinetic energy transfer, whereas the inelastic cross-section (𝜎inelastic)
accounts for all collision events involving a kinetic energy transfer to the electrons of
the medium. The value of 𝛬total is fed into a probability distribution function (𝑃1),
given by (2.19)
𝛬
𝑃1 = 1 − 𝑒𝑥𝑝 (𝛬 z ) .
total

(2.19)

A uniformly distributed random number (𝑈1) is generated with a value between 0
and 1, to set the value of 𝑃1, as outlined by (2.20)
𝑈1 = 𝑃1 .

(2.20)

With P1 fixed and the value of 𝛬total defined, 𝛬z is then calculated by using the
inversion method to sample (2.19).
Once the distance between successive collisions has been calculated, and their
relative positions determined by vector analysis, the radiation track can be
constructed. The aforementioned elastic and inelastic cross sections (𝜎elastic and
𝜎inelastic) are used to evaluate each collision event, with respect to the nature of the
physicochemical process. The probability of an inelastic collision (𝑃2) occurring is
defined by (2.21)
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𝑃2 =

𝜎inelastic
𝜎total

.

(2.21)

A second uniformly distributed random number (𝑈2) is introduced to determine the
type of collision process, i.e. elastic or inelastic. If (2.22) is satisfied, then the
collision event is elastic, whereas if (2.23) is satisfied an inelastic collision event
occurs
𝑈2 > 𝑃2 = elastic process,

(2.22)

𝑈2 ≤ 𝑃2 = inelastic process.

(2.23)

The physicochemical consequences of each inelastic collision event are determined
using a similar probabilistic methodology as that described above. The processes
considered are ionization (𝜎ionisation), electronic excitation (𝜎electronic), vibrational
excitation (σvibrational), and rotational excitation (𝜎rotational):
Ionisation leads to the formation of a geminate pair (H2O+,e−).
Electronic excitation results in the formation of an excited water molecule
(H2O*), which either undergoes dissociation (H2O* → H2, O*, H , OH ) or
non-radiative decay to return to ground-state.
Vibrational and rotational excitation is essentially quenched by the
surrounding medium, thereby not resulting in radiolytic product formation.
The physicochemical cross section ratios (𝜎ionization and 𝜎excitation) are compared with
the conditioned probability for elastic and inelastic collision events using U2,
outlined by (2.24) to (2.26)
0 <

𝑈2
𝑃2

<

𝜎ionization
𝜎elastic + 𝜎inelastic

= ionization,

(2.24)
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𝜎ionization
𝜎elastic + 𝜎inelastic

<

𝜎ionization + 𝜎excitation
𝜎elastic + 𝜎inelastic

𝑈2
𝑃2

<

<
𝑈2
𝑃2

𝜎ionization + 𝜎excitation
𝜎elastic + 𝜎inelastic

= electronic,

< 1 = vibrational.

(2.25)

(2.26)

The trajectory of the primary radiation species is re-evaluated following every
collision event. New trajectories are calculated if the collision event was either
elastic or resulted in ionisation. In addition to trajectory, the remaining energy of the
primary radiation species (𝐸radiation) is recalculated after each energy transfer event
by simply subtracting the energy transferred in the collision (𝛥𝐸) from the incident
energy of the radiation species (𝐸incident), prior to that specific collision event,
outlined by (2.27)
𝐸radiation = 𝐸incident – 𝛥𝐸 .

(2.27)

Once the energy of the primary radiation species falls below that of a predefined cutoff energy (Estop) the track structure simulation stops, generalised by (2.28) and
(2.29)
𝐸radiation < 𝐸stop = track structure simulation stops,

(2.28)

𝐸radiation ≥ 𝐸stop = track structure simulation continues.

(2.29)

If ionisation is induced, the energy deposition of the resulting secondary electrons
must be accounted for. The incorporation of these secondary electrons is crucial for
generating an accurate description of a radiation chemical track, as they are
responsible for additional spur and δ-track formation, as outlined in Chapter 1.38
These secondary electrons are treated in a similar manner as that previously
described for the primary radiation species. The kinetic energy partitioned to each
secondary electron (𝐸secondary) is determined using the differential cross-sections
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presented by Mozunder and co-workers.16-19 The initial trajectory of each secondary
electron is calculated relative to the primary radiation species using conservation of
energy and momentum relationships. The secondary electrons are subsequently
followed until their kinetic energy drops below a predefined 25 eV cut-off energy,
generalised by (2.30) and (2.31)
𝐸secondary < 25 eV =
secondary electron track structure simulation stops,

(2.30)

𝐸secondary ≥ 25 eV =
secondary electron track structure simulation continues.

(2.31)

Once the track structure simulation stops, the resulting radiation chemical track
description consists of a spatial distribution of physicochemically defined collision
events, the fates of which are determined by non-homogeneous diffusion-reaction
kinetics modelling.
Non-homogeneous Diffusion-Reaction Kinetics Modelling
The independent reaction times (IRT) model is used to kinetically assess the fates of
physicochemically produced species and subsequent reaction products as a function
of their relative spatial separation.20 The basis of the IRT model involves treating
pairs of radiolytic species independently. At ‘time zero’ the IRT model calculates the
initial relative spatial separation of radiolytic species by sampling a Gaussian
distribution determined by the radiation track structure model. Pairs of species that
possess relative separations less than the effective reaction distance (𝑅eff) are defined
as overlapping in space and undergo reaction, which removes the qualifying species
and replaces them with the appropriate products. The types of chemical reactions
allowed to occur are dictated by the associated chemistry data file, which consists of
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compilations of experimentally determined reactions and rate constants, taken from
compilations by Buxton et al. and Elliot and Bartels.5,21 After these ‘time-zero’
reactions, the IRT model uses the remaining pair separation distances to generate an
ensemble of random reaction times (RRT). This is achieved using the independent
pairs approximation by sampling from a reaction time distribution function (𝑊),
outlined by (2.32) for encounter controlled reactions22
𝑊 ≈

𝑅eff
𝑟eff

erfc √[

(𝑟eff

− 𝑅eff)

4 𝐷′ 𝑡)

],

(2.32)

where 𝑅eff is the effective reaction distance defined by (2.33), 𝑟eff is the effective
inter-particle distance defined by (2.34), erfc is the complementary error function
defined by (2.35), 𝐷′ is the relative diffusion coefficient, 𝑡 is time, 𝑟c is the Onsager
distance, and 𝑅 and 𝑟 are the respective reaction and inter-particle distances in the
absence of intermolecular forces22
𝑟c

𝑅eff =

𝑟eff =

𝑟

exp( 𝑅c) − 1
𝑟c

erfc =

rc =

𝑟

exp( c) − 1
𝑟
2
√𝜋

,

,

∞

-t2
∫𝑥 e 𝑑𝑡 ,

𝑧1 𝑧2 𝑒 2
4 𝜋 𝜖o 𝜖r 𝑘B 𝑇

.

(2.33)

(2.34)

(2.35)

(2.36)

The Onsager distance, defined by (2.36), is the distance at which the Coulomb
potential energy between ions is ±𝑘B𝑇.23 Where z1 and z2 are the charges of the
respective ions, 𝑒 is the elementary charge (1.602 × 10−19 C), 𝜖o is the permittivity of
a vacuum (8.854 × 10-12 C2 J−1 m−1), 𝜖r is the relative permittivity/dielectric constant
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(80 at 293 K for water), kB is the Boltzmann constant (1.38 × 10−23 J K−1), and T is
the temperature in Kelvin.
The minimum RRT is determined and the corresponding species undergo reaction.
The process then becomes iterative, with new RRT ensembles being calculated until
either all viable reactions have been completed or the calculation cut-off time is
reached. At which point the radiation chemical track description is complete, and
consists of a series of inelastic collision events surrounded by a specific density of
radiolytic products. The products of which are quantified in terms of G-values,
which are subsequently averaged over the number of simulations per permutation,
providing statistically suitable data. The predefined cut-off time used in this research
was 107 picoseconds, which relates to complete radiation chemical track diffusion in
water. Therefore, the resulting G-values for the primary products of radiolysis
correspond to radiation track escape yields. Furthermore, 104 realisations were
performed per simulation permutation.

2.3.2. Deterministic Modelling
Deterministic modelling methods were used to simulate homogeneous bulk radiation
chemistry (stage 4 in Figure 2.4). This modelling approach involves representing
radiolytic chemical kinetics as a set of coupled ordinary differential equations
(ODE), which are simultaneously solved by a numerical algorithm. The solution
algorithm employed in this research was written for the FACSIMILE Kinetic
Modelling Software package.24,* The deterministic modelling code of the chemistry
used in this research is given in full in Appendix IV, The chemistry code can be
*

The FACSIMILE software was specifically designed for efficiently solving bulk ODE and their
evolution with time. These types of calculations are typically subject to a property referred to as
stiffness, resolved by FACSIMILE through the use of time intervals regulated by Gear method and
Newton Raphson iterations.
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broken down into three key stages: defining chemical and physical parameters,
primary radiolysis product generation, and reaction kinetics calculation.
Defining Chemical and Physical Parameters
The first stage of the deterministic model establishes the (un-irradiated) chemical
and physical parameters of the system. Defining the chemical parameters of the
system establishes all of the chemical species present, their initial concentrations,
and their associated chemical properties. This sets the initial values for the pH of the
system and the rates constants for all of the chemical reactions of the radiation
induced species with bulk homogeneously distributed reactants. Defining the
physical parameters of the system involves setting the relative volume of the aqueous
and gaseous phases (𝑉aq and 𝑉g, respectively), the interfacial area between the two
phases (𝐴int), the irradiation dose and dose rate, and the temperature of the system
(𝑇). The incorporation of an empirical polynomial ramping function was necessary,
outlined by (2.37) and (2.38), as the ambient temperature of the samples within the
60

Co-irradiator increased over time (𝑡), stabilising at ~40 °C after 40 minutes.
𝑇 < 40℃ = (−0.0084 𝑡 2 ) + (0.4673 𝑡) + 25.653,

(2.37)

𝑇 = 40℃ = temperature remains constant.

(2.38)

This function was determined experimentally by inserting thermocouples into
samples and recording for a 24 hour irradiation period. The ~20 °C increase in
temperature will have a significant influence upon reaction kinetics.
After specifying the chemical and physical properties of the system, partitioning of
energy deposition and interfacial mass transfer are then calculated. The partitioning
of energy deposition is assumed proportional to the electron fraction of all of the key
components of the system using (1.25). The resulting electron fractions are used to
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specify the rates of production of the primary products of radiolysis from indirect
and direct processes. This set of calculations is essential for determining the extent to
which direct and indirect radiation effects influence the chemistry of the system
being modelled.
Determining the rate of interfacial mass transfer from the aqueous to the gaseous
phase is crucial when investigating the radiolysis of aqueous solutions, were
radiolytic products are gases (e.g. NO2, O2, and H2) or volatile species (e.g. HNO2).
The extent to which they are partitioned between the two phases dictates their
involvement in bulk homogeneous radiation chemistry. Interfacial mass transfer was
calculated using the stagnant two-film model approach, in a similar manner as that
reported by Yakabuskie et al.25 This treatment assumes that a hypothetical stagnant
film exists on either side of the interface. Within these films chemical reactions do
not occur and transport is governed purely by diffusion. Passage through either
stagnant film is derived from Fick’s first law of molecular diffusion and is expressed
as a time dependent mass transfer coefficient (kapp), given by (2.66)
𝑘app(t) = 𝑣int

𝐴int
𝑉aq

(1 − 𝐾𝑝

𝐶g(t)

).
𝐶aq(t)

(2.66)

Of which 𝑣int is the interfacial mass transfer coefficient, 𝐾𝑝 is Henry’s constant,
𝐶aq(t) and 𝐶g(t) are the respective concentrations of a species in the aqueous and
gaseous phase at a given time (𝑡). The interfacial mass transfer coefficient is defined
as the sum of resistances through the aqueous and gaseous stagnant films (𝑣aq and 𝑣g,
respectively), defined by (2.39) to (2.41)26
𝑣aq =

𝐷aq
𝛿aq

,

(2.39)
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vg =

𝐷g
𝛿g

,

(2.40)

with
𝑣int = 𝑣aq +

𝑣g
𝐾𝑝

,

(2.41)

where 𝐷aq and 𝐷g are the aqueous and gaseous phase diffusion coefficients, and 𝛿aq
and 𝛿g are the aqueous and gaseous phase boundary layer thicknesses. In this
research Henry’s constants are taken from reference 27, boundary layer thicknesses
from reference 28, and aqueous and gaseous diffusion coefficients from references
21 and 29, respectively.
Primary Radiolysis Product Generation
The second stage of the bulk chemistry model determines the rate at which the
primary products of radiolysis are generated assuming that their generation is not
affected by the radiation chemical evolution of the system, using (2.42)
𝑑𝐺R(𝑥)
dt

where

=

[Dose Rate G(x) 𝜌]

𝑑𝐺R(𝑥)
𝑑𝑡

NA

,

(2.42)

is that rate of formation of x in mol dm−3 s−1, G(x) is the radiolytic

yield of 𝑥 from a single spatially isolated radiation track (i.e. the escape yield in the
limit of infinitely low dose) in molecules or ions 100 eV−1, 𝜌 is the density of
solution in g mL−1, NA is Avogadro’s number (6.022 × 1023 ions/molecules mol−1),
and the dose rate is expressed in 100 eV kg−1 s−1. This equation determines the rate at
which the primary products of radiolysis are homogeneously introduced into the bulk
system. The yields utilised in this model were calculated using the previously
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discussed Monte Carlo track chemistry simulations and are representative of the
system being modelled.
Reaction Kinetics Calculations
The final stage of the bulk chemistry calculation involves the simultaneous solution
of numerous coupled ODE, reflecting an extensive compilation of chemical reactions
and physical processes, taken from the literature along with their associated rate
constants. Where possible, temperature dependencies have been implemented.21 This
was necessary to incorporate the influence of the

60

Co-irradiator’s temperature

behaviour on reaction kinetics.
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Abstract
A multi-scale modelling approach has been developed for the extended timescale
long-term radiolysis of aqueous systems. The approach uses a combination of
stochastic track structure and track chemistry as well as deterministic homogeneous
chemistry techniques and involves four key stages; radiation track structure
simulation, the subsequent physicochemical processes, nonhomogeneous diffusionreaction kinetic evolution, and homogeneous bulk chemistry modelling. The first
three components model the physical and chemical evolution of an isolated radiation
chemical track and provide radiolysis yields, within the extremely low dose isolated
track paradigm, as the input parameters for a bulk deterministic chemistry model.
This approach to radiation chemical modelling has been evaluated by comparison
with the experimentally observed yield of nitrite from the gamma radiolysis of
sodium nitrate solutions. This is a complex radiation chemical system which is
strongly dependent on secondary reaction processes. The concentration of nitrite is
not just dependent upon the evolution of radiation track chemistry and the
scavenging of the hydrated electron and its precursors, but also on the subsequent
reactions of the products of these scavenging reactions with other water radiolysis
products. Without the inclusion of intra-track chemistry, the deterministic
component of the multi-scale model is unable to predict experimental data,
highlighting the importance of intra-track radiation chemistry in the chemical
evolution of the irradiated system.

Introduction
The long-term radiolysis of aqueous systems is of considerable importance in the
nuclear industry. Computational modelling offers a cost and time effective way of
providing insight into the chemical processes occurring in these systems.
Traditionally, this modelling has been performed using a deterministic treatment of
the bulk chemistry.1-3 A deterministic approach to modelling radiation chemistry
involves the description of the radiolytic chemical kinetics as a set of coupled
simultaneous differential equations and it requires the radiolytic yields of the
primary radiolysis species as input parameters. These yields are used to calculate the
homogeneous rate of production of the primary radiation chemical species. For
aqueous solutions, the yields used are conventionally taken to be those of the species
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escaping from a radiation track in pure water and so depend on radiation quality, i.e.
radiation type and energy, but not on the composition of the irradiated system.2,3
The passage of ionizing radiation through water results in the formation of a
radiation chemical track, which is composed of a series of energy transfer events.
Each energy transfer event results in the formation of a cluster of electronically
excited or ionized reactive species, known as a spur. The subsequent evolution of the
radiation chemical track involves a competition between intra- and inter-spur
reactions (i.e. recombination processes) and diffusion (spur relaxation), leading to
the formation of molecular species and ultimately the escape of both radical and
molecular species into bulk solution. Because of the nonhomogeneous spatial
distribution of the reactants in a radiation track, irradiated systems have
characteristic short-time (of the order of microseconds) nonhomogeneous chemistry
which depends on the radiation quality. In pure water, the species that diffuse out of
the radiation track into bulk solution during its spatial relaxation are eaq−, Haq+, H ,
OH , H2, and H2O2 and will henceforth be referred to as the primary products of
water radiolysis. Their yields at this point in time are referred to as escape yields,
expressed as G-values.* These yields are truly only representative of pure water and
very dilute aqueous solutions. They are not appropriate for aqueous solutions that
contain significant amounts of chemical scavengers, i.e. bulk species that react with
the primary products of water radiolysis; for instance the nitrate anion (NO3−) rapidly
scavenges the hydrated electron and its precursors.4-6 The influence a chemical
scavenger has upon an irradiated aqueous solution depends upon its scavenging
capacity (𝑘s), which is defined as the pseudo first-order rate constant for the

*

Throughout this work G-values are quoted in the conventional radiation chemical unit of ions or
molecules 100 eV−1. The corresponding S.I. unit is related by 1 ion or molecule 100 eV −1 = 0.096
μmol J−1.
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scavenging reaction (𝑘s = 𝑘 × [𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟]). Increasing the concentration of a
scavenger increases the extent to which the scavenger interferes with the chemical
and spatial evolution of a radiation track. To accurately model the long-time
radiation chemistry of complex aqueous solutions, it is necessary to develop a multiscale model incorporating the radiation track chemistry, and its modification in the
presence of chemical scavengers, within a description of the bulk homogeneous
radiation chemistry.
As the interaction of ionising radiation with an absorbing medium is a stochastic
process that produces a spatially nonhomogeneous distribution of species, stochastic
Brownian dynamics techniques offer the most effective method for modelling intratrack chemistry. These methods have been successfully used to simulate the radiation
chemical kinetics of isolated tracks;7-10 however, extending these methods from this
“infinitely low dose” limit to realistic complex chemical systems receiving
significant dose is not straightforward.
This article describes the development of a multi-scale modelling approach for the
radiation chemistry of complex, concentrated aqueous solutions, approaching the
challenge in four key stages, each representing one of the four stages in the evolution
of the radiation chemical system; track structure, physicochemical processes,
nonhomogeneous diffusion-reaction kinetics, and homogeneous bulk chemistry.
To test the modelling approach and demonstrate the importance of radiation track
chemistry in determining the bulk radiation chemistry and observable radiolysis
products, a comparison with experimentally determined data for the gamma
radiolysis of sodium nitrate (NaNO3) solutions is presented. The radiolytic yield of
NO2− (G(NO2−)) from the radiolysis of aerated solutions of NO3− has been
experimentally investigated by a number of research groups.11-15 The dependence of
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the observed yield on the concentration of NO3− is consistent in all of the studies,
although there is scatter between the data of the different studies. Without exception
the dose at which the yields are quoted is not specified. Furthermore, the measured
yields of NO2− are considerably smaller than the yields measured for other
scavengers of the hydrated electron and its precursors.5,6 A thorough experimental
re-evaluation of the gamma radiolysis of aerated and deaerated aqueous NO3−
solutions has recently been undertaken to resolve the radiation chemistry of NO2−
formation.16 This study confirmed the experimental (concentration dependence and
absolute yield) data in the literature, but revealed a significant non-linear dose
dependence of the measured yields. This non-linear dose dependence and the
significant difference between the G(NO2−) and the yields measured for other
scavengers implies significant bulk phase secondary chemistry between the reactive
products of NO3− reduction and other radiation induced species, making this an ideal
system for study using a multi-scale modelling formalism for radiation chemistry
incorporating the evolution of the radiation chemical track.
In aerated solution, the radiolytic formation of NO2− in NO3− solution occurs by two
different routes:
(i)

the reduction of NO3− by the hydrated electron and its precursors (plus
H ), and

(ii)

the direct interaction of radiation with NO3− leading to an excited state
that decays to give NO2− and O.

The formation mechanism is summarised by the reaction scheme in Table 1. In the
former case, which is relevant in the experimental studies reported, reduction of
NO3− leads to the formation of the reactive intermediate NO32− (and HNO3−). This
intermediate is converted to NO2 and then ultimately to NO2− (or it is consumed by
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homogeneous bulk chemical processes). The extent to which this indirect chemical
route contributes to G(NO2−) is dependent upon the concentration of NO3− and its
scavenging of epre− and eaq− in competition with their intra-track reactions with other
primary species, e.g. H2O+ or OH , respectively, or with other scavengers, e.g. O2.
As NO3− is a highly effective scavenger of epre− and eaq−, a relatively small
concentration of NO3− is capable of having a significant effect upon the chemical
evolution of a radiation track.
Table 1. Simplified reaction scheme for the radiolytic formation of nitrite from the
radiolysis of aqueous nitrate.
Number

Chemical Reaction

Rate Constant
(dm3 mol−1 s−1)

Reference

1

NO3− ⇝ NO3−* → NO2− + O

N/A

17

2

NO3− ⇝ NO3−* → NO3 + e−

N/A

17

3

NO3− + epre− → NO32−

1 × 1013

18

4

NO3− + eaq− → NO32−

9.7 × 109

4

5

NO3− + H → HNO3−

1.0 × 107

19

6

NO32− + H2O → NO2 + 2OH−

1.0 × 103

−

−

5

19,20
−1

7

HNO3 → NO2 + OH

2.0 × 10 (s )

19,20

8

NO2 + NO2 → N2O4

4.5 × 108

21

9

N2O4 + H2O → HNO2 + HNO3

18

21

10

HNO2 → NO2− + Haq+

3 × 107 (s 1)

−

22

Formation of NO2− by the transfer of radiation energy to the electrons of NO3−
proceeds by reactions (1) and (2) to direct chemical change. Consequently, the extent
to which this route contributes to G(NO2−) depends upon the relative electron
fraction of NO3− compared to the bulk solvent, water; high concentrations
(≥1 mol dm-3) of NO3− are necessary for direct effects to influence G(NO2−).
NO2− and its radiation chemical precursors NO32− and NO2 are reactive species
which have extensive chemistry with the primary species resulting from water

113

Chapter 3 – Multi-scale Modelling of the Radiolysis of Nitrate Solutions
radiolysis. This bulk secondary chemistry has a significant effect on the measured
yield of NO2−. Consequently, the radiolytic production of NO2− from NO3− is a
perfect system to demonstrate the importance of using a multi-scale modelling
approach to simulate the radiation chemistry of irradiated aqueous systems.

Methodology
Multi-scale Modelling
The multi-scale modelling methodology developed and deployed is outlined in
Figure 1.
Multi-scale Modelling Approach

Processes

Timescale

1. Track Structure Simulation

Energy Transfer and
Track Structure

<1 femtosecond

2. Physicochemical Processes

Ultra-fast Chemistry

<1 picosecond

3. Nonhomogeneous Diffusion-Reaction
Kinetics

Intra-track Chemistry

< 1 microsecond

4. Homogeneous Bulk Chemistry

Reaction of Long-lived
Radiolysis Species

>1 microsecond

Figure 1. Schematic representation of the multi-scale modelling approach.
It approaches the challenge of modelling the bulk radiolysis of an aqueous system by
breaking the calculation down into four key stages, which correspond to different
time (and distance) regimes:
(i)

track structure formation (<1 fs),

(ii)

physicochemical processes (<1 ps),

(iii)

nonhomogeneous reaction kinetics (<1 μs), and

(iv)

homogeneous bulk chemistry (>1 μs).
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The basic approach is as follows:
Track Structure Formulation. The first component of the model concerns the
simulation of a radiation track, which involves determining the number of inelastic
collision events, their relative locations, and their relative separation. The distance
between each intra-track event is calculated by selecting a random value from a
distribution with the appropriate mean free path, determined using experimentallybased liquid-phase interaction cross-sections which are dependent upon the energy
and nature of the radiation particle. In the calculations reported here, the radiation
track physics are modelled using the stochastic methodology detailed in
reference 23. The trajectory of the primary radiation particle is followed as its energy
is attenuated by 10 keV. All secondary electrons and subsequent generations of
electrons are treated in the same manner as the primary radiation particle, except
their trajectory is followed until a cut-off energy defined as 25 eV is attained.
Physicochemical Processes. The resulting track structure is passed into the second
component of the model, which assesses the consequences of each of the inelastic
collision events comprising the radiation track, in terms of the type of induced
physicochemical process; ionization, electronic excitation or vibrational excitation.
This procedure uses experimentally-determined, liquid-phase ionisation efficiencies,
and ionisation and excitation cross-sections. The resulting nonhomogeneous spatial
distribution of reactive species provides the basis for modelling the intra-track
chemistry.
Nonhomogeneous Diffusion-reaction Kinetics. In the calculations reported here, this
chemistry is simulated using the independent reaction times (IRT) model described
in detail in reference 24. Track chemistry calculations were performed for the
gamma radiolysis of aerated ([O2] = 2.5 × 10-4 mol dm-3) aqueous NO3− solutions.
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These simulations followed the evolution of the radiation track up to 10 μs to allow
the complete spatial relaxation of the initially nonhomogeneous radiation chemical
tracks. The diffusion coefficient and hydration radii of the radiation induced species
were taken from various experimental sources and the intra-track reaction scheme as
well as most of the rate constants used in the calculations were taken from the
compilation by Buxton et al.4 Upon completion, the track chemistry model generates
a set of radiolysis “escape yields”, representative of the system being modelled.
Homogeneous Bulk Chemistry. The end of stage three (at about 1-10 s) marks the
point at which the reactive species comprising the radiation track cease to interact
chemically. The radiolytic species, which have survived intra-track chemistry and
have diffused into bulk solution, are then only subject to homogeneous, bulk
chemistry processes. This chemistry is modelled using conventional deterministic
techniques that rely on the solution of coupled kinetic equations using a suitable
numerical algorithm. These escape yields predicted by the track chemistry
calculation are then used as input parameters for the deterministic calculation. In the
calculation reported here, FACSIMILE code was used to solve the coupled kinetic
equations describing the homogeneous bulk chemistry.25 The bulk chemistry model
includes not only the fast reactions included in the track chemistry calculations, but
also a large number of slower chemical reactions. The complete reaction scheme
employed is presented in the supplementary material associated with this article.
The incorporation of all four stages into a single multi-scale model utilises a
combination of stochastic and deterministic modelling techniques for radiation
chemical kinetics for the first time.
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Supporting Experiments
NaNO3 (99.995% trace metals basis), N-(1-napthyl)ethylenediamine dihydrochloride
(≥98%), and sulfanilamide (≥99%) were obtained from Sigma Aldrich. HCl (ACS
reagent grade) was supplied by Fisher Scientific. All chemicals were used without
further purification. Ultra-pure water (18.2 MΩ cm) was used to make up all aqueous
solutions.
Gamma irradiations were performed using a Foss Therapy Services Model-812
Cobalt-60 Self-Contained Irradiator Unit, at The University of Manchester’s Dalton
Cumbrian Facility. Samples were subjected to doses ranging from 100 to 1000 Gy.
Dosimetry was performed using Fricke solution, with an average dose rate of
60 Gy min−1.26
Measurement of NO2− concentration was performed using a modified version of the
Shinn method.27,28 This technique involved sequential addition of sulfanilamide
solution (5.8 × 10−2 mol dm−3) and N-(1-napthyl) ethylene diamine dihydrochloride
solution (3.9 × 10−3 mol dm−3).28 The absorption of the resulting purple azo-dye was
measured using an Agilent Technologies Cary series UV-Vis-NIR spectrophotometer,
of which an extinction coefficient (ε) of 5.89 × 104 dm3 mol−1 cm−1 was determined
at λmax = 543 nm. The reported NO2− concentrations have been corrected for electron
density.

Results
To understand the importance of radiation track chemistry on the bulk homogeneous
chemistry of irradiated aqueous solutions, the production of NO2− during the gamma
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irradiation of 1 × 10−3 and 0.1 mol dm−3 NO3− solutions is considered and the results
of experiments and calculations are shown in Figure 2 and Figure 3, respectively.
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Figure 2. Concentration of NO2− produced as a function of dose from the gamma
irradiation of 1 × 10−3 mol dm−3 NaNO3 solution: Experiment ( ); Radiation
chemistry calculation using water radiolysis escape yields (1); incorporating the
predictions of stochastic track chemistry (2); Predicted concentration of NO2− in the
absence of secondary bulk reactions (3); Predicted concentration of NO32− formed
from NO3− scavenging of electrons (4); Contribution form epre− (5) and eaq− (6);
experimental error ≤ (±) 4.18 × 10−7 mol dm−3.
The figures compare the experimentally observed dependence of NO2− concentration
on dose with the predictions of a deterministic model of the bulk radiation chemistry
based on (1) the experimentally determined escape yields for the primary radiation
species, i.e. eaq−, Haq+, H , OH , H2, and H2O2, and on (2) the predictions of track
chemistry calculations for the system of interest. It is immediately obvious from the
figures that the conventional approach to modelling radiation chemistry using the
escape yields for water is inadequate and significantly underestimates the measured
yield of NO2−. Whereas predictions of the multi-scale model developed here using
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stochastic track chemistry calculations accurately predicts the experimental data and
the observed dose dependence.
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Figure 3. Concentration of NO2− produced as a function of dose from the gamma
irradiation of 0.1 mol dm−3 NaNO3 solution: Experiment ( ); Radiation chemistry
calculation using water radiolysis escape yields (1); incorporating the predictions of
stochastic track chemistry (2); Predicted concentration of NO2− in the absence of
secondary bulk reactions (3); Predicted concentration of NO32− formed from NO3−
scavenging of electrons(4); Contribution form epre− (5) and eaq− (6); experimental
error ≤ (±)1.8 × 10−6 mol dm−3.
In both figures the concentration of NO2− predicted using water radiolysis escape
yields is smaller than that predicted using track chemistry yields. This difference
demonstrates the importance of track chemistry in determining the observed bulk
chemistry. Figure 2 and Figure 3 also show the total concentration of the
intermediate species NO32− produced predicted by the multi-scale model and the
concentration of NO2− that would be expected in the absence of secondary bulk
reactions, i.e. if all of the intermediate were converted to NO2−. The potential
concentration of NO2− is significantly higher than that measured experimentally and
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is also higher than the concentration expected if all the escape yield of eaq− was to be
converted to NO2− according to the reaction scheme in Table 1. This first difference
highlights the significance of secondary reactions in determining the observed
chemistry, while the second reinforces the point made earlier about the importance
of correctly incorporating radiation track chemistry.
The intermediate NO32− arises from two reactions, scavenging of the hydrated
electron and of its precursors. At the lower of the two concentrations considered,
NO32− is predominantly formed by the reaction of NO3− with eaq−, i.e. (4) ≈ (6) >>
(5), but, at the higher concentration, both of the scavenging reactions contribute
although the reaction with eaq− is still dominant (4) > (6) > (5).

Discussion
Table 2 lists the radiolysis yields at 10 μs for aerated 1 × 10−3 and 0.1 mol dm−3
NaNO3 solutions predicted by stochastic track chemistry simulations as well as the
escape yields for the gamma radiolysis of pure water taken from the compilation of
Elliot and Bartels.1 Comparison of these yields shows that the radiolysis products are
strongly dependent upon intra-track processes and scavenger chemistry. Of particular
interest is the change in yield of NO32− with increasing NO3− concentration and its
value relative to the escape yield of eaq−. In aerated NO3− solutions (1 × 10−3 to
6 mol dm−3), the electrons (epre− and eaq−) from water radiolysis are scavenged by
NO3− and O2, leading to the formation of NO32− and O2 −; by reactions (3), (4), and
(11), respectively.
eaq− + O2

O2

−

k = 1.9 x 1010 dm3 mol−1 s−1 (11)4

Similarly, H is converted into HNO3− and O2 −; via reaction, (5) and (12),
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H + O2

Haq+ + O2

HO2

−

k = 2.1 x 1010 dm3 mol−1 s−1 (12)4

There is a noticeable discrepancy between the sum of the escape yields of the
reducing radicals, [G(eaq−) + G(H )] = 3.20, for water radiolysis and the sum
[G(NO32−) + G(O2−)]. For 1 × 10-3 and 0.1 mol dm-3 NO3− solutions, the sums
[G(NO32−) + G(O2−)] are 3.32 and 4.19, respectively. The latter sum is more than
30% higher than the corresponding [G(eaq−) + G(H )] for water radiolysis.
Table 2. Comparison of simulated (escape) yields at 10 μs for the gamma radiolysis
of aerated aqueous 1 × 10−3 and 0.1 mol dm−3 NaNO3 solutions with the gamma
radiolysis escape yields for water.
Stochastic simulation (species 100 eV−1)
Species

Escape Yields
(species 100 eV−1)1

0.1 mol dm−3
NaNO3

1 × 10−3 mol dm-3
NaNO3

Water Radiolysis

eaq−

-

-

2.641

Haq+

3.656

4.212

2.641

OH

2.680

3.038

2.531

H

-

-

0.556

H2

0.431

0.296

0.419

OH−

0.327

0.025

-

H2O2

0.707

0.808

0.752

O2−

1.326

0.212

-

NO32−

1.990

3.975

-

The origins of this difference are clearly demonstrated in Figure 4 and Figure 5,
which show the simulated decay kinetics of eaq− and the formation kinetics of NO32−,
respectively, in pure water, in aerated 1 × 10−3 and 0.1 mol dm−3 NO3− solutions.
The escaping yield of eaq− has in its very nature to be smaller than the yield of
electrons scavenged by NO3− and converted to NO32− at any NO3− concentration
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where scavenging competes with intra-track reaction and spatial relaxation, i.e.
where (𝑘s) −1 < 1 s.
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Figure 4. Decay kinetics of the eaq− in pure water and in aerated 1 × 10−3 and
0.1 mol dm−3 NO3− solutions. Experimental pulse radiolysis decay kinetics of eaq−:
Fanning ( )29; Buxton ( )30; Jonah (▼)31; Bartels (dashed line)32. Escape yield of
eaq− (→)1.Radiation chemistry calculation for the stochastic track chemistry of
deaerated water (1); of 1 × 10−3 NO3− solution (2); and of 0.1 mol dm−3 NO3−
solution (3).
The escape yield of the hydrated electron, G(eaq¯ ), represents the amount of hydrated
electrons that have survived intra-track chemical processes, for example reaction
with OH (13).
eaq− + OH

OH−

k = 3.0 × 1010 dm3 mol−1 s−1 (13)33

As the concentration of NO3− increases, there is a progressive increase in the
scavenging capacity of NO3− for the hydrated electron and its precursors. This
increase leads to fewer electrons being consumed by intra-track processes and to
[G(NO32−) + G(O2−)] yields higher than the corresponding [G(eaq−) + G(H )] for
water radiolysis. A further consequence of the scavenging is that the remaining
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“sibling” primary water radiolysis species, i.e. OH , H2, H2O2, and Haq+, show either
an enhanced escape yield or undergo different intra-track chemistry. For instance
G(OH ) increases from 2.53 to 2.68 to 3.04, in going from pure water to
1 × 10−3 mol dm−3 NO3− solution to 0.1 mol dm−3 NO3− solution. This increase in
OH escape yield is also accompanied by an increase in H2O2 formation with
G(H2O2) rising from 0.71 to 0.81 as NO3− concentration increases from 1 × 10−3 to
0.1 mol dm−3.
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Figure 5. Formation kinetics of NO32− in aerated 1 × 10−3 and 0.1 mol dm−3 NO3−
solutions. Escape yield of eaq− (→)1.Radiation chemistry calculation for the
stochastic track chemistry of 1 × 10−3 NO3− solution (1); and of 0.1 mol dm−3 NO3−
solution (2).
According to the compilation of Elliot and Bartels, G(H2O2) is 0.75 for the gamma
radiolysis of pure water.1 This value is intermediate between the values predicted by
track chemistry simulation for aerated solutions of NO3− and somewhat larger than
that predicted by simulations (not reported) for pure water, 0.69; however, it should

123

Chapter 3 – Multi-scale Modelling of the Radiolysis of Nitrate Solutions
be noted that the value selected by Elliot and Bartels is somewhat higher than the
usually accepted value of G(H2O2) = 0.68.34
At sufficiently high NO3− concentrations, NO3− is able to scavenge epre− in
competition with the hydration process which occurs on a sub-picosecond timescale
before diffusion limited reaction can occur. This scavenging prior to hydration leads
to a significant increase in G(NO32−).
The observed NO2− yields are a result of the homogeneous chemistry of NO32− and
its subsequent decay products (as well as NO2−), and not the homogeneous chemistry
of eaq− which is implicit when using water radiolysis escape yields as initial
parameters. The use of water radiolysis escape yields automatically imposes an
artificial limit on the amount of NO32− that can be produced, ultimately restraining
the amount of NO2− that can be formed.
It is worth highlighting that the yields in Table 1 only provide insight into the
radiation chemistry occurring within the radiation chemical track and before the
nonhomogeneous spatial distribution has relaxed. They provide no information about
the evolution of the slow homogenous bulk chemistry, only the rate at which the
radiation-induced species are produced.

Conclusions
A multi-scale modelling approach for simulating the radiolysis of aqueous solutions,
using a combination of stochastic and deterministic modelling techniques, has been
presented. This approach has been evaluated, with regards to G(NO2−), using
experimental data for the gamma radiolysis of aerated NO3− solutions. The
importance of radiation chemical track evolution has been shown by comparing the
effects of stochastic escape yields with water radiolysis escape yields. It has been
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shown that by using water radiolysis escape yields as initial parameters in the
FACSIMILE code, the experimental data could not be reproduced. This is a
consequence of a number of implicit assumptions which impose an artificial limit
upon the amount of NO2− that can be produced. These assumptions are a result of the
water radiolysis escape yields not being representative of the investigated NO3−
systems. As a consequence, the evolution of radiation track chemistry is essentially
ignored leading to the inability to reproduce experimental data. However, the use of
stochastic modelling allows for the successful calculation of escape yields which are
representative of the NO3− system being investigated. Consequently, the presented
stochastic escape yields allow for the FACSIMILE code to calculate NO2−
concentrations in good agreement with experiment. Overall, the presented approach
has demonstrated that the evolution of radiation track chemistry has a significant
influence upon the observed chemistry, and that understanding the radiation track
chemistry of solutions containing chemical scavengers is crucial to being able to
effectively model their radiation chemistry.
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Abstract
The yield of NO2− produced in the gamma radiolysis of aerated, aqueous NaNO3
solutions has been investigated using a combination of experiment and multi-scale
modelling. The yield is dose dependent and at a given dose increases with NO3−
concentration. This radiation chemical system has a complex reaction scheme and
modelling shows that the measured yield of NO2− is strongly dependent on
secondary bulk homogeneous chemistry. The observed non-linear dose dependency
in the concentration of NO2− is primarily determined by (i) the reactions of OH and
NO3 with NO2− and its precursors, and (ii) the reaction of H2O2 with the
intermediate NO32−, while the absolute yield is determined by the effect of NO3−
concentration on intra-track radiation chemistry.

Introduction
The radiation chemistry of NO3− is of considerable significance in the nuclear
industry as nitric acid is used extensively within environments subjected to intense
multi-component radiation fields, e.g. in spent nuclear fuel reprocessing solvent
systems and in the storage of highly active nuclear waste in stainless steel storage
tanks.1-7 Of particular interest within these industrially relevant systems is the
radiolytic production of the nitrite anion (NO2−) and its conjugate acid, nitrous acid
(HNO2), as they promote physical and chemical changes.2,6,7 The radiolysis of
aqueous solutions of nitrate (NO3−) has been studied extensively, and the following
simple reaction scheme for the radiolysis of NO3− has been proposed for the
radiolytic formation of NO2−:8-12
Water radiolysis
H2O ⇝ eaq−, Haq+, H , OH , H2, H2O2

(1)13

Nitrate anion radiolysis
NO3− ⇝ NO3−* → NO2− + O

(2)14

NO3− ⇝ NO3¯* → NO3 + e−

(3)14
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Intra-track radiation chemistry of nitrogen species
NO3− + epre− → NO32−

k = 1 × 1013 dm3 mol−1 s−1

(4)15

NO3− + eaq− → NO32−

k = 9.7 × 109 dm3 mol−1 s−1 (5)13

NO3− + H → HNO3−

k = 1.0 × 107 dm3 mol−1 s−1 (6)16

NO32− + H2O → NO2 + 2OH−

k = 1.0 × 103 dm3 mol−1 s−1 (7)16,17

HNO3− → NO2 + OH−

k = 2.0 × 105 s−1

NO2 + NO2 ⇌ N2O4

kf = 4.5 × 108 dm3 mol−1 s−1

(8) 16,17

kb = 6 × 103 s−1

(9)18

N2O4 + H2O → HNO2 + HNO3

k = 18 dm3 mol−1 s−1

(10)18

HNO2 ⇌ NO2− + H+

pKa = 3.2

(11)19

There are two pathways by which NO2− can be formed. The first is via the indirect
effects of radiation, i.e. chemical change induced in the solute by reaction with
species produced by the deposition of radiation energy into the electrons of the
solvent.20 This route involves NO3− scavenging radical products from the radiolysis
of water, namely the hydrated electron (eaq−), its precursor (epre−), and the hydrogen
atom (H ); reactions (4), (5), and (6), respectively. The resulting reduced
intermediates (NO32− and HNO3−) react via reactions (7) to (11) to yield NO2− or
react with other water radiolysis products. The extent to which indirect effects
contribute to NO2− production is determined by competition kinetics, and thus
dependent upon the scavenging capacity (𝑘s = 𝑘 × [𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟]) of NO3− for eaq−
and its precursor, epre−. The second pathway for NO2− formation is via the direct
interaction of radiation with NO3−, i.e. the formation, and subsequent decay, of an
excited state by the direct transfer of radiation energy into the electrons of the solute;
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reactions (2) and (3).20 The extent to which direct excited state formation contributes
to the production of NO2− depends upon the electron fraction of NO3− relative to that
of H2O, outlined in Table 1.
Table 1. Electron fraction of NO3‾ relative to water, for concentrations between
1 × 10-3 and 6 mol dm-3.
[NO3‾] (mol dm‾3)

Electron Fraction (%)

1 × 10-3

0.01

1 × 10-2

0.06

0.1

0.57

1

5.45

4

18.73

6

25.68

Hence, relatively high concentrations of NO3− (≥1 mol dm−3) are required for a
significant contribution from direct effects. Once NO2− is formed it is then subject to
a plethora of bulk homogenous reactions, which are listed in the supporting
information (Appendix I).
The following study provides a systematic investigation of the bulk radiolytic
formation of NO2− from the gamma radiolysis of aqueous NaNO3 solutions, using a
combination of experimental techniques and a multi-scale model to provide
mechanistic insight.

Experimental Methodology
NaNO3 (99.995% trace metals basis), N-(1-napthyl)ethylenediamine dihydrochloride
(≥98%), sulfanilamide (≥99%),

Fe(NH4)2(SO4)2.6H2O (99%), and H2SO4 (ACS

reagent grade) was obtained from Sigma Aldrich. HCl (ACS reagent grade) was
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supplied by Fisher Scientific. All chemicals were used without further purification.
Ultra-pure water (18.2 MΩcm) was used to make up all solutions.
Gamma irradiations were performed using a Foss Therapy Services Model-812
Cobalt-60 Self-Contained Irradiator Unit, at the The University of Manchester
Dalton Cumbrian Facility. Samples were subjected to doses ranging from 100 to
1000 Gy. Dosimetry was performed using Fricke solution, for which an average dose
rate of 60 Gy min−1 was determined for the time frame of the experiments.
Measurement of NO2− was performed by a modified version of the Shinn method
and involved sequential addition of sulfanilamide solution (5.8 × 10‾2 mol dm‾3) and
N-(1-napthyl)ethylenediamine dihydrochloride solution (3.9 × 10‾3 mol dm‾3).21 The
absorption of the resulting azo-dye was then measured using an Agilent Technologies
Cary series UV-Vis-NIR spectrophotometer. An extinction coefficient (ε) of
5.89 × 104 dm3 mol‾1 cm‾1 was determined at λmax = 543 nm.
The NO2‾ yields reported here were corrected for electron density and are expressed
as concentrations and G-values; the number of ions or molecules produced per
100 eV of energy absorbed by the medium. Each irradiated sample used 5 mL of
aerated, aqueous NaNO3 solution, with concentrations ranging from 1 × 10‾3 to
6 mol dm‾3, and were sealed with a 10 mL (±1 mL) head space volume of air.

Multi-scale Modelling Methodology
Multi-scale modelling was used to analyse and understand the measurements of the
aforementioned experiments. The modelling methodology is given in Figure 1. This
multi-scale modelling approach relies on a combination of stochastic track chemistry
and deterministic kinetics models to predict bulk radiation chemistry. The model has
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four components which address the following four time regimes: track structure
formation

(<1

femtosecond);

physicochemical

processes

(<1

picosecond);

nonhomogeneous reaction kinetics (<1 microsecond), and; homogeneous bulk
chemistry (>1 microsecond).
The stochastic component of the multi-scale model, stages 1 to 3 in Figure 1, uses
well established track structure formation and diffusion-kinetic independent reaction
times models to simulate radiation track chemistry, which includes the physical and
chemical processes occurring from the point of energy transfer up to the complete
spatial relaxation of the radiation chemical track at about 1 s when the products of
radiolysis can be considered to be homogeneously distribution.22-24 In other words,
the stochastic component of the model provides yields to allow the calculation of the
rates of formation of the products of radiolysis in the deterministic model for the
bulk homogeneous radiation chemistry.
Multi-scale Modelling Approach

Processes

Timescale

1. Track Structure Simulation

Energy Transfer and
Track Structure

<1 femtosecond

2. Physicochemical Processes

Ultra-fast Chemistry

<1 picosecond

3. Nonhomogeneous Diffusion-Reaction
Kinetics

Intra-track Chemistry

< 1 microsecond

4. Homogeneous Bulk Chemistry

Reaction of Long-lived
Radiolysis Species

>1 microsecond

Figure 1. Schematic representation of the multi-scale modelling approach.
The deterministic model for bulk homogeneous radiation chemistry, stage 4 in
Figure 1, is based upon an extended scheme of over a hundred reactions, comprising
water radiolysis reactions and reactions of NO3− and its radiation-induced product
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species. The chemistry is expressed as a set of coupled kinetic differential equations
which were solved using the FACSIMILE software package.25 Both the stochastic
and deterministic components of the multi-scale model are based on experimentally
determined physical and chemical parameters. The multi-scale modelling formalism
and these parameters have already been described in detail elsewhere.26

Results and Discussion
The dependency of NO2− concentration as a function of absorbed gamma dose and
NO3− concentration is given in Figure 2 and Figure 3.

5.0x10-5

[NO2 ] / mol dm-3

4.0x10-5

3.0x10-5

2.0x10-5

1.0x10-5

0.0
0

150

300

450

600

750

900

1050

Dose / Gy

Figure 2. Concentration of NO2− as a function of absorbed gamma dose received by
NaNO3 solutions: 1 × 10‾3 mol dm‾3 Experiment ( ), 1 × 10‾3 mol dm‾3 Calculation
(—), 1 × 10‾2 mol dm‾3 Experiment ( ), 1 × 10‾2 mol dm‾3 Calculation (—),
1 × 10‾1 mol dm‾3 Experiment ( ), and 1 × 10‾1 mol dm‾3 Calculation (—);
experimental error ≤ (±) 1.8 × 10−6 mol dm−3.
Both figures show that the concentration of NO2− increases with absorbed dose and
NO3− concentration, and that the calculated data from the multi-scale model is in
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good agreement with experimental findings. Interestingly, NO2− exhibits a non-linear
dose dependency, decreasing rate of formation with increasing dose, most evident
for NO3− concentrations <1 mol dm-3. This suggests that secondary bulk
homogeneous chemistry, dependent upon the oxidising products from radiolysis, has
a significant effect upon the radiochemical yield of NO2−.

[NO2 ] / mol dm-3

2.0x10-4

1.5x10-4

1.0x10-4

5.0x10-5

0.0
0

150

300

450

600

750

900

1050

Dose / Gy

Figure 3. Concentration of NO2− as a function of absorbed gamma dose received by
NaNO3 solutions: 1 mol dm‾3 Experiment ( ), 1 mol dm‾3 Calculation (—), 4 mol
dm‾3 Experiment ( ), 4 mol dm‾3 Calculation (—), 6 mol dm‾3 Experiment ( ), and
6 mol dm‾3 Calculation (—); experimental error ≤ (±) 5.3 × 10−6 mol dm−3.
This observation is reflected by the corresponding radiolytic yields (G(NO2−)) given
in Figure 4, in which results from this work are plotted alongside previously
published experimental data.8-11 As with the dependency of NO2− concentration,
G(NO2−) increases with increasing NO3− concentration whilst generally decreasing
with absorbed dose, exemplified by the 100 and 1000 Gy absorbed dose data sets.
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G(NO2-) / ions 100 eV-1

2.0

1.5

1.0

0.5

0.0
-4

-3

-2

-1

0

1

Log10[NaNO3]

Figure 4. Radiolytic yield of NO2− as a function of NaNO3 concentration, from the
gamma radiolysis of NaNO3 solutions: Experiment – 100 Gy ( ), Calculation – 100
Gy (—), Experiment – 1000 Gy ( ), Calculation – 1000 Gy (—), Kiwi and Daniels
( ), Daniels and Wigg ( ), Patil et al. ( ), and Feraggi et al. ( ).8-11
These trends are a consequence of increasing contributions of both direct and
indirect radiation effects, and the interplay between radiation track chemistry and
secondary bulk homogeneous chemistry. Insight into these secondary reaction
processes is provided by the multi-scale model, for which a detailed analysis of
1 × 10‾2 and 6 mol dm‾3 NaNO3 are presented here.
The radiochemical yield of NO2− as a function of dose from the gamma radiolysis of
1 × 10‾2 mol dm‾3 NaNO3 solution is given in Figure 5. Plotted alongside the yield
of NO2− are (i) a series of reactions that have been identified as having a significant
influence over the radiation chemistry of NO2‾, and (ii) the theoretical yield of NO2−
from indirect effects. In 1 × 10‾2 mol dm‾3 NaNO3 solutions, NO2− is predominantly
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produced by indirect effect pathways (4 to 6), as the electron fraction of NO3− is too
low for direct effects to have a significant contribution.

5.0x10-5

(2)
(4)

(5)

[NO2 ] / mol dm-3

4.0x10-5

3.0x10-5

(1)
2.0x10-5

(3)
-5

1.0x10

0.0
0

150

300
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600

750

900

1050

Dose / Gy

Figure 5. Concentration of NO2− produced as a function of dose from the gamma
irradiation of 1 × 10−2 mol dm−3 NaNO3 solution: Experiment ( ); Multi-scale
model chemistry calculation (1); Predicted concentration of NO32− formed from
NO3− scavenging of electrons (2); Predicted concentration of NO32− consumption by
H2O2 (3); Predicted concentration of NOx consumption by OH (4)*; Theoretical
yield
of
NO2−
from
indirect
effects
(5);
experimental
error
−6
−3
≤ (±) 1.58 × 10 mol dm .
Under the neutral pH conditions used by these experiments, reaction of NO3− with
electrons (4 and 5) is the dominant indirect effect pathway by with NO2− is formed,
as the reaction of NO3− with H (6) is negligible; [Haq+]pH7 = 1.0 × 10‾7 mol dm‾3,
k(eaq− + Haq+) = 2.3 × 1010 dm3 mol‾1 s‾1, therefore at pH 7 the scavenging capacity
of Haq+ for eaq− is 2.3 × 103 s‾1, which is too slow to compete with NO3− for eaq‾
(9.7 × 107 s‾1). Consequently, the maximum possible yield of NO2− that can be
formed (i.e. the theoretical yield) via indirect effect pathways is half the maximum
*

In this work NOx refers to the following nitrogen oxide species: NO32−, NO2, HNO2, and NO2−.

138

Chapter 4 – Radiolytic Yield of Nitrite Anion from the Gamma Radiolysis of Nitrate
Solutions
yield of electrons scavenged by NO3−, which up to 1.71 × 10‾4 mol dm‾3 for
1 × 10‾2 mol dm‾3 NO3− within the reported dose range. However, it is evident from
Figure 5 that the concentration of NO2− is far from the theoretical yield, which is a
consequence of secondary bulk homogeneous chemistry consuming NO2− and/or its
key precursors (NO32−, NO2, N2O4, and HNO2). The species identified as being
predominantly responsible for regulating the radiochemical yield of NO2− are OH
and H2O2, both of which are principally formed within the radiation chemical track
from the radiolysis of water. Of the two oxidising species, OH exhibits a greater
influence upon the concentration of NO2−, as it is capable of rapidly reacting with
NO2− and the majority of its precursors, outlined by (12) to (15):
NO32− + OH → NO3− + OH−

k = 3.0 × 109 dm3 mol‾1 s‾1

(12)27

NO2 + OH → HOONO

k = 1.0 × 1010 dm3 mol‾1 s‾1 (13)27

HNO2 + OH → NO2 + OH−

k = 2.0 × 109 dm3 mol‾1 s‾1

NO2− + OH → NO2 + OH−

k = 1.0 × 1010 dm3 mol‾1 s‾1 (15)13

(14)28

These reactions allow for OH to drastically reduce the radiochemical yield of NO2−,
relative to the theoretical, by scavenging up to 1.03 × 10‾10 mol dm‾3 of NO32−,
3.19 × 10‾7 mol dm‾3 of NO2, 1.49 × 10‾8 mol dm‾3 of HNO2, and 3.14 × 10‾4
NO2−, in 1 × 10‾2 mol dm‾3 NaNO3 solution within the reported dose range. It is
clear from these values that OH predominantly influences the yield of NO2− by
reacting with NO2− itself, decomposing it into NO2 (15). The reactions of OH with
NOx are predominantly responsible for the significant deviation of the radiochemical
yield of NO2− from the theoretical maximum. The curvature exhibited by the yield of
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NO2− in Figure 5 is a consequence of the relative accumulation of H2O2, which in
turn progressively consumes more NO32−, oxidising it back to NO3− (16).
NO32− + H2O2 → NO3− + OH− + OH

k = 1 × 103 dm3 mol‾1 s‾1

(16)29

The significance of reaction (16) increases with dose as H2O2 slowly accumulates in
bulk solution, leading to consumption of up to 1.87 × 10‾5 mol dm‾3 of NO32− within
the reported dose range; the theoretical implications of which are that up to
3.74 × 10‾5 mol dm‾3 of NO2− are indirectly consumed. The non-linear dose
dependency is more pronounced for NO3‾ concentrations <1 mol dm‾3. This is
mostly likely a consequence of direct effects delaying the onset of curvature at low
doses for higher NO3− concentrations. This is because the influence of H2O2 upon the
yield of NO2− is primarily restricted to scavenging NO32−. The significance of
reaction (16) is progressively offset with increasing contribution from direct effects,
which is evident from the near-linear dose dependency exhibited for NO3¯
concentrations ≥1 mol dm-3. This is further supported by the fact that the escape
yields of the primary products of water radiolysis progressively decrease with
increasing NO3− concentration, as more radiation energy is directly deposited into
the electrons of NO3− and not H2O.
The radiochemical yield of NO2− as a function of dose from the gamma radiolysis of
6 mol dm‾3 NaNO3 solution is given in Figure 6. Plotted alongside the yield of NO2−
are (i) reactions of significance with regards to regulating the yield of NO2−, and (ii)
the theoretical yield of NO2−; defined as half the yield of electrons scavenged by
NO3− plus direct effect NO2− formation. The electron fraction of NO3− for
6 mol dm‾3 NaNO3 solution, given in Table 1, equates to 25.68% of gamma radiation
energy being deposited directly into the electrons of NO3−, leading to the direct
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formation of NO2−, NO3 , e− and O. Therefore, 25.68% less energy is partitioned
into water, leading to a proportional decrease in the escape yields of water radiolysis
products and thus the extent of indirect effects. Consequently, it would be expected
for the non-linear dose dependency in NO2− to be significantly offset to higher doses,
thereby exhibiting a near-linear dose dependency at low doses.

2.4x10-4

(2)

(4)
(1)

(5)

[NO2 ] / mol dm-3

1.8x10-4

(5)
1.2x10-4

(6)

6.0x10-5

(3)
0.0
0

150

300

450

600

750

900

1050

Dose / Gy

Figure 6. Concentration of NO2− produced as a function of dose from the gamma
irradiation of 6 mol dm-3 NaNO3 solution: Experiment ( ), Multi-scale model
chemistry calculation (1); Predicted concentration of NO32− formed from NO3−
scavenging of electrons (2); Predicted concentration of NO32− consumption by H2O2
(3); Predicted concentration of NOx consumption by OH (4); Predicted
concentration for direct effect formation of NO2− (5); Predicted concentration of
NO2− consumption by NO3 (6); Theoretical yield of NO2− (7); experimental error
≤ (±) 5.3 × 10−6 mol dm−3.
The onset of direct effects provides additional secondary reaction pathways through
which NO2− can be consumed, indicated by the notable differences in Figure 6
between the measured yield of NO2− and its theoretical yield. Direct effect formation
of NO3 predominantly leads to direct consumption of NO2− (1 × 104 mol dm−3 at
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1 kGy) and the formation of additional OH (1.4 × 104 mol dm−3 at 1 kGy), outlined
by reactions (17) and (18), respectively.
NO3 + NO2− → NO3− + NO2

k = 1.2 × 109 dm3 mol−1 s−1 (17)30

NO3 + OH → NO2 + HO2

k = 1.2 × 1010 dm3 mol−1 s−1 (18)31

Finally, dissolved O2 (2.5 × 10-4 mol dm-3) plays a crucial role in establishing the
radiochemical yield of NO2−. At low NO3− concentrations (<1 mol dm-3), dissolved
O2 is capable of competing with NO3− for eaq− within the radiation chemical track,
via reaction (19).
eaq− + O2 → O2
NO3− + O2

−

−

→ NO32− + O2

k = 1.9 × 109 dm3 mol−1 s−1 (19)13
k = 1 × 108 dm3 mol−1 s−1

(20)29

This leads to formation of the oxygen radical anion (O2 −) and inhibition of NO32−
production, ultimately lowering the indirect effect yield of NO2−. The O2

−

is

subsequently consumed by secondary bulk homogeneous processes, becoming
partitioned between reactions involving OH , H2O2, HO2 , NO2, NO2−, and NO3−.
However, as the concentration of NO3− progressively increases in going from
1 × 10−3 to 6 mol dm−3, the significance of reaction (17) decreases. This is due to
NO3− gradually outcompeting O2 for eaq−, and increased consumption of O2

−

by

NO3−, leading to the formation of NO2− precursor (20) (3.5 × 104 mol dm−3 at 1 kGy
in 1 × 10−2 mol dm−3 NaNO3).
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Conclusions
To conclude, the radiochemical yield of NO2− has been investigated using a
combination of experimental and multi-scale modelling techniques. This approach
has provided significant mechanistic insight into the radiochemical behaviour of
NO2− from the radiolysis of aerated, aqueous NaNO3 solutions. The presented
research has demonstrated that the yield of NO2− is dose dependent and at a given
dose increases with NO3− concentration. The non-linear dose dependency in the
concentration of NO2− is primarily determined by (i) the reactions of OH and NO3
with NO2− and its precursors, and (ii) the reaction of H2O2 with the intermediate
NO32−, while the absolute yield is determined by the effect of NO3− concentration on
intra-track radiation chemistry. Overall, there is good agreement between experiment
and calculation, which provides considerable confidence in the presented
mechanistic explanations and the reaction scheme used by the multi-scale model.
Consequently, this approach has been applied to provide a mechanistic interpretation
for the radiolysis of HNO3 solutions, the results from which will be presented in a
follow up communication.
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Abstract
The radiolytic formation of HNO2 from aqueous HNO3 is of concern to the nuclear
industry in spent nuclear fuel reprocessing solvent systems and in the storage of
highly active liquid waste. The yield of HNO2 from the gamma radiolysis of aqueous
HNO3 solutions (1 × 10−3 to 6 mol dm−3) has been measured as a function of
absorbed dose (100 to 1000 Gy) and modelled using multi-scale techniques. The
yield of HNO2 at 1 kGy decreases from 0.19 in 1 × 10−3 mol dm−3 HNO3 solution to
0.09 at 0.1 mol dm−3 before increasing at concentrations greater than 1 mol dm−3,
reaching 0.67 at 6 mol dm−3. The radiolytic formation of HNO2 has a strong nonlinear dose dependency, with the yield decreasing with increasing dose. The
observed radiation chemical behaviour of HNO2 is due to the interplay between nonhomogeneous radiation track chemistry and secondary bulk homogeneous chemistry,
both of which are strongly dependent upon the concentrations of HNO3, NO3−, and
Haq+. The yield of HNO2 is predominantly determined by the scavenging of eaq− by
Haq+ and of H by dissolved O2 as well as secondary bulk homogenous chemistry
involving OH and H2O2 reacting with HNO2 (and its precursors). The yields of
OH and H2O2 are regulated by reactions involving HO2 and NO3 .

Introduction
Nitric acid (HNO3) is commonly used as an aqueous solvent for spent nuclear fuel
(SNF) reprocessing and for the storage of highly active liquid waste (HLW) in
stainless steel storage tanks.1-6 Under these conditions, HNO3 is exposed to an
intense multi-component radiation field (e.g. γ-rays, β- and α-particles) due to the
radioactive decay of various actinides and fission products.1,2,6 This environment
inevitably results in the radiolysis of HNO3 and the liberation of a plethora of
radiolytic degradation products (e.g. NO2, NO3 , and HNO2), many of which have
undesirable properties.2,6,7 Of particular interest is nitrous acid (HNO2), as it has been
identified as one of the key degradation products driving unfavourable chemical
change in SNF reprocessing systems.2,6,7 HNO2 and its precursors are capable of
altering the physical and chemical properties of the plutonium uranium reduction
extraction (PUREX) solvent system, as well as causing the formation of secondary
degradation products (e.g. nitration of the organic phase) and altering the oxidation
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states of various metal ions (e.g. Pu and Np).2-11 Under the conditions involved in the
storage of HLW, HNO2 and some of its precursors are volatile and thus capable of
diffusing out of solution into the gaseous phase, leading to de-acidification and
denitrification. These changes adversely influence the dissolution of fission products
and the passivation of the stainless steel comprising the highly active storage tanks.12
The radiolytic formation of HNO2 can be described by the following simplified
reaction scheme.13
Water radiolysis
H2O ⇝ eaq−, Haq+, H , OH , H2, H2O2

(1)14

Nitrate radiolysis
NO3− ⇝ NO3−* → NO2− + O

(2)15

NO3− ⇝ NO3−* → NO3 + e−

(3)15

Nitric acid radiolysis
(4)15

HNO3 ⇝ HNO3* → HNO2 + O
Diffusion-reaction chemistry of nitrogen species
NO3− + epre− → NO32−

k = 1 × 1013 dm3 mol−1 s−1

NO3− + eaq− → NO32−

k = 9.7 × 109 dm3 mol−1 s−1 (6)14

NO3− + H → HNO3−

k = 1.0 × 107 dm3 mol−1 s−1 (7)17

NO32− + H2O → NO2 + 2OH−

k = 1.0 × 103 dm3 mol−1 s−1 (8)17,18

HNO3− → NO2 + OH−

k = 2.0 × 105 s−1

NO2 + NO2 ⇌ N2O4

kf = 4.5 × 108 dm3 mol−1 s−1
kb = 6 × 103 s−1

(5)16

(9)17,18

(10)19
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N2O4 + H2O → HNO2 + HNO3

k = 18 dm3 mol−1 s−1

(11)19

HNO2 ⇌ NO2− + Haq+

pKa = 3.2

(12)20

The radiolytic formation of HNO2 is due to a combination of direct (2 and 4) and
indirect (5 to 7) radiation chemical effects, the relative contributions of which are
dependent upon the concentration of NO3−/HNO3. As the concentration of
NO3−/HNO3 increases, so too does (i) its electron fraction, which leads to increased
direct radiolysis of NO3−/HNO3, and (ii) the scavenging of epre−, eaq−, and H . The
reaction scheme (1) to (12) is a simplified version of a complex reaction scheme
comprising over a hundred reactions, included in the supplementary material. This
complex reaction mechanism while not important in determining the intra-track
radiation chemistry is critical in determining the observed yield of HNO2, which is
ultimately determined by secondary bulk homogeneous chemistry.
Although there is considerable research literature devoted to understanding the
radiolysis of aqueous NO3− solutions, only a handful of publications have considered
the bulk radiolytic formation of HNO2. Qualitative mechanistic descriptions have
been proposed; however, these are typically oversimplifications which underplay the
importance of secondary bulk homogeneous reactions and do not address the
interplay between short time-scale radiation track chemistry and bulk homogeneous
chemistry.21-24 Most studies consider HNO3 concentration greater than 1 mol dm−3
where the direct effects of NO3−/HNO3 radiolysis will dominate the radiation
chemistry. Essentially no studies have investigated HNO2 formation at low HNO3
concentrations (<1 mol dm−3), despite the need to understand this concentration
regime for a more complete mechanistic understanding of the indirect effects of
irradiation due to chemistry initiated by water radiolysis products. The research
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presented provides a systematic investigation into the bulk radiolytic yields of HNO2
from the gamma radiolysis of aqueous HNO3 solutions (1 × 10−3 to 6 mol dm−3), as a
function of absorbed dose (100 to 1000 Gy). The experiments are complemented by
multi-scale modelling to provide a kinetic description of the chemical processes
involved in the transition from short timescale non-homogeneous radiation track
chemistry to bulk homogeneous chemistry.

Experimental Methodology
Sigma

Aldrich

supplied

napthyl)ethylenediamine

HNO3

(99.995%

dihydrochloride

trace

(≥98%),

metals

basis),

sulfanilamide

N-(1(≥99%),

Fe(NH4)2(SO4)2.6H2O (99%), and H2SO4 (ACS reagent grade). Fisher Scientific
supplied HCl (ACS reagent grade). All chemicals were used without further
purification. Ultra-pure water (18.2 MΩcm) was used to make up all solutions.
HNO2 concentrations were measured using by a modified version of the Shinn
method,

which

involves

sequential

addition

of

sulfanilamide

solution

(5.8 × 10−2 mol dm−3) and N-(1-napthyl)ethylenediamine dihydrochloride solution
(3.9 ×10−3 mol dm−3).25,26 The absorption of the resulting azo-dye was measured
using an Agilent Technologies Cary series UV-Vis-NIR spectrophotometer. An
extinction coefficient (ε) of 5.89 × 104 dm3 mol−1 cm−1 was determined at λmax =
543 nm.
The reported HNO2 yields have been corrected for electron density and are expressed
either as concentrations or as G-values; the number of molecules produced per
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100 eV of energy absorbed by the medium.* Each of the HNO2 data points is an
average of at least three independent samples/measurements, possessing an error of
<±10%. Experiments were performed using 5 mL of aqueous HNO3 solution, with
concentrations ranging from 1 × 10−3 to 6 mol dm−3, and were sealed with a 10 mL
(±1 mL) head space volume of air.

Multi-scale Modelling Methodology
The experiments reported were complemented by multi-scale modelling, the
methodology for which is outlined in Figure 1.
Multi-scale Modelling Approach

Processes

Timescale

1. Track Structure Simulation

Energy Transfer and
Track Structure

<1 femtosecond

2. Physicochemical Processes

Ultra-fast Chemistry

<1 picosecond

3. Nonhomogeneous Diffusion-Reaction
Kinetics

Intra-track Chemistry

< 1 microsecond

4. Homogeneous Bulk Chemistry

Reaction of Long-lived
Radiolysis Species

>1 microsecond

Figure 1. Schematic of the multi-scale modelling approach.
The multi-scale model is comprised of four key stages, which correspond to different
time regimes in the evolution of a radiation chemical system: track structure
formation

(<1

femtosecond);

physicochemical

processes

(<1

picosecond);

nonhomogeneous diffusion-reaction kinetics (<1 microsecond), and; homogeneous
bulk chemistry (>1 microsecond). This approach uses a combination of stochastic
and deterministic modelling techniques for the non-homogeneous and homogeneous
*

Throughout this work G-values are quoted in the conventional radiation chemical unit of ions or
molecules 100 eV−1. The corresponding S.I. unit is related by 1 ion or molecule 100 eV −1 = 0.096
μmol J−1.
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reaction kinetics, respectively, and makes use of experimentally determined physical
and chemical input parameters.
The stochastic component (stages 1 to 3 in Figure 1), comprising well established
track structure and diffusion-kinetic independent reaction times models, simulates
the physical and chemical processes occurring during the formation of a radiation
chemical track, its chemical evolution and its inevitable spatial relaxation to
bulk.27-29 Incorporation of this stochastic component is necessary for the calculation
of representative radiolytic yields, which are subsequently used as input parameters
in the deterministic component of the model to describe the homogeneous
production of radiation chemical species at the correct rate. The deterministic bulk
chemistry component (stage 4 in Figure 1) is used to predict the bulk radiation
chemical kinetics of the system. The FACSIMILE software package is used to solve
an extensive set of coupled differential equations describing the chemical reaction
kinetics of the system.30 A more detailed description of the multi-scale model can be
found in reference 31.

Results and Discussion
The radiolytic yield of HNO2 (G(HNO2)) as a function of HNO3 concentration is
given in Figure 2, of which the measurements from this work are in good agreement
with the available literature. At high HNO3 concentrations (≥1 mol dm−3), G(HNO2)
increases significantly from 0.14 to 0.67 at 1 kGy, in going from 1 to 6 mol dm−3
HNO3. The radiochemical behaviour of HNO2 at these concentrations reflects a
significant contribution from direct (2 and 4) and indirect (5 to 7) effect pathways.
For HNO3 concentrations <1 mol dm−3, G(HNO2) decreases from 0.19 to 0.09 at 1
kGy, in going from 1 × 10−3 to 0.1 mol dm−3 HNO3. This HNO3 concentration range
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predominantly reflects the chemistry of the indirect effect pathways, and indicates
that the radiolytic yield of HNO2 from indirect effects decrease with increasing
HNO3 concentration. However, the indirect effect yield of HNO2 should increase
with increasing HNO3 concentration, attaining a value that equates to half the yield
of scavenged electrons and H , based on the presented reaction scheme (1 to 12).

G(HNO2) / molecules 100 eV-1

1.50

1.25

1.00

0.75

0.50

0.25

0.00
-3

-2

-1

0

1

Log10[HNO3]

Figure 2. Radiolytic yield of HNO2 as a function of HNO3 concentration, from the
gamma radiolysis of aqueous HNO3 solutions: 100 Gy – this work ( ), 1000 Gy –
this work ( ), Vladimirova et al. ( ), Bugaenko et al. ( ), and Jiang et al. ( );21-23
dashed lines are for visual aid only.
There is also a clear non-linear dose dependency in G(HNO2), in which G(HNO2)
typically decreases with increasing absorbed dose, exemplified in Figure 2 by the
significant differences between the 100 and 1000 Gy G(HNO2) data sets. This nonlinear dose dependency is further emphasized by the curvature in the HNO2
concentration dependency plots given in Figure 3 and Figure 4, and is most evident
for HNO3 concentrations ≤1 mol dm−3, which predominantly coincides with the
indirect effect regime. Whereas for HNO3 concentrations >1 mol dm−3, the
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concentration of HNO2 exhibits a near-linear dose dependency, for the investigated
dose range. However, at longer time scales the non-linearity may become clearer,
and just simply delayed at low doses by compensatory direct effects combined with a
proportional decrease in indirect effect contributions to the radiation chemistry of the
HNO3 system.

[HNO2] / mol dm-3

2.0x10-5

1.5x10-5

1.0x10-5

5.0x10-6

0.0
0

150

300

450

600

750

900

1050

Dose / Gy

Figure 3. Concentration of HNO2 from the gamma radiolysis of HNO3, as a function
of absorbed dose: 1 × 10−3 mol dm−3 ( ), 1 × 10−2 mol dm−3 ( ), and 0.1 mol dm−3
( ); experimental error ≤ (±) 5.5 × 10−7 mol dm−3; dashed lines are for visual aid
only.
Table 1 gives the calculated values for the theoretical indirect effect yields of HNO2
(G(HNO2)theoretical), calculated by stochastic radiation track modelling, as a function
of HNO3 concentration. Comparison of G(HNO2)theoretical with the experimental
yields in Figure 2, show that the measured HNO2 yields are significantly lower. This
is indicative of secondary bulk homogeneous chemistry.
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1.0x10-4

[HNO2] / mol dm-3

8.0x10-5

6.0x10-5
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2.0x10-5

0.0
0
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300
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600

750

900

1050
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Figure 4. Concentration of HNO2 from the gamma radiolysis of HNO3, as a function
of absorbed dose: 1 mol dm−3 ( ), 4 mol dm−3 ( ), and 6 mol dm−3 ( );
experimental error ≤ (±) 2.97 × 10−6 mol dm−3; dashed lines are for visual aid only.
Table 1. Theoretical radiolytic HNO2 yields calculated by stochastic radiation track
modelling, as a function of HNO3 concentration.14,16
[HNO3]
(mol dm−3)

G(HNO2)theoretical
(molecules 100 eV−1)

1 × 10−3
1 × 10−2
0.1
1
4
6

0.41
0.59
1.04
1.71
1.88
1.91

NO3− scavenging capacity (s−1)
epre−

eaq−

H

1.0 × 1010
1.0 × 1011
1.0 × 1012
1.0 × 1013
4.0 × 1013
6.0 × 1013

9.7 × 106
9.7 × 107
9.7 × 108
9.7 × 109
3.9 × 1010
5.8 × 1010

1.0 × 104
1.0 × 105
1.0 × 106
1.0 × 107
4.0 × 107
6.0 × 107

Therefore, the radiochemical behaviour of HNO2 and its non-linear dose dependency
are a result of secondary bulk homogeneous chemistry related to the oxidising
species involved in the indirect effects of radiation, i.e. O2, OH , H2O2, HO2 , and
NO3 . The proportions of these oxidising species are primarily determined by
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competition kinetics within the radiation chemical track, which are dependent upon
the concentration of HNO3, NO3−, and Haq+.
To support these postulations, it is useful to illustrate the effect of pH through
comparison with nitrite (NO2−) yields from the gamma radiolysis of neutral pH
aqueous NaNO3 solutions, an example of which is given in Figure 5 for 0.1 mol dm-3
HNO3 and NaNO3. Comparison shows that the concentrations of HNO2 are generally
lower than those measured for NO2−.

5.0x10-5

Concentration / mol dm-3

4.0x10-5

3.0x10-5

2.0x10-5

1.0x10-5

0.0
0

150

300

450

600

750

900

1050

Dose / Gy

Figure 5. Concentration of HNO2 and NO2− as a function of absorbed gamma dose
by 0.1 mol dm−3 HNO3 and NaNO3 solutions: 0.1 mol dm−3 HNO3 experiment ( )
and multi-scale model chemistry calculation (—), and 0.1 mol dm−3 NaNO3
experiment ( ) and multi-scale model chemistry calculation (—)32; experimental
error ≤ (±) 2.23 × 10−6 mol dm−3.
The reduced yields of HNO2 are a consequence of low pH progressively altering the
speciation and chemical stabilities of a number of radiolytic species both within the
radiation chemical track and in bulk solution.
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With regards to alterations in radiation track chemistry, Table 2 gives the escape
yields for the primary products of 0.1 mol dm−3 HNO3 and NaNO3 radiolysis,
calculated by stochastic radiation track modelling. It is evident from Table 2, that the
escape yields in HNO3 are different to those in NaNO3, indicating that low pH has a
profound effect upon the competition kinetics occurring within the radiation
chemical track, which can be mechanistically explained by the following.
Table 2. Radiochemical yields at 10 μs for the gamma radiolysis of 0.1 mol dm−3
HNO3 and NaNO3 solutions, calculated by stochastic radiation track modelling.
Stochastic simulation (species 100 eV−1)

Species

0.1 mol dm−3 HNO3
2.51
1.69
0.42
0.77
0.51
1.21
2.00
0.05
1.29

eaq−
H+
OH
H2
H2O2
O2−
HO2
NO32−
HNO3−
NO3

0.1 mol dm−3 NaNO3
4.21
3.04
0.30
0.81
0.21
3.98
-

Firstly, the Haq+ is an effective scavenger of eaq− (13), consuming ~70% of the eaq−
that would be scavenged by NO3− in aqueous NaNO3 solutions.
eaq− + Haq+ → H

k = 2.3 × 1010 dm3 mol−1 s−1 (13)14

H + O2 → HO2

k = 2.1 × 1010 dm3 mol−1 s−1 (14)14

Therefore, a large proportion of eaq− is converted into H . NO3− reacts almost three
magnitudes

slower

with

H

than

with

eaq−,

(2.5 × 10−4 mol dm−3) to scavenge >80% of the H

allowing

dissolved

O2

produced (14), for HNO3

concentrations ≤0.1 mol dm−3.
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Consequently, a significant fraction of HNO2 precursors are consumed within the
radiation chemical track, leading to lower indirect effect yields of HNO2, relative to
NO2−, and enhanced yields of HO2 . Secondly, incomplete dissociation of HNO3 to
Haq+ and NO3− (~4 × 10−4 mol dm−3 in 0.1 mol dm−3 HNO3), results in ineffectively
less NO3− available for reaction with epre−, eaq−, and H , and allows for the formation
of the nitrate radical (NO3 ) by (16).33
HNO3 ⇌ NO3− + Haq+

pKa ~ 1.37

(15)33

HNO3 + OH → NO3 + H2O

k = 1.4 × 108 dm3 mol−1 s−1 (16)34

Therefore, lowering the pH of the NO3−/HNO3 system changes the radiolytic yields
of the primary products of radiolysis, relative to neutral pH, resulting in reduced
amounts of NO32− (i.e. HNO2 precursor) and increased amounts of HO2 and NO3 ,
as shown by Table 2. These changes within the chemistry of the radiation chemical
track reduce the indirect effect yield of HNO2 and alter the associated escape yields,
which subsequently influence secondary bulk homogeneous chemistry and
ultimately the measured yield of HNO2.
The secondary bulk homogeneous chemistry involved in consuming HNO2 and its
precursors is dominated by the reactions of OH and H2O2. Of the two oxidising
species, OH is primarily responsible for deviation of the measured yield of HNO2
from G(HNO2)theoretical, as it exhibits highly competitive reactions with HNO2 and the
majority of its precursors, outlined by (17) to (20).
NO32− + OH → NO3− + OH−

k = 3.0 × 109 dm3 mol−1 s−1 (17)17

NO2 + OH → HOONO

k = 1.0 × 1010 dm3 mol−1 s−1 (18)17

NO2− + OH → NO2 + OH−

k = 1.0 × 1010 dm3 mol−1 s−1 (19)14
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HNO2 + OH → NO2 + OH−

k = 2.0 × 109 dm3 mol−1 s−1 (20)17

Of these reactions, the most important have been found to be those that directly
consume NO2− and HNO2, consuming >105 mol dm−3 respectively. H2O2 is
intimately involved with HNO2, as they do not coexist in un-irradiated aqueous
HNO3 solutions, undergoing a reaction that is pH dependent and ultimately results in
the formation of HNO3 and H2O, outlined by the following non-elementary process
(21).
(21)13

HNO2 + H2O2 → HNO3 + H2O

Despite the reaction mechanisms comprising the non-elementary process not being
well established, the overall rate of the process is dependent upon the concentration
of Haq+ and NO3−, indicating that there are a number of important reactions.35,36
However, incorporation of (21) into the multi-scale model allows for prediction of
trends similar to those observed experimentally, and reveals it to be partially
responsible for the observed dose dependency.
The enhanced escape yields of HO2 and NO3 also play a significant part in
establishing the radiolytic yield of HNO2, by regulating the oxidising species
responsible for HNO2 consumption. The relatively increased yields of HO2
influence the following reactions, (26) to (32).
HO2 + H → H2O2

k = 1 × 1010 dm3 mol−1 s−1

(26)37

HO2 + OH → H2O + O2

k = 1 × 1010 dm3 mol−1 s−1

(27)38

HO2 + HO2 → H2O2 + O2

k = 8.3 × 105 dm3 mol−1 s−1 (28)39

HO2 + NO2 → HOONO2

k = 1.8 × 109 dm3 mol−1 s−1 (29)40

HOONO2 → HO2 + NO2

k = 4.6 × 10−3 s−1

(30)40

HOONO2 → HNO2 + O2

k = 7.0 × 10−4 s−1

(31)40
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HOONO2 + HNO2 → 2HNO3

k = 12 dm3 mol−1 s−1

(32)40

Multi-scale modelling has demonstrated that (27) and (29) are the predominant
pathways by which HO2

reacts in bulk solution; scavenging of OH

inhibits

reactions (17) to (20), thereby preserving HNO2 and its precursors; reaction with
NO2 yields peroxynitric acid (HOONO2) which allows for the formation of HNO2,
providing some compensation for the scavenging of H by O2 (14). However, the
chemistry associated with HOONO2 (30 to 32) is also partially responsible for the
observed non-linear dose dependency in G(HNO2), by slowly consuming HNO2 to
yield HNO3 (32). The formation of NO3 influences reactions (33) to (40).
NO3 + H2O → HNO3 + OH

k = 3 × 102 dm3 mol−1 s−1

(33)41

NO3 + H2O2 → HNO3 + HO2

k = 7.1 × 106 dm3 mol−1 s−1 (34)42

NO3 + HO2 → HNO3 + O2

k = 3.0 × 109 dm3 mol−1 s−1 (35)13

NO3 + OH → NO2 + HO2

k = 1 × 1010 dm3 mol−1 s−1

(36)43

NO3 + NO3 → N2O6

k = 4.0× 106 dm3 mol−1 s−1

(37)41

NO3 + NO2 → N2O5

k = 1.0 × 109 dm3 mol−1 s−1 (38)41

NO3 + NO2− → NO3− + NO2

k = 1.2 × 109 dm3 mol−1 s−1 (39)44

NO3 + HNO2 → HNO3 + NO2

k = 8.0 × 106 dm3 mol−1 s−1 (40)34

Recent evaluation of the decay kinetics of NO3 indicates that the dominant decay
pathway within the indirect effect regime is through reaction with H2O (33),
reproducing OH which may further reduce the radiolytic yield of HNO2. The
remaining reactions scavenge ≤106 mol dm−3 within the indirect effect regime. The
importance of these reactions can be expected to rapidly increase with increasing
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HNO3 concentration, due to increasing incomplete dissociation of HNO3 and direct
effect formation of NO3 by (3).
Finally, at low pH HNO2 is rendered chemically unstable and decomposes via
reaction (41).
HNO2 + HNO2 → NO2 + NO + H2O

k = 13.4 dm3 mol−1 s−1

(41)45

Consumption of HNO2 by reaction (41) leads to the formation of NO2 and NO,
which either undergo redox processes to regenerate HNO2 or HNO3, or slowly
diffuse out of solution along with HNO2, thereby further reducing the yield of HNO2
relative to the theoretical indirect effect yield.

Conclusions
The radiolytic yield of HNO2, from the gamma radiolysis of aqueous HNO3
solutions (1 × 10−3 to 6 mol dm−3), has been evaluated as a function of absorbed dose
(100 to 1000 Gy) using a combination of experimental and multi-scale modelling
techniques. It has been found that G(HNO2) initially decreases with increasing HNO3
concentration (1 × 10−3 to 1 mol dm−3), until a sufficiently high HNO3 concentration
is attained (>1 mol dm−3), at which point direct radiation effects compensate and
G(HNO2) increases with HNO3 concentration. The radiolytic formation of HNO2
also exhibits a non-linear dose dependency, by which G(HNO2) typically decreases
with increasing absorbed dose. It has been demonstrated through multi-scale
modelling that this complex radiolytic behaviour is a consequence of the interplay
between non-homogeneous radiation track chemistry and bulk homogeneous
chemistry, both of which are strongly dependent upon the concentration of HNO3,
NO3−, and Haq+. These species alter competition kinetics within the radiation
chemical track and facilitate additional chemistries in bulk solution, many of which
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lead to reduced HNO2 precursor yields and increase HNO2 consumption via
secondary bulk homogeneous chemistry. Overall, the yield of HNO2 is
predominantly determined by the scavenging of eaq− by Haq+, H by dissolved O2,
secondary bulk homogenous chemistry involving OH

and H2O2 reacting with

HNO2 and its precursors, and the regulation of OH

and H2O2 by reactions

concerning HO2 and NO3 . These findings provide greater insight into the reaction
mechanisms involved in the radiolysis of HNO3, and may allow for more effective
development of enhanced SNF reprocessing schemes and HLW storage strategies.
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Abstract
The yield of nitrous acid from the alpha self-irradiation radiolysis of aerated nitric
acid solutions containing plutonium or americium has been investigated. The
concentration of nitrous acid, determined as a function of absorbed dose and aqueous
nitric acid concentration, increases with nitric acid concentration and absorbed dose.
There are significant differences between the effects of the two different
radionuclides. For 0.1 mol dm-3 nitric acid solutions, the radiolytic yield of HNO2
induced by americium self-radiolysis is essentially zero, whereas for plutonium selfradiolysis the yield is considerably greater than that found previously for gamma
radiolysis. This difference may be interpreted as a consequence of LET and redox
reactions involving plutonium and the products of aqueous nitric acid radiolysis, in
particular hydrogen peroxide as well as nitrous acid and its precursors. The research
presented highlights the complexity of the (alpha) radiolysis of the PUREX solvent
system in the presence of redox active metal cations (especially radionuclides) and
shows the importance of understanding reactions between redox active elements and
radiolysis products.

Introduction
The plutonium uranium reduction extraction (PUREX) process has been used by the
nuclear industry for over 60 years to reprocess spent nuclear fuel to recover
plutonium (Pu) and unused uranium (U) for the fabrication of new nuclear fuel. 1-6
Unlike most other industrial scale chemical engineering systems, the PUREX solvent
system is subject to an intense multi-component radiation field (γ-rays, α-particles,
β-particles, neutrons, and fission fragments). This radiation field induces radiolytic
degradation of the fundamental components of the PUREX process (aqueous nitric
acid, tributyl phosphate, and an organic diluent) resulting in the formation of
numerous deleterious products.2,6 Many of the degradation products have undesirable
properties that are detrimental to the performance of the PUREX process,
influencing its physical and chemical properties.2-6 Therefore, understanding the
fundamental radiation chemistry of the PUREX solvent system is paramount in
managing its performance.
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Alpha particles contribute up to 12% of the total activity of spent UK uranium metal
and oxide fuel.7 This contribution corresponds to an activity of up to
1 × 1015 MeV s−1 per tonne of fuel. Furthermore, the key radionuclides (Pu and U)
recovered by the PUREX process are predominantly alpha emitters. The chemistry
of alpha irradiation is known to be significantly different from that of gamma
irradiation due to underlying differences in the radiation track structure.
Consequently, it is important to understand the effects of alpha radiolysis, as distinct
from gamma radiolysis, on the components of the PUREX solvent system.
Nitrous acid (HNO2) is the principal degradation product of nitric acid (HNO3). Its
formation alters both the physical and chemical properties of the PUREX solvent
system by de-acidification and denitrification of the aqueous acid phase, and
nitration of organic species in the organic phase.2-5 Furthermore, HNO2 exhibits
complex redox relationships with a number of actinides, of which its reactions with
Pu are of concern to the performance of the PUREX process.8-13
The radiolytic formation of HNO2 in aerated HNO3 solutions can be described by the
following simple reaction scheme.14
Water radiolysis
H2O ⇝ eaq−, Haq+, H , OH , H2, H2O2

(1)15

Nitrate radiolysis
NO3− ⇝ NO3−* → NO2− + O

(2)16

NO3− ⇝ NO3−* → NO3 + e−

(3)16

Nitric acid radiolysis
HNO3 ⇝ HNO3* → HNO2 + O

(4)16
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Diffusion-reaction chemistry of nitrogen species
NO3− + epre− → NO32−

k = 1 × 1013 dm3 mol−1 s−1

(5)17

NO3− + eaq− → NO32−

k = 9.7 × 109 dm3 mol−1 s−1 (6)15

NO3− + H → HNO3−

k = 1.0 × 107 dm3 mol−1 s−1 (7)18

NO32− + H2O → NO2 + 2OH−

k = 1.0 × 103 dm3 mol−1 s−1 (8)18,19

HNO3− → NO2 + OH−

k = 2.0 × 105 s−1

NO2 + NO2 ⇌ N2O4

kf = 4.5 × 108 dm3 mol−1 s−1

(9)18,19

kb = 6 × 103 s−1

(10)20

N2O4 + H2O → HNO2 + HNO3

k = 18 dm3 mol−1 s−1

(11)20

HNO2 ⇌ NO2− + Haq+

pKa = 3.2

(12)21

This reaction scheme is not exhaustive, as HNO2 and its precursors are subject to a
plethora of secondary reactions.14
The radiolytic formation of HNO2 follows two distinct pathways known as, direct (2
and 4) and indirect (5 to 7) radiation effects, the proportions of which vary as a
function of HNO3 concentration.14 A number of research groups have investigated
the radiolytic formation of HNO2 induced by gamma radiolysis, however, there have
been very few studies using alpha radiation, despite the significance of alpha
radiolysis in the PUREX process.16,22-25 The research presented focuses on the
radiolytic yield of HNO2 from the alpha self-radiolysis of aqueous HNO3 solutions,
as a function of absorbed dose and HNO3 concentration.
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Experimental
HNO3 (99.995% trace metals basis), N-(1-napthyl)ethylenediamine dihydrochloride
(≥98%), sulfanilamide (≥99%), and HCl (ACS reagent grade) were obtained from
Sigma-Aldrich. Plutonium nitrate (Magnox) and americium nitrate (ESA) were
supplied by the National Nuclear Laboratory. All chemicals were used as received
without further purification. Ultra-pure water was used to make up all aqueous
solutions.

Solution Preparation
5 mL of aqueous actinide (Pu, Am) solutions in nitric acid (0.1, 1, 4, and
6 mol dm−3) were sealed in 20 mL ground glass socketed vessels with stock-cocks,
leaving a 15 mL (±1 mL) head space volume of air.
Plutonium solutions were prepared from a Magnox plutonium nitrate stock solution
(23.98 g dm−3 Pu in 1.3 mol dm−3 HNO3), which contained the isotopes 238Pu, 239Pu,
240

Pu,

241

Pu,

242

Pu, and

241

Am, determined by a combination of inductively coupled

plasma mass spectrometry and high resolution gamma spectrometry techniques,
performed by the NNL Central Laboratory analytical department. Each plutonium
experiment used an average of 0.24 mL of the stock solution, made up to 100 mL
using the appropriate concentration of HNO3. This concentration provided an
average initial dose rate of 2.54 × 107 MeV s−1 mL−1 calculated from the respective
activities of the various isotopes.
Americium solutions were prepared from a americium nitrate (3.88 g dm−3 Am in
0.91 mol dm−3 HNO3) stock solution, with an isotope distribution of >99%

241

Am

(with traces of U, Np, and Pu). Each americium experiment used an average of
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63 μL of the stock solution, made up to 70 mL using the appropriate concentration of
HNO3, providing an initial dose rate of 2.57 × 106 MeV s−1 mL−1; calculated from
the respective activity of 241Am.
The activity of the actinide solutions were corrected as a function of time for decay
of the various isotopes and for the ingrowth of additional radionuclides.

Analytical Methods
Measurement of HNO2 was performed by a modified version of the Shinn method,
the full details for which can be found in reference 26. The procedure involves the
sequential addition of sulfanilamide solution (5.8 × 10−2 mol dm−3) and N-(1napthyl)ethylenediamine dihydrochloride solution (3.9 × 10−3 mol dm−3) to diluted
samples of the actinide solutions.26 Dilution involved pipetting an aliquot of actinide
solution and diluting it in ultra-pure water to make up a 5 mL diluted sample for
Shinn analysis. The dilution factors used in this work were ‘5×’ for 0.1 and
1 mol dm−3 HNO3, and ‘10×’ for 4 and 6 mol dm−3 HNO3 solutions.
The absorption of the resulting azo-dye was measured using a PerkinElmer
Lambda 35 UV-Vis-NIR spectrophotometer, for which an extinction coefficient (ε) of
4.6 × 104 M−1 cm−1 was determined at λmax = 543 nm. Each of the HNO2
concentration data points presented is an average of three independent samples, each
possessing an error of <±10%. G-values are quoted in the conventional radiation
chemical unit of ions or molecules 100 eV−1. The corresponding S.I. unit is given by
the conversion: 1 ion or molecule 100 eV−1 = 0.096 μmol J−1.
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Results and Discussion
The dependency of HNO2 concentration as a function of absorbed alpha dose, from
the radioactive decay of Pu and Am, is given in Figure 1 and Figure 2. In both
figures the concentration of HNO2 generally increases with increasing HNO3
concentration and absorbed dose.
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Figure 1. Concentration of HNO2 as a function of dose, from plutonium selfradiolysis (α-decay) in HNO3 solutions: 0.1 mol dm−3 ( ), 1 mol dm−3 ( ),
4 mol dm−3 ( ), and 6 mol dm−3 ( ) HNO3; experimental error ≤ (±) 5.1 × 10−6
mol dm−3; dashed lines are for visual aid only.
These trends are essentially the same as those seen for complementary gamma
radiolysis experiments, and are a consequence of the increasing contributions of
direct (2 and 4) and indirect (5 to 7) radiation effects on the production of
HNO2;16,24,25 as the concentration of HNO3 is increased, there is a proportional
increase in the scavenging capacities (𝑘s = 𝑘 × [𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟]) of NO3− for epre−,
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eaq−, and H , leading to the formation of more HNO2; for HNO3 concentrations
≥1 mol dm-3, contribution from direct effects progressively increase.

2.0x10-4

[HNO2] / mol dm-3

1.6x10-4

1.2x10-4

8.0x10-5

4.0x10-5

0.0
0

250

500

750

1000

1250

1500

Dose / Gy

Figure 2. Concentration of HNO2 as a function of dose, from americium selfradiolysis (α-decay) in HNO3 solutions: 0.1 mol dm−3 ( ), 1 mol dm−3 ( ),
4 mol dm−3 ( ), and 6 mol dm−3 ( ) HNO3; experimental error
≤ (±) 9.2 × 10−6 mol dm−3; dashed lines are for visual aid only.
The radiolytic formation of HNO2 also exhibits a nonlinear dose-dependency most
evident for HNO3 concentrations ≤1 mol dm−3, in which the gradient for HNO2
formation decreases with increasing absorbed dose, leading to curvature in the HNO2
concentration plots. This non-linear dose dependency is a consequence of secondary
bulk homogeneous reactions, involving the oxidising products of water radiolysis,
e.g. (13) to (15).27
NO2− + OH → NO2 + OH−

k = 1.0 × 1010 dm3 mol−1 s−1 (13)15

HNO2 + OH → NO2 + OH−

k = 2.0 × 109 dm3 mol−1 s−1 (14)18
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NO32− + H2O2 → NO3− + OH− + OH

k = 1 × 103 dm3 mol−1 s−1

(15)28

Significant quantities of HNO2 are formed within the investigated dose range
for HNO3 concentrations ≥4 mol dm−3 (>1.5 × 10−4 mol dm−3). These HNO3
concentrations coincide with the typical operating window for the PUREX process
during the key separation of Pu and U from spent nuclear fuel.3-5 Therefore, the
PUREX process experiences the highest radiolytic yields of HNO2, and can thus be
expected to be subject to the extreme degradation effects associated with HNO2.
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Figure 3. Concentration of HNO2 as a function of dose received by 0.1 mol dm−3
HNO3 solutions: gamma radiolysis data from previous work ( )27, Pu self-radiolysis
( ), Am self-radiolysis ( ), and PuO2 self-radiolysis by Kazanjian et al. ( )23;
experimental error ≤ (±) 2.23 × 10−6 mol dm−3; dashed lines are for visual aid only.
Of particular interest are the differences exhibited by the HNO2 yields between Am
and Pu for 0.1 mol dm−3 HNO3 solutions, given in Figure 3. Firstly, the alpha
radiolysis yield of HNO2 from Am self-radiolysis is essentially zero, whereas that
from gamma radiolysis increases from 2.9 × 10−6 to 9.7 × 10−6 mol dm−3, in going
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from 100 to 1000 Gy. Secondly, the alpha radiolysis yield of HNO2 induced by Pu
self-radiolysis is significantly greater than those from Am self-radiolysis and gamma
radiolysis; increasing from 6.9 × 10−6 to 2.1 × 10−5 mol dm−3, in going from 158 to
1602 Gy. As the concentration of HNO3 is <1 mol dm−3, contribution from direct
effects are negligible.14 These discrepancies may be interpreted as a result of
differences in radiation quality (α-particles v.s. γ-rays) and radionuclide identity (Am
v.s. Pu).
The change in HNO2 behaviour induced by Am self-radiolysis is in agreement with
the polonium (Po) self-radiolysis studies performed by Savel’ev et al., and may be
explained by the difference in radiation quality between α-particles and γ-rays, i.e.
the effect of linear energy transfer (LET) upon the primary products of aqueous
HNO3 radiolysis, as α-particles possess a considerably greater LET than γ-rays.22,29
As the LET of a radiation increases, the separation between energy deposition events
decreases, leading to more densely populated radiation tracks. As a consequence,
there is a proportional increase in the extent of inter-spur reactions, leading to an
increase in radical recombination.29 Ultimately, the radiolytic yields of radicals
decrease while those of molecular species increase with increasing LET. As outlined
by (5) to (7), HNO2 is predominantly a product of NO3− scavenging key radical
species from the radiolysis of water. Furthermore, it has been previously established
that H2O2 is important in the radiation chemistry of HNO3 and the yield of HNO2,
described by the non-elementary process given by (16).
HNO2 + H2O2 → HNO3 + H2O

k = 4.3 × 103 [Haq+] mol dm−3 s−1 (16)30

This process has a significant influence on the non-linear dose dependency and can
be expected to have a greater effect upon the yield of HNO2 during alpha radiolysis,
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as the radiolytic yield of H2O2 is relatively enhanced, e.g. Gα(H2O2) = 1.6, and
Gγ(H2O2) = 0.7.31,32 On this basis, it would be expected for the radiolytic yield of
HNO2 to decrease with increasing LET, which is reflected by the yields obtained
from the Am samples in this work and those yields from the Po studies reported by
Savel’ev et al.22 The negligible alpha radiolysis yield of HNO2 from 0.1 mol dm−3
HNO3 solutions may suggest that the concentration of NO3− is not sufficiently high
to compete with ultrafast radical recombination processes occurring within the
radiation chemical track. However, the HNO2 yields measured by Kazanjian et al.
(G(HNO2) = 0.51) indicate that HNO2 is formed in relatively substantial amounts.23
Kazanjian et al. used insoluble, inert plutonium dioxide (PuO2) microspheres,
comprising 80% 238Pu, to induce alpha radiolysis of HNO3 solutions. Their solutions
were spiked with p-nitroaniline to preserve radiolytically produced HNO2.
Consequently, their reported HNO2 yields represent an upper limit. Therefore, the
negligible yields of HNO2 measured for Am and Po may reflect the extent to which
secondary bulk homogeneous chemistry consumes HNO2 and its precursors in
0.1 mol dm−3 HNO3 solutions.
Although LET effects may explain the differences induced by Am self-radiolysis
relative to gamma, they do not address the fact that the alpha radiolysis yield of
HNO2 from Pu self-radiolysis (G(HNO2) ≤ 0.43) is substantially greater than both.
This behaviour suggests that Pu may be interacting with the chemistry of the HNO3
system, which in turn results in preservation and/or formation of HNO2. The work by
Kazanjian et al. should be considered separately, as their source of Pu was rendered
chemically inert and insoluble. In aqueous acidic solutions, Pu coexists as four
different oxidation states (Pu(III), Pu(IV), Pu(V), and Pu(VI)), as a consequence of:
possessing similar redox potentials; a tendency for Pu(IV) and Pu(V) to undergo
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disproportionation; and the slower rate of Pu-O bond rupture relative to electron
transfer.33 This phenomenon is normally expressed by the following equilibrium
(17).
Pu4+ + PuO2+ ⇌ Pu3+ + PuO22+

(17)

However, as previously inferred the dynamics of the system are considerably more
complex and in reality are composed of numerous equilibria. The dissolution of Pu
metal in concentrated HNO3 initially yields a predominantly Pu(IV) solution.33
Despite its relative stability in HNO3 solutions, due to complexation with NO3¯ ,
Pu(IV) is susceptible to disproportionation, generalised by (18).33
3Pu4+ + H2O ⇌ 2Pu3+ + PuO22+ + 4Haq+

(18)

The extent of Pu(IV) disproportionation decreases with increasing acid
concentration, to the point at which it is essentially completely inhibited in strongly
acidic solutions.33-36 The disproportionation of Pu(IV) is generally accepted to be
composed of two sequential bimolecular equilibria involving Pu(V) (19 and 20).33-36
2Pu4+ + H2O ⇌ Pu3+ + PuO2+ + 4Haq+

(19)

Pu4+ + PuO2+ ⇌ Pu3+ + PuO22+

(20)

These equilibria are further complicated by the disproportionation of Pu(V),
generalised by (21).33,37
3PuO2+ + 4Haq+ ⇌ Pu3+ + 2PuO22+ + 2H2O

(21)

The extent of Pu(V) disproportionation rapidly increases with increasing acid
concentration. As with Pu(IV), this general equilibrium is also composed of a series
of individual equilibria (22 to 24). However, the true chemical pathway by which
Pu(V) achieves disproportionation is dependent upon the presence and proportions of
other Pu oxidation states.33,37
2PuO2+ + 4Haq+ ⇌ Pu4+ + PuO22+ + 2H2O

(22)
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PuO2+ + Pu4+ ⇌ PuO22+ + Pu3+

(23)

PuO2+ + Pu3+ + 4Haq+ ⇌ 2Pu4+ + 2H2O

(24)

It is evident from the above equilibria that what was once a single valency Pu(IV)
system progressively becomes a multi-valency system reflective of (17), containing
Pu(III), Pu(IV), Pu(V), and Pu(VI) in various proportions. All of these Pu oxidation
states have been shown to interact with the radiolysis products of aqueous HNO3 to
some extent.33,38-41 As previously highlighted, H2O2 plays a significant role in
determining the radiolytic yield of HNO2 (e.g. 15 and 16), and is slowly reduced by
Pu(III) and oxidised by Pu(IV) and Pu(VI), (25) to (27).
Pu3+ + H2O2 → Pu4+ + OH− + OH

k = 5.5 × 10−2 dm3 mol−1 s−1 (25)39,42

Pu4+ + H2O2 → Pu3+ + HO2 + Haq+

k = 0.1 dm3 mol−1 s−1

(26)39,43

PuO22+ + H2O2 → PuO2+ + HO2 + Haq+ k = 6.2 × 10−3 dm3 mol−1 s−1 (27) 39
Consumption of H2O2 indirectly promotes the formation of HNO2 in addition to
directly yielding Pu(III), Pu(IV), and Pu(V). The resulting Pu(IV) and Pu(V) can be
expected to slowly undergo disproportionation to ultimately yield Pu(VI) and more
Pu(III). The excess Pu(III) may also provide some explanation as to why the initial
yield of HNO2 (<400 Gy), from Pu self-radiolysis, is as high as the upper limit
established by Kazanjian et al. Pu(III) exhibits an autocatalytic process involving
nitrogen peroxide (N2O4), a precursor to HNO2. This process has been thoroughly
investigated and the generally adopted reaction is given by (28).8-13
Pu3+ + N2O4 → Pu4+ + NO2− + NO2

(28)

Pu(III) is oxidised by N2O4 to yield NO2−, NO2, and Pu(IV). The NO2− undergoes
protonation to yield HNO2 (12), NO2 is either consumed by secondary bulk
homogenous chemistry or recycled to yield another molecule of N2O4 (10), and the
Pu(IV) can be expected to slowly disproportionate to replenish Pu(III) and yield
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Pu(VI) (19 and 20), and/or react with H2O2 (26). Ultimately, this process provides a
pathway by which significantly more HNO2 can be formed relative to radiolytic
processes alone. Therefore, the measured yields of HNO2 from Pu self-radiolysis
may be explained by the removal of H2O2 by reaction with Pu(IV), and the
autocatalytic reaction between Pu(III) and N2O4. The subsequent attainment of a
HNO2 yield ‘plateau’ at high doses (>400 Gy), is most likely due to a combination of
secondary bulk homogeneous chemistry and potentially the reduction of Pu(IV) and
Pu(VI) by the accumulating HNO2, reactions (29) and (30) respectively.
Pu4+ + HNO2 ⇌ Pu3+ + NO2 + Haq+

k ~ 3.3 × 10−2 dm3 mol−1 s−1 (29)*

PuO22+ + HNO2 ⇌ PuO2+ + NO2 + Haq+ k = 3 × 10−2 dm3 mol−1 s−1

(30)41

These processes essentially counteract the earlier action of scavenging H2O2, and in
combination with the dynamic Pu redox equilibria may well provide an explanation
for the unusual radiochemical behaviour of HNO2 in 0.1 mol dm-3 HNO3 solutions.
However, this unique behaviour does not occur for HNO3 concentrations
>0.1 mol dm−3. As the concentration of HNO3 in increased, Pu(IV) is progressively
stabilised by complexation with NO3−, which in combination with the increased
acidity

drives

equilibrium

(19)

to

the

left,

thereby

inhibiting

Pu(IV)

disproportionation. Furthermore, Pu(V) disproportionation rapidly increases with
increasing acidity. These changes shift the Pu oxidation state distribution in favour
of Pu(IV) and Pu(VI), the proposed consequences of which are as follows. Firstly,
Pu(IV) and Pu(VI) react with H2O2 and HNO2, yielding Pu(III) and Pu(V),
respectively. The combined effects of these processes may be considered to be
analogous to the consumption of HNO2 by H2O2 (16). The resulting Pu(V) rapidly
disproportionates, predominantly via (22) and (23), to yield a mixture of Pu(III),

*

Extrapolated from Vladimirova, M. V., J. Alloys Comp., 1998, 271, 723-723.
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Pu(IV), and Pu(VI). Secondly, the Pu(III) autocatalytic cycle can be expected to be
inhibited

at

high

HNO3

concentrations,

due

to

inhibition

of

Pu(IV)

disproportionation. Consequently, the regeneration of Pu(III) predominantly relies on
reactions (23), (26), and (29). At high HNO3 concentrations (≥1 mol dm−3), nitrate
radical (NO3 ) is produced in appreciable amounts by both direct (4) and indirect
effects (31).
HNO3 + OH → NO3 + H2O

k = 1.4 × 108 dm3 mol−1 s−1 (31)44

Pu3+ + NO3 → Pu4+ + NO3−

k = 2.5 × 108 dm3 mol−1 s−1 (32)39,45

Pu4+ + NO3 + 2H2O
→ PuO2+ + NO3− + 4Haq+

k > 7.5 × 105 dm3 mol−1 s−1 (33)41

PuO2+ + NO3 → PuO22+ + NO3−

k = 1 × 109 dm3 mol−1 s−1

(34)40

All of the Pu oxidation states rapidly react with NO3 , outlined by (32) to (34). The
most important of which is with Pu(III), oxidising it to Pu(IV). Furthermore, it has
previously been shown that for the gamma radiolysis of HNO3 concentrations
≥1 mol dm−3, HNO2 is predominantly formed by direct effects (2 and 4).27 The direct
effect pathways do not involve the formation of a number of HNO2 precursors (e.g.
N2O4). Therefore, any interaction between Pu and these precursors is diminished. In
summary, the unique influence of Pu upon the radiation chemistry of HNO2 is less
important at high HNO3 concentrations (≥1 mol dm−3), for the concentrations of Pu
used in this work.
Overall, a combination of LET effects and dynamic redox processes are proposed to
provide a qualitative explanation for the radiochemical behaviour of HNO2 from the
alpha radiolysis of HNO3 solutions, induced by the α-decay of Pu and Am. However,
the presented experiments do not provide sufficient insight to support the above
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postulations nor refute alternative interpretations. To resolve this issue, further
investigations are necessary, e.g.
i.

Heavy ion accelerator experiments, including helium ions (He2+), to
determine the true effects of LET on the yield of HNO2 form the radiolysis
of HNO3 solutions.

ii.

Complementary multi-scale modelling, presented in previous work, to
provide a more quantitative mechanistic description of the events occurring
within these complex actinide systems.46

Conclusions
The presented research has shown that the radiolytic yield of HNO2, from the alpha
radiolysis of HNO3 solutions by the self-radiolysis of Pu and Am, generally
increases with increasing HNO3 concentration and absorbed dose.
However, for 0.1 mol dm−3 HNO3 solutions, the radiolytic behaviour of HNO2
appears to be strongly dependent upon the identity of the radionuclide responsible
for inducing α-radiolysis. The α-radiolysis yield of HNO2 induced by Am selfradiolysis is essentially zero, whereas for Pu self-radiolysis the yield is considerably
greater than that from Am and gamma radiolysis. The change in HNO2 behaviour
induced by Am self-radiolysis may be due to the effects of LET upon the primary
radiolysis products of aqueous HNO3. In particular, the reduction in available radical
precursors (epre−, eaq−, and H ) and the enhancement of H2O2 yields, which oxidises
HNO2 to HNO3. Whereas the enhanced HNO2 yields from Pu self-radiolysis may be
a consequence of the interactions between the various oxidation states of Pu and the
radiolysis products from HNO3, in particular reactions involving H2O2 and N2O4.
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However, further investigations are necessary to provide a definitive quantitative
understanding of the chemistry occurring.
Overall, the presented research highlights the complexity of understanding the
radiolysis of the PUREX solvent system in the presence of radionuclides, and the
importance of understanding the interactions between redox active elements and
primary radiolysis products.
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7.1.

Conclusions

PUREX technology is a solvent extraction process used globally by the nuclear
industry to reprocess SNF. The aim is to recover potential energy content in the form
of Pu and U. Under operating conditions the PUREX solvent system is subjected to a
multicomponent radiation field, which alters its physical and chemical properties
through the generation of various degradation products. There is considerable
interest in the radiolytic formation of NO2− and HNO2, from the radiolysis of the
aqueous phase of the PUREX solvent system (aqueous NO3− and HNO3), due to their
chemistry and redox interactions with the products of SNF reprocessing and solvent
components of the PUREX process.
Although qualitative mechanistic descriptions for the radiolytic formation of NO2−
and HNO2 have been proposed, these have typically been oversimplifications,
containing a number of non-elementary processes, or have not been validated
satisfactorily at timescales appropriate for operation of the PUREX process.
Furthermore, a unifying quantitative description of the mechanistic transition from
short timescale radiation track chemistry to bulk homogeneous chemistry is lacking.
These mechanistic knowledge gaps are exacerbated by a limited understanding of the
effects of radiation quality as few representative studies have been performed.
The research presented in this dissertation has addressed these knowledge gaps,
providing greater insight into the radiolytic production of NO2− and HNO2, through a
combination of experimental and computational approaches. A systematic
investigation into the radiolysis of representative NaNO3 and HNO3 solutions was
performed using

60

Co γ-rays and α-particles from the α-decay of Magnox Pu and

ESA Am. The deliverables are as follows:
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1. The radiolytic yield of NO2− from the gamma radiolysis of aqueous solutions
of NaNO3, has been measured as a function of NaNO3 concentration
(1 × 10−3 and 6 mol dm−3) and absorbed dose (up to 1 kGy). The yield of
NO2− is dose dependent and at a given dose increases with NO3−
concentration. G(NO2−) exhibits a non-linear dose dependency which is
primarily determined by (i) the reactions of OH and NO3 with NO2− and its
precursors, and (ii) the reaction of H2O2 with the intermediate NO32−, while
the absolute yield is determined by the effect of NO3− concentration on intratrack radiation chemistry.
2. The radiolytic yield of HNO2, from the gamma radiolysis of aqueous HNO3
solutions (1 × 10−3 to 6 mol dm−3) has been evaluated as a function of
absorbed dose (up to 1 kGy) using a combination of experimental and multiscale modelling. G(HNO2) initially decreases with increasing HNO3
concentration (1 × 10−3 to 1 mol dm−3) until a sufficiently high HNO3
concentration is attained (>1 mol dm-3), at which point direct radiation effects
become important and G(HNO2) increases with HNO3 concentration.
G(HNO2) also exhibits a non-linear dose dependency, decreasing with
increasing absorbed dose. This complex radiolytic behaviour is due to the
interplay between non-homogeneous radiation track chemistry and bulk
homogeneous chemistry, both of which are strongly dependent upon the
concentration of HNO3, NO3−, and Haq+. Overall, the radiolytic yield of
HNO2 is determined by the scavenging of eaq− by Haq+, H by dissolved O2,
secondary bulk homogenous chemistry involving OH and H2O2 reacting
with HNO2 and its precursors, and the regulation of OH and H2O2 by
reactions concerning HO2 and NO3 .
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3. The radiolytic yield of HNO2 from Pu and Am self-radiolysis (α-decay) in
aqueous HNO3 solutions has been measured as a function of HNO3
concentration (0.1 and 6 mol dm−3) and absorbed dose (up to 1.7 kGy). At a
given dose G(HNO2) increases with increasing HNO3 concentration. The
formation of NO2− has a non-linear dose dependency most evident for HNO3
concentrations ≤1 mol dm−3. The radiolytic yield of HNO2 is dependent upon
radionuclide identity. For 0.1 mol dm−3 HNO3 solutions, G(HNO2) is
essentially zero from Am self-radiolysis, due to the relatively increased LET
of α-particles increasing the extent of radical recombination processes over
gamma radiolysis leading to a reduction in the conversion of epre−, eaq−, and
H into HNO2, and the enhancement of the H2O2 yield, which oxidises HNO2
to HNO3. For Pu self-radiolysis, G(HNO2) is considerably greater than

measured for gamma radiolysis as a consequence of interactions between the
various oxidation states of Pu and the radiolysis products from aqueous
HNO3, in particular reactions involving H2O2 and N2O4.
4. A multi-scale model has been developed to elucidate the chemical
mechanisms involved in the radiolytic formation of NO2− and HNO2, from
the radiolysis of aqueous solutions of NO3− and HNO3, respectively. The
model has demonstrated that an understanding of secondary bulk
homogeneous chemistry is not sufficient for simulating the radiation
chemistry of the aforementioned systems. The use of escape yields from the
radiolysis of water as initial parameters is incorrect, as it does not allow for
radiation track chemistry, which is critical when high concentrations of
scavengers are present in solution (as in the PUREX solvent system). The
use of stochastic track chemistry modelling allows for the calculation of
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appropriate yields which are representative of the system being investigated,
allowing the calculation of chemistry in agreement with experiment.
Radiolytic degradation of the PUREX solvent system’s aqueous phase is
mechanistically complex, due to the use of low pH, the presence of high capacity
scavengers and redox active metal ions, and the interplay between multiple LET
radiation tracks. These conditions influence the radiation chemistry of the system
both within the radiation chemical track and in bulk solution. This work has
demonstrated the importance of understanding the interplay between nonhomogeneous track chemistry and secondary bulk homogeneous chemistry. Changes
in pH, scavenger concentration, and radiation quality have a profound effect upon
the inter/intra-spur chemistry occurring within radiation chemical tracks. These
changes modify the yields of the primary products of radiolysis that diffuse into bulk
solution, which in combination with the presence of redox active metal ions (e.g. Pu)
influence secondary bulk homogenous chemistry, which ultimately determines the
radiolytic behaviour of the key degradation products of the PUREX solvent system’s
aqueous phase, i.e. NO2− and HNO2. These findings will act as a benchmark for the
development of advanced reprocessing schemes, which must seriously consider how
modifications in solvent system formulation and fuel composition may affect the
dynamic interplay between non-homogeneous track chemistry and secondary bulk
homogeneous chemistry, and ultimately the generation of secondary highly active
liquid waste.

7.2.

Future Research

This research has provided much needed clarity into the mechanisms involved in the
radiolysis of the PUREX solvent system, with regards to the constituents of the
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aqueous phase. However, this advance is just one small part of the greater challenge
into fully understanding the radiation chemistry of the complete PUREX solvent
system. Further work is necessary to extend the current studies to meet this
challenge, and would involve investigating the effects of redox active metal ions on
radiolytic kinetics, the interplay between the organic and aqueous phases of the
PUREX solvent system, and further development of the multi-scale model.

7.2.1.

Effects of Redox Active Metal Ions

Under operating conditions, the PUREX solvent system contains the majority of the
periodic table, in which there are a number of metal ions that can access multiple
oxidation states. The Pu and Am self-radiolysis (α-decay) experiments presented,
and similar U and Np studies, have shown how redox active metal ions can play a
significant mechanistic role in the radiation chemistry of aqueous HNO3 solutions.1-4
This fact is further supported by extensive information on the reactions of redox
active metal ions with the primary products of water radiolysis.5 Redox active metal
ions can be expected to play a significant role in enhancing the extent of PUREX
solvent system degradation by interacting with various radiolytic products, both
within the radiation chemical track and in bulk solution. This role will be further
exacerbated by the formation of unfavourable metal ion oxidation states that reduce
extraction efficiency and compromise product stream purity.6 Therefore, the aim of
future research would be to determine the effects of redox active metal ions on the
radiation chemistry of the PUREX solvent system, with respect to the radiolytic
yields of key degradation products (e.g. NO2−, HNO2, and H2) as a function of metal
ion concentration, solvent system formulation, absorbed dose, and radiation quality
(γ-rays and α-particles). Preliminary investigations would involve key contaminant
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metal ions in the PUREX process product streams, e.g. Ce and Ru.6 Experiments
would involve the radiolysis of aqueous NaNO3 and HNO3 solutions (1 × 10−3 to
6 mol dm−3) containing a single metal ion species, allowing for a firm understanding
of the associated mechanistic chemistry. These experiments would be followed by
mixed metal ion solutions to determine whether or not there are any synergistic or
counteractive effects, and supported by complementary multi-scale modelling. The
ultimate deliverable from this research would be a means of modelling the radiation
chemistry of the PUREX solvent system inclusive of all of the redox active metal ion
components of spent nuclear fuel, with the intention of extending to advanced
reprocessing schemes and spent fuel with different metal ion compositions (e.g.
higher burn-up) so as to predict the outcome of radiolysis.

7.2.2.

Interplay between Organic and Aqueous Phases

The radiolysis of TBP and organic diluents is complex and contributes to
deterioration of the performance of the PUREX solvent system.6-8 Research in this
area has typically focused upon the radiation ‘resistance’ of extractants, organic
product identification, and changes in the physical properties of the solvent
system.6-9 However, there has been little work on understanding the radiation
chemical interplay between the two phases of the PUREX solvent system,
specifically the influence of organic components on the radiolytic behaviour of
aqueous degradation products, despite their importance in driving radiolytic
degradation of TBP and organic diluents, e.g. nitration. The aim of future research
would be to determine the mechanistic influence of the organic phase (30 vol. %
TBP:n-dodecane) upon the radiation chemistry of the aqueous phase (NO3− and
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HNO3), in terms of the radiolytic yields of key degradation products, as a function of
solvent system formulation, absorbed dose, and radiation quality.
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Figure 7.1. Concentration of NO2− as a function of absorbed dose, from the gamma
radiolysis of 0.1 mol dm−3 NaNO3 solutions; single phase NaNO3 ( ), NaNO3:ndodecane (1:1 by volume)( ), and NaNO3:TBP-n-dodecane (1:1 by volume)( ).
These experiments would involve irradiating the organic and aqueous phases
independently and then in contact. Preliminary work has already been performed
during this PhD of which the results look promising, examples of which are given by
Figure 7.1 and Figure 7.2; the radiolytic yields of NO2− and HNO2 exhibit a strong
dependency on the presence of organic species in both the organic phase and
dissolved in the aqueous phase.
This work could be expanded to include the effects of promising extractants (e.g.
CMPO and TODGA), thereby expanding the current research scope to include
advanced reprocessing solvent systems and providing an additional benchmark for
which to evaluate the capabilities of new extractants. For example, although an
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extractant may be perceived as promising due to superior extraction capabilities or
radiation ‘resistance’, it may enhance the radiolytic degradation of the aqueous phase
leading to additional complications.
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Figure 7.2. Concentration of HNO2 as a function of absorbed dose, from the gamma
radiolysis of 6 mol dm−3 HNO3 solutions; single phase HNO3 ( ), HNO3:n-dodecane
(1:1 by volume)( ), and HNO3:TBP-n-dodecane (1:1 by volume)( ).

7.2.3.

Multi-scale Model Developments

Despite the progress made by the multi-scale model in understanding the reaction
mechanisms involved in the radiolysis of aqueous solutions, the model is still an
oversimplification of the dynamic chemistry occurring. Continued development of
the multi-scale model is paramount to understanding the radiolysis of complex
chemical systems such as the PUREX solvent system. The model currently utilises
stochastically calculated radiation chemical track yields representative of the system
being investigated at time-zero to define the rate at which the primary products of
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radiolysis are generated. However, this assumes that the radiolytic yields of the
primary products are not affected by the chemical evolution of the system. In reality,
as the system undergoes irradiation the chemical composition of the system changes.
The accumulation or depletion of certain species (e.g. O2, H2O2 and NO3−) will have
an effect on the scavenging of the primary radiolysis products, thereby altering intratrack and inter-track chemistry. These changes will lead to different yields,
influencing secondary bulk homogeneous chemistry, and ultimately the yields of
various degradation products. Calculating the correct radiation chemical track yields
is critical for accurately simulating radiolysis. Future developments of the multiscale model should focus on an iterative approach, in which the stochastic yields are
continually re-calculated as a function of time and system composition until the bulk
homogenous chemistry calculation has reached a predefined cut-off time/dose. This
approach will provide a more precise means of simulating the radiolysis of a system,
and thus will yield more accurate mechanistic information.

7.3.
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Multi-scale Modelling Reaction Scheme

Appendix I contains supporting information for the presented research manuscripts concerning the multi-scale model reaction scheme.

H2O ⇝ H+

H2O ⇝ H2O2

H2O ⇝ OH

H2O ⇝ H2

H2O ⇝ H

H2O ⇝ eaq¯

Reaction

4.8

2.64

0.75

2.53

0.49

0.56

2.64

G-value
Molecules 100 eV-1

-

-

2.641 + 4.162 × 10-3 t + 9.093 × 10-6 t2 – 4.717 × 10-8 t3

0.752 – 1.620 × 10-3 t

2.531 + 1.134 × 10-2 t – 1.269 × 10-5 t2 + 3.513 × 10-8 t3

0.419 + 8.721 × 10-4 t - 4.971 × 10-6 t2 + 1.503 × 10-8 t3

0.556 + 2.198 × 10-3 t – 1.184 × 10-5 t2 + 5.223 × 10-8 t3

2.641 + 4.162 × 10-3 t + 9.093 × 10-6 t2 – 4.717 × 10-8 t3

Temperature Dependency

2

*

2

1

1

1

1

1

1

Reference

Table 1. Water radiolysis escape yields and direct effect nitrate and nitric acid yields.

NO3¯ ⇝ NO3 + eaq¯

3.65

-

+O

4.4

⇝

NO3¯

NO2¯

HNO3 ⇝ HNO2 + O

*

G(3.65) is an average value calculated from Daniels, M., Adv. Chem. Ser., 1968, 82, 153, Bhattacharyya, P. K., and Saini, R. D., Int. J. Chem. Kinet., 1977, 9, 629, and
Jiang, P-Y., Nagaishi, R., Yotsuyanagi, T., Katsumura, Y., and Ishigure, K., J. Chem. Soc. Faraday Trans., 1994, 90, 93.
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NO3‾ + eaq‾

NO3‾ + epre‾
HNO3‾

NO32‾

NO32‾

3.0 × 109

1.4 × 108

0.102

1.46 × 1010 (s-1)

6.0 × 108

1.0 × 108

(1.9 × 1015) × 𝐸𝑥𝑝(

9.7 × 109

2.4 × 1012

Rate Constant @ 25oC
/ dm3 mol-1 s-1

11

10

9

8

6,7

6

11

4

3

Reference

Table 2. Nitrate and nitric acid radiolysis reaction set.

NO3¯ + O2¯ → NO32¯ + O2

1.0 × 108

Chemical Reaction

NO3¯ + H+ → HNO3

+ OH‾

HNO3 + NO → HNO2 + NO2

HNO3 → NO3¯ + H+

+ OH• + OH‾

HNO3 + OH → NO3 + H2O

NO3‾ + H•

NO3‾

12

‾+

2

NO3

1.0 × 108

5.0× 1010

1.6× 103 (s-1)

1.0× 103

10

11

13

14

13

𝑇𝐾

−5857.39

2.0 × 105

5

‾ + OH•
NO3‾

2.4 × 108

13

)

H2O2
NO3‾ + O2‾

5.0× 1010

2

NO32‾ + O2
HNO3‾

NO3

NO32‾ + H+

NO3‾

HNO3‾ + H+
+

NO2 + 2OH‾

+ OH‾

Assumed

NO32‾ + H2O

O2

1.0 × 108

+ H+ +

H2NO3

NO32‾ + H+

HNO3‾
NO2

HNO3‾

HNO3‾

15

HNO3‾ + H+

O 2‾

HNO3¯ + H2O2 → HNO3 + OH + OH¯

1.6 × 103 (s-1)

H2NO3
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2.5 × 108

7.0 × 105 (s-1)

Rate Constant @ 25oC
/ dm3 mol-1 s-1

13

Assumed

15

Reference
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1.0 × 1010

10

Chemical Reaction

4.5 × 109

→

17

HNO3

1.0 × 1010

16

→

H2O2

HNO2
4.5 × 109

15

eaq¯

NO2 + H•
NO2‾ + O2

4.5 × 109

18

+

H2NO3

NO2 + H2O
NO2¯

H2NO3

HOONO

16

NO2 + O2‾
OONOO‾

4.5 × 109

+ OH +

NO2
1.8 × 109

+

NO2 + OH•
HOONOO

NO2 + O2‾
N 2O 4

8

→ NO + NO2 + O2

2.41 × 105

+

HNO2 + HNO2 →NO2 + NO + H2O

HNO2

36

13.4

3.0 × 107 (s-1)

13

13

19

20

+

19

NO3

2.9 × 106

+ NO +

18

NO2

6.0 × 103 (s-1)

HNO2 + HNO2 + O2 → HNO3 + HNO3

5.0 × 1010

13

HNO2

HNO2 + H+ + H2NO2+

4.0 × 109

HNO2

18

H2O

18

13

NO2
HNO2 + HNO3

2.0 × 109

NO2 + NO2

N2O4 + H2O
NO2 + H2O

HNO2 + eaq¯ → HNO2¯

2.29 × 1012 × 𝐸𝑥𝑝(

9

5

HNO2 + H → H2NO2

8.0 × 106

8

𝑇𝐾

HNO2 + NO3• → NO2 + HNO3

6.62 × 103

NO2‾ + H+

N2O4
HNO2 + OH•

NO2 + NO2

H2O

NO2 + HO2•

)

−2590.81

HNO2 + HNO3 → NO2 + NO2 + H2O
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Rate Constant @ 25oC
/ dm3 mol-1 s-1

4

13

Reference
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1.0 × 1010

21

Chemical Reaction

5.0 × 106

+

NO3•
N2O4

NO2

NO2¯ + eaq¯ → NO22¯

NO2‾ + O¯ + H2O

+

+
O2

NO3‾

1.9 × 106

4.0 × 106

4.4 × 109

4.1 × 109

3.1 × 108

8

9

9

9

4

4

+ OH•

+

NO3•

1.20 × 1010

13

𝑇𝐾

−1875.15

NO3•
HNO3 + HO2•

3.0 × 109

6

HNO2
NO2

NO2‾ + H+
NO2‾
NO22‾ + O2

+ OH‾

NO2‾ + O2‾
8.71 × 1011 × 𝐸𝑥𝑝(

NO3 + OH → NO2 + HO2

NO3• + H2O2
HNO3 + O2

3 × 102

22

5

HNO2‾

)

NO2‾ + H•

NO3• + HO2
HNO3 + OH•

8.2 × 107

11

NO2 + OH¯ + OH¯

NO3• + H2O
NO3‾ + OH•

1.0 × 108

→

NO3• + OH‾
NO32‾ + O2

NO2¯

NO3‾ + O2‾

4.30 × 108 (s-1)

23

+ H+

23

→

39.7

+ H+

16

HNO2

1.6 × 104 (s-1)

24

HOONO → ONOO¯ + H+

→ HOONO +

1.93 × 103 (s-1)

13

+

HOONO → NO3¯ + H+

5 × 1010

25

H2NO2+

ONOO¯ + H+ → HOONO

0.207

25

H2O

ONOO¯ + ONOO¯ → NO2¯ + NO2¯ + O2

0.483

25

H2O2

ONOO¯ + ONOO¯ → NO3¯ + NO3¯

9.1 × 104

H2NO2+

ONOO¯ + NO → NO2 + NO2¯
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NO + H → HNO

NO + NO + O2 → NO2 + NO2

NO + eaq¯ → NO¯

H2NO2 → NO + OH¯

NO22¯ + H+ → HNO2¯

HNO2¯ → NO + OH¯

HNO2¯ + H+ → H2NO2

HNO2¯ → NO22¯ + H+

OONOO¯ + H+ → HOONOO

HOONOO → NO2 + HO2

Chemical Reaction

3 × 106

1.7 × 109

1.7 × 109

1 × 1010

5.9 × 106

2.3 × 1010

5.8 × 104 (s-1)

1 × 105 (s-1)

1.1 × 103

5 × 1010

5.8 × 104 (s-1)

5 × 1010

1 × 103 (s-1)

5 × 1010

1 (s-1)

7.1 × 104 (s-1)

3 × 102

8.6 × 10-3 (s-1)

Rate Constant @ 25oC
/ dm3 mol-1 s-1

28

28

28

28

29

13

28

13

18

18

13

18

13

18

13

15

15

27

26

Reference
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NO + NO¯ → N2O2¯

8 × 106

13

OONOO¯ →

+

O2

+ H+

→ NO + OH¯ + OH¯

HNO2¯

H 2O

→

¯ +

2

NO2

NO2¯

HOONOO → OONOO¯ + H+

+

→

N3O3¯

NO + HNO → HN2O2

H2NO2

→

5 × 1010

→

NO +

N2O2¯

HN3O3

HOONOO +

NO +

HN2O2

13

H2O2

NO¯ + H+ → HNO

0.1

30

HNO2

NO + H2O2 → NO2 + H2O

6.7 × 109

H2O

NO + O2¯ → ONOO¯

202

HN2O2

HNO → H+ + NO¯

HN3O3 → N2O + HNO2

N3O3¯ → N2O + NO2¯

HN2O2 → NO + HNO

N2O2¯ → N2O + O¯

N2O2¯ → NO + NO¯

NO + OH → NO2¯ + H+

Chemical Reaction

5 × 1010

2.8 × 107 (s-1)

5 × 1010

1 × 106 (s-1)

1.6 × 104 (s-1)

2.4 × 102 (s-1)

8 × 106 (s-1)

3.5 × 102 (s-1)

6.6. × 104 (s-1)

3.2 × 109

1.1 × 109

1 × 1010

Rate Constant @ 25oC
/ dm3 mol-1 s-1

14

13

28

13

14

28

28

28

28

28

24

31

28

Reference
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N3O3¯ + H+ → H3NO3

2.3 × 108 (s-1)

31

N2O2¯

+ H+ →
→

N 2O 2 ¯

+ H+

H2NO2

→ HOONO

→

HN3O3 → N3O3¯ + H+

2.2 × 104 (s-1)

31

NO +

N2O3 → NO + NO2

36

31

N2O3

N2O3 + H2O → HNO2 + HNO2

1 × 108

4

NO2

N2O3 + OH¯ → HNO2 + NO2¯

9.1 × 109

4

NO +

N2O + eaq¯ → N2 + O¯

2.1 × 106

HO2

N2O + H → N2 + OH
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H + O2 → HO2

H + H2O2 → OH + H2O

H + HO2¯ → OH + OH¯

H + HO2 → H2O2

H + OH → H2O

H + H → H2

eaq‾ + O2¯ → O22¯ + H2O

eaq‾ + O2 → O2¯

eaq‾ + HO2¯ → O¯ + OH¯

eaq‾ + H2O2 → OH¯ + OH

eaq‾ + HO2 → HO2¯

eaq‾ + O¯ → 2OH¯

eaq‾ + OH → OH¯

eaq‾ + H → H2 + OH¯

eaq‾ + eaq‾ → H2 + 2OH¯

Chemical Reaction

1.14 ×1010

1.30 ×1010

3.65 ×107

1.37 ×109

1.14 ×1010

1.09 ×1010

5.14 ×109

1.28 ×1010

2.25 ×1010

3.65 ×109

1.36 ×1010

1.30 ×1010

2.31 ×1010

3.55 ×1010

2.76 ×1010

7.26 ×109

Rate Constant @ 25°C
/ M-1 s-1

Log kR = 8.054 + 2.193 ×103/T – 7.395 ×105/T2 + 6.870 ×107/T3

5.17 ×1012

Log kR = 10.704 + 2.840 ×102/T - 1.369 ×105/T2

1.79 ×1011

4.20 ×1013

5.17 ×1012

4.26 ×1011

2.70 ×1012

3.10 ×1012

2.52 ×1012

1.75 ×1012

7.70 ×1012

2.50 ×1012

5.60 ×1011

25.6

15.166

9.078

15.526

13.6

11.652

15.4

15.71

13.0

7.9

Log kR = 12.281 –- 1.0753.768 ×102/T – 6.673 ×104/T2 ×107/T3

Arrhenius

21.064

Log kR = 13.123 – 1.023 ×103/T + 7.634 ×104/T2

1.14 ×1013

7.7

1

32

1

1

1

1

34

1

1

1

32,33

1

32

1

1

32

1

1

Table 3. Water radiolysis reaction set.

H + O2¯ → HO2¯

4.81 ×109

1.7 × 1011

6.645

15.166

1

Reference

OH + OH → H2O2

7.61 ×109

1.29 × 1011

Activation Energy
/ kJ

OH + O¯ → HO2¯

8.84 ×109

14.929

OH + HO2 → H2O + O2
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O2¯ + H2O2 → O2 + OH + OH¯

O¯ + O3¯ → 2O2¯

O¯ + O¯ → O22¯

O¯ + H → OH¯

O¯ + H2 → H + OH¯

O¯ + O2¯ (+H2O) → 2OH¯ + O2

O¯ + HO2¯ → O2¯ + OH¯

O¯ + H2O2 → O2¯ + H2O

OH + O2¯ → OH¯ + O2

OH + HO2¯ → O2¯ + H2O

OH + H2O2 → H2O + HO2

Chemical Reaction

2.99 ×10-1

1.30 × 10-1

7.00 ×108

1.00 ×108

2.00 ×1010

1.28 ×108

6.00 ×108

7.86 ×108

5.55 ×108

1.10 ×1010

8.32 ×109

2.92 ×107

Rate Constant @ 25°C
/ M-1 s-1

-

4.89 ×108

-

-

-

-

2.32 ×1010

-

1.45 × 1013

3.00 × 1011

8.77 × 1011

1.00 × 1012

7.68 ×109

Arrhenius

24.348

15.6

10.860

11.927

13.813

Activation Energy
/ kJ

33

33

33

33

33

33

1

32

1

1

1

Reference
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O2

1.00 ×104

-

33

52.59

33

1

33

O2¯ + O3¯ (+H2O)→ 2O2 + 2OH¯

8.23 ×10-2

-

33

12.891

O2¯ + HO2¯ → O2 + O¯ + OH¯

1.60 ×1010

-

33

2¯

O3¯ + eaq‾ → 2OH¯ + O2

8.50 ×109

-

33

¯

O3¯ + OH → HO2 + O2¯

2.50 ×109

-

33

+

O3¯ + OH → HO¯ + O3

1.60 × 109

-

35

¯

O3¯ + H2O2 → O2¯ + O2 + H2O

8.90 ×105

-

33

O2

O3¯ + HO2¯ → O2¯ + O2 + OH¯

2.50 ×105

-

→ O2 +

O3¯ + H2 → O2 + H + OH¯

9.00 ×1010

O2

O3¯ + H+ → O2 + OH
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O3 + H2O2 → OH + O2 + HO2

O3 + HO2¯ → OH + O2 + O2¯

O3 + HO2 → OH + 2O2

O3 + O2¯ → O3¯ + O2

O3 + O¯ → O2¯ + O2

O3 + OH¯ → HO2¯ + O2

O3 + OH → HO2 + O2

O3 + H → OH + O2

O3 + eaq‾ → O3¯

Chemical Reaction

8.40 ×105

3.71 ×10-2

5.50 ×106

5.00 ×108

1.50 ×109

1.00 ×109

4.80 ×101

1.10 ×108

2.20 ×1010

3.60 ×1010

Rate Constant @ 25°C
/ M-1 s-1

-

2.78 × 109

2.80 × 1011

-

-

-

-

-

-

-

-

Arrhenius

8.1

20.1

73.5

1

1

33

33

33

33

33

33

33

33

33
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HO2 + HO2 → H2O2 + O2
5.00 × 10-1

2.63 × 109

1

33

33

Reference

HO2 + H2O2 → O2 + H2O + OH
1.00 ×108

Activation Energy
/ kJ

HO2 + O2¯ + H2O → O2 + H2O2
+ OH¯

33

+

8.6

→

2.44 × 109

¯

7.60 ×107

+

HO2¯

-

O2

HO2•

4.50 ×10-4

3.17 ×104

O2

HO2¯ + H2O2 → O2 + H2O + OH¯

1.30 ×10-7

65.0

H2O2 → H2O + O¯
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H+ + O2¯ ⇌ HO2•

H+ + HO2¯ ⇌ H2O2

H+ + OH¯ ⇌ H2O

H+ + O¯ ⇌ OH

H+ + eaq‾ ⇌ H

Equilibria

2.44 ×107

4.78 ×1010

4.78 ×1010

1.18 ×1011

4.78 ×1010

2.10 ×1010

kf

3.95 ×107

1.74 ×101

7.35 ×105

8.90 ×10-2

1.17 ×10-3

8.90 ×10-2

5.83

kb

Table 4. Water radiolysis equilibria.

H + OH¯ ⇌ eaq‾ + H2O
4.58 ×10-5

Temperature Dependence

Log kR = 39.127 – 3.888 ×104/T + 2.054 ×107/T2 – 4.899 ×109 / T3 +
4.376 ×1011 / T4
Log kR = 16.410 – 4.888 ×103 / T + 1.622 ×106 / T2 – 2.004 ×108 / T3
Log kR = 20.934 – 1.236 ×104 / T + 6.364 ×106 / T2 – 1.475 ×109 / T3
+ 1.237 ×1011 / T4
Log kR = 16.410 – 4.888 ×103 / T + 1.622 ×106 / T2 – 2.004 ×108 / T3

11.73

15.75

11.73

9.56

pKa @
25°C

1

1

1

1

Reference

1

1

1

𝐾𝐻2𝑂
𝐾𝑂𝐻
Forward

1

1

1

11.182

Reverse

+ OH

3.41 ×1011

46.16

⇌

1.40 ×106

3.20 ×1011

14.2

H +
1.27 ×1010

2.62 ×103

3.39 ×108

4.81
Log kR = 16.410 – 4.888×103 / T + 1.622 ×106 / T2 – 2.004 ×108 / T3
𝐾𝐻2𝑂
Log kR = 22.970 –1.971 ×104 / T + 1.137 ×107 / T2 – 2.991 ×109 / T3 +
2.803 × 1011 / T4
𝐾𝐻
Log kRf = 9.408 – 2.827 ×103 / T – 3.792 ×105 / T2
Log kRb = –11.556 + 3.2546 ×104 / T – 1.8623 ×107 / T2 + 4.5543 ×109 / T3 – 4.1364
×1011 / T4

OH + OH¯ ⇌ O¯ + H2O

3.75 ×109

3.51 ×105

Log kR = 13.339 – 2.220 ×103 / T + 7.333 ×105 / T2 – 1.065 ×108 / T3

16.5
𝐾𝐻2𝑂
𝐾𝐻𝑂2
𝐾𝐻2𝑂
𝐾𝐻2𝑂2

H2

O ¯ + O 2 ⇌ O 3¯

1.10 ×106

1.63 ×10-1

Log kR = 13.339 – 2.220 103 / T + 7.333 ×105 / T2 – 1.065 ×108 / T3

H2O

O22¯ + H2O ⇌ HO2¯ + OH¯

1.27 ×1010

1.40 ×106

1

1

33

1

HO2 + OH¯ ⇌ O2¯ + H2O

1.27 ×1010

Log kR = 13.339 – 2.220 ×103 / T + 7.333 ×105 / T2 – 1.065 ×108 / T3

H2O2 + OH¯ ⇌ HO2¯ + H2O
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Function

Reference

Table 5. Acid-base equilibrium constants.

pK

1
1
1

1
1
1

pKw
pKH2O
pKH2O2

14.947 – 4.273 × 10-2 t + 2.115 × 10-4 t2 – 5.786 × 10-7 t3 + 7.529 ×10-10 t4
16.690 – 4.262 × 10-2 t + 2.071 × 10-4 t2 – 5.594 × 10-7 t3 + 7.161 × 10-10 t4
12.383 – 3.020 × 10-2 t + 1.700 × 10-4 t2 – 5.151 × 10-7 t3 + 6.960 × 10-10 t4
12.383 – 3.020 × 10-2 t + 1.700 × 10-4 t2 – 5.151 × 10-7 t3 + 6.960 × 10-10 t4
4.943 – 6.230 × 10-3 t + 4.125 × 10-5 t2 – 8.182 × 10-9 t3
10.551 – 4.430 × 10-2 t + 1.902 × 10-4 t2 – 4.661 × 10-7 t3 + 5.980 × 10-10 t4

pKOH
pKHO2
pKH
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Overview
Appendix II contains the complete experimental and computational data collected
during this PhD. The majority of experiments were performed in at least triplicate,
allowing for their respective standard deviations to be calculated and presented.
Gamma radiolysis experiments investigated the radiolytic yields of NO2¯ and HNO2
from aqueous NaNO3 and HNO3 solutions (1 × 10-3 to 6 mol dm-3) and solvent
systems (1:1 by volume) of pure n-dodecane and 30 vol. % TBP-n-dodecane.
Experiments involving two-phase systems were typically irradiated in contact,
allowing for interplay between the two phases during irradiation. Experiments
involving TBP required the 30 vol. % TBP-n-dodecane solutions to be pre-treated by
a series of industrial benchmark alkali and acid washes to remove impurities, the
procedure for which is as follows:
i.

Add a measured volume of solvent to an equal volume of 1 × 10-2 mol dm-3
HNO3 in a large glass separating funnel.

ii.

Stir the solution for 5 minutes, ensuring good mixing of phases using an
over-head stirrer set at the interface.

iii.

Allow both phases to separate and remove the aqueous phase.

iv.

Add a solution of 1 mol dm-3 Na2CO3 to the solvent to obtain a
solvent:aqueous ratio of 2:1.

v.

Stir the solution for 15 minutes, ensuring good mixing of phases using an
over-head stirrer set at the interface.

vi.

Allow both phases to separate and remove the aqueous phase.

vii.

Add a solution of 1 mol dm-3 NaOH to the solvent to obtain a
solvent:aqueous ratio of 2:1.
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viii.

Stir the solution for 15 minutes, ensuring good mixing of phases using an
over-head stirrer set at the interface.

ix.

Add a solution of 1 × 10-2 mol dm-3 HNO3 to the solvent to obtain a
solvent:aqueous ratio of 1:1.

x.

Stir the solution for 15 minutes, ensuring good mixing of phases using an
over-head stirrer set at the interface.

xi.

Allow both phases to separate and remove the aqueous phase using a
separating funnel.

xii.

Add a solution of the appropriate aqueous solution (NaNO3 or HNO3) to the
solvent to obtain a solvent:aqueous ratio of 1:1.

xiii.

Stir the solution for 15 minutes, ensuring good mixing of phases using an
over-head stirrer set at the interface.

xiv.

Leave to equilibrate overnight.

Post wash, the 30 vol. % TBP-n-dodecane solution, saturated by the appropriate
aqueous solution, was then separated from the aqueous phase and placed in contact
with fresh appropriate aqueous solution and subsequently irradiated. Samples of the
post wash organic and aqueous phases were also irradiated independently.
Alpha radiolysis experiments investigated the radiolytic yields of H2 and HNO2 from
aqueous HNO3 solutions (0.1 to 6 mol dm-3) of Magnox Pu and ESA Am.
Measurement of H2 was performed using an Agilent 3000 Micro Gas
Chromatograph, equipped with a thermal conductivity detector, argon flow gas, a
1.0 μl back-flush injector, molecular sieve 5 Å PLOT column (10 m by 0.32 mm)
and a PLOT U (3 m by 0.32 mm) pre-column. The gas chromatograph was calibrated
prior to every analysis using 102 ppm H2 standard (single-point calibration), which
provided an average response of 7.01 ppm-1.
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Computational methods were used to investigate the radiolytic yields of NO2¯ ,
HNO3, and H2, from the radiolysis of the aforementioned systems using stochastic
and multi-scale modelling approaches.

Experimental Data
Gamma Radiolysis of NaNO3 Solutions
Table 1. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-3 mol dm-3 NaNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
200
200
200
200
300
300
300
300
400
400
400
400
1000
1000
1000
1000

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Shinn
Absorption
(543 nm)
0.2277
0.2165
0.2391
0.2248
0.4009
0.3992
0.4039
0.4044
0.5756
0.5779
0.5784
0.5790
0.6624
0.6777
0.6653
0.6665
1.1366
1.2571
1.1652
1.1706

[NO2¯ ]
/ mol dm-3
3.87 × 10-6
3.68 × 10-6
4.06 × 10-6
3.82 × 10-6
6.81 × 10-6
6.78 × 10-6
6.86 × 10-6
6.87 × 10-6
9.77 × 10-6
9.81 × 10-6
9.82 × 10-6
9.83 × 10-6
1.12 × 10-5
1.15 × 10-5
1.13 × 10-5
1.13 × 10-5
1.93 × 10-5
2.13 × 10-5
1.98 × 10-5
1.99 × 10-5

Standard
Deviation
/ mol dm-3
1.59 × 10-7

4.20 × 10-8

2.58 × 10-8

1.14 × 10-7

8.83 × 10-7
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Table 2. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-2 mol dm-3 NaNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
100
100
100
100
100
100
200
200
200
200
200
200
200
200
200
200
300
300
300
300
300
300
300
300
300
300
400
400
400
400
400
400
400
400
400
400
1000
1000

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Shinn
Absorption
(543 nm)
0.3557
0.3440
0.3435
0.3498
0.3823
0.3548
0.3555
0.3705
0.3737
0.3531
0.6331
0.6180
0.6287
0.6299
0.6411
0.6041
0.6118
0.6243
0.6112
0.6128
0.8359
0.8302
0.8497
0.8546
0.8276
0.8598
0.8500
0.8512
0.8590
0.8655
1.1049
1.1076
1.0835
1.1057
1.0988
1.1128
1.1405
1.1384
1.1452
1.1398
1.8760
1.8642

[NO2¯ ]
/ mol dm-3

Standard
Deviation

6.04 × 10-6
5.84 × 10-6
5.83 × 10-6
5.94 × 10-6
6.49 × 10-6
6.02 × 10-6
6.04 × 10-6
6.29 × 10-6
6.35 × 10-6
6.00× 10-6
1.08 × 10-5
1.05 × 10-5
1.07 × 10-5
1.07 × 10-5
1.09 × 10-5
1.03 × 10-5
1.04 × 10-5
1.06 × 10-5
1.04 × 10-5
1.04 × 10-5
1.42 × 10-5
1.41 × 10-5
1.44 × 10-5
1.45 × 10-5
1.41 × 10-5
1.46 × 10-5
1.44 × 10-5
1.45 × 10-5
1.46 × 10-5
1.47 × 10-5
1.88 × 10-5
1.88 × 10-5
1.84 × 10-5
1.88 × 10-5
1.87 × 10-5
1.89 × 10-5
1.94 × 10-5
1.93 × 10-5
1.94 × 10-5
1.94 × 10-5
3.19 × 10-5
3.17 × 10-5

2.20 × 10-7

2.00 × 10-7

2.20 × 10-5

3.65 × 10-7

3.96 × 10-7
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1000
1000
1000
1000
1000
1000
1000
1000

1
1
1
1
1
1
1
1

1.8368
1.8744
1.8309
1.8732
1.8856
1.8612
1.8594
1.8124

3.12 × 10-5
3.18 × 10-5
3.11 × 10-5
3.18 × 10-5
3.20 × 10-5
3.16 × 10-5
3.16 × 10-5
3.08 × 10-5

Table 3. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
0.1 mol dm-3 NaNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
100
100
100
100
100
100
200
200
200
200
200
200
200
200
200
200
300
300
300
300
300
300
300
300
300
300
400
400

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Shinn
Absorption
(543 nm)
0.4141
0.4166
0.4536
0.4640
0.4374
0.4294
0.4398
0.4205
0.4322
0.4280
0.7603
0.7774
0.8158
0.8510
0.8116
0.7856
0.8064
0.8103
0.7842
0.7829
0.9869
1.0067
1.0362
1.0215
1.0246
1.0282
1.0184
1.1257
1.0272
1.0195
1.2734
1.2896

[NO2¯ ]
/ mol dm-3

Standard
Deviation

7.03 × 10-6
7.07 × 10-6
7.70 × 10-6
7.88 × 10-6
7.43 × 10-6
7.29 × 10-6
7.47 × 10-6
7.14 × 10-6
7.34 × 10-6
7.27 × 10-6
1.29 × 10-5
1.32 × 10-5
1.39 × 10-5
1.45 × 10-5
1.38 × 10-5
1.33 × 10-5
1.37 × 10-5
1.38 × 10-5
1.33 × 10-5
1.33 × 10-5
1.68 × 10-5
1.71 × 10-5
1.76 × 10-5
1.73 × 10-5
1.74 × 10-5
1.75× 10-5
1.73 × 10-5
1.91 × 10-5
1.74 × 10-5
1.73 × 10-5
2.16 × 10-5
2.19 × 10-5

2.69 × 10-7

4.37 × 10-7

6.19 × 10-7

5.15 × 10-6
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400
400
400
400
400
400
400
400
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.3080
1.3605
1.2484
1.2957
1.2813
1.3243
1.3100
1.2952
2.6132
2.6859
2.6558
2.6988
2.5148
2.6123
2.6474
2.5394
2.6095
2.7130

2.22 × 10-5
2.31 × 10-5
2.12 × 10-5
2.20 × 10-5
2.18 × 10-5
2.25 × 10-5
2.22 × 10-5
2.20 × 10-5
4.44 × 10-5
4.56 × 10-5
4.51 × 10-5
4.58 × 10-5
4.27 × 10-5
4.44 × 10-5
4.50 × 10-5
4.31 × 10-5
4.43 × 10-5
4.61 × 10-5

1.11 × 10-6

Table 4. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 mol dm-3 NaNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
200
200
200
200
300
300
300
300
400
400
400
400
1000
1000
1000
1000

5
5
1
1
5
5
1
1
5
5
1
1
50
50
50
50
5
5
5
5

Shinn
Absorption
(543 nm)
0.1389
0.1325
0.6892
0.6824
0.2454
0.2388
1.1644
1.1181
0.4324
0.4336
1.6080
1.6283
0.0505
0.0504
0.0510
0.0508
1.0520
1.0553
1.0848
0.9275

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.18 × 10-5
1.13 × 10-5
1.17 × 10-5
1.16 × 10-5
2.08 × 10-5
2.03 × 10-5
1.98 × 10-5
1.90 × 10-5
3.67 × 10-5
3.68 × 10-5
2.73 × 10-5
2.76 × 10-5
4.28 × 10-5
4.28 × 10-5
4.33 × 10-5
4.32 × 10-5
8.93 × 10-5
8.96 × 10-5
9.21 × 10-5
7.87 × 10-5

2.37 × 10-7

7.84 × 10-7

5.36 × 10-7

2.40 × 10-7

5.93 × 10-7
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Table 5. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
4 mol dm-3 NaNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
200
200
200
200
300
300
300
300
400
400
400
400
1000
1000
1000
1000

5
5
5
5
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.2156
0.2176
0.2172
0.2134
0.2196
0.2264
0.2305
0.2168
0.3238
0.3290
0.2947
0.2981
0.4279
0.4126
0.4064
0.4395
0.9915
0.9303
0.9324
1.0412

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.83 × 10-5
1.85 × 10-5
1.84 × 10-5
1.81 × 10-5
3.73 × 10-5
3.84 × 10-5
3.91 × 10-5
3.68 × 10-5
5.50 × 10-5
5.59 × 10-5
5.00 × 10-5
5.06 × 10-5
7.27 × 10-5
7.01 × 10-5
6.90 × 10-5
7.46 × 10-5
1.68 × 10-5
1.58 × 10-5
1.58 × 10-5
1.77 × 10-5

1.62 × 10-7

1.06 × 10-6

2.97 × 10-6

2.54 × 10-6

9.02 × 10-6

Table 6. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
6 mol dm-3 NaNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
200
200
200
200
300
300
300
300
400
400

100
100
100
100
100
100
100
100
100
100
100
100
100
100

Shinn
Absorption
(543 nm)
0.0136
0.0134
0.0126
0.0129
0.0259
0.0252
0.0256
0.0259
0.0360
0.0348
0.0376
0.0357
0.0513
0.0486

[NO2¯ ]
/ mol dm-3

Standard
Deviation

2.31 × 10-5
2.27 × 10-5
2.13 × 10-5
2.19 × 10-5
4.40 × 10-5
4.27 × 10-5
4.35 × 10-5
4.40 × 10-5
6.11 × 10-5
5.91 × 10-5
6.38 × 10-5
6.07 × 10-5
8.71 × 10-5
8.26 × 10-5

8.17 × 10-7

6.34 × 10-7

1.48 × 10-6

3.21 × 10-6
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400
400
1000
1000
1000
1000

100
100
100
100
100
100

0.0514
0.0497
0.1226
0.1211
0.1234
0.1194

8.73E-05
8.43E-05
2.08E-04
2.06E-04
2.09E-04
2.03E-04

2.90E-06

Gamma Radiolysis of NaNO3:Dodecane Solvent Systems
Table 7. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-3 mol dm-3 NaNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2,5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.1102
0.1162
0.1056
0.2102
0.2159
0.2142
0.3341
0.3373
0.3511
0.8050
0.7892
0.7633
1.0807
1.0357
1.0465

[NO2¯ ]
/ mol dm-3

Standard
Deviation

4.68 × 10-6
4.93 × 10-6
4.48 × 10-6
8.92 × 10-6
9.16 × 10-6
9.09 × 10-6
1.42 × 10-5
1.43 × 10-5
1.49 × 10-5
3.42 × 10-5
3.35 × 10-5
3.24 × 10-5
4.59 × 10-5
4.40 × 10-5
4.44 × 10-5

1.85 × 10-7
1.01 × 10-7
3.13 × 10-7
7.31 × 10-7
8.16 × 10-7
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Table 8. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-2 mol dm-3 NaNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0879
0.0983
0.0838
0.2017
0.1935
0.1723
0.2486
0.2843
0.2912
0.5718
0.5935
0.5683
0.7608
0.7802
0.7403

[NO2¯ ]
/ mol dm-3

Standard
Deviation

7.46 × 10-6
8.35 × 10-6
7.12 × 10-6
1.71 × 10-5
1.64 × 10-5
1.46 × 10-5
2.11 × 10-5
2.41 × 10-5
2.47 × 10-5
4.85 × 10-5
5.04 × 10-5
4.82 × 10-5
6.46 × 10-5
6.62 × 10-5
6.29 × 10-5

5.18 × 10-7
1.05 × 10-6
1.59 × 10-6
9.47 × 10-7
1.38 × 10-6

Table 9. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
0.1 mol dm-3 NaNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0979
0.1037
0.1049
0.2134
0.2157
0.2300
0.2994
0.3113
0.3144
0.6417
0.6411
0.6872
0.8599
0.8892
0.8958

[NO2¯ ]
/ mol dm-3

Standard
Deviation

8.31 × 10-6
8.80 × 10-6
8.91 × 10-6
1.81 × 10-5
1.83 × 10-5
1.95 × 10-5
2.54 × 10-5
2.64 × 10-5
2.67 × 10-5
5.45 × 10-5
5.44 × 10-5
5.83 × 10-5
7.30 × 10-5
7.55 × 10-5
7.61 × 10-5

2.60 × 10-7
6.23 × 10-7
5.48 × 10-7
1.83 × 10-6
1.33 × 10-6
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Table 10. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 mol dm-3 NaNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.1526
0.1531
0.1634
0.2933
0.2922
0.2951
0.4254
0.4254
0.4257
0.8759
0.8682
0.8749
1.1558
1.1668
1.1786

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.30 × 10-5
1.30 × 10-5
1.39 × 10-5
2.49 × 10-5
2.48 × 10-5
2.51 × 10-5
3.61 × 10-5
3.61 × 10-5
3.61 × 10-5
7.44 × 10-5
7.37 × 10-5
7.43 × 10-5
9.81 × 10-5
9.91 × 10-5
1.00 × 10-4

4.23 × 10-7
9.99 × 10-8
1.45 × 10-8
2.88 × 10-7
7.92 × 10-7

Table 11. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
4 mol dm-3 NaNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0731
0.0780
0.0723
0.1646
0.1565
0.1585
0.2307
0.2689
0.2253
0.2669
0.2789
0.2769

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.24 × 10-5
1.32 × 10-5
1.23 × 10-5
2.80 × 10-5
2.66 × 10-5
2.69 × 10-5
3.92 × 10-5
4.57 × 10-5
3.83 × 10-5
4.53 × 10-5
4.74 × 10-5
4.70 × 10-5

4.27 × 10-7
5.89 × 10-7
3.29 × 10-6
8.85 × 10-7
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Table 12. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
6 mol dm-3 NaNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0501
0.0511
0.0421
0.0920
0.0890
0.0922
0.1235
0.1290
0.1179
0.2578
0.2495
0.2636
0.3513
0.3506
0.3394

[NO2¯ ]
/ mol dm-3

Standard
Deviation

8.51 × 10-6
8.68 × 10-6
7.14 × 10-6
1.56 × 10-5
1.51 × 10-5
1.57 × 10-5
2.10 × 10-5
2.19 × 10-5
2.00 × 10-5
4.38 × 10-5
4.24 × 10-5
4.48 × 10-5
5.97 × 10-5
5.95 × 10-5
5.76 × 10-5

6.88 × 10-7
2.44 × 10-7
7.71 × 10-7
9.77 × 10-7
9.29 × 10-7

Gamma Radiolysis of NaNO3:30 vol. % TBP-Dodecane Solvent Systems
Table 13. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-3 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.

Dose / Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.1265
0.1273
0.1272
0.2629
0.2617
0.2605
0.4069
0.4031
0.4113
1.0873
1.1071
1.0737
1.4945
1.5522
1.5579

[NO2¯ ]
/ mol dm-3

Standard
Deviation

5.37 × 10-6
5.40 × 10-6
5.40 × 10-6
1.12 × 10-5
1.11 × 10-5
1.11 × 10-5
1.73 × 10-5
1.71 × 10-5
1.75 × 10-5
4.62 × 10-5
4.70 × 10-5
4.56 × 10-5
6.34 × 10-5
6.59 × 10-5
6.61 × 10-5

1.39 × 10-8
4.15 × 10-8
1.42 × 10-7
5.83 × 10-7
1.22 × 10-6
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Table 14. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-3 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0011
0.0122
0.0030
0.0041
0.0055
0.0001
0.0001
0.0064
0.0106
0.0030
0.0001
0.0024
0.0000
0.0012
0.0126

[NO2¯ ]
/ mol dm-3

Standard
Deviation

4.73 × 10-8
5.19 × 10-7
1.26 × 10-7
1.75 × 10-7
2.35 × 10-7
3.21 × 10-9
2.63 × 10-9
2.73 × 10-7
4.51 × 10-7
1.26 × 10-7
5.16 × 10-8
1.01 × 10-7
0.00
5.04 × 10-8
5.36 × 10-7

2.06 × 10-7
9.81 × 10-8
1.84 × 10-7
5.23× 10-8
2.42 × 10-7

Table 15. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-3 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted NaNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.1328
0.1578
1.6387
1.6312

[NO2¯ ]
/ mol dm-3

Standard
Deviation

5.64 × 10-6
6.70 × 10-6
6.96 × 10-5
6.92 × 10-5

5.32 × 10-7
1.58 × 10-7

Table 16. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-3 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. %
TBP-dodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0011
0.0024
0.0000
0.0289

[NO2¯ ]
/ mol dm-3

Standard
Deviation

4.70 × 10-8
1.03 × 10-7
0.00
1.22 × 10-6

2.82 × 10-8
6.12 × 10-7
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Table 17. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-2 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.2389
0.2437
0.2375
0.5037
0.5064
0.4895
0.7613
0.7769
0.7679
1.8366
1.7995
1.8211
2.4212
2.4848
2.4164

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.01 × 10-5
1.03 × 10-5
1.01 × 10-5
2.14 × 10-5
2.15 × 10-5
2.08 × 10-5
3.23 × 10-5
3.30 × 10-5
3.26 × 10-5
7.80 × 10-5
7.64 × 10-5
7.73 × 10-5
1.03 × 10-4
1.05 × 10-4
1.03 × 10-4

1.12 × 10-7
3.1 × 10-7
2.71 × 10-7
6.45 × 10-7
1.32 × 10-6

Table 18. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-2 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0023
0.0082
0.0111
0.0002
0.0030
0.0049
0.0236
0.0069
0.0106
0.0169
0.0004
0.0212
0.0038
0.0002
0.0246

[NO2¯ ]
/ mol dm-3

Standard
Deviation

9.88 × 10-8
3.46 × 10-7
4.73 × 10-7
9.05 × 10-9
1.25 × 10-7
2.08 × 10-7
1.00 × 10-6
2.93 × 10-7
4.50 × 10-7
7.17 × 10-7
1.53 × 10-8
8.98 × 10-7
1.60 × 10-7
9.95 × 10-9
1.05 × 10-6

1.55 × 10-7
8.17 × 10-8
3.05 × 10-7
3.81 × 10-7
4.57 × 10-7
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Table 19. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-2 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted NaNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.2511
0.2159
2.2523
2.3582

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.07 × 10-5
9.16 × 10-6
9.56 × 10-5
1.00 × 10-4

7.48 × 10-7
2.25 × 10-6

Table 20. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 × 10-2 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. %
TBP-dodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0034
0.0000
0.0125
0.0029

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.44 × 10-7
0.00
5.29 × 10-7
1.24 × 10-7

7.17 × 10-8
2.02 × 10-7

Table 21. Concentration of NO2¯ as a function of dose from the gamma radiolysis
of 0.1 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.1689
0.1504
0.1501
0.3306
0.3273
0.3278
0.4763
0.4737
0.4748
1.0928
1.0943
1.1027
1.4345
1.5098
1.4945

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.43 × 10-5
1.28 × 10-5
1.27 × 10-5
2.81 × 10-5
2.78 × 10-5
2.78 × 10-5
4.04 × 10-5
4.02 × 10-5
4.03 × 10-5
9.28 × 10-5
9.29 × 10-5
9.36 × 10-5
1.22 × 10-4
1.28 × 10-4
1.27 × 10-4

7.46 × 10-7
1.21 × 10-7
9.15 × 10-8
3.71 × 10-7
2.76 × 10-6

225

Appendix II – Complete Experimental and Computational Data
Table 22. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
0.1 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0000
0.0012
0.0025
0.0001
0.0000
0.0000
0.0000
0.0009
0.0000
0.0011
0.0000
0.0000
0.0139
0.0017
0.0068

[NO2¯ ]
/ mol dm-3

Standard
Deviation

0.00
1.06 × 10-7
2.11 × 10-7
9.01 × 10-9
0.00
1.61 × 10-9
3.25 × 10-9
7.88 × 10-8
0.00
8.93 × 10-8
0.00
0.00
1.18 × 10-6
1.43 × 10-7
5.77 × 10-7

8.63 × 10-8
3.93 × 10-9
3.64 × 10-8
4.21 × 10-8
4.25 × 10-7

Table 23. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
0.1 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted NaNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

5
5
5
5

Shinn
Absorption
(543 nm)
0.1493
0.1472
1.4714
1.4722

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.27 × 10-5
1.25 × 10-5
1.25 × 10-4
1.25 × 10-4

9.21 × 10-8
3.48 × 10-8

Table 24. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
0.1 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. % TBPdodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

5
5
5
5

Shinn
Absorption
(543 nm)
0.0019
0.0031
0.0000
0.0000

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.60 × 10-7
2.66 × 10-7
1.29 × 10-9
0.00

5.28 × 10-8
6.45 × 10-10
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Table 25. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.2007
0.1988
0.1993
0.3903
0.3882
0.3790
0.5611
0.5666
0.5563
1.2183
1.2162
1.2323
1.6459
1.6449
1.6644

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.70 × 10-5
1.69 × 10-5
1.69 × 10-5
3.31 × 10-5
3.30 × 10-5
3.22 × 10-5
4.76 × 10-5
4.81 × 10-5
4.72 × 10-5
1.03 × 10-4
1.03 × 10-4
1.05 × 10-4
1.40 × 10-4
1.40 × 10-4
1.41 × 10-4

6.57 × 10-8
4.14 × 10-7
3.60 × 10-7
6.10 × 10-7
7.61 × 10-7

Table 26. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0000
0.0001
0.0000
0.0000
0.0018
0.0040
0.0000
0.0014
0.0020
0.0084
0.0004
0.0005
0.0167
0.0198
0.0085

[NO2¯ ]
/ mol dm-3

Standard
Deviation

0.00
1.08 × 10-8
0.00
0.00
1.53 × 10-7
3.37 × 10-7
0.00
1.22 × 10-7
1.69 × 10-7
7.14 × 10-7
3.60 × 10-8
4.64 × 10-8
1.41 × 10-6
1.68 × 10-6
7.26 × 10-7

N/A
1.38 × 10-7
7.29 × 10-8
3.17 × 10-8
4.02 × 10-8
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Table 27. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted NaNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

5
5
5
5

Shinn
Absorption
(543 nm)
0.2097
0.2044
1.7483
1.7361

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.78 × 10-5
1.74 × 10-5
1.48 × 10-4
1.47 × 10-4

2.25 × 10-7
5.20 × 10-7

Table 28. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
1 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. % TBPdodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

5
5
5
5

Shinn
Absorption
(543 nm)
0.0000
0.0000
0.0082
0.0000

[NO2¯ ]
/ mol dm-3

Standard
Deviation

0.00
0.00
6.99 × 10-7
0.00

N/A
N/A

Table 29. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
4 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0463
0.0554
0.0479
0.0954
0.1098
0.0987
0.1210
0.1155
0.1335
0.1871
0.1858
0.1987
0.2333
0.1770
0.2333

[NO2¯ ]
/ mol dm-3

Standard
Deviation

7.86 × 10-6
9.42 × 10-6
8.13 × 10-6
1.62 × 10-5
1.87 × 10-5
1.68 × 10-5
2.05 × 10-5
1.96 × 10-5
2.27 × 10-5
3.18 × 10-5
3.16 × 10-5
3.37 × 10-5
3.96 × 10-5
3.00 × 10-5
3.96 × 10-5

6.78 × 10-7
1.05 × 10-6
1.28 × 10-6
9.84 × 10-7
4.51 × 10-6
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Table 30. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
4 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0186
0.0085
0.0174
0.0407
0.0378
0.0603
0.0584
0.0501
0.0948
0.0975
0.1003
0.1266
0.1454
0.1193

[NO2¯ ]
/ mol dm-3

Standard
Deviation

3.15 × 10-6
1.44 × 10-6
2.95 × 10-6
6.91 × 10-6
6.42 × 10-6
1.02 × 10-5
9.91 × 10-6
8.50 × 10-6
1.61 × 10-5
1.66 × 10-5
1.70 × 10-5
2.15 × 10-5
2.47 × 10-5
2.03 × 10-5

7.66 × 10-6
3.15 × 10-6
7.52 × 10-7
3.85 × 10-7
1.87 × 10-6

Table 31. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
4 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted NaNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

10
10
10
10

Shinn
Absorption
(543 nm)
0.1002
0.0875
0.5938
0.5973

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.70 × 10-5
1.49 × 10-5
1.01 × 10-4
1.01 × 10-4

1.08 × 10-6
2.95 × 10-7

Table 32. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
4 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. % TBPdodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

10
10
10
10

Shinn
Absorption
(543 nm)
0.0035
0.0015
0.0267
0.0286

[NO2¯ ]
/ mol dm-3

Standard
Deviation

5.98 × 10-7
2.62 × 10-7
4.53 × 10-6
4.86 × 10-6

1.68 × 10-7
1.63 × 10-7
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Table 33. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
6 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0651
0.0618
0.0739
0.0911
0.1660
0.1693
0.1651
0.2520
0.2512
0.2288
0.3796
0.3340
0.2968

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.10 × 10-5
1.05 × 10-5
1.25 × 10-5
1.55 × 10-5
2.82 × 10-5
2.87 × 10-5
2.80 × 10-5
4.28 × 10-5
4.27 × 10-5
3.89 × 10-5
6.45 × 10-5
5.67 × 10-5
5.04 × 10-5

8.65 × 10-7
N/A
3.08 × 10-7
1.82 × 10-6
5.75 × 10-6

Table 34. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
6 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0261
0.0298
0.0547
0.0579
0.0476
0.0578
0.0608
0.1307
0.1380
0.1299
0.1526
0.1735
0.2026

[NO2¯ ]
/ mol dm-3

Standard
Deviation

4.42 × 10-6
5.06 × 10-6
9.29 × 10-6
9.83 × 10-6
8.09 × 10-6
9.82 × 10-6
1.03 × 10-5
2.22 × 10-5
2.34 × 10-5
2.21 × 10-5
2.59 × 10-5
2.95 × 10-5
3.44 × 10-5

2.16 × 10-6
N/A
9.56 × 10-7
6.19 × 10-7
3.49 × 10-6
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Table 35. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
6 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted NaNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

10
10
10
10

Shinn
Absorption
(543 nm)
0.1002
0.1072
0.6627
0.6665

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.70 × 10-5
1.82 × 10-5
1.13 × 10-4
1.13 × 10-4

6.02 × 10-7
3.29 × 10-7

Table 36. Concentration of NO2¯ as a function of dose from the gamma radiolysis of
6 mol dm-3 NaNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. % TBPdodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

10
10
10
10

Shinn
Absorption
(543 nm)
0.0170
0.0092
0.0642
0.1173

[NO2¯ ]
/ mol dm-3

Standard
Deviation

2.89 × 10-6
1.56 × 10-6
1.09 × 10-5
1.99 × 10-5

6.64 × 10-7
4.51 × 10-6
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Gamma Radiolysis of HNO3 Solutions
Table 37. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-3 mol dm-3 HNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
100
100
100
100
100
100
200
200
200
200
200
200
200
200
200
200
300
300
300
300
300
300
300
300
300
300
400
400
400
400
400
400
400
400
400

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Shinn
Absorption
(543 nm)
0.17658
0.18715
0.17458
0.18148
0.17515
0.18436
0.18528
0.17374
0.17640
0.18350
0.40273
0.40089
0.39867
0.40742
0.40110
0.41856
0.41909
0.40793
0.41675
0.40510
0.57367
0.58349
0.59271
0.56275
0.56966
0.56336
0.57646
0.56428
0.58625
0.57757
0.73655
0.65366
0.70574
0.69773
0.69106
0.67864
0.68250
0.71480
0.66022

[HNO2]
/ mol dm-3
3.00 × 10-6
3.18 × 10-6
2.96 × 10-6
3.08 × 10-6
2.97 × 10-6
3.13 × 10-6
3.15 × 10-6
2.95 × 10-6
3.00 × 10-6
3.12 × 10-6
6.84 × 10-6
6.81 × 10-6
6.77 × 10-6
6.92 × 10-6
6.81 × 10-6
7.11 × 10-6
7.12 × 10-6
6.93 × 10-6
7.08 × 10-6
6.88 × 10-6
9.74 × 10-6
9.91 × 10-6
1.01 × 10-6
9.56 × 10-6
9.67 × 10-6
9.57 × 10-6
9.79 × 10-6
9.58 × 10-6
9.95 × 10-6
9.81 × 10-6
1.25 × 10-5
1.11 × 10-5
1.20 × 10-5
1.18 × 10-5
1.17 × 10-5
1.15 × 10-5
1.16 × 10-5
1.21 × 10-5
1.12 × 10-5

Standard
Deviation
/ mol dm-3
8.56 × 10-7

1.31 × 10-7

1.75 × 10-7

4.41 × 10-7

232

Appendix II – Complete Experimental and Computational Data
400
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

1
1
1
1
1
1
1
1
1
1
1

0.66536
1.15700
1.15700
1.16886
1.15846
1.17076
1.15398
1.17229
1.17253
1.17271
1.17315

1.13 × 10-5
1.96 × 10-5
1.96 × 10-5
1.98 × 10-5
1.97 × 10-5
1.99 × 10-5
1.96 × 10-5
1.99 × 10-5
1.99 × 10-5
1.99 × 10-5
1.99 × 10-5

1.35 × 10-7

Table 38. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-2 mol dm-3 HNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
200
200
200
200
300
300
300
300
400
400
400
400
1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Shinn
Absorption
(543 nm)
0.18378
0.19834
0.19445
0.18440
0.42507
0.39911
0.41471
0.39514
0.51896
0.53294
0.56620
0.49680
0.60600
0.63700
0.61548
0.62272
0.78428
0.79840
0.83402
0.87420
0.85781
0.87710
0.77122
0.78632
0.83534
0.77752

[HNO2]
/ mol dm-3
3.12 × 10-6
3.37 × 10-6
3.30 × 10-6
3.13 × 10-6
7.22 × 10-6
6.78 × 10-6
7.04 × 10-6
6.71 × 10-6
8.81 × 10-6
9.05 × 10-6
9.61 × 10-6
8.44 × 10-6
1.03 × 10-5
1.08 × 10-5
1.05 × 10-5
1.06 × 10-5
1.33 × 10-5
1.36 × 10-5
1.42 × 10-5
1.48 × 10-5
1.46 × 10-5
1.49 × 10-5
1.31 × 10-5
1.34 × 10-5
1.42 × 10-5
1.32 × 10-5

Standard
Deviation
/ mol dm-3
1.24 × 10-7

2.36 × 10-7

4.94 × 10-7

2.22 × 10-7

6.96 × 10-7
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Table 39. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 0.1 mol dm-3 HNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
100
100
100
100
100
100
200
200
200
200
200
200
200
200
200
200
300
300
300
300
300
300
300
300
300
300
400
400
400
400
400
400
400
400
400
400
1000
1000

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Shinn
Absorption
(543 nm)
0.17031
0.17821
0.17561
0.16808
0.16094
0.17959
0.17157
0.17372
0.17232
0.16288
0.27737
0.23716
0.24902
0.26244
0.27776
0.25018
0.26254
0.26958
0.26798
0.27744
0.31869
0.33996
0.35312
0.31336
0.32963
0.35415
0.32238
0.32188
0.31769
0.31679
0.36199
0.35829
0.36607
0.36550
0.36299
0.36462
0.35949
0.36050
0.36458
0.36170
0.58044
0.54211

[HNO2]
/ mol dm-3
2.89 × 10-6
3.03 × 10-6
2.98 × 10-6
2.85 × 10-6
2.73 × 10-6
3.05 × 10-6
2.91 × 10-6
2.95 × 10-6
2.93 × 10-6
2.77 × 10-6
4.71 × 10-6
4.03 × 10-6
4.23 × 10-6
4.46 × 10-6
4.72 × 10-6
4.25 × 10-6
4.46 × 10-6
4.58 × 10-6
4.55 × 10-6
4.71 × 10-6
5.41 × 10-6
5.77 × 10-6
6.00 × 10-6
5.32 × 10-6
5.60 × 10-6
6.01 × 10-6
5.47 × 10-6
5.47 × 10-6
5.39 × 10-6
5.38 × 10-6
6.15 × 10-6
6.08 × 10-6
6.22 × 10-6
6.21 × 10-6
6.16 × 10-6
6.19 × 10-6
6.10 × 10-6
6.12 × 10-6
6.19 × 10-6
6.14 × 10-6
9.86 × 10-6
9.20 × 10-6

Standard
Deviation
/ mol dm-3
1.03 × 10-7

2.35 × 10-7

2.57 × 10-7

4.47 × 10-8

2.89 × 10-7
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1000
1000
1000
1000
1000
1000
1000
1000

1
1
1
1
1
1
1
1

0.56080
0.55208
0.55388
0.58666
0.56589
0.57368
0.58975
0.58887

9.52 × 10-6
9.37 × 10-6
9.40 × 10-6
9.96 × 10-6
9.61 × 10-6
9.74 × 10-6
1.06 × 10-5
1.00 × 10-5

Table 40. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 mol dm-3 HNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
200
200
200
200
300
300
300
300
400
400
400
400
1000
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.03347
0.03328
0.03147
0.03184
0.06242
0.06370
0.05945
0.05715
0.08121
0.08881
0.08899
0.08037
0.10889
0.09404
0.09654
0.10685
0.17942
0.16848
0.17999
0.17052

[HNO2]
/ mol dm-3
2.84 × 10-6
2.83 × 10-6
2.67 × 10-6
2.70 × 10-6
5.30 × 10-6
5.41 × 10-6
5.05 × 10-6
4.85 × 10-6
6.89 × 10-6
7.54 × 10-6
7.56 × 10-6
6.82 × 10-6
9.24 × 10-6
7.98 × 10-6
8.20 × 10-6
9.07 × 10-6
1.52 × 10-5
1.43 × 10-5
1.53 × 10-5
1.45 × 10-5

Standard
Deviation
/ mol dm-3
7.41 × 10-8

2.17 × 10-7

3.45 × 10-7

5.43 × 10-7

4.38 × 10-7
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Table 41. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 4 mol dm-3 HNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
200
200
200
200
300
300
300
300
400
400
400
400
1000
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.08448
0.08158
0.08798
0.08024
0.18139
0.17964
0.18014
0.18135
0.25421
0.25144
0.24667
0.25836
0.34763
0.34363
0.33499
0.34235
0.79012
0.81947
0.79430
0.78818

[HNO2]
/ mol dm-3
7.17 × 10-6
6.93 × 10-6
7.47 × 10-6
6.81 × 10-6
1.54 × 10-5
1.53 × 10-5
1.53 × 10-5
1.54 × 10-5
2.16 × 10-5
2.13 × 10-5
2.09 × 10-5
2.19 × 10-5
2.95 × 10-5
2.92 × 10-5
2.84 × 10-5
2.91 × 10-5
6.71 × 10-5
6.96 × 10-5
6.74 × 10-5
6.69 × 10-5

Standard
Deviation
/ mol dm-3
2.91 × 10-7

7.46 × 10-8

4.17 × 10-7

4.48 × 10-7

1.23 × 10-6
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Table 42. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 6 mol dm-3 HNO3 solution.
Dose
/ Gy

Dilution
Factor

100
100
100
100
200
200
200
200
300
300
300
300
400
400
400
400
1000
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.11570
0.13762
0.11804
0.12168
0.27443
0.25852
0.26871
0.27117
0.36761
0.35783
0.36031
0.34705
0.46681
0.43829
0.45946
0.44041
0.98751
0.98168
0.98000
1.01327

[HNO2]
/ mol dm-3
9.82 × 10-6
1.17 × 10-5
1.00 × 10-5
1.03 × 10-5
2.33 × 10-5
2.19 × 10-5
2.28 × 10-5
2.30 × 10-5
3.12 × 10-5
3.04 × 10-5
3.06 × 10-5
2.95 × 10-5
3.96 × 10-5
3.72 × 10-5
3.90 × 10-5
3.74 × 10-5
8.38 × 10-5
8.33 × 10-5
8.32 × 10-5
8.60 × 10-5

Standard
Deviation
/ mol dm-3
8.39 × 10-7

5.83 × 10-7

7.23 × 10-7

1.20 × 10-6

1.31 × 10-6
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Gamma Radiolysis of HNO3:Dodecane Solvent Systems
Table 43. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-3 mol dm-3 HNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0633
0.0676
0.0677
0.1001
0.0904
0.0904
0.1717
0.1651
0.1285
0.2834
0.3754
0.3645
0.3100
0.2827
0.3500

[HNO2]
/ mol dm-3

Standard
Deviation

2.69 × 10-6
2.87 × 10-6
2.88 × 10-6
4.25 × 10-6
3.84 × 10-6
3.84 × 10-6
7.29 × 10-6
7.01 × 10-6
5.45 × 10-6
1.20 × 10-5
1.59 × 10-5
1.55 × 10-5
1.32 × 10-5
1.20 × 10-5
1.49 × 10-5

8.82 × 10-8
1.94 × 10-7
8.07 × 10-7
1.74 × 10-6
1.17 × 10-6

Table 44. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-2 mol dm-3 HNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0367
0.0357
0.0335
0.0658
0.0630
0.0620
0.1025
0.0977
0.0967
0.1604
0.1658
0.1618
0.1751
0.2245
0.2301

[HNO2]
/ mol dm-3

Standard
Deviation

1.56 × 10-6
1.52 × 10-6
1.42 × 10-6
2.79 × 10-6
2.68 × 10-6
2.63 × 10-6
4.35 × 10-6
4.15 × 10-6
4.11 × 10-6
6.81 × 10-6
7.04 × 10-6
6.87 × 10-6
7.44 × 10-6
9.53 × 10-6
9.77 × 10-6

5.62 × 10-8
6.86 × 10-8
1.07 × 10-7
9.66 × 10-8
1.05 × 10-6
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Table 45. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 0.1 mol dm-3 HNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0329
0.0340
0.0333
0.0602
0.0541
0.0532
0.0732
0.0735
0.0697
0.1302
0.1365
0.1417
0.1317
0.1166
0.1135

[HNO2]
/ mol dm-3

Standard
Deviation

2.79 × 10-6
2.89 × 10-6
2.83 × 10-6
5.11 × 10-6
4.60 × 10-6
4.51 × 10-6
6.22 × 10-6
6.24 × 10-6
5.92 × 10-6
1.10 × 10-5
1.16 × 10-5
1.20 × 10-5
1.12 × 10-5
9.90 × 10-6
9.64 × 10-6

3.96 × 10-8
2.63 × 10-7
1.48 × 10-7
4.02 × 10-7
6.75 × 10-7

Table 46. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 mol dm-3 HNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0361
0.0343
0.0339
0.0503
0.0504
0.0497
0.0642
0.0593
0.0603
0.0557
0.0712
0.0673
0.0691
0.0701
0.0805

[HNO2]
/ mol dm-3

Standard
Deviation

3.07 × 10-6
2.91 × 10-6
2.88 × 10-6
4.27 × 10-6
4.28 × 10-6
4.22 × 10-6
5.45 × 10-6
5.04 × 10-6
5.12 × 10-6
4.73 × 10-6
6.05 × 10-6
5.72 × 10-6
5.86 × 10-6
5.95 × 10-6
6.84 × 10-6

8.26 × 10-8
2.79 × 10-8
1.78 × 10-7
5.59 × 10-7
4.40 × 10-7
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Table 47. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 4 mol dm-3 HNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0571
0.0573
0.0561
0.0964
0.0954
0.0959
0.1289
0.1280
0.1218
0.2196
0.2078
0.2111
0.2831
0.2920
0.2811

[HNO2]
/ mol dm-3

Standard
Deviation

9.70 × 10-6
9.72 × 10-6
9.53 × 10-6
1.64 × 10-5
1.62 × 10-5
1.63 × 10-5
2.19 × 10-5
2.17 × 10-5
2.07 × 10-5
3.73 × 10-5
3.53 × 10-5
3.58 × 10-5
4.81 × 10-5
4.96 × 10-5
4.77 × 10-5

8.64 × 10-8
6.82 × 10-8
5.38 × 10-7
8.45 × 10-7
8.06 × 10-7

Table 48. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 6 mol dm-3 HNO3:dodecane (1:1 vol.).
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0722
0.0722
0.0737
0.1206
0.1198
0.1171
0.1686
0.1607
0.1603
0.3050
0.3219
0.3136
0.4092
0.3905
0.4028

[HNO2]
/ mol dm-3

Standard
Deviation

1.23 × 10-5
1.23 × 10-5
1.25 × 10-5
2.05 × 10-5
2.03 × 10-5
1.99 × 10-5
2.86 × 10-5
2.73 × 10-5
2.72 × 10-5
5.18 × 10-5
5.47 × 10-5
5.32 × 10-5
6.95 × 10-5
6.63 × 10-5
6.84 × 10-5

1.17 × 10-7
2.52 × 10-7
6.52 × 10-7
1.17 × 10-6
1.32 × 10-6
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Gamma Radiolysis of HNO3:30 vol. % TBP-Dodecane Solvent Systems
Table 49. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-3 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0634
0.0653
0.0526
0.1203
0.1245
0.1167
0.1773
0.1843
0.2023
0.3985
0.4026
0.3702
0.4211
0.4334
0.3827

[HNO2]
/ mol dm-3

Standard
Deviation

2.69 × 10-6
2.77 × 10-6
2.23 × 10-6
5.10 × 10-6
5.28 × 10-6
4.95 × 10-6
7.53 × 10-6
7.82 × 10-6
8.59 × 10-6
1.69 × 10-5
1.71 × 10-5
1.57 × 10-5
1.79 × 10-5
1.84 × 10-5
1.62 × 10-5

2.36 × 10-7
1.35 × 10-7
4.47 × 10-7
6.12 × 10-7
9.16 × 10-7
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Table 50. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-3 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0002
0.0000
0.0000
0.0048
0.0023
0.0053
0.0425
0.0129
0.0085
0.0668
0.0478
0.0698
0.0739
0.0631
0.0843

[HNO2]
/ mol dm-3

Standard
Deviation

9.46 × 10-9
0.00
1.00 × 10-9
2.04 × 10-7
9.82 × 10-8
2.25 × 10-7
1.81 × 10-6
5.46 × 10-7
3.60 × 10-7
2.84 × 10-6
2.03 × 10-6
2.96 × 10-6
3.14 × 10-6
2.68 × 10-6
3.58 × 10-6

4.24 × 10-9
5.55 × 10-8
6.42 × 10-7
4.15 × 10-7
3.67 × 10-7

Table 51. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-3 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted HNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0662
0.0794
0.8073
0.8034

[HNO2]
/ mol dm-3

Standard
Deviation

2.81 × 10-6
3.37 × 10-6
3.43 × 10-5
3.41 × 10-5

2.80 × 10-7
8.30 × 10-8

Table 52. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-3 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. %
TBP-dodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0001
0.0008
0.0000
0.0000

[HNO2]
/ mol dm-3

Standard
Deviation

5.21 × 10-9
3.56 × 10-8
0.00
0.00

1.52 × 10-8
0.00
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Table 53. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-2 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0441
0.0429
0.0423
0.0643
0.0646
0.0706
0.0977
0.0744
0.0892
0.1531
0.1721
0.1375
0.1689
0.1832
0.1724

[HNO2]
/ mol dm-3

Standard
Deviation

1.87 × 10-6
1.82 × 10-6
1.80 × 10-6
2.73 × 10-6
2.74 × 10-6
3.00 × 10-6
4.15 × 10-6
3.16 × 10-6
3.78 × 10-6
6.50 × 10-6
7.30 × 10-6
5.84 × 10-6
7.17 × 10-6
7.78 × 10-6
7.32 × 10-6

3.16 × 10-8
1.24 × 10-7
4.09 × 10-7
6.00 × 10-7
2.59 × 10-7

Table 54. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-2 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0037
0.0013
0.0008
0.0140
0.0175
0.0060
0.0099
0.0195
0.0060
0.0513
0.0146
0.0228
0.0943
0.0424
0.0455

[HNO2]
/ mol dm-3

Standard
Deviation

1.56 × 10-7
5.62 × 10-8
3.39 × 10-8
5.94 × 10-7
7.45 × 10-7
2.55 × 10-7
4.19 × 10-7
8.27 × 10-7
2.57 × 10-7
2.18 × 10-6
6.20 × 10-7
9.70 × 10-7
4.00 × 10-6
1.80 × 10-6
1.93 × 10-6

5.32 × 10-8
2.05 × 10-6
2.40 × 10-7
6.67 × 10-7
1.01 × 10-6
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Table 55. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-2 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted HNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0660
0.0654
0.3368
0.3304

[HNO2]
/ mol dm-3

Standard
Deviation

2.80 × 10-6
2.78 × 10-6
1.43 × 10-5
1.40 × 10-5

1.33 × 10-8
1.36 × 10-7

Table 56. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 × 10-2 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. %
TBP-dodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

2.5
2.5
2.5
2.5

Shinn
Absorption
(543 nm)
0.0000
0.0004
0.0041
0.0014

[HNO2]
/ mol dm-3

Standard
Deviation

8.42 × 10-11
1.55 × 10-8
1.73 × 10-7
5.86 × 10-8

7.72 × 10-9
5.72 × 10-8

Table 57. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 0.1 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0259
0.0278
0.0226
0.0387
0.0394
0.0432
0.0492
0.0498
0.0569
0.0725
0.0808
0.0732
0.0621
0.0386
0.0545

[HNO2]
/ mol dm-3

Standard
Deviation

2.20 × 10-6
2.36 × 10-6
1.92 × 10-6
3.29 × 10-6
3.35 × 10-6
3.67 × 10-6
4.18 × 10-6
4.23 × 10-6
4.83 × 10-6
6.16 × 10-6
6.86 × 10-6
6.22 × 10-6
5.27 × 10-6
3.27 × 10-6
4.63 × 10-6

1.82 × 10-7
1.67 × 10-7
2.96 × 10-7
3.18 × 10-7
8.32 × 10-7
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Table 58. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 0.1 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0153
0.0227
0.0193
0.0488
0.0400
0.0504
0.0844
0.0770
0.0507
0.1242
0.1128
0.1275
0.2091
0.2472
0.1989

[HNO2]
/ mol dm-3

Standard
Deviation

1.30 × 10-6
1.93 × 10-6
1.64 × 10-6
4.14 × 10-6
3.39 × 10-6
4.28 × 10-6
7.17 × 10-6
6.54 × 10-6
4.30 × 10-6
1.05 × 10-5
9.58 × 10-6
1.08 × 10-5
1.77 × 10-5
2.10 × 10-5
1.69 × 10-5

2.58 × 10-7
3.89 × 10-7
1.23 × 10-6
5.34 × 10-7
1.77 × 10-6

Table 59. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 0.1 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted HNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

5
5
5
5

Shinn
Absorption
(543 nm)
0.0441
0.0436
0.0820
0.0799

[HNO2]
/ mol dm-3

Standard
Deviation

3.74 × 10-6
3.70 × 10-6
6.96 × 10-6
6.78 × 10-6

2.25 × 10-8
8.88 × 10-8

Table 60. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 0.1 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. % TBPdodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

5
5
5
5

Shinn
Absorption
(543 nm)
0.0244
0.0189
0.1486
0.1134

[HNO2]
/ mol dm-3

Standard
Deviation

2.07 × 10-6
1.60 × 10-6
1.26 × 10-5
9.63 × 10-6

2.35 × 10-7
1.49 × 10-6
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Table 61. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0225
0.0191
0.0309
0.0395
0.0458
0.0444
0.0517
0.0553
0.0556
0.0823
0.0799
0.0857
0.0832
0.0935
0.0796

[HNO2]
/ mol dm-3

Standard
Deviation

1.91 × 10-6
1.62 × 10-6
2.62 × 10-6
3.35 × 10-6
3.89 × 10-6
3.77 × 10-6
4.39 × 10-6
4.70 × 10-6
4.72 × 10-6
6.99 × 10-6
6.78 × 10-6
7.28 × 10-6
7.06 × 10-6
7.93 × 10-6
6.75 × 10-6

4.19 × 10-7
2.28 × 10-7
1.52 × 10-7
2.02 × 10-7
4.99 × 10-7

Table 62. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.1053
0.1040
0.0776
0.1891
0.1417
0.1235
0.2785
0.2688
0.2430
0.3658
0.3849
0.3538
0.5779
0.5096
0.7569

[HNO2]
/ mol dm-3

Standard
Deviation

8.94 × 10-6
8.83 × 10-6
6.58 × 10-6
1.61 × 10-5
1.20 × 10-5
1.05 × 10-5
2.36 × 10-5
2.28 × 10-5
2.06 × 10-5
3.11 × 10-5
3.27 × 10-5
3.00 × 10-5
4.91 × 10-5
4.33 × 10-5
6.43 × 10-5

1.09 × 10-6
2.35 × 10-6
1.27 × 10-6
1.09 × 10-6
8.85 × 10-6
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Table 63. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted HNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

5
5
5
5

Shinn
Absorption
(543 nm)
0.0481
0.0482
0.1363
0.1387

[HNO2]
/ mol dm-3

Standard
Deviation

4.08 × 10-6
4.09 × 10-6
1.16 × 10-5
1.18 × 10-5

5.02 × 10-9
1.04 × 10-7

Table 64. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 1 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. % TBPdodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

5
5
5
5

Shinn
Absorption
(543 nm)
0.0886
0.0735
0.6613
0.6586

[HNO2]
/ mol dm-3

Standard
Deviation

7.53 × 10-6
6.24 × 10-6
5.61 × 10-5
5.59 × 10-5

6.44 × 10-7
1.15 × 10-7

Table 65. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 4 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0483
0.0547
0.0453
0.0885
0.0952
0.1062
0.1315
0.1275
0.1326
0.1828
0.2170
0.2520
0.3295
0.2931
0.2915

[HNO2]
/ mol dm-3

Standard
Deviation

8.20 × 10-6
9.29 × 10-6
7.70 × 10-6
1.50 × 10-5
1.62 × 10-5
1.80 × 10-5
2.23 × 10-5
2.17 × 10-5
2.25 × 10-5
3.10 × 10-5
3.68 × 10-5
4.28 × 10-5
5.60 × 10-5
4.98 × 10-5
4.95 × 10-5

6.64 × 10-7
1.23 × 10-6
3.75 × 10-7
4.80 × 10-6
2.98 × 10-6
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Table 66. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 4 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0610
0.0619
0.0552
0.0948
0.0687
0.0697
0.1537
0.1806
0.1257
0.3337
0.3309
0.3225
0.5017
0.3985
0.5134

[HNO2]
/ mol dm-3

Standard
Deviation

1.04 × 10-5
1.05 × 10-5
9.37 × 10-6
1.61 × 10-5
1.17 × 10-5
1.18 × 10-5
2.61 × 10-5
3.07 × 10-5
2.13 × 10-5
5.67 × 10-5
5.62 × 10-5
5.48 × 10-5
8.52 × 10-5
6.77 × 10-5
8.72 × 10-5

5.10 × 10-7
2.05 × 10-6
3.81 × 10-6
8.09 × 10-7
8.77 × 10-6

Table 67. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 4 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted HNO3.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

10
10
10
10

Shinn
Absorption
(543 nm)
0.0506
0.0469
0.3416
0.3285

[HNO2]
/ mol dm-3

Standard
Deviation

8.59 × 10-6
7.97 × 10-6
5.80 × 10-5
5.58 × 10-5

3.09 × 10-7
1.12 × 10-6

Table 68. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 4 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), contacted 30 vol. % TBPdodecane.
Dose
/ Gy

Dilution
Factor

100
100
1000
1000

10
10
10
10

Shinn
Absorption
(543 nm)
0.0348
0.0432
0.4984
0.2710

[HNO2]
/ mol dm-3

Standard
Deviation

5.90 × 10-6
7.34 × 10-6
8.46 × 10-5
4.60 × 10-5

7.17 × 10-7
1.93 × 10-5

248

Appendix II – Complete Experimental and Computational Data
Table 69. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 6 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), aqueous phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0567
0.0560
0.0487
0.1063
0.0951
0.1059
0.1495
0.1468
0.1490
0.3302
0.3303
0.3299
0.4356
0.4327
0.4369

[HNO2]
/ mol dm-3

Standard
Deviation

9.62 × 10-6
9.50 × 10-6
8.27 × 10-6
1.80 × 10-5
1.61 × 10-5
1.80 × 10-5
2.54 × 10-5
2.49 × 10-5
2.53 × 10-5
5.61 × 10-5
5.61 × 10-5
5.60 × 10-5
7.40 × 10-5
7.35 × 10-5
7.42 × 10-5

6.10 × 10-7
8.81 × 10-7
1.95 × 10-7
3.24 × 10-8
2.99 × 10-7

Table 70. Concentration of HNO2 as a function of dose from the gamma radiolysis
of 6 mol dm-3 HNO3:30 vol. % TBP-dodecane (1:1 vol.), organic phase.
Dose
/ Gy

Dilution
Factor

100
100
100
200
200
200
300
300
300
700
700
700
1000
1000
1000

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0474
0.0549
0.0519
0.0651
0.0663
0.0932
0.1621
0.0847
0.0721
0.2895
0.2524
0.2732
0.4377
0.3225
0.2741

[HNO2]
/ mol dm-3

Standard
Deviation

8.05 × 10-6
9.32 × 10-6
8.81 × 10-6
1.11 × 10-5
1.13 × 10-5
1.58 × 10-5
2.75 × 10-5
1.44 × 10-5
1.22 × 10-5
4.92 × 10-5
4.29 × 10-5
4.64 × 10-5
7.43 × 10-5
5.48 × 10-5
4.65 × 10-5

5.21 × 10-7
2.20 × 10-6
6.75 × 10-6
2.58 × 10-6
1.16 × 10-5
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Proton Beam Radiolysis of NaNO3 Solutions
Table 71. Concentration of NO2¯ as a function of dose from proton beam radiolysis
of 1 × 10-3 mol dm-3 NaNO3 solutions.
Dose
/ Gy

Dilution
Factor

99.29
129.77
110.77
214.63
325.48
306.28
720.99
745.48
1023.04
1005.12

5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0470
0.0486
0.0488
0.0934
0.1210
0.1170
0.1850
0.2510
0.2870
0.2930

[NO2¯ ]
/ mol dm-3

Standard
Deviation

3.99 × 10-6
4.13 × 10-6
4.14 × 10-6
7.93 × 10-6
1.03 × 10-5
9.93 × 10-6
1.57 × 10-5
2.13 × 10-5
2.43 × 10-5
2.49 × 10-5

6.97 × 10-8
N/A
1.79 × 10-7
2.80 × 10-6
2.81 × 10-7

Table 72. Concentration of NO2¯ as a function of dose from proton beam radiolysis
of 0.1 mol dm-3 NaNO3 solutions.
Dose
/ Gy

Dilution
Factor

6.66
7.00
12.89
92.69
91.68
86.54
299.46
327.51
701.23
728.92
1051.97
1044.54

1
1
1
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0594
0.0613
0.0979
0.1083
0.1099
0.1086
0.3282
0.3352
0.7335
0.6920
0.9642
1.0044

[NO2¯ ]
/ mol dm-3

Standard
Deviation

1.01 × 10-6
1.04 × 10-6
1.66 × 10-6
9.19 × 10-6
9.33 × 10-6
9.22 × 10-6
2.79 × 10-5
2.85 × 10-5
6.23 × 10-5
5.87 × 10-5
8.19 × 10-5
8.53 × 10-5

1.57 × 10-8
N/A
6.04 × 10-8
2.94 × 10-7
1.76 × 10-6
1.71 × 10-6
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Plutonium Self-radiolysis of HNO3 Solutions
Table 73. Concentration of HNO2 as a function of dose from Magnox plutonium
self-radiolysis of 0.1 mol dm-3 HNO3.
Dose
/ Gy

Dilution
Factor

158
158
158
316
316
316
475
475
475
1116
1116
1116
1602
1602
1602

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.1173
0.1223
0.1280
0.2082
0.1793
0.2147
0.2075
0.2606
0.2186
0.2274
0.2724
0.2779
0.2625
0.2620
0.2464

[HNO2]
/ mol dm-3

Standard
Deviation

6.42 × 10-6
6.96 × 10-6
7.57 × 10-6
1.69 × 10-5
1.38 × 10-5
1.76 × 10-5
1.61 × 10-5
2.19 × 10-5
1.73 × 10-5
1.89 × 10-5
2.38 × 10-5
2.44 × 10-5
2.20 × 10-5
2.19 × 10-5
2.02 × 10-5

4.72 × 10-7
1.66 × 10-6
2.47 × 10-6
2.44 × 10-6
8.06 × 10-7

Table 74. Concentration of HNO2 as a function of dose from Magnox plutonium
self-radiolysis of 1 mol dm-3 HNO3.
Dose
/ Gy

Dilution
Factor

149
149
149
298
298
447
447
447
1050
1050
1050
1508
1508
1508

5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.1382
0.1473
0.1340
0.1655
0.1691
0.2025
0.1970
0.2250
0.3422
0.3412
0.3512
0.4157
0.4322
0.4435

[HNO2]
/ mol dm-3

Standard
Deviation

6.69 × 10-6
7.66 × 10-6
6.23 × 10-6
9.62 × 10-6
1.00 × 10-5
1.36 × 10-5
1.30 × 10-5
1.60 × 10-5
2.87 × 10-5
2.86 × 10-5
2.96 × 10-5
3.64 × 10-5
3.82 × 10-5
3.94 × 10-5

5.96 × 10-7
1.94 × 10-7
1.31 × 10-7
4.83 × 10-7
1.23 × 10-7
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Table 75. Concentration of HNO2 as a function of dose from Magnox plutonium
self-radiolysis of 4 mol dm-3 HNO3.
Dose
/ Gy

Dilution
Factor

121
121
242
242
242
364
364
364
855
855
855
1228
1228
1228

10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.1226
0.1201
0.1787
0.1862
0.1894
0.2547
0.2395
0.2337
0.5169
0.5040
0.5184
0.7114
0.6801
0.5757

[HNO2]
/ mol dm-3

Standard
Deviation

1.92 × 10-5
1.86 × 10-5
3.29 × 10-5
3.45 × 10-5
3.52 × 10-5
4.77 × 10-5
4.44 × 10-5
4.31 × 10-5
1.05 × 10-4
1.03 × 10-4
1.06 × 10-4
1.46 × 10-4
1.39 × 10-4
1.17 × 10-4

2.66 × 10-7
9.62 × 10-7
1.91 × 10-6
1.39 × 10-6
1.25 × 10-5

Table 76. Concentration of HNO2 as a function of dose from Magnox plutonium
self-radiolysis of 6 mol dm-3 HNO3.
Dose
/ Gy

Dilution
Factor

107
107
107
215
215
215
323
323
323
758
758
758
1089
1089
1089

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.1159
0.1118
0.1096
0.1803
0.1802
0.1779
0.2402
0.2553
0.2462
0.5552
0.5809
0.5656
0.6985
0.7635
0.7618

[HNO2]
/ mol dm-3

Standard
Deviation

2.14 × 10-5
2.05 × 10-5
2.01 × 10-5
3.53 × 10-5
3.53 × 10-5
3.48 × 10-5
4.82 × 10-5
5.15 × 10-5
4.95 × 10-5
1.16 × 10-4
1.22 × 10-4
1.18 × 10-4
1.47 × 10-4
1.61 × 10-4
1.61 × 10-4

5.65 × 10-7
2.35 × 10-7
1.34 × 10-6
2.28 × 10-6
6.52 × 10-6
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Table 77. Radiolytic yield of H2 as a function of dose from Magnox plutonium selfradiolysis of 0.1 mol dm-3 HNO3.
Dose
/ Gy
133.66
133.66
133.66
267.46
267.46
267.46
401.39
401.39
938.39
938.39
938.39
1342.51
1342.51

G(H2)
/ molecules 100 eV-1
8.30 × 10-1
8.24 × 10-1
8.08 × 10-1
7.82 × 10-1
7.96 × 10-1
8.06 × 10-1
7.86 × 10-1
8.12 × 10-1
8.05 × 10-1
8.30 × 10-1
8.06 × 10-1
7.38 × 10-1
8.34 × 10-1

Standard Deviation
9.09 × 10-3
9.70 × 10-3
1.25 × 10-2
1.14 × 10-2
4.83 × 10-2

Table 78. Radiolytic yield of H2 as a function of dose from Magnox plutonium selfradiolysis of 1 mol dm-3 HNO3.
Dose
/ Gy
125.84
125.84
125.84
251.81
251.81
251.81
377.90
377.90
377.90
1263.94
1263.94
1263.94

G(H2)
/ molecules 100 eV-1
2.98 × 10-1
2.83 × 10-1
3.10 × 10-1
3.04 × 10-1
3.03 × 10-1
3.26 × 10-1
3.03 × 10-1
3.03 × 10-1
3.34 × 10-1
3.41 × 10-1
3.03 × 10-1
3.23 × 10-1

Standard Deviation
1.12 × 10-2
1.08 × 10-2
1.48 × 10-2
1.55 × 10-2
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Table 79. Radiolytic yield of H2 as a function of dose from Magnox plutonium selfradiolysis of 4 mol dm-3 HNO3.
Dose
/ Gy
102.47
102.47
205.05
205.05
205.05
719.41
719.41
719.41
1029.22
1029.22
1029.22

G(H2)
/ molecules 100 eV-1
1.10 × 10-2
9.35 × 10-2
8.16 × 10-2
9.17 × 10-2
9.13 × 10-2
1.03 × 10-1
1.05 × 10-1
1.11 × 10-1
1.02 × 10-1
1.13 × 10-1
1.11 × 10-1

Standard Deviation
8.16E-03
4.64E-03
3.32E-03
4.84E-03

Table 80. Radiolytic yield of H2 as a function of dose from Magnox plutonium selfradiolysis of 6 mol dm-3 HNO3.
Dose
/ Gy
90.84
90.84
90.84
272.79
272.79
272.79
912.39
912.39
912.39

G(H2)
/ molecules 100 eV-1
4.96 × 10-2
2.88 × 10-2
6.85 × 10-2
5.81 × 10-2
5.84 × 10-2
6.08 × 10-2
7.09 × 10-2
6.73 × 10-2
6.68 × 10-2

Standard Deviation
1.62 × 10-2
1.23 × 10-3
1.82 × 10-3

254

Appendix II – Complete Experimental and Computational Data

Americium Self-radiolysis of HNO3 Solutions
Table 81. Concentration of HNO2 as a function of dose from ESA americium selfradiolysis of 0.1 mol dm-3 HNO3.
Dose
/ Gy

Dilution
Factor

142
142
142
284
284
284
426
426
426
994
994
994
1420
1420
1420

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0132
0.0112
0.0124
0.0002
0.0001
0.0004
0.0015
0.0027
0.0000
0.0000
0.0012
0.0001
0.0002
0.0016
0.0013

[HNO2]
/ mol dm-3

Standard
Deviation

1.10 × 10-7
-1.06 × 10-7
2.49 × 10-8
-7.89 × 10-8
-9.28 × 10-8
-6.10 × 10-8
-4.02 × 10-7
-2.67 × 10-7
-5.59 × 10-7
-5.59 × 10-7
-4.33 × 10-7
-5.48 × 10-7
-5.36 × 10-7
-3.84 × 10-7
-4.15 × 10-7

8.88 × 10-8
8.97 × 10-9
1.19 × 10-7
5.70 × 10-8
6.58 × 10-8
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Table 82. Concentration of HNO2 as a function of dose from ESA americium selfradiolysis of 1 mol dm-3 HNO3.
Dose
/ Gy

Dilution
Factor

138
138
138
276
276
276
414
414
414
965
965
965
1379
1379
1379

5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

Shinn
Absorption
(543 nm)
0.0561
0.0362
0.0454
0.0872
0.0670
0.0503
0.0866
0.0938
0.0840
0.1565
0.1604
0.1641
0.2152
0.2107
0.1850

[HNO2]
/ mol dm-3

Standard
Deviation

4.59 × 10-6
2.44 × 10-6
3.43 × 10-6
9.36 × 10-6
7.17 × 10-6
5.37 × 10-6
8.59 × 10-6
9.36 × 10-6
8.31 × 10-6
1.61 × 10-5
1.66 × 10-5
1.70 × 10-5
2.25 × 10-5
2.20 × 10-5
1.92 × 10-5

8.79 × 10-7
1.63 × 10-6
4.45 × 10-7
3.34 × 10-7
1.44 × 10-6

Table 83. Concentration of HNO2 as a function of dose from ESA americium selfradiolysis of 4 mol dm-3 HNO3.
Dose
/ Gy

Dilution
Factor

125
125
125
249
249
249
374
374
374
872
872
872
1246
1246
1246

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.0963
0.0974
0.0888
0.1613
0.0852
0.1232
0.2656
0.2554
0.2476
0.5597
0.5459
0.5461
0.6976
0.7250
0.7227

[HNO2]
/ mol dm-3

Standard
Deviation

1.71 × 10-5
1.73 × 10-5
1.54 × 10-5
3.26 × 10-5
1.62 × 10-5
2.44 × 10-5
5.59 × 10-5
6.52 × 10-5
5.20 × 10-5
1.19 × 10-4
1.16 × 10-4
1.17 × 10-4
1.49 × 10-4
1.55 × 10-4
1.55 × 10-4

8.27 × 10-7
1.08 × 10-5
5.52 × 10-6
1.40 × 10-6
2.69 × 10-6
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Table 84. Concentration of HNO2 as a function of dose from ESA americium selfradiolysis of 6 mol dm-3 HNO3.
Dose
/ Gy

Dilution
Factor

117
117
117
234
234
351
351
819
819
819
1171
1171
1171

10
10
10
10
10
10
10
10
10
10
10
10
10

Shinn
Absorption
(543 nm)
0.1177
0.0988
0.1026
0.1776
0.2217
0.2946
0.3083
0.7519
0.7160
0.7018
0.9156
0.8851
0.8776

[HNO2]
/ mol dm-3

Standard
Deviation

2.22 × 10-5
1.81 × 10-5
1.89 × 10-5
3.65 × 10-5
4.60 × 10-5
6.18 × 10-5
6.47 × 10-5
1.61 × 10-4
1.53 × 10-4
1.50 × 10-4
1.96 × 10-4
1.89 × 10-4
1.88 × 10-4

1.77 × 10-6
4.76 × 10-6
1.48 × 10-6
4.56 × 10-6
3.55 × 10-6

Table 85. Radiolytic yield of H2 as a function of dose from ESA americium selfradiolysis of 0.1 mol dm-3 HNO3.
Dose
/ Gy
142.04
142.04
284.14
284.14
426.29
426.29
426.29
994.88
994.88
1421.64
1421.64
1421.64

G(H2)
/ molecules 100 eV-1
7.66 × 10-1
7.29 × 10-1
7.61 × 10-1
8.18 × 10-1
7.68 × 10-1
6.39 × 10-1
7.03 × 10-1
9.30 × 10-1
8.91 × 10-1
8.76 × 10-1
9.11 × 10-1
8.79 × 10-1

Standard Deviation
1.86 × 10-2
2.87 × 10-2
3.27 × 10-2
1.95 × 10-2
1.58 × 10-2
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Table 86. Radiolytic yield of H2 as a function of dose from ESA americium selfradiolysis of 1 mol dm-3 HNO3.
Dose
/ Gy

G(H2)
/ molecules 100 eV-1

137.94
137.94
137.94
275.93
275.93
413.98
413.98
413.98
966.15
966.15
966.15
1380.60
1380.60

3.12 × 10-1
3.32 × 10-1
2.52 × 10-1
2.94 × 10-1
2.99 × 10-1
3.28 × 10-1
3.00 × 10-1
3.12 × 10-1
3.46 × 10-1
3.29 × 10-1
3.06 × 10-1
3.11 × 10-1
3.38 × 10-1

Standard Deviation
3.44 × 10-2

2.43 × 10-3
1.16 × 10-2
1.64 × 10-2
1.33 × 10-2

Table 87. Radiolytic yield of H2 as a function of dose from ESA Americium selfradiolysis of 4 mol dm-3 HNO3.
Dose
/ Gy

G(H2)
/ molecules 100 eV-1

124.59
124.59
124.59
249.22
373.90
373.90
373.90
872.62
872.62
1246.95
1246.95
1246.95

7.03 × 10-2
7.98 × 10-2
8.37 × 10-2
7.98 × 10-2
8.91 × 10-2
9.42 × 10-2
9.26 × 10-2
9.59 × 10-2
9.88 × 10-2
1.06 × 10-1
1.02 × 10-1
9.38 × 10-2

Standard Deviation
5.64 × 10-3

N/A
2.14 × 10-3
1.44 × 10-3
5.30 × 10-3
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Table 88. Radiolytic yield of H2 as a function of dose from ESA americium selfradiolysis of 6 mol dm-3 HNO3.
Dose
/ Gy

G(H2)
/ molecules 100 eV-1

117.09
117.09
117.09
234.23
234.23
351.41
351.41
820.13
820.13
820.13
1171.93
1171.93
1171.93

4.63 × 10-2
5.19 × 10-2
5.68 × 10-2
5.45 × 10-2
5.65 × 10-2
6.32 × 10-2
6.04 × 10-2
6.46 × 10-2
6.41 × 10-2
6.79 × 10-2
7.27 × 10-2
7.06 × 10-2
7.26 × 10-2

Standard Deviation
4.31 × 10-3

9.72 × 10-4
1.40 × 10-3
1.66 × 10-3
9.84 × 10-4
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Computational Data
Multi-scale Modelling of NaNO3 Gamma Radiolysis
Table 89. Total concentration of NO2¯ and HNO2 as a function of NaNO3
concentration from multi-scale modelling simulations of the gamma radiolysis of
1 × 10-3 mol dm-3 NaNO3 solutions.
Dose
/ Gy
0
60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020

[NO2¯ ] + [HNO2]
/ mol dm-3
0.00
2.19 × 10-6
4.24 × 10-6
6.16 × 10-6
7.97 × 10-6
9.67 × 10-6
1.13 × 10-5
1.28 × 10-5
1.42 × 10-5
1.56 × 10-5
1.69 × 10-5
1.82 × 10-5
1.93 × 10-5
2.05 × 10-5
2.16 × 10-5
2.26 × 10-5
2.36 × 10-5
2.46 × 10-5
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Table 90. Total concentration of NO2¯ and HNO2 as a function of NaNO3
concentration from multi-scale modelling simulations of the gamma radiolysis of
1 × 10-2 mol dm-3 NaNO3 solutions.
Dose
/ Gy
0
60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020

[NO2¯ ] + [HNO2]
/ mol dm-3
0.00
2.81 × 10-6
5.45 × 10-6
7.93 × 10-6
1.03 × 10-5
1.25 × 10-5
1.46 × 10-5
1.66 × 10-5
1.85 × 10-5
2.03 × 10-5
2.21 × 10-5
2.38 × 10-5
2.54 × 10-5
2.69 × 10-5
2.84 × 10-5
2.98 × 10-5
3.12 × 10-5
3.25 × 10-5
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Table 91. Total concentration of NO2¯ and HNO2 as a function of NaNO3
concentration from multi-scale modelling simulations of the gamma radiolysis of
0.1 mol dm-3 NaNO3 solutions.
Dose
/ Gy
0
60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020

[NO2¯ ] + [HNO2]
/ mol dm-3
0.00
3.85 × 10-6
7.48 × 10-6
1.09 × 10-5
1.42 × 10-5
1.72 × 10-5
2.01 × 10-5
2.29 × 10-5
2.55 × 10-5
2.79 × 10-5
3.03 × 10-5
3.25 × 10-5
3.46 × 10-5
3.66 × 10-5
3.84 × 10-5
4.02 × 10-5
4.19 × 10-5
4.35 × 10-5
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Table 92. Total concentration of NO2¯ and HNO2 as a function of NaNO3
concentration from multi-scale modelling simulations of the gamma radiolysis of
1 mol dm-3 NaNO3 solutions.
Dose
/ Gy
0
60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020

[NO2¯ ] + [HNO2]
/ mol dm-3
0.00
6.04 × 10-6
1.19 × 10-5
1.75 × 10-5
2.29 × 10-5
2.82 × 10-5
3.32 × 10-5
3.82 × 10-5
4.30 × 10-5
4.77 × 10-5
5.22 × 10-5
5.66 × 10-5
6.09 × 10-5
6.52 × 10-5
6.93 × 10-5
7.33 × 10-5
7.72 × 10-5
8.11 × 10-5
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Table 93. Total concentration NO2¯ and HNO2 as a function of NaNO3
concentration from multi-scale modelling simulations of the gamma radiolysis of
4 mol dm-3 NaNO3 solutions.
Dose
/ Gy
0
60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020

[NO2¯ ] + [HNO2]
/ mol dm-3
0.00
1.10 × 10-5
2.17 × 10-5
3.23 × 10-5
4.26 × 10-5
5.27 × 10-5
6.27 × 10-5
7.25 × 10-5
8.22 × 10-5
9.17 × 10-5
1.01 × 10-4
1.10 × 10-4
1.20 × 10-4
1.29 × 10-4
1.38 × 10-4
1.47 × 10-4
1.56 × 10-4
1.64 × 10-4
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Table 94. Total concentration NO2¯ and HNO2 as a function of NaNO3
concentration from multi-scale modelling simulations of the gamma radiolysis of
6 mol dm-3 NaNO3 solutions.
Dose
/ Gy
0
60
120
180
240
300
360
420
480
540
600
660
720
780
840
900
960
1020

[NO2¯ ] + [HNO2]
/ mol dm-3
0.00
1.34 × 10-5
2.66 × 10-5
3.96 × 10-5
5.24 × 10-5
6.49 × 10-5
7.74 × 10-5
8.96 × 10-5
1.02 × 10-4
1.14 × 10-4
1.26 × 10-4
1.37 × 10-4
1.49 × 10-4
1.61 × 10-4
1.72 × 10-4
1.83 × 10-4
1.95 × 10-4
2.06 × 10-4

Stochastic Modelling of NaNO3 and HNO3 Heavy Ion Radiolysis
Table 95. Radiolytic Yield of H2 as a function of NaNO3 concentration from
simulations of helium ion radiolysis of aqueous NaNO3 solutions.
Concentration
/ mol dm-3
1 × 10-4
1 × 10-3
1 × 10-2
3 × 10-2
0.1
0.3
1.0
3.0
6.0

G(H2)
/ molecules 100 eV-1
1.2710
1.2320
1.0853
0.9348
0.7022
0.4722
0.2371
0.1008
0.0531
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Table 96. Radiolytic Yield of H2 as a function of HNO3 concentration from
simulations of helium ion radiolysis of aqueous HNO3 solutions.
Concentration
/ mol dm-3
1 × 10-3
5 × 10-3
1 × 10-2
5 × 10-2
0.1
0.5
1.0
3.0
6.0

G(H2)
/ molecules 100 eV-1
1.2422
1.1636
1.1005
0.8523
0.7136
0.3709
0.2425
0.1085
0.0695

Table 97. Radiolytic Yield of H2 as a function of HNO3 concentration from
simulations of helium ion radiolysis of aqueous HNO3 solutions, containing a
constant concentration of 0.75 mol dm-3 H2SO4.
Concentration
/ mol dm-3
1 × 10-4
1 × 10-3
1 × 10-2
0.1
1.0
4.0
6.0

G(H2)
/ molecules 100 eV-1
1.3728
1.3195
1.1388
0.7253
0.2483
0.0862
0.0628
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Overview
Appendix IV contains the FACSIMILE code for the deterministic modelling
component of the multi-scale modelling approach presented within this thesis. The
FACSIMILE code involves representing radiolytic chemical kinetics as a set of
coupled ordinary differential equations, which are simultaneously solved to describe
the bulk homogeneous chemistry of the system.

FACSIMILE Code
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