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Abstract

Abstract: Heavy Metal Extraction Using Advanced PUREX Style

Partitioning Systems
The University of Manchester, Kate Tucker, Doctor of Philosophy, 2015

Understanding the behaviour of heavy metals involved in the nuclear fuel cycle is of
paramount importance to the reprocessing and storage of spent nuclear fuel. These
studies have attempted to obtain a greater understanding of the fundamental
chemistry of these systems, by investigating extraction performance and speciation in
current (PUREX) and proposed (GANEX) extraction processes. Various complexes
have been shown to exist in the post-extracted organic fraction of the systems
analysed. For Zr(IV), U(VI) and Np(VI) separated from aqueous nitric and
hydrochloric using TBP, the complexes [Zr(NO3/Cl)4(TBP)4],
[UO2(NOs5/CI),(TBP)2] and [NpO,(NOs/CI)(TBP),] formed, respectively. For
Zr(IV) separated from aqueous mixtures of HNO3 and HCI at equal concentration, a
preference was shown to [Zr(Cl)4(TBP)4] over the analogous nitrate complex. For
U(VI) separated from aqueous mixtures of HNO3 and HCI, a preference was shown
to [UO2(CI),(TBP)], even at high aqueous nitrate concentrations. NMR data for
Pu(lV) separated from aqueous HNO3, HCI and mixtures of both, using TBP were
presented, where possible complexation was observed. It is thought that
[PU(NO3)4(TBP)4] or [PuCl4(TBP)4] species existed within the organic fraction for
Pu(lV) separated from aqueous HNO3 and HCI, respectively. These systems showed
high distribution ratios where an increase was observed with increasing aqueous acid
concentration overall.

Distribution ratio data were presented for the lanthanide series separated from
aqueous nitric acid, using the proposed GANEX solvent system(s). The lanthanides
analysed showed an increase in distribution ratio with increasing aqueous nitric acid
concentration and with increasing TODGA concentration in the organic fraction.
Heavier lanthanides were observed to give higher distribution ratios overall. The best
distribution ratios were observed for lanthanides separated using 0.2 M TODGA with
1-octanol (5 % by volume) over the nitric acid concentration range analysed. For
lanthanides separated using 0.5 M DMDOHEMA, an optimum distribution ratio was
observed at around 6 M aqueous nitric acid concentration. The distribution ratio data
for lanthanides separated from a range of DMDOHEMA concentrations, were
observed to increase with increasing organic DMDOHEMA concentration. The
distribution ratios observed for isotopes of Np, Am, Eu and Pu separated using 0.2 M
TODGA, increased with increasing aqueous nitric acid concentration. The same
trend was observed for the aforementioned isotopes separated using 0.5 M
DMDOHEMA. However, pertechnetate separated using 0.2 M TODGA from
aqueous nitric acid, showed a decrease in the distribution ratios observed over the
acid concentration range analysed. This was contrary to pertechnetate separated from
aqueous nitric acid using 0.5 M DMDOHEMA, where a small increase in
distribution ratio was observed over the concentration range analysed. For Np(VI)
separated from some proposed GANEX solvents, the 0.2 M TODGA/0.5
DMDOHEMA combination gave the best distribution of neptunium into the organic
fraction. For Np(VI) separated using 0.5 M DMDOHEMA, the complex
[Np(DMDOHEMA),(NO3)4] was observed. Additional attempts to analyse Np(VI)
behaviour under GANEX style conditions via EXAFS, were not successful due to
immediate reduction of the Np(VI) on the beam line.
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1 Introduction

1.1 Nuclear Fuel Cycle

The nuclear fuel cycle (NFC) consists of a series of different industrial processes that
allow electricity to be produced via the fission of, most commonly, uranium-235.
The nuclear fuel cycle can be split in to three components: the front end, where the
fuel is prepared for use, the service period, in which the fuel is used during reactor
operation, and the back end where the spent nuclear fuel (SNF; see below) is
reprocessed and/or disposed of. The front end refers to processes pertaining to the
placement of the fuel into the reactor core, schematically shown in Figure 1. The
initial stage involves the mining and extraction of uranium ore which is most
commonly found in the form of pitchblende, UO,. Open pit mining or underground
mining techniques are employed depending on the geological environment but open
pit mining can go no deeper than one hundred metres below the surface. Open pit
mining has the advantage of minimal surface disturbance and waste, with a reduced

cost in comparison to underground mining.

The Nuclear Fuel Cycle

Mining and ;
i Conversion plant
Uranium ore milling plant , Yellow cake (U20s) q 17
I =Sl
A b ] Uranium "y, 4 Uranium
Uranium mine recycling UFe l enrichment plant
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Vitrified wasle B ' - A

storage facility i // . / MOX fuel plant
' fuel L
b, ‘ Spent fusl *Spent = I- I (L:igi)leted)
d | | i «—
I i facili \
_ nterim storage acility os ¥ \ '
~Z SR L
S \:/(: Spent fuel; AL
Final disposal of high-level Nuclear power plant MOX fuel Reconvcmon
radioactive waste plant

U0z (enriched)

| = - I . Low-level radioactive waste
<

Fuel assemblies l:

Fuel fabrication plant

Low-level radioactive waste
disposal facility

Figure 1: Nuclear fuel cycle demonstrating both open and closed routes.*
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The most common practice utilised for the extraction of UO, from the ground is the
method of in-situ leaching whereby the ore is dissolved in-situ and pumped to the
surface for full recovery. Mainly, sulphuric acid (H2SO,) is pumped in to the ore to
dissolve the pitchblende, with prior consideration to the surrounding geochemistry.
The resultant leachate is then subjected to a solvent extraction process (Equations 1
and 2) which exploits the ability of tertiary amines to extract uranyl, leaving the

impurities in the aqueous phase:
2R3N + H,S0; (aq) — (RsNH);S0, (1)?
2(RsNH),S0,4 +[U0,]** —/(RsNH),U02(S0.),]** (2)?

Ammonia is further added to the uranyl containing organic phase to precipitate,
ammonium diuranate, (NH,;).U,O7, which is isolated and dry roasted at around

200°C to produce solid U30g, known as yellowcake.

For most nuclear fission reactors (e.g. pressurised water reactors (PWR)) the uranium
fuel needs to be enriched to increase the fissile 2*°U content of the fuel. In order to
achieve this, the yellowcake is converted to UFg which sublimes at 64°C allowing
gas phase mass separation methods to be employed. There are two common
conversion processes: the wet and the dry. In the wet process, the yellowcake is
dissolved in concentrated nitric acid yielding UO,(NOg3), which is subsequently fed
in to a continuous solvent extraction stream of kerosene, containing the extractant
tributyl phosphate (TBP). This forces the formation of the complex
[UO2(NO3)2(TBP),] which is retained within the organic fraction. This process is
achieved at temperatures below 60°C due to the thermal degradation of the TBP. The
UO,(NQOg3), species is precipitated from the organic fraction using ammonium
hydroxide (NH3OH) to form ammonium diurinate ((NH4).U,O7) which is further
reduced to UO, using H..
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The pure UO, undergoes hydrofluorination using UF, and subsequently fluorination
using F, to form gaseous UFg. The UFg is subjected to enrichment usually via a form
of centrifugation or diffusion, where the heavier “**UFs compound is separated from
the lighter 2*UFs compound. Enrichment of ?*°U to around 4 % isotopic content is
required for optimal nuclear reactor operation. Once enriched, the UF¢ is converted

into ceramic UO, fuel pellets.

1.2 Nuclear Fuel

Upon formation, the ceramic UO, pellets are placed into the reactor core, usually in
some form of cladding. Ceramic pellets are employed due to their high melting
points (around 3000 °C) as well as their durability in extreme conditions. Zirconium
alloys were selected for use as nuclear fuel cladding due to their low neutron capture
cross section, high ductility and corrosion resistance. Collectively, the fuel rods (UO,
pellets encased with zirconium alloy cladding) are known as fuel assemblies; some
reactors may contain up to 264 rods per fuel assembly. These fuel assemblies allow
sufficient heat transfer to the cooling water surrounding the reactor core as well as
containing any radioactive gas emission from the fuel pellets. From reaction
initiation, the fuel will continue the fission process until it is no longer of optimum
use within the reactor. It is then known as spent nuclear fuel. The zircalloy cladding
is separated and disposed of as intermediate level waste (ILW). The ILW
(contaminated cladding, equipment etc) is usually cemented in to large steel drums

and stored above ground in specified locations.

1.3 Spent Nuclear Fuel

The processes involved during the NFC fabricate a large range of products. Spent
Nuclear Fuel (SNF) consists of the original reactor fuel as well as the many decay
products produced during the lifetime of the fuel within the reactor. The last 50 years
or so have seen the development of many methodologies to recycle SNF for further
use, this is known as reprocessing. By reprocessing SNF, the fuel cycle becomes a
closed process. Stemming from the Cold War, reprocessing technologies were
developed in an attempt to separate the uranium and plutonium (produced from

neutron capture by **U to give **°U, followed by decay to >**Np and then to ?*°Pu)
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for the nuclear weapons programme. Consequently, there now remains a significant
quantity of legacy plutonium in storage in several locations worldwide, most notably
in the UK at the Sellafield site.> These plutonium stockpiles are a significant
proliferation concern due to their highly fissionable nature. However, this legacy
plutonium could be converted to mixed oxide fuels (MOX) which are invaluable for
use in fast breeder reactors (FBRs) or in high temperature reactors. MOX fuel is
currently used in some PWRs in France. Conversion of current plutonium stockpiles
would not only create a large fuel store but also reduce the proliferation risks

associated with accumulating pure plutonium.

The production of various poisons within the reactor as the fuel is burned defines the
point at which the spent fuel is removed for reprocessing or disposal. Upon removal,
the SNF is sent to storage pond facilities which have been deemed the safest method
to allow radiation levels to diminish. The fuel can remain here for a number of years
until sufficiently safe to undergo reprocessing and/or subsequent permanent disposal
of the waste products. The SNF is either fully disposed of as waste (open fuel cycle)
or further reprocessed (closed fuel cycle). The SNF is retained in the storage pond
facilities until a significant proportion of the plutonium-241 (t-1, = 14 years) and
subsequently strontium-90 and cesium-137 (t-12 = 29 and 30 years respectively) have

decayed.*

The estimated isotopic composition of SNF from a PWR is as follows: uranium ~
95.6 %, fission products ~ 2.9 %, plutonium ~ 0.9 %, minor actinides ~ 0.1 %, iodine
and technetium ~ 0.1 %, caesium and strontium 0.3 %, other fission products ~ 0.1
%.> Plutonium and minor actinide isotopes generally occur in SNF via neutron
absorption of uranium. Fission products, both long and short-lived, contribute to
around 95 % of the total radioactivity of the SNF during an average lifetime within
the reactor, but only 3 % of the total waste by volume.
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The long term radiotoxicity of the reprocessed SNF indicates a growing necessity to
improve on the methodologies for nuclear fuel reprocessing in order to reduce the
overall radiotoxicity of the proposed waste form for long term storage. Of late, it has
been proposed that some isotopes found in the reprocessed waste form are of wider
use and therefore it is favourable to harness their capabilities; for example,

americium recovery for use in long term space battery production.®

The current reprocessing technology must improve to retain compatibility with the
various proposed fuel types and fuel cycles, which will create the most effective
route for the recovery of useful materials from SNF. Currently, removal of desired
materials from SNF via reprocessing leaves a liquor which has been termed high
level waste (HLW). This HLW is currently stored in designated intermediary areas
but is intended for long term permanent disposal. The removal and use of the more
long term radiotoxic actinide isotopes in the SNF, leaving a less radiotoxic liquor
that will decay to safe activity levels relatively quickly will provide simpler
management options for long term disposal. The currently proposed option for safe
management of non-recyclable radioactive waste is a deep Geological Disposal
Facility (GDF).

With the separation of long lived fission products, such as **Tc, a significant
contributor to the radiotoxicity in spent nuclear fuel, it has been proposed they
undergo transmutation and possibly incorporated into targets for destruction
reactors.® The process of transmutation serves to convert long lived fission products
or species of high radiotoxicity to stable isotopes of low or no radiotoxicity, usually

by a form of artificial nuclear reaction.

1.4 Solvent Extraction within the Nuclear Industry

From the onset of the nuclear industry, solvent extraction processes have dominated
the recovery of metals from their sources. Solvent extraction, SX, is known for its
relatively simplistic mechanism and ease of reproducibility on a macro scale. Its
premise implies an increased solubility of the extractant within the organic phase and
a significantly decreased solubility throughout the aqueous phase. Solvent extraction

techniques have been developed which contribute to the purification of uranium
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during the milling and conversion steps of the nuclear fuel cycle. Towards the end of
World War 2, the isolation of plutonium for weapons production was of particular
interest; the Plutonium and Uranium Recovery by EXtraction (PUREX) (see Section
1.5.1) process was designed with this in mind.” Reprocessing of SNF for the
recycling of reusable uranium is also a premise of the PUREX process. In addition,
proposed recycling of minor actinides which contribute to an improved nuclear waste
management arrangement, also utilise solvent extraction techniques. A number of
fundamental principles will dictate the sustainability of a solvent extraction process,
which include thermodynamics, kinetics, cost effectiveness, waste management and

maloperation concerns like precipitation and third phase formation.

Solvent extraction processes consider the parameters of distribution ratio, D, and
separation factor, SF. The parameter of distribution ratio, D, simply considers how
well a species is extracted from one phase to another. Amidst liquid-liquid extraction
techniques, the distribution ratio (Equation 3) is equal to the concentration of a
solute, X, in the organic fraction divided by its concentration in the aqueous fraction:

D = [XJorg / [X]ag (3)

Provided the solute does not chemically interact with either phase, the solute will
distribute itself between each phase until equilibrium is reached. Each phase can then

undergo further analysis.

The term separation factor (SF, y) is also strongly associated with solvent extraction
in the nuclear industry. This term is applicable whenever a mixture of two or more
solutes, have been partitioned into two phases. The separation factor is then the ratio
of one solute to the other in one fraction (Equation 4), divided by the corresponding
ratio in the other fraction.'® In systems where the separation of trivalent actinides
from trivalent lanthanides is desirable, one large and one small distribution ratio will

allow the separation of the solutes.

y=Da/Dg (4)
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Increased loading of an organic (predominantly paraffinic) solvent with metals can
cause issues within the nuclear reprocessing industry. The loading of heavy metals
into an organic diluent can cause the precipitation of coordinated metal solvates. This
is highly unfavourable during a liquid-liquid extraction. At certain parameters, a
loaded organic fraction can sporadically form a secondary phase, termed the third
phase.!! Third phase formation is known to also occur at high acid as well as high
metal concentrations. During third phase formation, the organic phase splits into a
heavy and a light fraction in which the metal concentration is significantly higher
within the heavy fraction, leaving the light fraction containing mostly solvent. Within
nuclear reprocessing where large quantities of fissile material (e.g. **°Pu) are
handled, metal enriched third phase formation is highly undesirable as it can result in
serious criticality issues.*? An amount of fissile material in which a nuclear chain
reaction can be sustained is deemed a critical mass. Criticality could arise within
SNF reprocessing if, during third phase formation, enough fissile material was forced

into close proximity. This must be avoided at all costs.

Previous studies have endeavoured to outline the third phase boundaries in various
systems and further, to clarify its characteristics. Several methods have been
proposed to reduce the propensity of third phase formation: improvement of the
lipophilicity of the extractant and/or change the nature of the diluent to either
increase its polarity, decrease its molecular size or increase the branch length of the
alkyl chain.®® Typically third phase data is presented in terms of limiting organic
concentration (LOC), which is deemed to be the maximum metal concentration

within the organic phase just prior to the visual formation of a third phase.

The extraction of both uranium and plutonium as well as the extraction of Minor
Actinides (MA) is currently being considered. Processes whereby plutonium is not
isolated from the uranium and/or MA are thought to be more proliferation resistant
and are therefore encouraged. The removal of the aforementioned MA from the
waste streams of reprocessed nuclear material reduces the overall radiotoxicity and
volume, allowing condensed storage times of the remaining waste effluent. The
separated MA can potentially be used as fuel or transmuted into safer, less radiotoxic

isotopes.
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1.5 Solvent Extraction Methods

1.5.1 Plutonium and Uranium Recovery by EXtraction — PUREX

There are numerous solvent extraction processes that are in various stages of
development for the partitioning of SNF, but the only established plant-scale process
is the Plutonium and Uranium Recovery by EXtraction (PUREX) process which uses
the extractant TriButyl Phosphate (TBP; Figure 2) in a kerosene diluent.
Reprocessing of spent nuclear material begins with the dissolution of the irradiated
fuel pellets into concentrated nitric acid (~ 7 M). Upon dissolution of the fuel pellets,
any undissolved material, such as metal cladding, is removed and disposed of as

intermediate level waste (ILW).

For the PUREX process, tributyl phosphate (TBP) is used due to its preferential
separation of uranium and plutonium over the other heavy metals present. The TBP
forms complexes with uranyl nitrate and plutonium nitrate which are soluble within
the organic phase. Neptunium can also be extracted for the production of >*®Pu used
in thermo-electric generators.* The resultant aqueous phase, containing the residual
fission products, is reduced in volume by way of evaporation and the resultant
material mixed with glass frit at high temperatures (around 1000°C). The molten
liquid is then encased in canisters and sealed for storage. This is vitrified waste and

requires careful storage.

During the PUREX process, the organic, TBP containing phase is passed over an
agueous nitric acid phase, containing dissolved SNF. The two phases are contacted in
a counter current direction in a specifically engineered vessel, such as a mixer settler
or pulse column. The level of uranium and plutonium extraction is a direct function
of aqueous nitric acid concentration, with optimum conditions around 7 M nitric
acid. Extraction of the uranium and plutonium from SNF, occurs by the formation of
charge neutral complexes with U(VI) and Pu(lV) of the formulation
[UO,(NO3)o(TBP),] and [Pu(NO3)(TBP),], respectively (see Figure 2).*> The
coordination of TBP to uranium or plutonium occurs via an interaction between the

lone oxygen on the phosphate group and the metal centre.
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Figure 2: Structures of [UO,(TBP)2(NO3)2], [PU(NO3)4(TBP),] and TBP.

SNF designated for PUREX reprocessing is removed from the reactor, and cooled in
a storage pool before any further handling. The SNF encased in its cladding is either
dissolved in aqueous nitric acid and the solids, mostly cladding are separated as solid
waste, or the cladding is sheared before dissolution. The remaining raffinate
undergoes a 1st extraction cycle within PUREX to remove U and Pu. From this, the
aqueous phase (known collectively as HLW), containing Fission Products (FP) and
Minor Actinides (MA) is separated as aqueous waste where it is reduced in volume
by way of evaporation and denitration and the remaining residue sent for
vitrification. Several locations throughout the world, including Sellafield, use a
vitrification process to form a stable, HLW containing borosilicate glass waste-form,
suitable for long-term storage.'® The PUREX process is dependent on the knowledge
and control of the REDuction and OXidation (REDOX) chemistry of the metals
present in dissolved SNF, in particular uranium and plutonium. After the primary
extraction cycle, the resultant organic phase is treated with a reducing agent,
typically ferrous sulfamate (U(IV) can also be used as a reductant in these systems),
to manipulate the plutonium valence state from Pu(lV) to the Pu(lll) which allows
for back extraction of plutonium in to a fresh aqueous phase. This occurs during the
2nd and 3rd cycles and gives a separate organic uranyl containing stream and a
separate aqueous plutonium containing stream. The isolated plutonium is then

precipitated from the aqueous fraction by use of oxalate, and subsequently treated to
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give solid PuO,.*” The now plutonium scarce, uranium containing organic phase is
back extracted in to the aqueous fraction through contact with dilute nitric acid. The
uranium species is further reduced to UO,, where it can be reused as fuel (directly or
in MOX), or treated with HF/F; to produce UFg for further enrichment.

Metal extractability in a two phase system is a function of the affinity for each
extractant to the metal species in question. TBP has previously been determined as
the most effective extractant for uranium'® and plutonium®™ recovery, as well as
being agreeable in regard to factors such as cost and availability. The TBP has less
affinity for trivalent actinides and fission products dissolved into the aqueous nitric
acid phase of SNF, making it favourable within the premise of the PUREX process.”
TBP as an extractant has been found, on exposure to high concentration nitric acid,
to exhibit a low hydrolysis rate hence thermal degradation is slow and can thus be

neglected with respect to the PUREX reaction conditions.

Figure 3 illustrates the life of uranium LWR spent fuel from the fuel assembly to the
reprocessed products, isolated during PUREX. The PUREX process was not initially
designed to consider such things like effluent treatment and vitrification, as shown in
Figure 3. These however, are important off processes necessary for safe overall
reprocessing conditions. It is quite clear that any changes in initial fuel type and
therefore subsequent SNF composition will directly affect the ability of the process
to continue at its optimum, unless the processes are fully understood and adjusted

accordingly.
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Figure 3: Management of LWR spent fuel 2

The extracted plutonium and uranium products from the reprocessed waste streams
of SNF are presently conditioned for reuse, either as a pure uranium fuel or as mixed
oxide (MOX) fuel. The PUREX process was not designed to extract the MA
(neptunium, americium and curium) produced during the lifetime of the fuel within

the reactor.

Within the bounds of the PUREX process, a high plutonium loading may lead to
third phase formation which is highly undesirable under this large scale industrial
process. For systems analysed using a TBP (30 % by volume) in dodecane organic
phase with the addition hydrogenated polypropylene tetramer (HPT) (commonly
used for its resistance to third phase formation), it has been shown that no third phase
was observed where the initial agueous nitric acid concentration was above 5 M with

plutonium loadings below 0.55 M.*?
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Additional data has reported that solutions of 0.063 M Pu(IV) in 10 M aqueous nitric
acid formed an observable third phase when contacted with TBP (20 % by volume)
in kerosene.?? Kolarik et al. reported a LOC of 0.325 M plutonium at 7 M aqueous
nitric acid with TBP (30 % by volume) in dodecane diluent at 25°C.

For PUREX based systems reported, previous data suggest that for Pu(IV) the LOC
decreases with increasing acid concentration below 2 M aqueous nitric acid; above 2
M a significant increase in the LOC is noted. At higher acidities, > 3 M, the
concentration of nitric acid extracted into the organic fraction is considerable and
might therefore explain the differences in LOC at higher acidities compared to low

acidities.?®

Third phase formation in uranium containing systems has also been studied but is
thought to form at much higher nitric acid concentrations. Solovkin et al. observed
third phase formation in PUREX based, U(VI) containing systems with > 8.7 M
aqueous nitric acid, but did not give a clear indication of the LOC of uranium in
these conditions.?® There is limited data on the LOC of uranium in PUREX type
systems, however it is established that higher concentrations of uranium are required

to form third phase compared to those of plutonium.

1.5.2 PUREX Alternatives

Over mounting proliferation concerns over separated plutonium streams during the
PUREX process, modified PUREX style processes were proposed which prevented a

separate plutonium stream being isolated.

1.5.3 URanium EXtraction — UREX

The URanium EXtraction (UREX) process (Figure 4) is much like PUREX, however
to the initial feed of dissolved SNF, acetohydroxamic acid (AHA; Figure 5)** is
added as a scrub solution to complex Pu(lV) and reduce Np(VI) to inextractable
Np(V).?> The uranium is still separated by complexation with TBP while the
plutonium is not available for use as a fuel. The UREX process retains the plutonium

and neptunium within the aqueous fraction via complexation with salt free AHA.
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The resultant organic fraction containing uranium and technetium is separated to
undergo further treatment. The technetium is separated using 5.5 M nitric acid in one
stream and the uranium stripped at 60°C using 0.01 M nitric acid. The remaining
raffinate contains Pu, Np, Am, Cm and FP, making it more proliferation resistant

than a lone plutonium waste stream. The spent solvent is sent for solvent washing.
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Figure 4: UREX flowsheet.?

The UREX flowsheet, Figure 4, was successfully tested at Argonne National Lab

(ANL), using centrifugal contactors and simulated solutions.?®

O
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Figure 5: Structure of acetohydroxamic acid.
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1.5.4 TRansUranic EXtraction - TRUEX

The TRansUranium EXtraction (TRUEX) process, Figure 6, developed at Argonne
National Lab (ANL), was conceived for the extraction and recovery of transuranic
elements from various waste liquors.?” Similar to PUREX, TRUEX employs an
organic diluent with TBP but also incorporates octyl(phenyl)-N,N-
diisobutylcarbamoylmethylphosphine oxide (CMPO), Figure 7, to provide an
effective extraction route for tri, tetra and hexavalent actinides over a wide range of
acidities (0.5 to 6 M HNO3). The combination of both TBP and CMPO has been
labelled an “all purpose” extraction system with particular favourability to an

increased metal loading capacity without third phase formation.?®

TRUEX has demonstrated considerable promise with regard to the extraction of all f-
elements problematic to HLW raffinate and could contribute significantly to the
management of spent nuclear fuel. The TRUEX process comprises of four
operations: extraction, scrubbing of the organic phase, one or more stripping steps
and solvent cleanup.?®> CMPO was chosen for the extraction operation for its
propensity to extract trivalent actinides, such as americium and curium, from a range
of concentrations of nitric acid. Only a small concentration of CMPO is needed in
combination with the PUREX solvent to successfully extract the transuranics,
without the formation of a third phase.*® The TRUEX flowsheet shows the isolation
of Am, Cm and the lanthanide elements using the TRUEX solvent - CMPO and TBP
in a Normal Paraffinic Hydrocarbon (NPH). These elements are isolated after strip 1.
The remaining plutonium and neptunium are isolated in the second stripping stage
using HNO3; and HF. The remaining raffinate post plutonium/neptunium removal
(strip 2) is fed back to the TRUEX feed with the solvent washed using Na,COj3. The
aqueous raffinate separated after the initial extraction step contains up to 80 %

technetium and is sent for immobilization by vitrification.
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Figure 7: Structures of CMPO.

The TRUEX process however, requires further separation of trivalent actinides from
lanthanides, thus making TRUEX most effective in combination with an additional

process.

1.6 Processes for MA/Lanthanide (Ln) Separations

1.6.1 DIAMide EXtraction —- DIAMEX

The DIAMide EXtraction (DIAMEX) process was initially proposed in 1987 where
trivalent actinides and lanthanides are co-extracted directly from the high activity
raffinate (HAR) obtained after the removal of uranium and plutonium by the PUREX
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process. This process was initially proposed utilising malonamide extractants, most
notably dimethyldibutyltetradecylmalonamide (DMDBTDMA; Figure 8).%
Currently, the preferred DIAMEX formula utilises dimethyldioctylhexylethoxy-
malonamide (DMDOHEMA; Figure 8) in an aliphatic diluent for the extraction of
MA and trivalent lanthanides (see flowsheet presented in Figure 9).** The DIAMEX
process has the advantage of avoiding the formation of organic waste streams that
contain anything other than carbon, nitrogen, oxygen and hydrogen, allowing them to
be safely incinerated without the formation of solid secondary wastes needing further
treatment and disposal. Co-extraction of the fission products, zirconium,
molybdenum and palladium, is prevented using oxalic acid and hydroxyethyl-
ethylenediamine-triacetic acid (HEDTA; Figure 8). However, the extraction of
actinides using amides does suffer from the drawback of third phase formation,

necessitating the use of a modifier at high acid and metal loading concentrations.*
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Figure 8: Structures of DMDBTDMA, DMDOHEMA and HEDTA.

The proposed DIAMEX flowsheet, Figure 9, uses DMDOHEMA in Hydrogenated
Polypropylene Tetramer (HPT) to extract the trivalent actinides and lanthanides
which are subsequently back extracted using 0.1 M HNOg3. The resultant aqueous
raffinate contains less than 1 % MA with the majority FP for high level waste
disposal via vitrification. Physical hot tests were carried out at the Institute for
Transuranium Elements (ITU), Germany, on high active concentrate (HAC) where

the results gave 99.9 % recovery for An(l11) and Ln(111).%
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Figure 9: DIAMEX flowsheet.*®

1.6.2 Selective ActiNide EXtraction - SANEX

The proposed Selective ActiNide EXtraction (SANEX) process, still currently in
development, allows for the reusable actinides to be separated from the trivalent
lanthanides, post DIAMEX conditioning. The large neutron cross section of the
lanthanides will poison any further use for the actinides as fuels therefore it is
desirable to separate them and subsequently dispose of them separately.*® Nitrogen
donating ligands have been suggested as effective actinide lanthanide separation
extractants, such as the bis-triazinylpyridine (BTP), bis-triazinyl bipyridines (BTBP)
and bis-triazinylphenanthroline (BTPhen) derivatives (Figure 10), proposed for their
high affinity for trivalent actinides.*® Flowsheets have subsequently been produced
that outline a number of sections: extraction, back extraction of trivalent lanthanides,
back extraction to recover trivalent actinides and potentially an organic scrubbing to

remove any extracted Pd(lI).

The extractant 6,6'-Bis(5,5,8,8-tetramethyl-5,6,7,8-tetrahydrobenzo[1,2,4]-triazin-3-
yD)-[2,2']-bipyridine (CyMe,BTBP), Figure 10, has shown promise for the extraction
of Am(III) at high nitric acid concentrations with, in addition, a high separation

factor from Eu(lll) of around 50.*" Further, the extraction of Am(lll) using
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CyMe,BTBP is fast, in the order of minutes, and is retained within the organic

fraction over long periods of time.

Figure 10: Structures of 1) BTP, 2) BTPhen, 3) BTBP and 4) CyMe4BTBP.

An alternative option proposed for MA/Ln separations is the 1-cycle SANEX process
where the minor actinides are selectively extracted directly from the PUREX
raffinate, avoiding the need to employ DIAMEX.*® CyMe,-BTBP has also been
employed in this version of SANEX.* Extractants containing 'soft' donor ligands
such as nitrogen (in this case the soft term is considered relative to oxygen donor
ligands, which are harder by comparison), are favoured for their preferential
interaction with actinides vis-a-vis lanthanides.*® This separation can be, however,
kinetically slow, therefore, the use of a phase transfer agent, (e.g. N,N,N’,N’-
tetraoctyl diglycolamide (TODGA)*:; Figure 11) has been suggested. This may
imply that the FP present in the aqueous phase impact the extraction of the MA.
Previous tests have employed a 0.015 M CyMe,-BTBP and 0.005 M TODGA in a
40:60 % mix of hydrogenated tetrapropylene (HTP) and 1-octanol, respectively.*
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Another alternative process for MA/Ln separations while still avoiding the need for
DIAMEX is the innovative SANEX (i-SANEX) process which utilises a DIAMEX
type process to co-extract the trivalent actinides and lanthanides initially, then a
hydrophilic BTP type ligand is used to selectively strip the trivalent actinides from
lanthanides, in a once through process . The i-SANEX process uses a diglycolamide,
N,N,N’,N’-tetraoctyl diglycolamide (TODGA,; Figure 11), to co-extract the trivalent
actinides and lanthanides from the PUREX raffinate.*”” The tridentate ligand TODGA
has shown promise for the extraction of An/Ln (I11) and An (IV, VI) and is found to
have good radiolytic and hydrolytic stability.*® The suggested i-SANEX process will
likely employ oxalic acid for the suppression of zirconium and palladium extraction

as TODGA readily extracts these problematic fission products too.
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Figure 11: Structures of TODGA and glycolic acid.

The trivalent lanthanides are selectively stripped from the trivalent actinides using
BTP type ligands.** The proposed i-SANEX flowsheet illustrated in Figure 13,
utilises a hydrophilic sulfonated BTP type ligand (SO3-Ph-BTP, Figure 12) to strip
the actinides. The lanthanides are stripped from the organic fraction using glycolic

acid (Figure 11). The spent solvent is recycled.
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Figure 13: i-SANEX flowsheet.*®

1.6.3 Group ActiNide EXtraction - GANEX

Currently of interest are reprocessing technologies that facilitate the complete and
simultaneous removal of the actinides from the dissolved spent fuel. The Group
ActiNide EXtraction (GANEX) process, aiming to replace the PUREX process,* is a
single process that has been proposed which separates the actinides from both the
lanthanides and the fission/corrosion products and can be achieved either directly
from the dissolved spent fuel or from the post uranium extraction stream.*’ The
concept of group actinide extraction uses complementary extractants within the same
system to allow uranium, plutonium and MA to be removed concurrently for the
potential use in Generation IV fast neutron reactors. Within the GANEX process,
there is no separate plutonium stream, hence it is therefore considered more

proliferation resistant than the original PUREX process.
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The intention is a solvent system that can be used to extract all actinides from the
initial dissolution solution, in a once through process. The bulk uranium removal
would occur prior to this using a ligand such as DEHIBA (Figure 14). A number of
differing combinations of extractants have been proposed for this group actinide
removal stage. It is important to note however, that a mixture of extractants will be
employed, each with a different purpose, but that can be used in combination in a
once through process, or so it is hoped. The use of TODGA with various phase
modifiers, has been suggested in a DIAMEX style process which includes the
extraction of the lanthanides in conjunction with the actinides. The phase modifiers,
such as TBP or 1-octanol, have been proposed in combination with TODGA as they
aid third phase prevention in these systems. Consequently, a further stripping stage is
required to isolate the actinides.

O

NN

Figure 14: Structure of DEHIBA.

In addition, the synthesis of TODGA and the suggested phase modifiers have been
shown to be relatively low cost and reproducible on a large scale. They have also
been demonstrated to resist constant radiation effects and degradation in highly

acidic surroundings.

The proposed EURO-GANEX solvent has been designed to cope with extracting all
transuranic (TRU) ions in oxidation states 111, 1V, VI and possibly V, as well as high
plutonium loading.”® Previous reprocessing techniques have not been deemed to
work effectively for the separation of all the aforementioned transuranic oxidation
states, in combination with high plutonium loading, without the occurrence of
precipitation or third phase formation. The preliminary step of the EURO-GANEX
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process uses a monoamide (e.g. N, N-di(2-ethylhexyl)isobutyramide (DEHIBA;
Figure 14)) to remove the bulk of the uranium. After the selective removal of U(VI)
in the primary step, the TRU and trivalent lanthanides are separated during the
second cycle. A mixture of TODGA and DMDOHEMA in dodecane has been found
to work effectively for the extraction of 11, IV and VI actinides as well as the co-
extraction of trivalent lanthanides. The TODGA/DMDOHEMA system was found to
be capable of extracting up to 40 g L™ Pu(IV) without precipitation or third phase
formation.*® Suppression of fission product extraction has been successful within this
solvent system with the use of 1, 2-cyclohexanediaminetetraacetic acid (CDTA) as a
masking agent. The separation of actinides from lanthanides utilises hydrophilic
ligands, such as SO3-Ph-BTP (Figure 12), also proposed for use in the i-SANEX
process, and AHA which is used in the UREX process. The ligand SO3-Ph-BTP
strips the minor actinides while AHA reduces and therefore strips, the neptunium and

plutonium in to the aqueous phase.

In these systems, the use of SO3-Ph-BTP for the selective stripping of actinides gave
high separation factors and was accomplished efficiently using low HNO;

concentrations, when tested using centrifugal contactors at high flow rates.

1.7 Molten Salts Technology

Molten salt reactors are a proposed high temperature reactor that utilise fluorides and
chlorides of fissile isotopes (such a plutonium, uranium and sometimes thorium) in
combination with a carrier salt that is in liquid form and also acts as a coolant. In
thermal molten salt reactors, fluoride salts are the preferred fuel type whilst for fast
molten salt reactors, chloride compounds are favoured.*® The fuel takes the form of
molten chloride compounds such as PuCl; and UCl; in a NaCl diluent.®° LiCI-KCI
has been selected as the main candidate for the carrier salt and is the main candidate
for pyrochemical recovery of the actinides used in the reactor fuel.>

Due to the nature of these systems, it is necessary to investigate the potential for

chloride contamination in relevant spent nuclear fuel reprocessing processes for the

eventual final core residuals.
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1.8 Orphan Fuels and Residues

Due to the earlier activities of the nuclear industry, it is now known that there is a
legacy of nuclear material that requires decommissioning. This legacy waste includes
what are known as 'orphan fuels' and 'residues’,®* which in some cases have been
deemed inappropriate for generic disposal methods, such as the THORP and
MAGNOX reprocessing plants. A large arsenal of chloride contaminated plutonium
residues have been quantified which, due to third phase concerns and therefore
subsequent criticality issues, are potentially unsuitable for standard reprocessing
techniques.® The implications concerning the presence of chloride during nitric acid
dissolution during any proposed solvent extraction methods, also needs to be
considered. It is therefore necessary to investigate the potential effects of the
presence of chloride on the separation of heavy metals under current and proposed

reprocessing techniques, with a view to aid the cleanup of legacy wastes.

1.9 Heavy Metal Behaviour Relevant to Current and Proposed Solvent

Extraction Processes

1.9.1 Zirconium ( Zr)

Zirconium, a naturally occurring metal in the earth's crust, has become a primary
construction material in nuclear engineering due to its corrosion resistance, structural
strength and low neutron absorption.>® Zirconium is the main constituent of the
cladding used to house the fuel assemblies in reactor cores and can therefore be
dissolved into the waste raffinate upon dissolution by nitric acid. Zirconium has a
low neutron absorption cross section, a high melting point and high corrosion

resistance which makes it a suitable material for use in fuel cladding.

REDOX chemistry surrounding Zr is relatively simple as the 4+ oxidation state
generally presides in solution and solid form. However, zirconium can undergo
extensive hydrolysis depending on the surrounding pH, due to its high charge
density. Hydrolysis of zr*" can occur in some acidic media. Within solvent

extraction in the nuclear industry, hydrolysis is highly undesirable. It has been
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suggested that hydrolysed zirconium species will be the solubility limiting solid
phase in a GDF for spent nuclear fuel.>* Several isotopes of zirconium contribute to
the overall fission product (FP) composition, with **Zr considered a long lived FP
with a half life of over a million years.

Previous literature has detailed the successful ability of TBP to selectively remove
zirconium from solutions in the reprocessing of SNF but the process is complex and
dependent on several factors. For zirconium extractions with TBP, it was found that
the hydroxy solvate™ as well as the acidic solvates, [Zr(NOs)s(HNOs),.TBP] and
[Zr(NO3)4(HNO3)4. TBP] were formed under PUREX conditions of 30 % TBP by
volume in the organic solvent with aqueous phase HNOj3 concentrations from 1 to 6
M.>® The zirconium was sourced by the dissolution of zirconyl nitrate into 10 M
HNOs3, where the Zr cation exists in its 4+ state. The resultant solution was diluted to
various concentrations of nitric acid to analyse speciation whilst simulating reaction

conditions analogous to the PUREX process.

In conjunction with the variance in HNOj3 concentrations, it can be said that at
elevated acidity, more anhydrous complexes are formed preferentially over hydrated
Zr-TBP type complexes. With respect to high zirconium concentrations and elevated
nitric acid acidity, not only is hydrolysis hindered but anhydrous Zr-NO;-TBP
complexes form throughout the organic phase.”” IR data suggests that at aqueous
phase acid concentrations below 3 M, hydrolysed zirconium complexes are formed

whereas additional species are formed at increased acidity.>

Sinegribova et al. aimed to investigate the solubility of TBP within aqueous phases
(H20 and HNOg3) as a function of zirconium speciation. The formation of metal
hydroxides at lower pH levels can lead to inaccurate values for the amount of TBP
dissolved in to the aqueous phase due to TBP sorption to the hydroxide surface.
Evidence of this was observed when the concentration of TBP in the aqueous phase
was almost always determined to be lower in the Zr-HNO3;-TBP system when
compared to TBP-HNOj3 systems. Additionally, at low acidities, almost no zirconium
was extracted but the general occurrence of zirconium in the aqueous phase lead to a
change in concentration of TBP in this phase with respect to a purely HNO3 and TBP
systems in the absence of metal species.?®
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Alternative extractants for the removal of Zr from aqueous media include Cyanex
925 (a mixture of branched chain alkylated phosphine oxides) which gave extraction
percentages of up to 61 9%,° and Cyanex 272 (bis(2,4,4-trimethylpentyl)
phosphinicacid)®® which gave optimum extraction percentages of around 70 %.

The suppression of zirconium extraction in future reprocessing techniques, such as
the proposed GANEX process, can be achieved using complexing agents such as
cyclohexanediaminetetraacetic acid (CDTA). Previous studies have shown that
zirconium distribution ratios of < 0.01 have been achieved using this complexing

agent, resulting in almost all the zirconium being retained within the feed solution.®*

1.9.2 Uranium (U)

Uranium is a naturally occurring metal, found throughout the earth's crust, and is
found in various oxidation states throughout the environment. The natural
concentration of uranium depends on several factors such as environmental pH,
redox potential, temperature and microbial activity.? Once separated from its natural
ore, the uranium metal is converted in to fuel for use in a reactor core. The
enrichment process allows for a higher concentration of fissionable *°U to be found
in the fuel pellets c.f. the naturally occurring composition. The dominant isotope of
naturally occurring uranium is U with a small amount of ?**U. Radioactive decay
of these uranium isotopes is dominated by alpha emission where serious hazards with
regard to radiotoxicity are more concerned with inhalation and ingestion which can

lead to lung irradiation and pulmonary toxicity.

Uranium has several oxidation states, all of which are considered highly radiotoxic.
In reducing conditions, the U(IV) ion dominates which is essentially insoluble.
However, under oxidising (and therefore reprocessing) conditions, several accessible
oxidation states of uranium exist, most prominent of which is the U(VI) state. U(IV)
is more readily found in reducing conditions, such as underground or in areas of low
oxygen. U(V) species can be obtained but generally under synthetic conditions will
readily undergo disproportionation to the more stable U(IV) and U(VI) states. In
acidic media, U(VI) ions exist as the uranyl moiety, UO,?*, but at pH values higher

than 2.5, the uranyl moiety undergoes hydrolysis which considerably hinders its
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extraction with organic ligands.®® It is therefore necessary to retain an acidic nature

of the aqueous fraction during the reprocessing of spent nuclear fuel.

Under aqueous-oxic conditions the linear cation UO,*" is favourable and co-
ordinates with hard donor ligands in the plane orthogonal to the O=U=0 axis. UO,**
in particular, is an exceptionally stable molecular species.®* The oxo-groups in
hexavalent uranyl are generally thermodynamically and kinetically inert. Uranium
aqueous chemistry deals with the metal speciation and hydrolysis behaviour in acidic
solutions. Around pH 2, the species [U(IV).nH,O]*, [U(VI)OH.nH,OJ*,
[U(IV)O.nH,0]*" and [U(VI)O,nH,0]** can exist in equilibrium collectively.®
Acidic solutions usually enhance the stability of lower oxidation state metals whilst

more alkaline environments favour higher oxidation states.

For uranium reprocessing within the nuclear industry, the most important species is
U(V1)O,* (or uranyl).®® For extraction of uranyl from nitric acid solutions, the most

common equilibrium reaction is as follows:

[UO,]*" (ag) + 2NO3 (ag) + NX = UOy(NO3); . nX (5)

Where X = extractant.

Within the PUREX process, the organic phase [UO2(NO3),(TBP);] complex is
thought to be relatively stable. It is thought this complex is formed at the aqueous-
organic interface. However formation of which is dependent on a number of factors:
initial acidity of the aqueous phase, equilibrium concentration of species within the
aqueous phase (such as nitrate concentration, uranyl concentration and dissolved
agueous TBP concentration), temperature etc.” Once separated into the organic
fraction using TBP, the UO,*" is treated for conversion to solid UO, or gaseous UFg
for further use as reactor fuel. Distribution ratios are thought to be at an optimum for
uranyl at around 7 M HNOg, above which third phase formation may become an
issue. However at 7 M HNO3 and room temperature, U(VI) has the least propensity
for third phase formation when compared to Np(VI) and Pu(VI), which has the
strongest propensity for third phase formation under the same conditions.®®
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It is now clear that to facilitate proliferation resistance and reduce the overall
radiotoxicity of the HLW produced from SNF reprocessing, a more adaptable
reprocessing process is required over PUREX. The current line of thought is that the
initial bulk removal of the reusable uranium from the acidic liquor is recovered using
a monoamide such as DEHIBA. Previous tests have shown that more than 99.999 %
uranium recovery was observed under GANEX style conditions using this ligand.®®
The remaining useful metals will be removed using a number of ligands each with a

specific role, in a once through process.

1.9.3 Plutonium (Pu)

Plutonium was known to have been created when stars explode but is now primarily
synthesised during the fission of uranium within a nuclear reactor core. >*°Pu is
produced in a reactor through neutron capture of *®U. It is a fissile material so can

therefore sustain a fission chain reaction.

Plutonium can exist in several oxidation states in solution, including Pu(lll), Pu(IV),
Pu(V) and Pu(V1).” Solubility, complexation ability and mobility behaviour are all
determined by the specific oxidation state of plutonium so it is therefore necessary to
understand the REDOX chemistry of each plutonium oxidation state under particular

reprocessing conditions.

Plutonium REDOX chemistry and speciation shows a wide range of behavioural
aspects in acidic to alkaline conditions. Previously reported UV/vis/nIR spectra were
considerably different for species found in low and high concentration aqueous nitric
acid solutions. At higher nitrate concentrations, it was found that the following
species are formed: [Pu(NO3).nH,07**, [Pu(NOs),nH,01**, [Pu(NO3)snH,0O] and
[Pu(NO3)snH,0]*."* Plutonium ions generally exhibit a high charge density and
therefore show a high propensity to undergo hydrolysis. Hydrolysis of plutonium in
the reprocessing of spent nuclear fuel is undesirable due to its highly fissionable
nature. Previously determined, the Pu(IV) ion shows the most extensive hydrolysis’
c.f. remaining Pu oxidation states. As the Pu(IV) ion is most commonly found in
nuclear reprocessing, it is important to understand the hydrolytic nature under these

conditions. The solubility product of the fully hydrolysed Pu(OH), species has been
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calculated to be 7 x 10 mol L?,"® and therefore would be highly insoluble in
aqueous media. It is therefore a necessity to prevent plutonium hydrolysis during

nuclear reprocessing.

Much work has focussed on the speciation of plutonium in both the aqueous and
organic media especially with regard to the aforementioned PUREX and UREX
reprocessing techniques. Irradiated nuclear fuel is dissolved into a nitric acid solution
during PUREX reprocessing. The plutonium is in the Pu(lV) state and is easily
extracted into the organic fraction using TBP, as is the uranyl species, UO,?*. Further
partitioning of the Pu(IV) is necessary for separation of the Pu(IV) species from the
UO,** moiety. This is achieved using ferrous sulfamate, which reduces the Pu(IV) to
Pu(lll), where it is subsequently stripped into the aqueous fraction; the UO,*"
remains soluble in the organic fraction. The Pu(lll) within the aqueous fraction is
precipitated as plutonium nitrate and is consequently converted to PuO, by
evaporation and further precipitation with oxalate, followed by calcination to
produce a powder.*

The extraction of plutonium by TBP in the UREX process however, at HNO3
concentrations of around 0.1 M, is governed mainly by the disproportionation (see
Equation 7) reaction of tetravalent plutonium.”® Disproportionation can be defined as
a species being both oxidised and reduced simultaneously to form two different
products. This disproportionation increases the amount of inextractable trivalent
plutonium in the aqueous feed within UREX which has negative implications for

plutonium distribution ratios.

Plutonium disproportionation at low aqueous nitric acid concentrations (~ 1 M) has

previously been represented by the following equation:
3Pu™ + 2H,0 — 2Pu®* + PUO,* + 4H" (6)™

However, additions of nitrate and/or acid restrain the hydrolysis and
disproportionation of Pu(IV) significantly, providing a maximum Pu separation at 6-
8 M HNOs. Conversely, an increase in nitric acid concentration above 8 M leads to a

decrease in extracted plutonium. The mechanism by which plutonium is extracted by
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TBP is thought to be similar to that of hexavalent uranium, with transfer of the
complex [Pu(NOs)..(TBP),] into the organic phase being the rate determining step.’
This complex fits the expected stoichiometry for a tetravalent plutonium species and
has been further confirmed by Small Angle Neutron Scattering (SANS) techniques.”

The extraction of the transuranic elements (TRU), such as plutonium, has been
shown to be effective using the proposed EURO-GANEX solvent system. The
intended EURO-GANEX process provides a more proliferation resistant and simpler
route for the separation of highly radiotoxic actinide isotopes. Using a solvent system
of 0.2 M TODGA with 0.5 M DMDOHEMA in kerosene, plutonium distribution
ratios for the extraction step were observed to be above 100. Further stripping to
recover the plutonium gave distribution ratios around 0.02.”" This stripping step also
proved effective in separating the TRU from the trivalent lanthanides. Separation of
TRU from lanthanides in the stripping steps was achieved successfully using a
combination of SOz-Ph-BTP and AHA.”" Provided effective fission product
suppression is achieved in the extraction step, the EURO-GANEX route shows much

promise for an improved future reprocessing technique.

1.9.4 Neptunium (Np)

Neptunium is a by-product of uranium fission within nuclear reactors. The *’Np
isotope has a long lived half-life of around 2.16 x 10° years, which is of particular
importance when considering the reprocessing and disposal of nuclear waste.
Synthesis of ?’Np is significant as it is produced from the neutron capture of U

within a reactor core.

Neptunium can exist in several oxidation states in aqueous solutions, including
Np(I11), Np(1V), Np(V), Np(V1) and Np(VI1). However, the most mobile (and stable)
of which is Np(V) which, in the environment, can lead to serious toxicology
problems. Hydrolysis of cations is of particular importance in the reprocessing of
SNF. The most susceptible Np oxidation state to undergo hydrolysis is the Np(IV)
ion but the most common form of neptunium is the NpO," species which has been
found to have the least tendency to undergo hydrolysis.”® Pentavalent neptunium,

usually found to exist as neptunyl, NpO," can readily disproportionate, under certain
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conditions to Np(IV) and Np(VI). Sjoblom and Hindman reported the
disproportionation of Np(V) in > 5 mol L™ HCIO, to occur via the following

mechanism:
2NpO,* + 4H" = NpO,** + Np** +2H,0 7)

Additionally, NpO,%* and NpO," ions were found to coexist in 8-10 mol L™ HCIO,.”
Susceptibility for disproportionation is often dependent on the nature of the solvent;
it has been illustrated that, in non-aqueous media, there is a significant enhancement
in the disproportionation rate of Np(V) as compared to behaviour in aqueous

solutions.®

Further, pentavalent actinide ions (An(V)) undergo different disproportionation
mechanisms with respect to acid dependency. For U(V) and Pu(V) a single
protonation step is required, whereas for Np(V), it is thought a double protonation
step is involved.®! Stability of some pentavalent actinide ions follows the order
Np(V) > Pu(V) > U(V), where disproportionation of Np(V) is slow compared to
Np(IV)-Np(VI) reproportionation. It is only the Np(V) ion that undergoes

disproportionation.

In solution, Np(V) readily coordinates with other cations, including Np(V1) to form
cation-cation interactions (CCI). CCls have been defined as the coordination of an
actinyl "yI" oxygen to the metal centre of another actinyl fragment (see Figure 15).
NpO," CCls are relatively common and easily formed in solution where as UO,**
CCls are rarely observed.®

|| 1
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|

Figure 15: Neptunyl cation-cation interactions, side on (left) and end-on (right).®?
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Upon the dissolution of spent fuel in nitric acid during the PUREX process,
neptunium REDOX speciation is dominated by Np(V). However, higher acid
concentrations, and therefore increasing ionic strength effects, are effective in
achieving an equilibrium state where the oxidation reaction of Np(V) to Np(VI) is
dominant. Oxidation of Np(V) to Np(VI) by nitric acid is important in solvent
extraction processes, as Np(V1) is easily extractable by TBP. This oxidation reaction,
in addition, involves the participation of nitrous acid which serves as a catalyst to
Np(V) oxidation.?* The somewhat unpredictable nature of nitrous acid formation,
either from radiolysis of nitric acid or through the dissolution of fuel elements, and
with additional extraction by TBP into the organic phase, makes predicting the
REDOX behaviour of neptunium within these systems difficult.®* Generally in the
dissolver solution in PUREX reprocessing, the following reaction occurs:

2NpO," + 3H* + NO3 = 2NpO,** + HNO, + H,0 (8)

Sarsfield et al. have reported the instability of Np(V) in TBP/OK (30 % TBP by
volume)®® and its disproportionation to Np(IV) and Np(VI1). The rate of
disproportionation of Np(V) to Np(IV) and Np(VI) was measured to be some 500
times faster and consequently, more thermodynamically favourable than previously

observed in aqueous solutions where comproportionation is more favourable.®

Previously, Np(V) extracted into TBP/OK (30 % TBP by volume) can be further
reduced to Np(IV), by the addition of p-hydroquinone. This circumvents the issue of
a low distribution coefficient for Np(V) in some systems.®® Electronic absorption
spectroscopy?®’ has been employed to detect the period of stability of Np(V) post
reduction by p-hydroquinone and was found to be in the region of 2 hours. The
gradual appearance of additional peaks in the electronic absorption spectra suggest
the disproportionation of Np(V) to Np(IV) and Np(VI). Spectra also suggest the
formation of CCls between Np(V) and Np(VI) which have been scarcely reported in

organic media.

Furthermore, the distribution ratio, D, of extracted Np(VI) during the PUREX
process increases with increasing nitric acid concentration similar to the effective

extraction of both Pu(IV) and U(VI).?* Therefore, increasing the nitric acid
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concentration of the high activity raffinate further, should serve as an effective
method for the complete removal of neptunium in this system. Conversely, studies
have been conducted using hydrochloric acid in the aqueous phase in nuclear fuel
reprocessing. The advantages of which seem to indicate a better separation of
neptunium from plutonium and uranium by enhanced control of the actinide

oxidation states.®

As previously mentioned, the GANEX and EURO-GANEX extraction processes
have been proposed as possible future reprocessing techniques. The main premise is
to separate the MA, neptunium, americium and curium, for transmutation or for
usable purposes. As the REDOX chemistry of neptunium under reprocessing
conditions is complex and therefore poorly understood, an extraction system which
does not require oxidation state control is favourable. Several solvent systems have
shown much promise in the separation of neptunium from dissolved spent fuel. The
CyMe,-BTBP with TBP/DEHIBA solvent systems proposed by Chalmers gave
effective results for the separation of neptunium as well as additional TRU isotopes.
The CyMe,-BTBP/TBP solvent system gave improved neptunium distribution ratios
c.f. the CyMe,-BTBP/DEHIBA solvent system, but does however, carry
disadvantageous properties such as non-compliance with the CHON principle.®

In addition, literature has suggested a TODGA/DMDOHEMA solvent system for the
collective separation of the TRU elements. Using this proposed solvent, it was
observed that neptunium was rapidly extracted from the aqueous liquor under
reprocessing type conditions. However, the extent of Np back extraction depended
on the nitric acid concentration across the flowsheet analysed. The neptunium here,
was however, effectively and rapidly stripped using the proposed stripping solution,
AHA/SO3-Ph-BTP.*

1.9.5 Americium (Am)
Americium is a transuranic (TRU) element produced during fission processes within

a nuclear reactor core. The initial reactor fuel containing mostly U, undergoes

neutron capture to produce 2*°Pu. The #*Pu undergoes further neutron capture to
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produce 2*'Pu which beta decays to form ?**Am, the half life of which is relatively

short at 432 years. Both transmutation sequences are detailed below:

B B
28U+ In - 23U > 23Np - 23Pu (9)
yn y.n B a
239Pu — 23%Pu — Zlpu - %lam (- 23INp) (10)

In aqueous media americium predominantly exists as a trivalent ion. However, under
strongly oxidising conditions, it has been found that the penta and hexavalent
americium ions exist.® Within the dissolution of spent nuclear fuel under PUREX
conditions, americium predominantly exists in the Am(I11) state.

The properties of some trivalent actinides, specifically Am(lIl) and Cm(lll), both
physical and chemical are relatively similar to the trivalent lanthanides, Ln(l11). Both
Am(I11) (and Cm(111)) and Ln(11) are strongly hydrated in solution with comparable
ionic radii.®* In acidic conditions, as in reprocessing, Am(lll) does not readily
undergo hydrolysis, and is therefore usually a mobile ion in solution. In higher pH
solutions (as in the environment), there is a higher propensity for Am(l11) hydrolysis.
The formation of hydrolysed Am(111) usually occurs via the following reaction:

Am** +3H,0 = Am(OH); + 3H* (11)%

Am(II1) is not easily extracted under standard PUREX conditions and therefore
remains in the high activity raffinate. Americium has not, to date, been separated
from the reusable isotopes (U, Pu) as a lone product but exists in the high level waste
stream with the other minor actinides and fission products. However, due to its
relatively long term radiotoxicity and heat load within nuclear waste, it is necessary
to partition and transmutate americium to give a more efficient and safe nuclear
waste repository.

Currently, there is much research in to advanced reprocessing techniques that not
only recycle the reusable uranium, but also the long-lived, highly radiotoxic actinide
isotopes for further use or transmutation. As previously mentioned, the preferred
route for reprocessing now leads to the group extraction of both actinides and

lanthanides, with no prior REDOX control. This is followed by the separation of the
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actinides from the non-reusable lanthanides. The BTP type ligands, proposed for use
in SANEX and GANEX processes (see previous) have given the most promising
results for the selective extraction of trivalent actinides over trivalent lanthanides.
Americium extraction via n-Pr-BTP has previously been found to increased as a
function of BTP concentration. However, radiolytic degradation of the BTP ligands
at high absorbed doses lead to a decrease in the distribution ratios of the Am(lI1).%
The radiolytic stability of the latest class of extractants is a necessary factor in
selecting the most effective ligand for a once through nuclear waste reprocessing

process.

Nilsson et al. have previously reported a separation factor between americium and
europium (SFamey) of around 150 using an organic phase containing 6,6'-bis-(5,6-
dipentyl-[1,2,4]triazin-3-yl)-[2,2"]bipyridinyl ~ (C5-BTBP)  (Figure  16) in
cyclohexanone. However, C5-BTBP has been found to be susceptible to hydrolysis

causing a decrease in the distribution ratios with increased contact time.**

Further, exploiting the affinity of the soft donor ligands to actinides, Panak et al.
have demonstrated efficient separation factors using the sulfonated BTP type ligands
(Figure 14) in order to suppress the extraction of Am(I1I) thus retaining it within the
aqueous fraction and allowing the trivalent lanthanides to be extracted in to the
organic fraction. The SFamey reported are in the range of 250-1000 c.f. SFamey Of
around 7 in the absence of a sulfonated BTP (when using TODGA as the organic

phase extractant).*®

CsHis N N CsHys
\ 7/ \

CsHis CsHys

Figure 16: C5-BTBP
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1.9.6 Technetium (Tc)

Although technetium is a transition metal, it is produced in appreciable gquantities
during the operation of nuclear reactors. Technetium poses significant environmental
and biological threats due to its long half life and enhanced mobility in solution. For
every ton of uranium burned, 1 kg of *Tc is produced, so its behaviour in both the
waste and environment is of particular importance.*> With the exception of neutron
capture of molybdenum, all **Tc is formed in the fission of >*°U and ?*°Pu.%® The *Tc
isotope has a half life of around 200000 years; it consequently contributes
considerably to the overall radiotoxicity of the nuclear waste. Therefore, with the
continued use of nuclear fission as a stable form of energy, comes the need to

develop vital control methods for the prolonged management of **Tc.

In solution Tc exists predominantly as the pertechnetate ion, TcO4 where the Tc is in
the +7 oxidation state.”” It is this species that is of most concern to the environment.
Most natural organic matter (NOM) exists with a negatively charged surface and
hence repels the pertechnetate ion enhancing it mobility in solution. The reduction of
the TcOy4 to its (insoluble) Tc(IV) form facilitates its immobilisation and therefore its
containment.*® During the UREX process, acetohydroxamic acid (AHA) is employed
to reduce the plutonium and neptunium, allowing the recovery of a separate uranium
stream using TBP, and thus retaining the plutonium within the aqueous fraction,
appeasing proliferation concerns surrounding an isolated plutonium stream. Previous
studies suggested that the use of AHA did not however reduce the TcO, in solution,
to the extractable Tc** cation.

During the dissolution of SNF, some technetium produced in the fission processes
remains as an insoluble residue but the majority dissolves in to the nitric acid
solution as TcO, which is extracted by TBP. The separated technetium can be
scrubbed and disposed of appropriately. However, previously reported is the use of
uranium to enhance the extraction of technetium from aqueous media. The

coextraction of Tc in PUREX based systems is as follows:

TcO4 + UOz(NO3)22TBP — UOoNO3TcO4.2TBP + NO3” (12)
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The above reaction is most effective below 0.5 M and above 3 M aqueous nitric acid
and is facilitated by increasing aqueous uranium concentration in combination with
increasing temperature.®® Takeuchi et al. reported a larger distribution of Tc in the
presence of uranium when using the extractant CMPO (Figure 7) as CMPO has a
higher affinity for uranium. However this relationship was best observed below 1 M
nitric acid; above 1 M, the Tc distribution was independent of uranium

concentration.®

Further, the proposed complexation of the pertechnetate moiety to additional actinide
species in PUREX type raffinate has little conclusive supporting evidence. Some
literature has suggested that there is almost no complexation of the pertechnetate ion
to neptunyl and plutonyl in aqueous solution.'® However, solid complexes of
pertechnetate  with actinyl ions have been reported, such as the
[(NpO,)2(Tc04)4.3H,0] and [(PuO,).(TcO4)4.3H20] species, the crystallographic
data of which implies that the pertechnetate ion enters the coordination sphere of the
actinide ion, allowing complex formation.’™ Solution state behaviour of the
pertechnetate ion in nuclear reprocessing is complex due to its anionic nature, and
therefore further solution state analysis is necessary to understand its relationship
with the remaining species under reprocess conditions, in current and proposed

methodologies.

It is known that the pertechnetate species is better separated from aqueous chloride
containing media c.f. nitrate based media; the pertechnetate moiety is, over time,
reduced to the more extractable Tc** ion in acidic media by halides.’® High
temperature alkali metal chloride-based melts are potential reaction media for

pyrochemical processing of spent nuclear fuels,'%?

so in theory, hybrid reprocessing
schemes chloride may carry through and be present in dissolved fuel aqueous phases
within solvent extraction processes. Therefore understanding the behaviour of
technetium, inevitably produced during the fission of uranium, is of paramount
importance. It is therefore necessary to consider the ease of recovery of more
problematic isotopes in SNF reprocessing when designing prospective processes

throughout the nuclear industry.
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2 Aims

The aim of this work is to build on the information currently reported surrounding
solvent extraction in the nuclear industry. This work will build on the principles of
the presently utilised PUREX reprocessing process as well as investigate proposed
solvent extraction techniques, such as the GANEX process, for the extraction of
lanthanides and actinides from aqueous acid media, such as nitric and hydrochloric

acid.

This work will utilise several organic extractants including, tributyl phosphate
(TBP), N,N,N’,N'-tetraoctyl diglycolamide (TODGA) and 2-[2-(hexyloxy)ethyl]-
N,N’-dimethyl-N,N’-dioctyl-propanediamide (DMDOHEMA). It is hoped that using
these ligands, distribution ratios under various conditions can be calculated as well as
solution state speciation, with particular emphasis on organic phase speciation post
extraction. The relationship between extraction efficiency and organic phase

speciation of extracted metal ions will be explored.

The systems analysed will undergo analysis via numerous spectroscopic techniques
including 1 and 2D NMR spectroscopy, liquid scintillation counting (LSC), near
Infra Red (nIR), Ultra Violet/visible (UV/vis) and Extended X-ray Absorption Fine
Structure (EXAFS) spectroscopies.

With a wider knowledge of current and proposed solvent extraction processes
surrounding the nuclear industry, it is hoped that this work will contribute to a
conclusive "all purpose™ reprocessing methodology which reduces the radiotoxicity

of the nuclear waste and promotes proliferation resistance.
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3 Experimental

3.1 Phase Preparation

All chemicals used were used as received, unless otherwise stated.

3.1.1 PUREX Solvent Preparation

Odourless kerosene (OK), used as the diluent, was reagent grade and low odour.
Tributyl phosphate (TBP) (> 99 %) was used as the extractant. Both were obtained
from Sigma Aldrich and used as received. A TBP-OK (30 % TBP by volume)
solvent system was prepared. Before each extraction the TBP solvent was washed
with HNO3 (1 M); Na,COs (1 M); NaOH (1 M); HNO;3 (1 M) and used within 14
days, although no noticeable degradation was observed by NMR spectroscopy after
14 days. Preparation of hydrochloric acid (HCI) washed organic phases were

prepared as above but omitting HNO3 for HCI.

3.1.2 GANEX Solvent Preparation

Stock solvent solutions consisting of TODGA (0.2 M) with various phase modifiers
(TBP, DMDOHEMA (0.5 M) or octanol (5 % by volume)) in a dodecane diluent
were formulated. Both TODGA and DMDOHEMA were obtained from
Technocomm and used as received. The *H NMR spectra of these compounds

indicate the lack of any protic impurities.

3.1.3 Preparation of Zirconium Solutions

Both ZrO(NO3),.xH,O and ZrCl, were obtained from Sigma Aldrich and used as
received. Stock solutions (100 mL, 0.043 M) of zirconium nitrate were prepared by
dissolution of ZrO(NO3),.xH,O (1 g) in aqueous nitric acid (2-16 M). This stock
solution (100 mL, 0.043 M) preparation was replicated using zirconium chloride

(ZrCly) dissolved in various concentrations of hydrochloric acid (2 - 12 M).
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3.1.4 Preparation of Uranyl Nitrate Solutions

Stock solutions (100 mL, 0.04 M) of uranyl nitrate were prepared by dissolution of
UO,(NO3),.6H,0 (3BU(VI), 2 g, ~ 25 kBq) in aqueous nitric acid (2-16 M).

3.1.5 Synthesis of Uranyl Chloride, UO,Cl,, and Preparation of UO,ClI,

Solutions

Solid UO,CI, was synthesised by dissolving UO5; (*®U, 10 g, 124 kBq) in aqueous
hydrochloric acid (40 mL, 12 M) and evaporating the solution to near dryness using
a Schlenk line. Assuming 100 % UO;3; was converted to UO,Cl,, small aliquots,
equivalent to 2 g UO,Cl,, of the resultant solution were taken and made up to
separate stock solutions (100 mL, 0.06 M) using aqueous hydrochloric acid (2 - 12
M).

3.1.6 Preparation of Plutonium Solutions

From the primary plutonium stock solution (**Pu(IV) in HNO3, 41.17 MBq, 0.75
mL, 100 mM), aliquots (4.12 MBq, ~10 mM Pu(IV)) were taken and heated to
dryness. The resultant solid was redissolved into aqueous nitric and hydrochloric
acid solutions of various acid concentration or mixtures thereof (0.75 mL). These Pu
containing aqueous fractions were contacted with relevant organic fractions and the

phases analysed as detailed below.

3.1.7 Preparation of Lanthanide Solutions

Lanthanide (La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) nitrates were used
as received from Sigma Aldrich and stored within a vacuum desiccator when not in
use. The lanthanide nitrates (~ 0.5 g) were dissolved in aqueous nitric acid solutions
(100 mL) of various concentration (1-16 M) giving stock solutions with a Ln(lll)

concentration of ~ 0.010 M.
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3.1.8 Preparation of Neptunium Nitrate/Chloride, NpOy(NOs), /

NpO,Cl,, Solutions

The neptunium stock solution (3 mL max.; 5 mg Np-237 / mL in 4 M HNO3) was
pipetted in to a vial and the vial placed in to an aluminium heating vessel. The nitric
acid solution was evaporated using a heat lamp and hot plate until no liquid
remained. The resultant residue was redissolved in 60 % HCIO, (max. 4 mL) to give
a pale pink solution which was further heated to produce white fumes. At this stage
the conversion to Np(VI) should be complete which was confirmed by taking a
portion of the solution for analysis by UV/vis/nIR spectroscopy. The solution was
evaporated to near dryness and the residual solid was dissolved in deionised water (~
2 mL) and the solution separated evenly between four vials. To each vial, NaOH (6
M, max. 4 mL) was added drop wise to give a brown precipitate of NpO2(OH),. The
vials were sealed and centrifuged for approx. 5 minutes. The supernatant was
removed and the remaining solid washed with deionised water (1 mL), vials sealed
and centrifuged again for approx. 5 minutes. This washing process was repeated
three times. The brown precipitate was dissolved in to various concentration nitric or

hydrochloric acid solutions (1 - 10 M) or deionised water.

3.2 Separation Technique

Batch-wise separation was implemented throughout this work. Each experiment was
repeated in triplicate, where possible. Equal volumes (0.5 - 5 mL) of each phase,
aqueous and organic, were contacted using a Labinco L45 vortex shaker for approx.
10 minutes. Once contacted, phase separation was achieved centrifugally at 4000
rpm for up to 5 minutes. Each phase was analysed separately. For actinide analysis,
an aliquot of the resultant organic phase post extraction was removed and back
extracted using aqueous HNO;3; (0.01 M). For lanthanide and lanthanide/actinide
separation, back extraction was achieved using an aqueous HNOs (0.01 M) and
glycolic acid (0.5 M) solution. Separation of the aqueous and back extracted organic
phases was implemented as above and the resultant aqueous phase analysed as

detailed below.
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Both organic (via back extraction) and aqueous phase samples were analysed,
isotope dependent, via Inductively Charged Plasma - Optical Emission Spectroscopy
or Mass Spectrometry (ICP-OES/MS), Liquid Scintillation Counting (LSC),
QUANTULUS (ultra low level background LSC) and Ultra Violet/visible/near Infra
Red (UV/is/nIR) spectroscopy techniques. Multi-nuclear Nuclear Magnetic
Resonance (NMR) spectroscopy was utilised for direct organic phase analysis, as

detailed below.

For mixed HNO3-HCI systems, it is necessary to work in a well ventilated area at all
times due to the formation of aqua-regia. Mixed acid solutions were stored in loosely
sealed vials if necessary but preferably disposed of as quickly as possible, once fully

characterised.

3.3 Instrumentation
3.3.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectra were recorded on a Bruker Avance Ultrashield-400 instrument at
161.91 (*'P), 100.602 (**C) and 400.052 (*H) MHz using a BBFO probe, at the
Centre for Radiochemistry Research (CRR), The University of Manchester. The
variable temperature unit was set to 298 K unless otherwise stated. The lowest
temperature setting for the variable temperature (VT) experiments performed was
248 K using chloroform-d for deuterium lock. For VT NMR, a liquid nitrogen Dewar
was used with a fitted copper heat exchange coil between the incoming cooling gas
and the point of cooling to the probe. Samples were run after temperature
equilibration was reached. The temperature was controlled remotely using Bruker

Topspin 3.2. Spectra were processed using Topspin 3.2 software.

For neptunium paramagnetic samples, the following parameters were altered from
the standard Bruker experiment list: SW = 500; RG = 2050; NS = 75k; d1 =0.5
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3.3.2 NMR Sample Preparation

An aliquot (0.2 mL) of the desired sample was pipetted into a PTFE NMR tube insert
to avoid unwanted mixing of the sample and deuterated solvent. The deuterated
solvent (0.2 mL) was pipetted into a 5 mm, 8” length glass NMR tube. The PTFE
tube was inserted into the glass NMR tube and the cap sealed using parafilm. This, in

addition, created a secondary containment barrier for active samples.

3.3.3 Elemental analysis

ICP-OES analysis were performed at the School of Chemistry Micro-Analysis
Department, The University of Manchester, using a Fisons Horizon Elemental
Analysis ICP-OES spectrometer, for zirconium and uranium analysis only.
Lanthanide analysis was done in the School of Atmospheric and Earth Science on an
Agilent 7500cx ICPMS, in a class 1000 clean room. Actinide analysis was done on a

variety of instruments all housed in the School of Chemistry.

3.3.4 ICP Sample Preparation

Liquid samples for ICP analysis were of aqueous nature and particulate free. The
total dissolved elemental content should not reach over 1000 parts per million (ppm),
per sample. Samples were prepared in plastic vials and acidified (typically 2 - 8
percentage HCI/HNQO3). An aliquot (usually 0.1 mL) of each aqueous phase (direct or
post back extraction) was added to water (9.9 mL) giving 100 times dilution and

ensuring metal content was below the required 1000 ppm limit.

3.3.5 Liquid Scintillation Counting (LSC)

Liquid scintillation measurements were taken using a Packard tri-carb 1900 liquid

scintillation analyser. The scintillation cocktail (ScintiSafe 3™

) contains phosphors
(most commonly 2,5-diphenyloxazole and 1,4-bis(2-methylstyryl)benzene) that will
fluoresce upon the interaction with a particle emitted by a radioactive decay process,
in a diluent, usually toluene. The scintillation counter quantifies the resultant flashes
of light. Consequently, this method does not distinguish between alpha, beta or

gamma decay, but provides the overall activity of the sample. For alpha beta
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discrimination, the QUANTULUS was used. QUANTULUS measurements were

taken using a Wallac Quantulus 1220 ultra-low level LS spectrometer.

3.3.5.1 LSC Sample Preparation

An aliquot (0.1 mL) of each sample to be analysed was placed into a scintillation vial
and the scintillation cocktail (10 mL) added. Each scintillation vial was shaken on
the Labinco L45 vortex shaker for approx. 10 seconds. Each vial was wiped with a
Kimwipe before being placed into the LSC and the samples run immediately.
Samples which were not analysed immediately were stored in a fridge at around 4°C

and collected as soon as possible.

3.3.6 Sample Preparation for X-Ray Absorption Spectroscopy

For uranium and zirconium samples analysed by X-ray absorption spectroscopy, a
small aliquot (0.4 mL) of each organic fraction, post extraction, was isolated into a
plastic 650 uL Eppendorf vial. Each plastic lid was sealed with Araldite Rapide and
further sealed with Parafilm. For active samples, the sealed vial was additionally
contained via a heat sealed bag. Each containment layer was swabbed and

scintillation counted for contamination before transportation.

Solution state neptunium samples, were prepared at the KIT-INE (Karlsruhe,
Germany) using neptunium provided in house. The original neptunium solution (0.5
mL max.; 4 mg Np-237/ mL in 5 M HCIO,) was separated evenly between seven
vials and each was evaporated to dryness. To the remaining solid, 10 M HNO3; was
added in order to oxidise the neptunium solid to Np(V1). These solutions were taken
to near dryness and the residual solid was further dissolved into a various
concentration nitric acid. Conversion to Np(VI) was assessed using UV/vis/nIR
spectroscopy. The resultant Np(VI) aqueous fractions were contacted with various
GANEX solvent systems for 15 minutes and centrifuged for full phase separation.
An aliquot (300 uL) of the resultant organic fraction was isolated into a plastic 350
uL Eppendorf vial and sealed using Araldite Rapide. The lids were further sealed

using parafilm.
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3.3.7 X-Ray Absorption Spectroscopy (XAS)

Uranium and zirconium L;-edge and K-edge spectra, respectively, were collected on
station B18 (2-35 keV) at the Diamond Light Source, unless otherwise stated, using a
9 element solid-state Ge detector, focusing optics (beam size 0.5 mm?), and a Si-111
double crystal monochromator. Between 8 and 20 Quick EXAFS (QEXAFS) scans
were collected per sample and averaged in order to increase the signal to noise ratio.

Neptunium Lj-edge XAS data for extracted organic fractions were recorded in
fluorescence mode at the KIT-INE-Beamline for actinide research at ANKA,
Karlsruhe, Germany.'® The spectra presented were measured using a Canberra
LEGe detector; 5 to 8 scans were averaged to reduce the noise level. Neptunium
spectra were calibrated against the first inflection point in the XANES spectrum
using a foil of yttrium. This inflection point was defined as the first derivative

maximum set to the K-edge of yttrium: 17038 eV.

The XANES spectra were isolated from XAS scans following subtraction of the pre-
edge background absorption. For all XAS measurements, EXAFS data analysis was
based on standard data reduction and least squares fit techniques, parameters
(coordination numbers (CN), distance to neighbour atoms (R) and EXAFS Debye—
Waller factors (62 )) were determined. Background processing was performed using

Athena, and EXAFS modelling was carried out using Artemis.*®

3.3.8 Ultra Violet/ visible/ near Infra Red Spectroscopy (UV/vis/nIR)

Absorption spectra were recorded for solution state neptunium samples for analysis
of aqueous and organic phases, on a T60U spectrometer (PG Instruments Ltd.) using
fused quartz cells with a path length of 1 ¢cm or on a Shimadzu UV-2600.
Approximately 0.8 mL of each phase was used for samples measurements.
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4 Modified PUREX Systems Relevant to Fission Product

Separation

4.1 Metal Free Systems

Nuclear Magnetic Resonance (NMR) studies on solvent systems and non-metal
containing acid extractions were examined as a comparative to the metal containing
systems studied in order to observe possible differences in extractant related
speciation within systems of a PUREX nature. Experiments used the extractant
TriButyl Phosphate (TBP) throughout, where a constant TBP concentration (30 % by
volume) was retained throughout the organic phase. The TBP was diluted in
odourless kerosene (OK) as this is the solvent system used in PUREX reprocessing.
All *'P NMR spectra are collected with proton decoupled to avoid interference from
the diluent.

The *P NMR spectra detailed below (Figure 17) show the signal from the TBP
moiety in both neat TBP and TBP diluted in OK (30 % by volume), in which a small
shift downfield from -0.2 to -0.05 ppm from the former to the latter is observed. The
two samples analysed were solvent only as a comparative tool, and had not been
acidified.

In these HCI/HNO3-TBP-OK systems, it is thought that in the presence of acid, the
TBP separates some acid through contact of aqueous and organic phases. The
resultant species are thought to be the HCI-TBP and HNO3-TBP adducts. It is likely
that these adducts are formed through hydrogen bonding of the phosphate oxygen
and the acidic hydrogens.*®
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TBP-OK (30 % by volume)

Tributyl Phosphate

040 035 030 025 020 0.5 010 0.05 000 -0.05 -0.15 025 035 045
ppm

Figure 17: *'P NMR spectra of pure TBP and TBP-OK (30 % TBP by volume).

A number of aqueous nitric acid (HNOs3) and hydrochloric acid (HCI) phases were
prepared from concentrations of 2-16 M and 2-12 M respectively. These aqueous
phases were contacted with the TBP-OK (30 % TBP by volume) solvent,
mechanically agitated for approx. 10 minutes, and centrifuged for full phase
equilibrium. A small aliquot (enough for a distinct 3P NMR signal) was taken from
each organic phase post extraction and the *'P NMR spectra collected using identical

acquisition parameters.

The *'P NMR signals observed in the organic phase post extraction for aqueous nitric
acid phases contacted with TBP-OK are detailed in Figure 18. The signal shifts to
around -2 ppm as the aqueous HNO3 concentration increases from 2 to 10 M. Above
10 M HNOs3, the *'P NMR signal shifts downfield to around -1.6 ppm. This shift to
further downfield regions was not observed in the HCI-TBP-OK systems. Table 1
outlines the initial aqueous phase composition for the samples analysed in Figure 18.
Generally, for initial aqueous phase concentrations between 0 and 14 M HNOsg, it is
thought that the following species exist in solution: TBP-HNO3, (TBP),-HNO3 and
TBP-(HNO3),."” At medium acid concentrations, it is known that the TBP-HNO;

predominates. In systems of low acid concentration and high TBP concentration,
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hydrated species are known to exist, most prolific of which are TBP-H,O and
(TBP),-HNO3-H,0.1%®

The presence of one phosphorus signal in the P NMR for the HNOs-TBP-OK
systems indicates the HNO3-TBP adduct dominates the organic phase speciation.
However, changes in the chemical shift of this signal are observed in Figure 18 with
changes in the nitric acid concentration and with respect to the unacidified solvent
(Figure 17). Thereby, indicating the formation of other species over the various
solution conditions which are in exchange with one another to give a single signal
that is averaged over the species that are present. The HNO3-TBP adduct could be

109 Over

hydrated to a certain degree, more so at lower aqueous acid concentrations.
the aqueous acid concentration range studied, the suggested hydrated species formed
within the organic fraction post separation could be TBP-H,O and (TBP),-HNOs-
H,O to the TBP-HNO3 species as the concentration of HNOj3 increases, up to 10 M.
For aqueous HNOj3 concentrations above 10 M, less hydrated organic phase species
are observed to form, due to the greater nitric acid content in the initial aqueous
fraction, potentially forming the HNOs-(TBP), and (HNO3),-TBP species. For
HNO;-TBP-OK systems, previous data suggest the nature of the adduct formed is

dependent on the volume percent of TBP used.

It is thought that HNOj3 is extracted most effectively by TBP and its extraction in to
the organic phase is accompanied by little transfer of water.**° Extraction of HCI by
TBP is much lower comparatively and is accompanied by a higher transfer of water
in to the organic phase.*! It is thought that extraction of inorganic acids occurs via
the formation on reverse micelles by the TBP.*2 The presence of large amounts of
water in the polar core of the reverse micelles should make the micellar core more
polar and therefore, should increase the strength of the intermicellar attraction, thus

facilitating third phase formation.™®

Micellar formation is thought to be facilitated by
the relatively strong amphiphilic character brought about by the hydrogen bonding of
water and nitric/hydrochloric acid molecules to the P=0 group of the TBP molecule.
This hydrogen bonding within the amphiphilic core of the reverse micelle may be
stronger between HCI molecules and the P=O group due to its higher
electronegativity c.f. the electronegativity within the HNOj3 species. The hydrogen

bonding attraction of the HCI to the P=O may also facilitate the hydrogen bonding,
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and therefore higher extraction, of water molecules. The increased water
concentration in the core of the reverse micelle will make the core more polar. It is
thought that this increased polarity increases the intermicellar attraction.™° This may
postulate as to why third phase is observed in HCI containing systems of much lower
aqueous acidity over analogous HNO3 containing systems. Whereas, within HNO3-
TBP-OK systems, it has previously been reported that third phase formation is
unattainable with initial aqueous HNO; concentrations as high as 16 M.** Of the
nitric acid systems analysed, there were no third phases observed even at aqueous

nitric acid concentrations of 16 M.

Sample N2 N4 N6 N8 N0 N12 N14  N16

[HNOs]/M 200 400 6.00 800 10.00 12.00 14.00 16.00

Table 1: Initial aqueous phase HNOj3 concentrations for samples N2 — N16.

N14

N12

N10 I

I
N8 |
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0.0 -0.2 -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 -1.8 -2.0 -2.2 -2.4
ppm

Figure 18: *'P NMR spectra showing the organic phase post extraction for samples
N2 — N16.
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With respect to the *'P NMR spectra for neat TBP and TBP in OK (30 % by
volume), the NMR data presented in Figure 19 illustrates the NMR signals for
samples containing initial HCI aqueous phases where at low HCI concentrations a
signal is observed at around -0.10 ppm for the organic phase post extraction, which
shifts slightly upfield and diminishes with respect to background, with increasing
HCI concentration in the initial aqueous fraction. This upfield shift is thought to
correspond to the change in TBP coordination by acid at various concentrations i.e.
at low acid concentration, relatively more water is present, and therefore hydrated
species are thought to be more prolific. It was noted in two phase systems using an

aqueous HCI phase above 6 M HCI a third phase was observed.

As Figure 19 shows the NMR data for the organic fraction only, the loss of signal
above background at higher initial aqueous phase HCI concentrations may
corroborate the observation of a third phase, which contains the majority of the TBP

leaving the light organic phase containing predominantly OK.

The third phase observed to form in samples containing initial aqueous phase
concentrations of 8, 10 and 12 M HCI was absent in samples where an aqueous phase
concentration of 2 and 4 M HCI was present. *P NMR spectra were recorded of the
third phase post extraction, the results of which are presented in Figure 20. Clear
signals were observed at -1.25 ppm for third phase samples containing aqueous 8 M
HCI, shifting upfield to around -2 ppm for samples containing aqueous 12 M HCI. It
Is thought that in systems containing HCI, water molecules are also extracted by
TBP, more so than in systems containing HNO3 or H,SO,, for example. Therefore,
this apparent upfield shift may be indicative of various levels of hydration of the
extracted species within the third phase. The upfield shift is observed as a function of
increasing aqueous phase HCI concentration. The composition of the initial aqueous
fractions for the samples analysed are detailed in Table 2. Those samples where a

third phase was observed are shown in red.

The tabulated initial agueous phase compositions used throughout this section use the
nomenclature "C" or "N™ which refer to the presence of chloride or nitrate, and its
subsequent aqueous phase molar concentration. This nomenclature is not referring to

the elements carbon or nitrogen.
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Sample C2 C4 C6 C8 C10 C12

[HCI] /M 2.00 4.00 6.00 8.00 10.00  12.00

Table 2: Initial aqueous phase HCI concentrations for samples C2 - C12. Red
indicates samples in which a third phase was observed.
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Figure 19: *'P NMR spectra showing the organic phase post extraction for samples
C2-C12.
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ppm

Figure 20: *'P NMR spectra for the third phase, post extraction for samples C6 —
Cl2.

The phenomena of third phase formation in solvent extraction systems has been
studied heavily, especially throughout the nuclear industry.*™ It is normally observed
at high metal loading concentrations where the organic phase splits to form a heavy
and a light phase which contain most, if not all of the metal species and mostly
organic diluent respectively. For HCI-TBP-OK systems, the HCI-TBP adduct is not
formed as readily (with respect to the HNO3-TBP adduct) in solvent systems of TBP-
OK. In these HCI/HNO;-TBP-OK systems, the concentration of acid increases
throughout the organic fraction with increasing initial aqueous acid concentrations
and therefore third phase is more likely to occur at higher initial aqueous acid
concentrations. It is thought that the HCI-TBP adduct is surrounded by large amounts
of water, which is said to facilitate third phase formation.*** Although, a third phase
in the systems detailed in Table 1 was observed at initial aqueous HCI concentrations
of 6 M, third phase formation has been found to form using a TBP-OK (30 % TBP
by volume) organic phase composition at initial aqueous phase HCI concentration of
7.6 M.'* The surrounding temperature has however, been known to effect the
propensity of third phase formation in general, and although every effort was made

to maintain a constant temperature, this may explain the differences in results.

79



Results and Discussion

Systems were analysed where aqueous fractions consisted of variable concentrations
of both chloride and nitrate. The aqueous fractions, compositional details of which
are detailed in Table 3, were contacted with TBP-OK (30 % by volume),
mechanically agitated and centrifuged for full phase separation. The resultant organic

phase was analysed by *'P NMR, the results of which are presented in Figure 21.

For samples C9:N1 — C1:N9, the *P NMR spectra indicates that one phosphorus
species is present as the initial aqueous phase chloride concentration is increased and
the initial nitrate concentration decreased. The phosphorus signal is observed at -2
ppm, similar to some signals observed in the individual acid systems. There is little
shift up or downfield in these chloride and nitrate containing systems indicating the
mixture of acids gives one acid-TBP species. The signal observed in Figure 21 is
likely attributed to the TBP-HNO3; or TBP-HCI adduct but it is thought the TBP-
HNO;3 adduct is more likely as formation of which is favoured over the formation of
the TBP-HCI adduct.™*

No third phases were observed in any of these non metal containing mixed acid

systems analysed. All sample analysis was conducted at room temperature.

Sample CO:N1 C8:N2 C7:N3 C6:N4 C5:N5 C4:N6 C3:N7 C2:N8 CIL:N9

[H']/M 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00

[CI]/M 900 800 7.00 6.00 500 400 300 200 1.00

[NOs]1/M 100 200 3.00 4.00 500 6.00 7.00 800 9.00

Table 3: Initial aqueous phase H*, CI" and NOs™ concentrations for samples C9:N1 —
C1:No.

80



Results and Discussion
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Figure 21: 3P NMR spectra of the organic phase post extraction for samples C9:N1 -
C1:No9.

A number of other aqueous chloride and nitrate combinations were analysed via the
same methodologies, i.e. retaining nitrate at one concentrations and varying the
chloride concentration, and vice versa. As observed in Figure 21, there is little shift
in the P organic phase NMR spectra of these mixed chloride/nitrate containing

systems.

4.2 Zirconium Separated from Aqueous Nitric Acid

Zirconium was studied as it is the main component of zircalloy cladding used in
nuclear fuel assemblies. It is also a fission product produced during nuclear fission
and therefore the extraction of which under reprocess conditions has been

investigated.

ZrO(NOs), (0.086 M) was dissolved over a range of aqueous nitric acid
concentrations (2-16 M) and the resultant aqueous phases contacted with TBP-OK

(30 % TBP by volume), mechanically agitated for approx. 10 minutes and
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centrifuged for full phase separation. The nitrated zirconium species was used at it
retained anionic consistency with the aqueous nitric acid. The organic phases were
analysed by proton decoupled 3P NMR spectroscopy. Distribution ratios were
calculated with data received from ICP-OES analysis.

Post extraction, an aliquot of the resultant aqueous and organic phases was taken for
ICP-OES analysis. The aqueous aliquot was diluted 100 fold with deionised water
and submitted, whilst the organic aliquot was contacted with nitric acid (0.1 M) and
the zirconium back extracted. Of this resultant aqueous phase, a further aliquot was
taken and diluted 100 fold and submitted for analysis. Both ICP-OES results were
compared in order to calculate the distribution ratio of zirconium at each aqueous
nitric acid concentration. Distribution ratio (Dz) data for separated zirconium is
presented in Table 4. The data shows that an initial aqgueous HNOj3 concentration of
16 M gives a Dz of ~ 50. This equates to almost 100 % zirconium separation. The

Dz increases as a function of aqueous nitrate concentration.

Sample N2.Zr N4.Zr N6.Zr N8.Zr N10.Zr N12.Zr N14.Zr N16.Zr

[HNOs]/M 200 400 6.00 800 10.00 12.00 14.00 16.00

Distribution
Ratio (D)

025 072 233 733 1566 19.00 19.00 49.00

Log D -0.60 -0.14 037 0.87 1.19 1.28 1.28 1.69

Table 4: Initial aqueous phase concentration and distribution ratios for samples
N2:Zr - N16.Zr.

Figure 22 illustrates the distribution ratio of zirconium in samples N2.Zr - N16.Zr as
a function of nitric acid concentration. The plot shows a clear increase in the
distribution ratio of zirconium extracted from HNO3 as a function of ascending acid

concentration.
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Figure 22: The logarithmic distribution ratio for zirconium as a function of HNO3

concentration.

The *P NMR spectra recorded of the organic phase post extraction for the samples
detailed in Table 4 and presented in Figure 23, shows a small shift in the resonance
corresponding to what is thought to be the HNO3-TBP adduct at around -1.6 ppm.
The signal observed at -9 ppm for initial aqueous phase HNO3 concentrations of 8 M
and above, is thought to be an extracted Zr-NO3-TBP type complex. The observed
signal becomes less broad with ascending HNO3 concentration, indicating a lack of
exchange processes at higher nitrate concentrations, which could further indicate
possible zirconium saturation in the organic fraction. At lower aqueous nitrate
concentrations (6 and 4 M HNO3), there is no signal observed at -9 ppm indicating
low separation of zirconium and therefore too little of the Zr-NO3-TBP type complex

formation to give a signal in the NMR spectrum.

Previous studies have shown that systems where the initial agqueous phase
concentration is above 8 M HNOg, the resultant organic phase does not contain
hydrolysed zirconium with speciation dominated by the Zr(NO3),.2TBP solvate.*’

The NMR data presented in Figure 23 indicates the possible presence of this species
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from the signals observed at around -9 ppm. The lack of signal observed in samples
N4.Zr and N6.Zr may indicate that a hydrated species is not as easily separated

compared with those anhydrous species.
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Figure 23: *'P NMR spectra for the organic phase post extraction for samples N4:Zr -
N16.Zr.

Extended X-ray Absorption Fine Structure (EXAFS) spectra were collected at the
DIAMOND light source, Oxford, for the organic phase post extraction for sample
N8.Zr. The fitted spectra and numerical parameters are detailed in Figure 24 and
Table 5, respectively. The fit is in good agreement with the [Zr(NO3)s(TBP)4]
species demonstrating that this complex dominates the organic phase speciation in
this system. This is a best fit analysis, however. The fit is modelled using 4 nitrate
groups with the oxygen and phosphorus of the phosphate group. Both nitrate group
oxygen and phosphate group oxygen atoms are within the primary coordination shell
with the phosphorus of the phosphate group held in the secondary shell, as is the

nitrogen of the nitrate group.
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Figure 24: k3-weighted y(k)-function (top) and Fourier transform (bottom) of Zr K-
edge EXAFS data for the organic phase post extraction from an initial aqueous phase
consisting pure ZrO(NO3), in 8 M HNOs. The data are fitted to [Zr(NO3)4(TBP),].
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Sample Shell Occupancy  o° Eo(eV) Ri(A) Rfe(A) AR(A)
7" extracted O (nit) 8 0.0056 22792 22865 -0.0074
from 8 M )
HNOyq into 30 N (nit) 4 0.0032 27520 27347  0.0173
0, -
% TBP-OK 5 ity 4 0.1995 39520 39356  0.0173
fitted as
[Zr(NO3)(TBP))] N/O (MS) 8 0.0040 -2.332 39533 39360 0.0173
O(phos) 4 0.0039 21262 21162  0.0100
Amp =0.995
P(phos) 4 0.00436 35150 3.5444  -0.0294
R factor = 0.01
X’ = 1526.48 O/P (MS) 8 0.0033 3.6167 3.5888  0.0289

Table 5: Parameters obtained from EXAFS fits in k3-space of Zr**, extracted into
TBP-OK (30 % TBP by volume) from an initial aqueous phases composition of 8 M
HNOs. Eq is the relative shift in ionization energy, R; is the initial distance of the
shell (A) and Ry is the refined distance of the shell (A). Statistics of fit (x> and

r-factor) and amplitude factor (Amp) provided

4.3 Zirconium Separated from Aqueous Hydrochloric Acid

ZrCl, (0.086 M) was dissolved over a range of aqueous hydrochloric acid
concentrations (2-12 M) and the resultant aqueous phases contacted with TBP-OK
(30 % TBP by volume), mechanically agitated for approx. 10 minutes and
centrifuged for full phase separation. The chlorinated zirconium species was used at
it retained anionic consistency with the agqueous hydrochloric acid. The organic
phases were analysed by proton decoupled 3P NMR spectroscopy. Distribution
ratios were calculated with data received from ICP-OES analysis.

For analysis, an aliquot of the post-extracted aqueous phase was diluted 100 fold
with deionised water, whilst the organic aliquot was contacted with hydrochloric acid
(0.1 M) and the zirconium back extracted. Of this resultant aqueous phase, a further

aliquot was taken and diluted 100 fold for analysis. Table 6 outlines the distribution
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ratio data for these samples. Samples where a third phase was observed are shown in
red. Although a third phase was observed in samples C8.Zr - C12.Zr, both heavy and
light organic phases were treated as one phase when considering the overall
distribution ratio as the volume of the third phase was immeasurable. The data shows
that an initial aqueous chloride concentration of 12 M gives a Dz of ~ 100. This
equates to almost 100 % zirconium separation. The Dz increases as a function of
aqueous chloride concentration as displayed in Figure 25. This trend is much the
same as the data obtained for nitrate systems. However, Dz for sample C12.Zr is
around 2 times greater than the distribution ratio observed for sample N12.Zr.
Aqueous chloride concentrations of 8 M and above, gave significantly higher Dy
than below 8 M.

Sample C2zZr C4zZr C6.Zr C8.Zr C10.Zr Cl2.zr

[HCI] /M 2.00 4.00 6.00 8.00 10.00 12.00

Distribution
) 0.11 0.23 1.08 5.66 49.00 99.00
Ratio (D)
LogD -0.95 -0.63 0.03 0.75 0.69 1.99

Table 6: Initial aqueous phase concentrations and distribution ratios for samples
C2:Zr - C12.Zr. Red indicated the observation of a third phase.
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Figure 25: The logarithmic distribution ratio for zirconium as a function of HCI

concentration.

Organic aliquots were taken post extraction and the *'P NMR data collected, as
detailed in Figure 26. There is one phosphorus signal seen at around 0 ppm which
shifts slightly upfield with ascending aqueous chloride concentration. The lack of
complexation signal could in part be due to the complexed metal species being
retained in the third phase from low aqueous chloride concentration and therefore it
is likely that the observed signal is due to the HCI-TBP adduct.

The subsequent 3P NMR spectra for the analysed third phases, presented in Figure
27, show several species in solution in addition to what is thought to be the TBP-HCI
adduct signal, seen at around -2 ppm. Using TBP as the extractant, it has been
previously suggested that ZrX, (where X is a halide) forms the complex ZrX,.2TBP
in the organic phase post extraction.'® Other complexation could occur via the
formation of the ZrCl,.4TBP species. Due to the hydrolytic nature of Zr*" in these
systems, as previously mentioned, additional species shown in Figure 27 may be the

result of hydrolysed Zr-TBP complexes.
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Figure 26: *'P NMR spectra of the post extracted organic phase for samples C2:Zr -

Cl2.Zr.
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Figure 27: *'P NMR spectra of the third phase post extraction for samples C2:Zr -

Cl2.Zr.
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Extended X-ray Absorption Fine Structure (EXAFS) spectra were collected at the
DIAMOND light source, Oxford, for the organic phase post extraction for sample
C5.Zr. The fitted spectra and numerical parameters are detailed in Figure 28 and
Table 7, respectively. The fit is in good agreement with the [ZrCl,.(TBP),4] species
showing that this complex dominates the organic phase speciation in this system.
This is a best fit agreement, however. The fit is modelled using 4 chloride atoms with
the oxygen and phosphorus of the phosphate group. Both chloride and phosphate
oxygen atoms are within the primary coordination shell with the phosphorus of the
phosphate group held in the secondary shell. A multiple scattering shell was used for
this fit as its scattering path was ranked of high importance in the feff calculation and

improved the quality of the fit compared to when this shell was not included.
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Figure 28: k3-weighted y(k)-function (top) and Fourier transform (bottom) of Zr K-
edge EXAFS data for the organic phase post extraction from an initial aqueous phase
consisting pure ZrCl, in 5 M HCI. The data is fitted to [ZrCl4(TBP),].
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Sample Shell Occupancy o’ Eo(eV) Ri(A) Ri(A) AR(A)

Zr* extracted

Cly 4.00 0.00537 2.4331 2.4871 -0.0540
from5M
HCl into 30
O(phos) 4.00 0.00236 2.0865 2.1162 -0.0297
% TBP-OK,
_ -2.428
fitted as
P(phos) 4.00 0.00322 3.6527 3.5444 0.1083
[ZrCl4(TBP),]
Amp =0.925
O(phos)P(phos)
R factor = 8.00 0.01624 3.6503 3.5880 0.0623
(MS)
0.015
X’ = 2526.38

Table 7: Parameters obtained from EXAFS fits in k-space for Zr*" extracted into
TBP-OK (30 % TBP by volume) from an initial aqueous phases composition of 5 M
HCI. Eo is the relative shift in ionization energy, R; is the initial distance of the shell
(A) and Ry is the refined distance of the shell (A). Statistics of fit (x> and r-factor) and
amplitude factor (Amp) provided.

4.4  Zirconium Separated from Mixed Aqueous Nitric and Hydrochloric

Acid

For the purpose of this work, various concentrations of aqueous zirconium nitrate
and aqueous zirconium chloride mixed solutions were prepared. The overall
concentration of zirconium in each solution was 0.086 M throughout. These aqueous
phases were contacted with TBP-OK (30 % by volume) by mechanical agitation for
approx. 10 minutes and centrifuged for full phase separation. The organic phase was
analysed via proton decoupled *P NMR spectroscopy. Distribution ratio data was

calculated using data obtained from ICP-OES.

Separation of zirconium was achieved from aqueous mixtures 1-9 M aqueous HCI
and aqueous 9-1 M HNO3 (samples C1:N9.Zr - C9:N1.Zr; Table 10). An aliquot of

both aqueous and organic phases was taken post extraction. The aqueous phase was
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diluted for analysis. Two separate aliquots were taken from the organic fraction; one
underwent back extraction using HNO3 (0.1 M) and the other using HCI (0.1 M).
Each result was compared and the distribution ratios calculated. Figure 29 and Table
8 both show an increase in the zirconium separation as a function of increasing
aqueous chloride concentration. Sample C5:N5.Zr gave a distribution ratio of ~ 50

which equated to around a 98 % separation of zirconium in to the organic phase.

Figure 29 illustrates the distribution ratio data for the samples C1:N9.Zr - C9:N1.Zr.
The distribution ratio increases as a function of ascending aqueous chloride
concentration. This implies that the presence of chloride enhanced the separation of
zirconium in these systems. A number of other aqueous chloride and nitrate
combinations were analysed for their effectiveness of zirconium separation via the
same methodologies, i.e. retaining aqueous nitrate at one concentration and varying
the aqueous chloride concentration, and vice versa. The 3P NMR spectra gave
almost identical results to those outlined in Figure 30. This could indicate that for
zirconium extracted into TBP-OK from various mixtures of HNO3; and HCI, similar
species are formed giving indistinguishable 3P NMR spectra. The distribution data
was also remarkably similar with improved separation of zirconium observed in

systems tending towards higher aqueous chloride concentrations.
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C1:N9 C2:N8 C3:N7 C4N6 C5N5 C6:N4 C7:N3 C8N2 C9:N1
Sample
Zr Zr zr Zr Zr Zr Zr Zr Zr

[H7/M 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
[CIT/M 1.00 200 300 400 500 600 700 800 9.00
[NOs1/M 900 800 700 600 500 400 300 200 1.00
Distribution

_ 2400 3233 3233 49.00 49.00 99.00 99.00 99.00 99.00
Ratio (D)
LogD 138 151 151 169 169 199 199 199  1.99

Table 8: Initial aqueous phase concentrations and distribution ratios for samples
C1:N9.Zr - C9:N1.Zr.
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Figure 29: Distribution data for samples C1:N9.Zr - C9:N1.Zr as a function of initial

aqueous anion concentration (initial [H'] = 10 M).
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The 3P NMR spectra presented in Figure 30 illustrate the organic phase post
extraction for the samples detailed in Table 8. A prominent species is observed at
around -9 ppm for sample C9:N1.Zr. This signal decreases with a decrease in the
initial aqueous phase chloride concentration. Figure 30, in addition, shows the
formation of a species, seen prominently at -8 ppm for sample C3:N7.Zr, which
increases and subsequently decreases in intensity with increasing aqueous chloride
concentration in the initial aqueous phase. The signal intensity is observed at its
maxima, with reference to the other signals observed, in sample C5:N5.Zr. Further
species are observed at -6.5 and -7.5 ppm in samples C1:N9.Zr and C2:N8.Zr. The
species observed at -6.5 ppm decreases in intensity (relative to the remaining signals)
with decreasing aqueous nitrate concentration and is most prominently seen in
samples of higher aqueous nitrate concentration. The signal observed at -7.5 ppm
decreases in intensity with decreasing aqueous nitrate concentration. For all these
spectra, no two signals within the expected region of P NMR resonances for TBP
coordinated to Zr(IV) exhibit the same relative intensity across the various solution
conditions studies so it can be assumed that each signal obtained represents a distinct
Zr(IV)-TBP complex.

The NMR data presented in Figure 30 for these systems is different to that observed
for the analogous single acid systems. For chloride containing systems, the zirconium
complexation signal in the *P NMR spectra was observed at - 7 ppm which is not
observed in the spectra presented in Figure 30. The signal at - 7.5 ppm seen in the
spectra of Figure 30 is observed to decrease with ascending aqueous chloride
concentration, which implies it is not due to Zr-Cl type complexation. The main
complexation signal for zirconium separated from nitrate only systems was observed
at - 8.75 ppm which does not correspond to the signals observed in Figure 30. The
prominent signals observed in Figure 30 at - 8 and - 9 ppm are more significant for
zirconium separated from higher aqueous chloride concentrations. This implies that
they are not the result of Zr-NO3 type complexation. There are also additional signals
observed in Figure 30 that are not seen in the analogous single acid NMR spectra,
which implies that there are several phosphorus environments in the post-separated
organic fraction. Further analysis, in addition to EXAFS spectroscopy would aid

speciation determination.
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Figure 30: *'P NMR spectra for the third phase, post extraction for samples C1:N9.Zr
- CO:N1.Zr.

Extended X-ray Absorption Fine Structure (EXAFS) spectra were collected for a
selection of the mixed acid systems with zirconium at the DIAMOND light source,
Oxford. The sample with an initial aqueous phase of 2 M CI” and 10 M NO3" was
studied as it contained a significantly higher aqueous nitrate concentration compared
to the aqueous chloride concentration. As expected the organic phase speciation was
dominated by the [Zr(NO3)4(TBP)4] moiety, according to the fitted spectra shown in
Figure 31. This is a best fit analysis, however. Table 9 details the numerical
parameters associated with this fit. Various fit parameters were exhausted using a
pure chloride primary coordination shell as well as a mixed nitrate/chloride shell, but
this was clearly the best fit of the data collected for this sample. This model uses the
nitrate group oxygen atoms as well as the phosphate oxygen in its primary
coordination shell and the phosphorus atoms of the phosphate group as well as the

nitrogen atoms in the nitrate group in the second coordination shell.
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Figure 31: k*-weighted x(k)-function (top) and Fourier transform (bottom) of Zr
K-edge EXAFS data for the organic phase post extraction from an initial aqueous
phase consisting of 10 M nitrate and 2 M chloride. The data is fitted to
[Zr(NO3)4(TBP)4].
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Sample Shell Occupancy o’ Eo(eV) Ri(A) Ri(A) AR(A)

Zr™" extracted O (nit) 8 0.11339 23296  2.3205  0.0091
from 2 M CI'/10

M NO5/12 M H* N (nit) 4 0.00570 27678  2.7347  0.0331
into 30 % TBP-

OK. fitted to O (nit) 4 0.01125 3.9687 3.9356  0.0331

[Zr(NO3)(TBP),] S

N/O (MS) 8 0.01696 3.9691 3.9360  0.0331

Amp =0.961 O(phos) 4 0.00115 2.1718 2.1162  0.0556
R factor = 0.016

2 = 1874.04 P(phos) 4 0.01785 3.3539  3.5444  -0.1905

Table 9: Parameters obtained from EXAFS fits in k*-space for Zr*" extracted into
TBP-OK (30 % by volume) from an initial aqueous phase composition of 10 M
nitrate and 2 M chloride (12 M H"). Ey is the relative shift in ionization energy, R; is
the initial distance of the shell (A) and Ry is the refined distance of the shell (A).
Statistics of fit (3° and r-factor) and amplitude factor (Amp) provided.

The C6:N6.Zr sample was chosen as it contained equal concentrations of aqueous
nitrate and chloride to ascertain any preferential binding of NO3 over CI” to Zr(IV)
(or vice versa) speciation within the organic fraction post extraction. From the
EXAFS data collected, the organic phase speciation was dominated by the
[ZrCl4(TBP)4] moiety, as the fitted spectra shows in Figure 32. This is a best fit
analysis, however. Table 10 details the numerical parameters associated with this fit.
Various fit parameters were exhausted using a pure nitrate coordination shell as well
as a mixed nitrate/chloride shell, but the pure chloride species was clearly the best fit
of the data collected for this sample. This model uses four chloride groups as well as
the phosphate oxygen in its primary coordination shell and the phosphorus atoms of

the phosphate group in the second coordination shell.
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Figure 32: k3-weighted y(k)-function (top) and Fourier transform (bottom) of Zr K-
edge EXAFS data for Zr*" extracted into a 30 % TBP-OK organic phase from an
initial aqueous phase consisting of 6 M nitrate and 6 M chloride (12 M H"). The data
is fitted to [ZrCl4(TBP)4].
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Sample Shell Occupancy o’ Eo(eV) Ri(A) Ri(A) AR(A)

Zr* extracted

Cl, 4.00 0.00487 2.4857 2.4871 -0.0014
from6 M CI7/
6 M NO;/ 12
.. O(phos) 4.00 0.00418 21796 2.1162 0.0634
M H" into 30
% TBP-OK,
] P(phos) 4.00 0.00885 3.8865 3.5444 0.3423
fitted to
[ZrCl4(TBP)4] -4.838
Amp =0.909
O(phos)P(phos)
8.00 0.01135 3.5942 3.5880 0.0062
(MS)
R factor =
0.008
X’ = 2075.57

Table 10: Parameters obtained from EXAFS fits in k®-space for Zr*" extracted into
TBP-OK (30 % by volume) from an initial aqueous phase composition of 6 M nitrate
and 6 M chloride (12 M H"). Ey is the relative shift in ionization energy, R; is the
initial distance of the shell (A) and Ry is the refined distance of the shell (A).
Statistics of fit (3° and r-factor) and amplitude factor (Amp) provided.

The C10:N2.Zr sample was selected as it contained a significantly higher aqueous
chloride concentration compared to the aqueous nitrate concentration. As expected
the organic phase speciation was dominated by the [ZrCl,(TBP)4] moiety, according
to the fitted spectra shown in Figure 33. This is a best fit analysis, however. Table 11
details the numerical parameters associated with this fit. Various fit parameters were
exhausted using a pure nitrate primary coordination shell as well as a mixed
nitrate/chloride shell, but this was clearly the best fit of the data collected for this
sample. This model is the same as used to fit the data for Zr** extracted from a

chloride-only containing aqueous phase.
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Figure 33: k3-weighted y(k)-function (top) and Fourier transform (bottom) of Zr K-
edge EXAFS data for Zr4+ extracted into a 30 % TBP-OK organic phase from an
initial aqueous phase consisting of 2 M nitrate and 10 M chloride (12 M H"). The
data are fitted to [ZrCl4(TBP),].
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Sample Shell Occupancy o’ Eo(eV) Ri(A) Ri(A) AR(A)

Zr* extracted

Cly 400  0.00639 24870 2.4871 -0.0001
from 10 M CI’
10 M NOy
/10 +f33/ O(phos) 400  0.01002 22042 21162  0.0880
12 M H" into -3.715
0, -
30% TBP P(phos) 400  0.00124 36185 35444 0.0741
OK, fitted to
[ZICl(TBP),]

Amp=1.00  O(phos)P(phos)
R factor = (MS)
0.009
X° = 2140.81

8.00 0.00572 3.7017 35888 0.1137

Table 11: Parameters obtained from EXAFS fits in k3-space for Zr** extracted into
TBP-OK (30 % by volume) from an initial aqueous phases composition of 2 M
nitrate and 10 M chloride (12 M H™). Ey is the relative shift in ionization energy, R; is
the initial distance of the shell (A) and Ry is the refined distance of the shell (A).
Statistics of fit (3° and r-factor) and amplitude factor (Amp) provided.

4.5 Summary of Zirconium Extraction Behaviour in Modified PUREX

Zirconium demonstrated high distribution ratios when separated from both agqueous
HCI and HNOg3, but showed slightly higher distribution ratios when separated from
aqueous mixtures of both chloride and nitrate. The P NMR spectra illustrated the
presence of several post-separated zirconium complexes in the organic fraction, some
of which were confirmed via EXAFS spectroscopy. As expected, [Zr(NO3)(TBP),]
and [ZrCly(TBP)s] dominated speciation in the post-extracted organic phases for
nitrate and hydrochloric acid systems, respectively. Speciation in the post-separated
organic phase for mixed acid systems of equal chloride and nitrate, as shown by
EXAFS, was dominated by [ZrCl4(TBP)4], over the analogous nitrate complex. The
presence of several phosphorus species in the post-separated organic fraction as
shown by the *P NMR data were not confirmed through EXAFS. However the
averaging techniques utilised by EXAFS modelling may explain the apparent
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presence of one post-separated zirconium species. It must also be made apparent that
the "complex" notations are not chemically sound, but merely represent the presence
of the TBP species by, what is thought to be, hydrogen bonding of the phosphate
oxygen atom with the metal centre.

4.6 Technetium Separated from Aqueous Nitric Acid

Technetium (Tc) exists predominantly as the pertechnetate ion, TcO,4, in solution
which is highly mobile throughout the environment due to its anionic nature.'*® The
pertechnetate ion is the most common form of Tc found in the nuclear fuel cycle and
the most frequently encountered **Tc isotope has a long lived half life of 2.3 x 10°
years, meaning it is a major contributor to the long term radioactivity of spent
nuclear fuel. A trace level study was conducted to assess the effectiveness of
technetium separation using aqueous nitric over a range of concentrations. The
aqueous nitric acid range was chosen around the concentrations elected for current

nuclear waste reprocessing conditions.

Aqueous nitric acid (6-10 M, 1.9 mL) was spiked with *Tc (287 Bqg, 100 uL, 46 uM)
and the resultant aqueous fraction (2.3 uM **Tc) contacted with TBP-OK (30 % TBP
by volume), mechanically agitated and centrifuged for full phase separation. Both
aqueous and organic fractions, post-separation were analysed using by LSC in order
to determine the effectiveness of technetium separation under these conditions. An
aliquot of both aqueous and organic phases was taken and scintillation fluid

(ScintSafe3, 10 mL) added. These samples were analysed for 30 minutes each.

Table 12 details the technetium distribution ratio (D+.) data for samples N6.Tc -
N10.Tc. The Dy, decreases with an increase in the concentration of HNOs. This is
contrary to the previous systems detailed in this work, where generally metal
extraction increases as a function of acid concentration. Those systems, however,
revolve around metals in their cationic forms whereas technetium here, exists
predominantly as an anionic species and therefore it is thought to have limited
separation under typical reprocessing conditions. The D+, for sample N10.Tc
correspond to ~ 2 % technetium separation in to the organic fraction. The D, for

sample N6.Tc was ~ 0.2 which corresponds to ~ 15 % technetium separation. Figure
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34 illustrates the decrease in the distribution ratio for samples N6.Tc - N10.Tc as a

function of aqueous nitric acid concentration.

These results are consistent with previous findings which suggest that the optimum
aqueous HNO;3; concentration for the extraction of Tc, in the absence of any
additional co-extractable metals, is 1 M. Above initial aqueous nitric acid
concentrations of 1 - 2 M, it is thought that separation of technetium is improbable,
as the data presented here demonstrates.

Sample N6.Tc N6.5.Tc N7.Tc N7.5Tc N8Tc N85Tc N9.Tc N95Tc N10.Tc

[HNOs] /M 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Distribution
Ratio D

0.18 0.12 0.09 0.08 0.06 0.06 0.05 0.04 0.02

LogD -0.75 -0.91 -1.06 -1.12 -1.19 -1.19 -1.28 -1.38 -1.69

Table 12: Initial aqueous phase concentrations and distribution ratio data for samples
N6.Tc - N10.Tc.
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Figure 34: Distribution ratio data as a function of aqueous acid concentration for
samples N6.Tc - N10.Tc.

4.7 Technetium Separated from Aqueous Nitric Acid in the Presence of

Zirconium

The stability of the pertechnetate anion in nitric acid solutions usually means the
extraction of Tc from aqueous fractions is minimal. However, it has been suggested
that in the presence of co-extractable metals, the extraction of pertechnetate moiety
from aqueous solutions is greatly increased.” The co-extraction of pertechnetate and
zirconium has been studied as zirconium is present as a fission product in spent
nuclear fuel. It is thought that under acidic PUREX type conditions, co-extraction

occurs by the following mechanism:

Zr(1V) + 3NO3™ + TcOy4 + 2TBP — [Zr(NO3)3(TcO4)(TBP),] *?°

The pertechnetate anion is co-extracted as TcO,4 by coordination with Zr(1V). For
this work, the distribution ratio of technetium was calculated over a range of aqueous

nitric acid concentrations using zirconium as a co-extractable metal.
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Technetium was separated from aqueous nitric acid (6-10 M, 2 mL total) containing
zirconium, using TBP-OK (30 % TBP by volume). Samples N6.Tc.Zr - N10.Tc.Zr
were spiked with Tc (*Tc, 364 Bg, 100 uL, 58 uM) and Zr(1V) (100 uL, 0.023 M)
and the resultant aqueous fraction (2.9 uM *Tc) contacted with TBP-OK as
described in Section 4.6. Both aqueous and organic fractions, post-separation were
analysed as described in Section 4.6. The data presented in Table 13 details the
distribution ratio data for samples N6.Tc.Zr - N10.Tc.Zr as a function of aqueous
nitric acid concentration; Figure 35 illustrates the trend in technetium separation as a

function of increasing aqueous nitric acid concentration.

For these systems containing Zr, the amount of Tc extracted in to the organic phase
increases as a function of increasing HNO3; concentration, as Figure 35 illustrates. In
analogous systems in the absence of Zr, the opposite trend is observed, the
distribution of Tc decreases as a function of agueous HNOj3 concentration. However,
the amount of technetium separated overall is significantly lower in systems where
there is no co-extraction than in systems containing Zr. For example, sample N6.Tc
gave a D1, of 0.18, whereas the analogous system in the presence of the co-

extractable metal, Zr (sample N6.Tc.Zr) gave a D of 1.63.

Thus providing evidence that the pertechnetate ion is coordinating to Zr** as part of
an extractable complex, such as [Zr(NO3)3(TcO4)(TBP).]. This work is consistent
with the work of Garraway and Wilson, where it was reported that under PUREX
style conditions (similar to this work), the distribution ratio of Tc increased in the
presence of zirconium. However, their work reported pertechnetate distribution data

for aqueous nitrate concentrations of up to 3 M only.*?*
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N6. N6.5. N7. N7.5. N8. N8.5. NO. N9.5. N10.
Sample
Tc.Zr Tc.Zr Tc.Zr Tc.Zr Tc.Zr Tc.Zr Tc.Zr Tc.Zr Tc.Zr
[HNO3] /
M .00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00
Distribution
) 1.63 1.70 1.86 2.33 2.57 2.57 2.70 2.85 3.35
Ratio D
LogD 0.21 0.23 0.26 0.39 0.41 0.41 0.43 0.45 0.52

Table 13: Initial aqueous phase concentration and distribution ratio data for samples
N6.Tc.Zr - N10.Tc.Zr.
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Figure 35: Distribution ratio data as a function of aqueous acid concentration for
samples N6.Tc.Zr - N10.Tc.Zr.
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4.8 Technetium Separated from Aqgueous Nitric Acid in the Presence of

Uranium

With the majority of SNF containing uranyl, it is necessary to investigate the
propensity for the coextraction of pertechnetate with the uranyl moiety. The solvent
extraction process in SNF reprocessing is done from aqueous nitric acid, in which
uranyl is known to separate well.*?* Previously reported data suggests that at low
HNO; concentration (< 0.7 M), and in the presence of uranium, the distribution ratio
of technetium separated from aqueous nitric acid, increases with increasing aqueous
nitrate concentration. Therefore the effectiveness of technetium separation is
examined under these conditions. In solution, separation of technetium from agqueous

nitric acid in the presence of uranium, occurs via the following mechanism:

UO,** + TcO4 + NOg + 2TBP = [UO2(NO3)(TcO4)(TBP), ] B

Technetium was separated from aqueous nitric acid (6-10 M, 2 mL total) using TBP-
OK (30 % TBP by volume). Samples N6.Tc.U - N10.Tc.U were spiked with Tc
(**Tc, 11.77 kBq, 100 uL, 1.88 mM) and U(VI) (100 uL, 0.17 M) and the resultant
aqueous fraction (93.20 uM *Tc) contacted with TBP-OK, mechanically agitated
and centrifuged for full phase separation. Both aqueous and organic fractions, post-
separation were analysed using LSC as described in Section 4.6. The data presented
in Table 14 details the distribution ratio data for samples N6.Tc.U - N10.Tc.U as a
function of aqueous nitric acid concentration. Figure 36 illustrates the trend in

technetium separation as a function of increasing aqueous nitric acid concentration.

The data presented in Table 14 shows that there is an increase in the distribution ratio
for technetium as the aqueous nitric acid concentration is increased. The opposite of
which is observed in samples N6.Tc - N10.Tc where there was no co-extractable
metal present in the initial aqueous fraction. The distribution ratio for sample
N6.Tc.U is 0.44 which is approximately double of the distribution ratio of 0.18
observed for sample N6.Tc. Comparatively, the data presented in Table 14 for
samples N6.Tc.U - N10.Tc.U reiterates the implication that technetium separation is

enhanced in the presence of uranium, where distribution ratios observed for the

107



Results and Discussion

separation of technetium in the presence of uranium were observed to be, sometimes
an order of magnitude higher than those systems without co-extraction. The
distribution ratio observed for sample N10.Tc.U is around 0.6 which corresponded to
~ 40 % technetium separation in to the organic fraction. Whereas the distribution
ratio for sample N10.Tc was 0.02 which corresponded to an overall % separation of
only 2 %. The coordination of technetium with uranium, which itself is known to
readily occur, from aqueous nitric acid solutions which can then be extracted by TBP
is the most likely reason for the relatively high Tc distribution ratios observed in
these uranium containing systems resulting in technetium being a problematic

species under reprocessing conditions.

NG6. NG6.5. N7. N7.5. N8. N8.5. NO. N9.5. N10.

Sample
Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U

[HNOs] /M 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Distribution
0.44 0.46 0.48 0.48 0.50 0.53 0.53 0.55 0.60
Ratio D
LogD -0.36 -0.34 -0.32 -0.32 -0.30 -0.27 -0.27 -0.26 -0.22

Table 14: Initial aqueous phase concentration and distribution ratio data for samples
N6.Tc.U - N10.Tc.U.
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Figure 36: Distribution data as a function of acid concentration for samples N6.Tc.U
- N10.Tc.U.

4.9 Technetium Separated from Aqueous Hydrochloric Acid

Previous literature has suggested that the separation of Tc from aqueous, chloride
containing media is more effective that analogous nitrate containing systems.*?* It is
thought that this preference for Tc separation in chloride containing media is due to
the reduction of the TcO4 moiety to its cationic form, Tc(IV), with oxidation of the

aqueous chloride.’”® Tc(IV) is more easily extracted than the TcO, anion as it exists

as a 4+ cation; the efficiency of TBP to extract 4+ metal cations has been previously
demonstrated.’”® It has also been suggested that in relatively concentrated

hydrochloric acid TcO4 reduces to TcCls, where the Tc exists in its 6+ state.*”’

Aqueous hydrochloric acid (6-10 M, 1.9 mL) was spiked with **Tc, extracted and
analysed by the same methodology used for analogous **Tc studies from nitric acid
aqueous solutions (Section 4.6). Above concentrations of 7 M aqueous HCI, a third
phase was observed, as shown in red in Table 15. The volume of the third phase,
when obtained, was immeasurable in terms of the desired accuracy and therefore the

distribution ratios are calculated as a comparison of the resultant aqueous and overall
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organic fractions. Whilst it is assumed from established data that the majority of the
separated metal-extractant complex will be contained within the third phase, the
methodologies used were not appropriate enough to determine with certainty the
exact metal concentration in each of the split organic fractions.

The distribution ratio (D+.) data for the separation of technetium for samples C6.Tc -
C10.Tc are presented in Table 15. For technetium separated from aqueous
hydrochloric acid, it is clear that there is a significantly higher separation observed
c.f. analogous aqueous nitric acid systems. The optimum conditions for the
distribution ratio of technetium in samples C6.Tc - C10.Tc was observed for sample
C10.Tc, giving a D¢ of 32.30. This corresponds to ~ 97 % technetium separation
into the organic fraction. The Dy, calculated for the separation of Tc from the
aqueous to the overall organic fraction, increased as a function of aqueous HCI
concentration. The lowest Dy, was observed for sample C6.Tc, as illustrated in
Figure 37. The anionic nature of the pertechnetate moiety may contribute to the
increased extraction at higher aqueous acid concentrations in much the same way as
the mechanisms thought to be responsible for the extraction of water in to the organic
(and subsequently the third) phase. Anionic species possess high mobility in agueous
media; this has lead to the belief that negatively charged species, such as Cl" are

extracted into the organic fraction via the formation of reverse micelles.

Sample C6.Tc C6.5.Tc C7.Tc C75Tc C8Tc C85Tc C9Tc C95Tc C10.Tc

[HCI] /M 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Distribution
Ratio D

3.76 4.26 4.88 5.25 5.67 6.14 9.00 19.00 32.30

LogD 0.58 0.63 0.69 0.72 0.75 0.79 0.95 1.28 151

Table 15: Initial agueous phase concentrations and distribution ratio data for samples
C6.Tc - C10.Tc.
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Figure 37: Distribution ratio data as a function of aqueous acid concentration for
samples C6.Tc - C10.Tc.

4.10 Technetium Separated from Aqueous Hydrochloric Acid in the

Presence of Zirconium

Technetium was separated from aqueous hydrochloric acid (6-10 M, 2 mL total)
using TBP-OK (30 % TBP by volume). Samples C6.Tc.Zr - C10.Tc.Zr were spiked
with ®Tc and Zr(IV), contacted with TBP-OK and analysed as described in Section
4.6. Above concentrations of 7 M aqueous HCI, a third phase was observed, as
shown in red in Table 16. The data presented in Table 16 details the distribution ratio
data for samples C6.Tc.Zr - C10.Tc.Zr as a function of aqueous hydrochloric acid
concentration. Figure 38 illustrates the trend in technetium separation as a function of
increasing aqueous hydrochloric acid concentration. The volume of the third phase,
when obtained, was immeasurable in terms of the desired accuracy so distribution

ratio calculations and relevant assumptions were made as described in Section 4.6.

The data presented in Table 16 and Figure 38 shows an increase in the amount of

technetium separated as a function of aqueous hydrochloric acid concentration.
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Sample C10.Tc.Zr gave what was determined to be the optimum condition for the
co-extraction of technetium with zirconium, under these conditions, with an overall
distribution ratio of 4.56. The separation of technetium using the co-extractable metal
zirconium, was most effective at higher aqueous hydrochloric acid concentrations,
with sample C10.Tc.Zr corresponding to ~ 82 % separation of technetium in to the

overall organic fraction.

Generally, the distribution ratios observed for technetium separated from aqueous
hydrochloric acid in the absence of zirconium were higher over the range of agueous
HCI concentrations analysed relative to the equivalent zirconium containing systems.
It is thought that the presence of chloride in the aqueous fraction effectively reduces
the TcO,4 anion into the Tc(IV) cation which is efficiently extracted by the TBP; the
TBP moiety favours the separation of M(IV) species (where M is a metal). This
reduction could inhibit the co-extraction route for the pertechnetate and
subsequently, lower distribution ratios are observed than analogous systems in the
absence of co-extraction. It is also possible that there is competitive coordination of
both the Tc** (reduced from TcOy4) and the Zr** to the TBP moiety as the Zr** is in

excess, thus reducing the overall distribution of Tc observed.

C6.Tc. C6.5Tc C7.Tc. C7.5Tc C8Tc. C85Tc C9.Tc. C95Tc Cl10.Tc

Sample
Zr Zr Zr Zr Zr Zr Zr Zr Zr
[HCI]/
M 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00
Distribut
-ion 0.92 1.08 1.33 1.38 1.44 1.63 2.33 3.00 4.56
Ratio D

LogD -0.03 0.03 0.12 0.14 0.16 0.21 0.37 0.48 0.66

Table 16: Initial aqueous phase concentration and distribution ratio data for samples
C6.Tc.Zr - C10.Tc.Zr.
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Figure 38: Distribution ratio as a function of acid concentration for samples N6.Tc.Zr
- N10.Tc.Zr and C6.Tc.Zr - C10.Tc.Zr.

4.11 Technetium Separated from Aqueous Hydrochloric Acid in the

Presence of Uranium

Technetium separations were performed and analysed as described in Section 4.6,
but omitting aqueous nitric acid for aqueous hydrochloric acid (6 - 10 M). Above
concentrations of 7 M aqueous HCI, a third phase was observed, as shown in red in
Table 17. The volume of the third phase, when obtained, was immeasurable in terms
of the desired accuracy, therefore the distribution ratio calculations and relevant
assumptions were made as described in Section 4.6. The data presented in Table 17
details the distribution ratio data for samples C6.Tc.U - C10.Tc.U as a function of
aqueous hydrochloric acid concentration. Figure 39 illustrates the trend in technetium

separation as a function of increasing aqueous hydrochloric acid concentration.

The distribution ratio data presented in Table 17 shows that optimum separation of
technetium is observed at 10 M aqueous hydrochloric acid. Figure 39 illustrates the

trend in technetium separation in the presence of uranium, where an increase in
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distribution ratio from 0.58 - 3.97 is observed over samples C6.Tc.U - C10.Tc.U, i.e.
the distribution ratio increases as a function of aqueous hydrochloric acid
concentration. The highest distribution ratio was observed for sample C10.Tc.U in
these systems analysed which corresponded to around 80 % technetium separation in

to the overall organic fraction.

Comparatively, the amount of technetium separated in the presence of uranium is
lower over the whole concentration range analysed, than both technetium separated
from pure HCI and technetium separated in the presence of zirconium. This could be
due to the high distribution ratios observed for uranium separated from agueous
hydrochloric acid, implying there may be preferential complexation of the TBP with
the uranium over the uranium-pertechnetate species. The presence of chloride may
also inhibit the formation of an analogous extractable complex, such as
[UO2(NO3)(TcO4)(TBP),], thought to aid pertechnetate separation in uranyl-nitrate
systems.

Cé6. C6.5. Cr. C7.5. Cs8. C8.5. Co. Co.5. C10.

Sample
Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U

[HCI] /M 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Distribution
] 0.58 0.98 1.08 1.23 1.63 1.82 2.30 2.83 3.97
Ratio D
LogD -0.07 -0.01 0.03 0.09 0.21 0.26 0.36 0.45 0.60

Table 17: Initial aqueous phase concentration and distribution ratio data for samples
C6.Tc.U - C10.Tc.U.
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Figure 39: Distribution data as a function of acid concentration for samples C6.Tc.U
- C10.Tc.U.

4.12 Technetium Separated from Aqueous Nitric and Hydrochloric Acid

Technetium was separated from aqueous mixtures of nitric and hydrochloric acid (1-
9 and 9-1 M, respectively, 2 mL total) using TBP-OK (30 % TBP by volume).
Samples C9:N1.Tc - C1:N9.Tc were spiked with **Tc (*°Tc, 287 Bg, 100 uL, 46 uM)
and the resultant aqueous fraction (2.3 uM *Tc) contacted with TBP-OK, using the
same procedures as described in Section 4.6. Both aqueous and organic fractions,
post-separation were analysed as described in Section 4.6. No third phases were

observed in these samples.

The data presented in Table 18 indicates that a higher distribution of technetium was
observed in samples containing a higher aqueous chloride concentration. Sample
C1:N9.Tc showed a D+ of 0.25 which corresponds to ~ 20 % technetium separation
in to the organic fraction. Sample C9:N1.Tc gave a D of around 6.14 where ~ 86 %
technetium separation was observed. These distribution ratios are slightly lower

overall than those observed for the pure HCI system. Conversely, the distribution
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ratios are higher than those observed for pure HNOj3; systems, implying that the
mixed acid aspect gives better distribution ratios overall. However, although the
distribution of technetium is improved by the mixed acid aspect c.f. pure HNO3
systems, the pure HCI systems gave significantly better distribution ratios overall
than any other system analysed. Figure 40 shows a clear relationship between the
distribution ratio of technetium and the concentration of aqueous chloride present.
This preference of technetium separation in the presence of chloride is due to the
reduction of the TcO,4 moiety to its cationic form, Tc(IV), which is easily extracted
by TBP.}®

The separation of Tc into the organic fraction is usually undesired in SNF
reprocessing. However, if aspirations for the separation of Tc became apparent, then

separation using a mixed HCI/ HNOj3 aqueous fraction could be considered.

C9:N1. C8:N2. C7:N3. C6:N4. C5:N5. C4:N6. C3:N7. C2:N8. C1:No9.

Sample
Tc Tc Tc Tc Tc Tc Tc Tc Tc

[H1/M  10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00

[CI/M 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
[NOz]/

M 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Distribut

ion 6.14 3.00 1.38 1.04 0.72 0.70 0.54 0.39 0.25
Ratio D

LogD 0.79 0.48 0.14 0.02 -0.14 -0.16 -0.27 -0.41 -0.60

Table 18: Initial aqueous phase concentrations and distribution ratio data for samples
C1:N9.Tc- C9:N1.Tc.

116



Results and Discussion

INO, ]/ M

o 9 8 7 6 5 4 3 2 1 0
57T 7T 7 T

1.0 1

0.5 — ./

A 00- o
(@] [ |
g -
l/
-0.5 4 /
n
-1.0
ST
0 1 2 3 4 5 6 7 8 9 10

[CIT/M

Figure 40: Distribution ratio data as a function of aqueous acid concentration for
samples C1:N9.Tc - C9:N1.Tc.

4.13 Technetium Separated from Aqueous Nitric and Hydrochloric Acid

in the Presence of Zirconium

Technetium was separated from aqueous mixtures of nitric and hydrochloric acid (1-
9 and 9-1 M, respectively, 2 mL total) using TBP-OK (30 % TBP by volume).
Samples C9:N1.Tc.Zr - C1:N9.Tc.Zr were spiked with Tc (**Tc, 364 Bg, 100 uL, 58
uM) and Zr(IV) (100 uL, 0.023 M) and the resultant aqueous fraction (2.9 uM *°Tc)
contacted with TBP-OK, as previously described in Section 4.6. Both aqueous and
organic fractions, post-separation were analysed as detailed in Section 4.6. No third

phases were observed in these samples.

The data presented in Table 19 outlines the distribution ratios obtained for
technetium as a function of aqueous acid concentration, for samples C1:N9.Tc.Zr to
C9:N1.Tc.Zr. The distribution ratio of technetium is seen to increase from 0.22 to
3.55 for samples C1:N9.Tc.Zr and C9:N1.Tc.Zr, respectively, therefore indicating

the separation of technetium is enhanced by the presence of aqueous chloride. Figure
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41 illustrates the relationship between the Dt and the initial aqueous phase acid
concentration.

Comparatively, analogous systems in the absence of the co-extractable metal
zirconium for all acid combinations and concentrations, give higher distribution
ratios for technetium separation overall. This implies that reduction of the TcO,4 to
Tc*" is a dominating factor in the amount of technetium sequestered into the overall
organic fraction, rather than co-extraction factors.

CL:N9. C2:N8. C3:N7. C4:N6. C5:N5. C6:N4. C7:N3. C8:N2. CO:NL

Sample
Tc.Zr Tc.Zr Tc.Zr Tc.Zr Tc.Zr Tc.Zr Tc.Zr Tc.Zr Tc.Zr

[H1/M 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00  10.00

[CIM/M 1.00 2.00 3.00 4.0 5.0 6.00 7.0 8.00 9.0

[NOs1/M 9.00 8.00 7.00 6.00 5.00 4.00 3.00 2.00 1.00

Distributio
) 0.22 0.33 0.47 0.61 0.82 1.38 1.78 2.57 3.55

n Ratio D
Log D -0.66 -0.48 -0.33 -0.21 -0.09 0.14 0.25 0.41 0.55

Table 19: Initial aqueous phase concentrations, and distribution ratio data for
samples C1.N9.Tc.Zr - C9.N1.Tc.Zr.
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Figure 41: Distribution data as a function of acid concentration for samples
C1:N9.Tc.Zr - C9:N1.Tc.Zr.

4.14 Technetium Separated from Aqueous Nitric and Hydrochloric Acid

in the Presence of Uranium

Technetium was separated from aqueous mixtures of nitric and hydrochloric acid (1-
9 and 9-1 M, respectively, 2 mL total) using TBP-OK (30 % TBP by volume).
Samples C9:N1.Tc.U - C1:N9.Tc.U were spiked with Tc (**Tc, 364 Bg, 100 uL, 58
uM) and U(VI1) (100 uL, 0.17 M) and the resultant aqueous fraction (2.9 uM *°Tc)
contacted with TBP-OK, as described previously in Section 4.6. Both aqueous and
organic fractions, post-separation were analysed as detailed in Section 4.6. No third

phases were observed in these samples.

The data presented in Table 20 and Figure 42 shows the distribution ratios for
samples C9:N1.Tc.U - C1:N9.Tc.U over the mixed aqueous acid concentrations
analysed. As previously observed in these mixed acid aqueous samples in the
absence of a co-extractable metal and in the presence of the co-extractable metal

zirconium, the technetium separation using the co-extractable metal uranium,
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increases as a function of increasing aqueous chloride concentration. Sample
C9:N1.Tc.U gave a distribution ratio of 3.25 which corresponds to ~ 75 %
technetium separation in to the organic fraction. Conversely, sample C1.N9.Tc.U
gave a distribution ratio of 0.10 which corresponds to ~ 10 % technetium separation.
The preference of technetium separation from aqueous hydrochloric acid media is
thought to be due to the reduction of the heptavalent technetium to Tc(IV), which is
easily extracted using TBP. Further, the distribution ratio data obtained for samples
C9:N1.Tc - C1:N9.Tc and C9:N1.Tc.Zr - C1:N9.Tc.Zr demonstrated a higher
separation of technetium overall, than that obtained for samples C1:N9.Tc.U -
C9:N1.Tc.U. This suggests that separation of technetium from mixed acid aqueous
fractions in the presence of uranium is inhibited c.f. in the absence of a co-extractable

metal and in the presence of zirconium.

C1:N9. C2:N8. C3:NT7. C4:N6. C5:N5. C6:N4. C7:N3. C8:N2. C9:N1.

Sample
Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U Tc.U

[H/M 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00

[CIM/M 1.00 200 3.00 4.00 5.00 6.00 7.00 8.00 9.00

[NOs]/M 9.00 800 7.00 6.00 5.00 4.00 3.00 2.00 1.00

Distribution

. 0.10 0.19 0.37 0.60 1.23 1.58 2.21 2.60 3.25
Ratio D

LogD -1.00 -0.72 -0.43 -0.22 0.09 0.20 0.34 0.41 0.52

Table 20: Initial aqueous phase concentrations and distribution ratio data for samples
C1:N9.Tc.U - C9:N1.Tc.U.
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Figure 42: Distribution data as a function of acid concentration for samples
C1:N9.Tc.U - C9:N1.Tc.U.

4.15 Summary of Technetium Extraction Behaviour in Modified PUREX

Systems

Overall, technetium separated from aqueous nitric acid was enhanced in the presence
of co-extractable metals, especially in the presence of zirconium. The distribution
ratios observed for technetium separated from aqueous hydrochloric acid were
significantly higher than those observed for analogous nitrate containing systems.
The presence of co-extractable metals did not enhance the separation of technetium
from HCI. A higher separation was observed in HCI containing systems at higher
aqueous acid concentrations. For mixed chloride and nitrate systems, increasing

distribution ratios were observed with ascending aqueous chloride concentrations.
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5 Modified PUREX Systems Relevant to Actinide Separation

5.1 Uranium Separated from Aqueous Nitric Acid

Much work over the last 50 years has focussed on the separation of uranium from
nitric acid using TBP, so this work was not intended to compete with previous data,
but was simply used as a direct point of comparison for additional studies. It was also
helpful to develop methodologies and compare data to ensure good laboratory

practice.

Uranyl nitrate [(UO2(NO3),].6H,0 (0.04 M) was used as received and dissolved over
a range of aqueous nitric acid concentrations (2-16 M) and the resultant aqueous
phases contacted with TBP-OK (30 % TBP by volume), mechanically agitated for
approx. 10 minutes and centrifuged for full phase separation. The nitrated uranium
species was used at it retained anionic consistency with the aqueous nitric acid. The
organic phases were analysed by proton decoupled P NMR spectroscopy.
Distribution ratios were calculated with data received from ICP-OES analysis from
aliquots of the resultant aqueous and organic phases which were treated as described

for similar analyses in Section 4.2.

Distribution ratio (Dy) data for separated uranium is presented in Table 21. The data
shows that an initial agueous HNO3 concentration of 16 M gives a Dy of ~ 100. This
equates to almost 100 % uranium separation. The Dy increases as a function of
aqueous nitrate concentration. Uranium separated from aqueous nitric acid using
TBP gave high distribution ratios across the whole aqueous nitric acid concentration
range analysed. The distribution ratios as a function of aqueous nitric acid
concentration are pictorially represented in Figure 43. Previous data has suggested
that U(VI) separated from aqueous nitric acid using 1.1 M TBP in dodecane gave
distribution ratios of ~ 20 at 8 M aqueous nitric acid.*?® This is lower than the value
calculated here where a distribution ratio of ~ 50 was observed for U(V1) separated
from 8 M aqueous nitric acid. Dietz et al. showed that the distribution ratio of U(VI)
using 1.1 M TBP in dodecane at 10 M was ~ 40.** Further, Todd et al. have reported

several uranium distribution ratios for these systems over nitric acid concentrations
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of between 0 and 7 M aqueous nitric acid. Their studies suggest very similar data to
those presented in Table 21; around 2, 4 and 6 M aqueous nitric acid concentration,

the distribution ratios were calculated to be 20, 40 and 50, respectively.™

Sample N2.U N4.U N6.U N8U N10.U N12U NI14.U NI16.U

[HNOs] /M 200 400 6.00 800 10.00 12.00 14.00 16.00

Distribution

_ 19.00 24.00 32.33 49.00 49.00 49.00 99.00 99.00
Ratio (D)

Log D 128 138 151 169 1.69 1.69 1.99 1.99

Table 21: Initial agueous phase composition and distribution ratios for samples N2.U
- N16.U.

123



Results and Discussion

2.00 -

1.75 /

)
(m) 1.50 u
>
o
-l /
/.
1.25 1 .
1.00 — T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18
[HNO] / M

Figure 43: Distribution data as a function of acid concentration for samples N2.U -
N12.U.

The *'P NMR spectra recorded at - 50 °C of the organic phase post extraction for the
samples detailed in Table 21 are presented in Figure 44. There is a small shift in the
resonance corresponding to the HNO3-TBP adduct at around -1.6 ppm, observed in
the identical, metal free systems. The sharp signal observed at 1.5 ppm is thought to
be the result of uranyl complexation with the TBP moiety, most likely
[UO2(NO3)2(TBP),]. For higher aqueous nitric acid samples, N12.U - N16.U, there is
a further signal observed at 2 ppm. This could indicate the formation of a more
nitrated species, such as [UO,(NOs)s. TBP]™. Further analysis using EXAFS
spectroscopy, for example, may indicate any alternative speciation at high acidities.
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Figure 44: *'P NMR spectra of the post extracted organic phase for samples N2.U -
N16.U at -50 °C.

Extended X-ray Absorption Fine Structure (EXAFS) spectra were collected at the
DIAMOND light source, Oxford, for the organic phase post extraction for sample
N8.U. The fitted R-space and k3-space spectra and numerical parameters are detailed
in Figure 45 and Table 22, respectively. The fit is in good agreement with the
[UO2(NOs)2(TBP),] species that is commonly considered the dominant organic phase
species in PUREX systems.™* This is a best fit analysis, however. The fit is modelled
using 2 nitrate groups with the oxygen and phosphorus of the phosphate group. Both
nitrate group oxygen and phosphate group oxygen atoms are within the primary
coordination shell with the phosphorus of the phosphate group held in the secondary
is the nitrogen of the nitrate group. This confirms that the signal observed in the
corresponding *'P NMR spectra at 2 ppm is due the phosphorous environment in

[UO2(NO3)2(TBP)2].
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Figure 45: k3-weighted y(k)-function (top) and Fourier transform (bottom) of U Ly,
edge EXAFS data for (UO,)** extracted into 30 % TBP-OK from 8 M HNO;
aqueous solution. The data are fitted to [UO2(NO3),(TBP),].
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Sample Shell  Occupancy o’ Eo(eV) Ri(A) Ri(A) AR(A)

Oyl 2 0.03331 1.9980 1.7525 0.2455

(UO,)** extracted into

30 % TBP-OK from8 N (nit) 2 0.00436 24572  2.5254 -0.0681
M HNOs;, fitted to
[UO2(NO3)o(TBP),] _
O (nit) 4 0.00111 7.227 29460 2.9684 -0.0224
Amp = 0.968
N/O
R factor = 0.019 8 0.00221 41401 4.1849 -0.0448
. (MS)
X~ =1267.67
O(phos) 2 0.00273 17675 1.7571 0.0104

Table 22: Parameters obtained from EXAFS fits in k*-space for (UO,)*" extracted
into TBP-OK (30 % TBP by volume) from 8 M aqueous HNOs. Ey is the relative
shift in ionization energy, Ri is the initial distance of the shell (A) and Ry is the
refined distance of the shell (A). Statistics of fit (x* and r-factor) and amplitude factor
(Amp) provided.

5.2 Uranium Separated from Aqueous Hydrochloric Acid

Uranyl chloride [UO,Cl,.xH,0] (0.06 M) was synthesised in house by dissolution of
UQO;3 (10 g) into aqueous hydrochloric acid (HCI) (40 mL). It was assumed that all of
the UO3; was converted into [UO,Cl,.xH,0]. UO,Cl, (0.06 M) was subsequently
dissolved over a range of HCI concentrations, samples C2.U - C12.U. Each resultant
aqueous phase was contacted with TBP-OK (30 % TBP by volume), mechanically
agitated for approx.10 minutes and centrifuged for full phase separation. The organic
fraction post separation was analysed using proton decoupled *P NMR
spectroscopy. Distribution ratio data was obtained through ICP-OES analysis.
Solution preparations for ICP-OES analysis are described in Section 4.2 but using
HCI for back extraction rather than HNO3. The volume of the third phase, when

obtained, was again immeasurable in terms of the desired accuracy and therefore the
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distribution ratios calculations and relevant assumptions were undertaken as

previously described in Section 4.2.

Distribution ratio (Dy) data for separated uranium is presented in Table 23, as well as
initial agueous HCI concentrations. The Dy increases as a function of aqueous HCI
concentration. The data shows that an initial aqueous chloride concentration of 12 M
gives a Dy of ~ 100. This equates to almost 100 % uranium separation. The Dy for
sample C2.U is 0.35 which equates to a 25 % separation of uranium. Between
samples C2.U and C6.U, there is a large increase in the Dy observed, reaching almost
100 % separation of uranium at aqueous HCI concentrations of 6 M. Above 8 M
aqueous HCI concentration, a third phase was observed throughout the overall
organic layer. Samples in which a third phase was observed are shown in red in
Table 27. Figure 46 is a pictorial representation of the distribution ratios for samples
C2.U - C12.U. Previous literature has suggested an increase in Dy with increasing
aqueous HCI concentration up to a maximum Dy of 100 at ~ 8 M aqueous HCI. The
Dy then decrease by an order of magnitude to ~ 10 at 13 M aqueous HCL.*** This

data was however, recorded using a pure TBP organic fraction without diluent.

Another study offered similar results, where a maximum Dy of 70 was observed at ~
8 M aqueous HCI concentration. The Dy was then seem to decrease to ~ 50 at 12 M
aqueous HCI concentration.’* This previous study however, was carried out using

benzene or carbon tetrachloride as diluents.
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Sample Cc2.U C4.U C6.U Cc8.U Cci0.uU Ci2.U
[HCI] /M 2.00 4.00 6.00 8.00 10.00 12.00
Distribution

_ 0.35 4.26 24.00 32.33 49.00 99.00
Ratio (D)
Log D -0.45 0.63 1.38 1.51 1.69 1.99

Table 23: Initial aqueous phase concentrations and distribution ratios for samples

C2.U-C12.U.
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Figure 46: Distribution data as a function of acid concentration for samples C2.U -

Cl2.u.

P NMR data of the post extracted organic phases were collected at -50 °C, as

detailed in Figure 47. Conditions below room temperature were necessary to observe

resolved signals within the NMR spectra for these samples, as ligand exchange

processes did not allow acceptable signals to be observed at room temperature. There

is one phosphorus signal seen at ~ 0 ppm which is not observed to deviate over the
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aqueous HCI concentration range analysed. This trend is much the same as TBP
contacted with HCI in the absence of any metal species. The lack of any signal that
could be assigned to a U-TBP type complex in the organic phase NMR for samples
C8.U - Cl12.U, could in part be due to the complexed metal species being
predominantly retained in the third phase rather than the (light) organic phase. The
high distribution values observed for samples C6.U - C12.U would corroborate this
conclusion, as enough uranyl is separated to give a U-TBP type complexation signal.
However, for samples in which a third phase was not observed visually, the lack of
any observed complexation signal in the NMR spectra is not explained by third phase
formation. It is possible though that third phase has formed but with such a low
volume that it cannot be detected by the naked eye. The majority of the complexed
uranyl may still be retained within the small volume of third phase present leaving
only a small amount uranyl in the light organic fraction, and is not of a significant

quantity for NMR detection with the parameters used.

The subsequent *'P NMR spectra for the analysed third phases at - 50 °C, presented
in Figure 48, show an additional phosphorus environment in solution in addition to
what is thought to be the phosphorus signal due to the HCI-TBP adduct, seen at ~ -2
ppm. No resonance signals were observed at RT or several subsequent lower
temperatures; at - 50 °C, a resonance signal was observed. This could imply that
ligand exchange was too fast to observe a signal. The complexed species is thought
to be [UO,CI,(TBP),]. However, to confirm this species dominates the organic
fraction, further analysis is required, such a solution state EXAFS spectroscopy.
Although here, third phase samples were analysed via NMR, it was not possible to
define an exact volume in which to calculate separate distribution ratios. Here, only
200 uL of each phase was needed, and therefore NMR analysis was possible. Exact
separation of the phases was also challenging and could not be done with precise
enough accuracy to report, with the equipment used.
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Figure 47: *'P NMR spectra of the post extracted (light) organic phase for samples

C2.U-C12.U at-50 °C.
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Figure 48: *'P NMR spectra of the post extracted third phase for samples C2.U -

C12.U at- 50 °C.
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Extended X-ray Absorption Fine Structure (EXAFS) spectra were collected for the
sample C5.U, using the ANKA beam line, Karlsruhe, Germany. Uranyl chloride was
synthesised from uranyl nitrate at the INE site. The resultant uranyl chloride (1.72
mM) solid was dissolved in to 5 M HCI (0.5 mL) and the resultant agueous phase
contacted with TBP-OK (30 % TBP by volume). A lower initial aqueous phase HCI
concentration was used here to avoid third phase formation and hence acquire a more
realistic view of the speciation within the organic fraction. With more time, a
separate third phase sample would also have been analysed.

EXAFS of the organic fraction is best fit to the complex [UO,Cl,(TBP),4]. The data
presented in Table 24 details the numerical fit parameters for the [UO,CIl,(TBP)4]
species. This is a best fit analysis, however. All parameters are within the bounds of
an excellent fit. Although this complex is not thought to be the most likely to be
found in the organic fraction post separation, that being [UO,Cl,(TBP).], it remains a
charge neutral species. Although the coordination number of the fitted complex is
high for typical uranyl complexes, but it is still feasible to have six coordination sites

about the uranyl equatorial plane.

The R-space and k3-space spectra are presented in Figure 49 and show the fit
modelled on previously defined crystal structures.
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Figure 49: k3-weighted y(k)-function (top) and Fourier transform (bottom) of U
L -edge EXAFS data for (UO,)** species within an organic phase of 30 % TBP-OK
post extraction, from an initial aqueous phase of 5 M HCI. The data are fitted to
[UO,CIy(TBP)4].
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Sample Shell  Occupancy o’ EoeV) Ri(A) Ri(A) AR(A)

(U0, Oyl 2.00 0.00103 1.7708 1.7868 -0.0159
extracted into

30 % TBP-OK Cl 2.00 0.00208 2.6970 2.7006 -0.0036
from 5 M HCI,

fitted to Oyl

[UO,CL(TBP)]  (MS) 2.00 0.00207 9.939 35279 3.5733 -0.0454
Amp =0.814

R factor = O(phos) 4.00 0.01139 2.3965 2.3719  0.0248

0.020
X' =3571 P(phos) 4.00 0.00929 3.5623 3.8157 -0.2534

Table 24: Parameters obtained from EXAFS fits in k*-space for (UO,)*" extracted
into TBP-OK (30 % TBP by volume) from an initial aqueous phases composition of
5 M HCI. Ejy is the relative shift in ionization energy, Ri is the initial distance of the
shell (A) and Ry is the refined distance of the shell (A). Statistics of fit (x> and
r-factor) and amplitude factor (Amp) provided.
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5.3 Uranium Separated from Mixed Aqueous Nitric and Hydrochloric

Acid

Solutions with various concentrations of aqueous uranyl nitrate and aqueous uranyl
chloride mixed solutions were used (1 - 9 M chloride and 9 - 1 M nitrate,
respectively; samples C1:N9.U - C9:N1.U) where the overall concentration of
uranium in each solution was 0.086 M throughout. The resultant uranium containing
aqueous phases were contacted with TBP-OK (30 % by volume) as described
previously in Section 4.2. The organic phase was directly analysed via proton
decoupled *'P NMR spectroscopy. Distribution ratios (Table 25) were calculated
using data obtained from ICP-OES of the individual phases using the sample
sampling procedure as described in Section 4.2. Third phases were not observed in

any of these samples.

The data presented in Table 25 and Figure 50 shows an increase in the uranium
separation as a function of increasing aqueous nitrate concentration. Sample
C1:N9.U gives the highest Dy of 49.00 assumingly as it contains the highest aqueous
concentration of nitrate. The Dy decreases to a minimum of 5.66 for sample C5:N5.U
which has an equal aqueous concentration of both nitrate and chloride. Sample
C9:N1.U, which contains the highest concentration of chloride gave a Dy of 24.00. It
is clear that the Dy is improved in the presence of nitrate. It can be said that there is
evidence for improved separation of uranium at higher aqueous acid concentrations,
but a more significant improvement is observed with regard to higher aqueous nitrate
concentrations. Overall however, the distribution ratios associated with uranyl
separation from mixed acid aqueous phases does not enhance separation. Higher
distribution ratios are observed in general in the corresponding individual acid
systems c.f. the distribution ratios outlined in Table 25. It is feasible that the
competing anionic presence of multiple anion types in solution is inhibiting the
effective separation of the uranyl moiety by the TBP. This could explain why the
lowest distribution ratio is observed at equal concentrations of nitrate and chloride in

the initial aqueous fraction.
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CIIN C2N C3IN C4N C5N C6N C7:N C8N CO9N

Sample

9.U 8.U 7.U 6.U 5.U 4.U 3.U 2.U 1.U
[H]/M 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
[CIT/M 1.00 200 3.00 400 500 600 700 800 9.00

[N03+] IM 9.00 8.00 7.00 6.00 5.00 4.00 3.00 2.00 1.00

Distribution

_ 49.00 2400 1329 900 566 7.33 566 1150 24.00
Ratio (D)

Log D 169 138 112 095 075 087 075 106 1.38

Table 25: : Initial aqueous phase concentrations and distribution ratios for samples
C1:N9.U - CO9:N1.U.
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Figure 50: Distribution data as a function of acid concentration for samples C1:N9.U
- CO:N1.U.
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The 3P NMR data for the samples detailed in Table 31, recorded at -50 °C, are
presented in Figure 51. Based on previous data collected, the acid-TBP adduct is
assigned to the signal at -2 ppm. In addition, a signal at 1.5 ppm is observed,
decreasing in intensity with descending aqueous nitrate concentration. A chemical
signal is observed at 3.5 ppm which increases in intensity with ascending chloride

concentration.

The UO,**-NO3-TBP-OK systems previously discussed, show a chemical signal
recorded in the *'P NMR spectra at around 1.5 ppm (Figure 44). It is therefore with
good reason, that the signal observed at 1.5 ppm in Figure 51 is due to the complexed
UO,**-NO5-TBP type species. The additional signal observed at around 3.5 ppm in
Figure 51 is not seen in the UO,?*-CI-TBP-OK systems (Figure 48) nor the UO,**-
NO3-TBP-OK systems, possibly implying the formation of a mixed chloride/nitrate

uranyl complex.
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Figure 51: *'P NMR spectra of organic phase post extraction for samples C1:N9.U -
C9:N1.U.
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A number of other aqueous chloride and nitrate uranium containing combinations
were analysed for their effectiveness of uranium separation via the same
methodologies, i.e. retaining aqueous nitrate at one concentration and varying the
aqueous chloride concentration, and vice versa. The *'P NMR spectra gave almost
identical results to those outlined in Figure 51. Systems where the aqueous nitrate
concentration was retained at 8 M saw the prominence of the signal observed at 1.5
ppm throughout the NMR spectra. This indicates that the UO,-NO3-TBP species
dominates these systems. The distribution data were also remarkably similar with
improved separation of uranium observed in systems tending towards higher aqueous

nitrate concentrations.

Extended X-ray Absorption Fine Structure (EXAFS) spectra were collected for the
sample C2:N10.U at the DIAMOND light source, Oxford. This initial aqueous phase
was chosen as it contained a significantly higher aqueous nitrate concentration
compared to the aqueous chloride concentration. Unexpectedly, the organic phase
speciation was dominated by the [UO,CI,(TBP),] moiety, according to the fitted R-
space and k3-space spectra shown in Figure 52. Table 26 details the numerical
parameters associated with this fit. Various fit parameters were exhausted using a
pure nitrate primary coordination shell as well as a mixed nitrate/chloride shell, but
this was clearly the best fit of the data collected for this sample. This model consists
of two axial oxygen atoms, two chloride atoms as well as the phosphate oxygen in its
primary coordination shell and the phosphorus atoms of the phosphate group in the
second coordination shell. Similar fits were obtained for the EXAFS spectra from
samples C6:N6.U (Figure 53 and Table 27) and C10:N2.U (Figure 54 and Table 28)
obtained in the same manner as described here. It should be noted here, that the fits

are a best fit average, however.
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Figure 52: k3-weighted y(k)-function (top) and Fourier transform (bottom) of U
L, -edge EXAFS data for (UO,)** extracted into 30 % TBP-OK, from an initial
aqueous phase consisting of 10 M nitrate and 2 M chloride (12 M H™). The data were
fitted to [UO,Cl,(TBP),].
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Sample Shell  Occupancy o’ Eo(eV) Ri(A)  Ri(A) AR(A)
(UOy)*
. Oyl 2.00 0.00180 1.7545 1.7868 -0.0323
extracted into
30 % TBP-OK
from10 M Cl 2.00 0.00783 2.6944 2.7001 -0.0062
NOs;/2 M CI/
12 M H* oyl
2.00 0.00361  4.408 3.5089 35736 -0.0647
[UOCI(TBP),]  (MS)
Amp=0.929  O(phos) 2.00 0.00627 24193 23717  0.0496
R factor =
0.0159
P(phos) 2.00 0.01186 4.0928 3.8157 0.2771
X* = 4504.87

Table 26: Parameters obtained from EXAFS fits in k*-space for (UO,)*" extracted

into TBP-OK (30 % TBP by volume) from an initial aqueous phases composition of

10 M nitrate and 2 M chloride. Eq is the relative shift in ionization energy, Ri is the
initial distance of the shell (A) and Ry is the refined distance of the shell (A).

Statistics of fit (3° and r-factor) and amplitude factor (Amp) provided.
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Figure 53: k3-weighted y(k)-function (top) and Fourier transform (bottom) of U
L, -edge EXAFS data for (UO,)** extracted into 30 % TBP-OK, from an initial
aqueous phase consisting of 6 M nitrate and 6 M chloride (12 M H"). The data were
fitted to [UO,CI,(TBP),].
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Sample Shell  Occupancy o’ Eo(eV) Ri(A) Ri(A) AR (A)
(UOy)*
. Oyl 2.00 0.00333 1.7555 1.7868  -0.0314
extracted into
30 % TBP-OK
from 6 M NOs/ Cl 2.00 0.00945 2.6787 2.7006 -0.0219
6MCI/12M
H*, fitted to 0)Y]
2.00 0.00666  4.637 3.5109 35736 -0.0627
[UO,CIx(TBP),] (MS)
Amp =1.00 O(phos) 2.00 0.00936 2.4288 2.3717 0.0571
R factor =
0.0111 -
) P(phos) 2.00 0.01938 3.6445  3.8157
X* = 3694.43 0.01713

Table 27: Parameters obtained from EXAFS fits in k*-space for (UO,)*" extracted

into TBP-OK (30 % TBP by volume) from an initial aqueous phases composition of

6 M nitrate and 6 M chloride. Ey is the relative shift in ionization energy, Ri is the
initial distance of the shell (A) and R¢ is the refined distance of the shell (A).

Statistics of fit (3° and r-factor) and amplitude factor (Amp) provided.
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Figure 54: k3-weighted y(k)-function (top) and Fourier transform (bottom) of U
L, -edge EXAFS data for (UO,)** extracted into 30 % TBP-OK, from an initial

aqueous phase consisting of 2 M nitrate and 10 M chloride.
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Sample Shell  Occupancy o? Eo(eV) Ri(A)  Ri(A) AR(A)

(UOy)**
extracted into
30 % TBP-OK

Oyl 2.00 0.00333 1.7576  1.7868  -0.0292

from 2 M NO3/ Cl 2.00 0.00809 2.6799 27006  -0.0207
10MCI/12M
H”, fitted to oyl

2.00 0.00665 5882 35151 35736 -0.0585
[UOLI(TBP),]  (MS)

Amp=1.00  O(phos) 2.00 0.00806 24084  2.3717  0.0366
R factor =
0.0164 P(phos) 2.00 0.02919 3.7836  3.8157 -0.0321
X’ = 6269.66

Table 28: Parameters obtained from EXAFS fits in k*-space for (UO,)*" extracted
into TBP-OK (30 % TBP by volume) from an initial aqueous phases composition of
2 M nitrate and 10 M chloride. Ey is the relative shift in ionization energy, Ri is the
initial distance of the shell (A) and Ry is the refined distance of the shell (A).
Statistics of fit (3° and r-factor) and amplitude factor (Amp) provided.

In summary, uranyl separated from both aqueous HCI and HNOj; yielded high
distribution ratios, that showed an increase with ascending aqueous acid
concentration. Uranyl separated from mixed chloride and nitrate aqueous fractions
did not enhance the Dy over the concentrations ranges analysed and gave the lowest
distribution ratio of uranyl in sample C5:N5.U, where equal chloride and nitrate
concentrations were utilised in the initial aqueous fraction. There is however, a
discrepancy between the NMR data presented and the fitted EXAFS data for the
mixed acid systems. It was observed that the fitted complex in post separated organic
phase for the mixed acid samples was [UO,CI,(TBP),], despite significantly higher
nitrate concentrations in the initial agueous fraction. One possible explanation is that
EXAFS processing takes an average of the uranyl environments which may have
been dominated by [UO,Cl,(TBP),] scattering shells, in particular the CI” scattering
shell over the possibly weaker NOj3 scattering paths. This may result in the
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[UO,CI,(TBP),] complex dominating the EXAFS profile even though the sample
itself may consist of mainly [UO2(NO3),(TBP),] as indicated in some samples by *'P
NMR spectroscopy. Further work is needed to confirm possible reasoning for this. It
must also be made apparent that the "complex™ notations are not chemically sound,
but merely represent the presence of the TBP species by, what is thought to be,

hydrogen bonding of the phosphate oxygen atom with the metal centre.

5.4 Trace Level Neptunium Separated from Aqueous Nitric Acid

Previous literature suggests that the neptunium oxidation state surrounding solvent
extraction methods, is dependent on the aqueous acid concentration. The work of K.
W. Kim et al. demonstrated that at aqueous nitric acid concentrations of 0.5 M,
approximately 33 % of the neptunium will exist in the +5 state, where the remainder
is Np(V1).2*® These tests were carried out under standard PUREX conditions (30 %
TBP in OK), using electrochemistry to control the oxidation states. It has been
shown, that under PUREX style reprocessing conditions, Np(V) is essentially
inextractable where as Np(VI1) is easily extractable.™® It is thought that Np(VI)
organic phase speciation is dominated, in systems analogous to PUREX, by the
[NpO2(NO3)2(TBP),] species. Here, Np separation behaviour will be related to Np
speciation in the organic phase determined by NMR spectroscopy and EXAFS
analysis. Further, it has been suggested that the relationship for the oxidation of
Np(V) to Np(V1) is thought to occur via the following route:

[NpO,]* + 1/2 NO3 + 3/2 H" = [NpO2]** + 1/2 HNO; + 1/2 H,0 136

Aqueous nitric acid (6 - 10 M, 1.9 mL) was spiked with Np (*’Np(V), 50 Bqg, 100
uL, 81 uM) and the resultant aqueous fraction (4.05 uM %’Np) contacted with TBP-
OK (30 % TBP by volume), as described in Section 4.6. The neptunium was not
manipulated in any way for these batch experiments, hence it can be assumed that the
neptunium oxidation state composition is predominantly Np(V). Both agueous and
organic fractions, post-separation were analysed as described in Section 4.6. It is
clear from the distribution data presented in Table 29 and the pictorial representation

of the distribution ratio of neptunium as a function of aqueous nitric acid (Figure 55),
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that Np separation in these systems is low. This is due to the dominance of the

inextractable +5 Np oxidation state in each aqueous fraction studied.

The distribution ratios as detailed in Table 29, show a small increase in the
separation of neptunium into the organic fraction as a function of increasing aqueous
nitric acid concentration, for each sample analysed. Sample N10.Np, which gave a
neptunium distribution ratio of 0.43 corresponded to less than 30 % neptunium
separation. Under these conditions, neptunium REDOX chemistry is complex.

It is likely that the Np(V) contained within the aqueous fraction is oxidised to
Np(V1), which is effectively separated under PUREX type conditions. This oxidation
of Np(V) to Np(VI) is facilitated by higher aqueous nitric acid concentrations.
Therefore, the calculated 30 % separation observed for sample N10.Np may be the
result of separated Np(VI) from the oxidation of Np(V) to Np(VI), leaving any
unoxidised Np(V) within the aqueous fraction. The use of UV/vis/nIR spectroscopy
to confirm the Np oxidation state composition of these samples was not possible with
the Np concentrations used with the standard spectroscopic techniques available (i.e.

1 cm path length cells).

Sample N6.Np N65Np N7ZNp N75Np N8Np N85Np NONp N95Np  NI1O.Np

[HNOs] /M 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Distribution

) 0.09 0.15 0.16 0.18 0.22 0.25 0.33 0.41 0.43
Ratio D

LogD -1.10 -0.83 -0.79 -0.75 -0.65 -0.60 -0.48 -0.39 -0.37

Table 29: Initial aqgueous phase concentration and distribution ratio data for samples
N6.Np - N10.Np.
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Figure 55: Distribution data as a function of acid concentration for samples N6.Np -
N10.Np.

5.5 Neptunium (Np(V1)) Separated from Aqueous Nitric Acid

Higher concentrations of Np were subsequently used in contact studies to allow the
determination of the Np oxidation state composition in the various phases obtained
and apply other characterisation techniques such as NMR and EXAFS
spectroscopies.

Neptunium(VI) hydroxide solid was synthesized in house via oxidation with
perchloric acid (11.6 M). The resultant solid was dissolved into various concentration
agueous nitric acid (1-10 M) solutions (*’Np(VI), ~ 41 kBg, 2 mL, ~ 3.33 mM)
(samples N1.Np - N10.Np) and those solutions were further contacted with TBP-OK
(30 % TBP by volume). Each sample was mechanically agitated for approx. 15
minutes and centrifuged for full phase separation. The organic phases were directly
analysed by proton decoupled *'P NMR spectroscopy. Parameters (as previously
described in Section 4.6) were altered to account for the paramagnetism of the
Np(VI) ions (as detailed in Section 3.3.1).
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Pre aqueous-organic phase contact, an aliquot of each aqueous phase was analysed
using liquid scintillation counting (LSC), applying protactinium daughter activity
subtraction. Post extraction, an aliquot (50 uL) of the resultant aqueous and organic
phases was taken for LSC analysis. To each aliquot, scintillation fluid (ScintSafe 3,
10 mL) was added and the samples counted for 30 minutes each. From the given
activities, the distribution ratio data for the separation of neptunium in these systems
were calculated. Analysis via NMR spectroscopy and LSC was performed
immediately after phase contact. Some samples were designated for EXAFS analysis
at the KIT-INE beamline at the ANKA synchrotron (Karlsruhe, Germany).

Distribution ratio (Dnp) data for neptunium separated from aqueous nitric acid is
presented in Table 30. The Dy, increases as a function of aqueous nitrate
concentration. Neptunium extracted from aqueous nitric acid with an initial
concentration of 1 M, ~ 60 % separation of the neptunium in to the organic fraction.
The distribution ratios increase more significantly for samples N1.Np to N4.Np and
stabilise for samples N4.Np to N10.Np, as Figure 56 details. for an initial aqueous
nitric acid concentration of 10 M, Dy, was found to be ~ 5 equating to ~ 80 %
neptunium separation. Figure 61 illustrates the change in Dy, as a function of

aqueous HNOj concentration.

Sample N1.Np* N2.Np* N4.Np* N6.Np* N8.Np* NI10.Np*
[HNOs]
1.00 2.00 4.00 6.00 8.00 10.00
/M
Distribution
) 1.70 2.40 4.17 4.45 4.44 4.92
Ratio (D)
LogD 0.23 0.38 0.62 0.65 0.65 0.70

Table 30: Initial agueous phase concentrations and distribution ratios for samples

N1.Np - N10.Np. Here, the asterisk defines non-trace level neptunium samples.
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Figure 56: Distribution ratio data for samples N1.Np - N10.Np as a function of

aqueous HNO;3 concentration.

The nIR spectra were obtained throughout experimentation in order to assess the
oxidation state of the neptunium including post contact. Figure 57 illustrates the
vis/nIR spectra of the aqueous phase post extraction for samples N1.Np - N10.Np.
The signal observed at around 980 nm is indicative of Np(V). Lower aqueous nitric
acid concentrations indicate a greater presence of the Np(V) compared to that at
higher aqueous nitric acid concentrations. The nIR signal observed at 1200 nm for
the organic fractions for all samples, post separation (Figure 58) show that when
extracted, Np is only present in the organic phase as Np(VI). It is well established
that Np(V) is difficult to extract whereas Np(V1) readily extracts into organic phases,
particularly those containing TBP.**” The amount Np extracted is observed to
increase as a function of agueous HNO3 concentration. Therefore, it is most likely
that at high aqueous HNO3 concentrations Np(V1) is readily stabilised and extracted
into the organic phase, whereas at low aqueous HNO3; concentrations Np(V1) can
reduce to Np(V). It should be noted however, that the validity of directly comparing
aqueous neptunium behaviour before organic phase contact (as previously illustrated
in literature), with the resultant aqueous phase behaviour post organic phase contact,

Is somewhat sceptical.
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Figure 57: Vis/nIR spectra for resultant aqueous phases post extraction, for samples
N1.Np - N10.Np.
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Figure 58: Vis/nIR spectra for resultant organic phases post extraction, for samples
N1.Np - N10.Np.
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An aliquot (200 uL) of the resultant, post-separation organic fraction was taken for
3'p proton decoupled NMR analysis. Each sample was run using identical,
paramagnetic acquisition parameters for 20 hours. The spectra of samples N1.Np -
N10.Np are presented in Figure 59. For each sample analysed, the TBP-acid adduct,
as seen previously, is observed at around -2 ppm. Due to the paramagnetic nature of
the neptunium species, it might be expected that broad resonances are observed in
the NMR spectra. However, what may be the Np-TBP type complexation signal,
observed around 28 ppm, is quite sharp. This signal however, is speculative, and due
to the paramagnetic broadening, the signal observed at around -25 ppm for samples
N6.Np - N10.Np could also be the result of Np-TBP complexation. There is little
literature on the speciation of neptunyl TBP complexes via NMR so it is difficult to

S——

compare.

N8.Np

N6.Np /

NLNp
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Figure 59: 3P NMR of the organic phase post extraction from samples N1.Np -
N10.Np.
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EXAFS spectra were collected for pure NpO,** (**’Np(VI), ~ 5.86 kBg, 0.5 mL, ~
1.9 mM) in 7.2 M HNOj extracted in to TBP-OK (30 % TBP by volume). The fitted
R-space and k3-space spectra, presented in Figure 60 are in good agreement with the
[NpO2(NO3)2(TBP),] complex. The spectra were fitted using the axial oxygen atoms
of the (NpO,)** species and the nitrogen and oxygen atoms of the nitrate anion
group. The oxygen and phosphorus of the TBP moiety were also fitted. Table 31
outlines the parameters obtained from the fit. From the EXAFS data obtained, it is
implied that the complexed species observed in the NMR spectra (Figure 64) is due
to the [NpO2(NO3),(TBP),] moiety. This is a best fit analysis, however.

Sample Shell Occupancy o’ Ri (A) Ri(A)  AR(A)
O (yh 2 0.00131 1.7629 1.7400 0.0229
(NpO,)** extracted
. N (nit) 2 0.00119 2.9909 2.9741 0.0168
into 30 % TBP-OK
from 7.2 M HNO;,
fitted to, O (nit) 4 0.00094 2.5033 2.5251 -0.0218
[NpO,(NO3),(TBP),]
O (nit) 2 0.00221 4.1855 4.1687 0.0168
Amp =0.743 N/O (MS) 4 0.00340 4.1856 4.1688 0.0168

Eo (eV) = 8.896
R factor = 0.018
) O(phos) 2 0.00292 2.3538 2.1991 0.1547
x =5.715

P(Phos) 2 0.00278 3.5770 3.5928  -0.0058

Table 31: Parameters obtained from EXAFS fits in k® space for (NpO,)** extracted
into TBP-OK (30 % TBP by volume), from 7.2 M HNOs. Ey is the relative shift in
ionization energy, Ri is the initial distance of the shell (A) and Ry is the refined
distance of the shell (A). Statistics of fit (y* and r-factor) and amplitude factor (Amp)

provided.
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Figure 60: k3-weighted y(k)-function (top) and Fourier transform (bottom) of Np
L, i-edge EXAFS data for the (NpO,)®* extracted into 30 % TBP-OK, from an initial
aqueous phase consisting of 7.2 M HNOj3. Date were fitted to [NpO2(NO3),(TBP),].

5.6 Trace Level Neptunium Separated from Aqueous Hydrochloric Acid

The separation of neptunium from aqueous hydrochloric acid media has not been
well documented, therefore investigations were undertaken to determine the

optimum conditions for neptunium separation from aqueous hydrochloric acid.

Aqueous hydrochloric acid (6 - 10 M, 1.9 mL) was spiked with Np (*’Np(V), 271
Bg, 100 uL, 81 uM) and the resultant aqueous fraction (4.05 uM *’Np) contacted
with TBP-OK (30 % TBP by volume), as described in Section 4.6. Both aqueous and
organic fractions, post-separation were analysed using the approach described in
Section 4.6. A third phase was observed in samples C7.Np - C10.Np.
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The volume of the third phase, when obtained, was again immeasurable in terms of
the desired accuracy and therefore the distribution ratios are calculated as a
comparison of the resultant aqueous and overall organic fractions as previously

described in Section 4.7.

The data for the separation of neptunium from aqueous hydrochloric acid is
presented in Table 32. The calculated distribution ratios for samples C6.Np - C10.Np
increase with increasing aqueous hydrochloric acid concentration (Figure 61). The
distribution ratios for samples C6.Np - C10.Np are significantly higher than those
observed for samples N6.Np - N10.Np. This implies that the presence of chloride in
the initial aqueous phase enhances the separation of neptunium under these
conditions. Samples C10.Np gave a distribution ratio of ~ 100 which corresponds to
almost 100 % separation. The distribution ratio calculated for sample C6.Np was
indicative of ~ 50 % neptunium separation into the organic fraction. There is little
evidence in the current work that reflects the ability of chloride to manipulate the
neptunium oxidation state to aid separation but it is most likely that the chloride
reduces the Np(V) to Np(IV) which is efficiently extracted by the TBP moiety.

Sample C6Np C65Np C7Np C75Np C8Np C85Np CINp C95Np  CLO.Np

[HNOs]1 /M 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Distribution
Ratio D

1.22 1.44 1.56 2.13 2.58 3.00 4.56 9.00 99.00

Log D 0.09 0.16 0.19 0.33 0.41 0.48 0.66 0.95 1.99

Table 32: Initial aqueous phase composition data and distribution ratio data for
samples C6.Np - C10.Np.
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Figure 61: Distribution data as a function of acid concentration for samples C6.Np -
C10.Np.

5.7 Neptunium (Np(V1)) Separated from Aqueous Hydrochloric Acid

In order to determine whether Np organic phase speciation can be linked to general
Np extraction behavior in the presence of chloride, pure Np(VI) samples at
concentrations required for NMR spectroscopic and EXAFS studies were used for
the following Np speciation studies. Neptunium(VI1)hydroxide solid was synthesized
in house via oxidation with perchloric acid (11.6 M). The resultant solid was
dissolved into solutions with various aqueous hydrochloric acid concentrations (1-10
M) (**’Np(VI), ~ 41 kBg, 2 mL, ~ 3.33 mM; samples C1.Np - C10.Np) and those
solutions were further contacted with a TBP-OK (30 % TBP by volume). Each
sample was mechanically agitated for approx. 15 minutes and centrifuged for full
phase separation. The organic phases were analysed by proton decoupled 3P NMR

spectroscopy, using the acquisition parameters as described in Section 3.3.1.

Distribution ratios were calculated with data collected from liquid scintillation
counting. Some samples were designated for EXAFS analysis at the KIT-INE
beamline at the ANKA synchrotron (Karlsruhe, Germany).
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For neptunium separated from aqueous hydrochloric acid, samples C1.Np - C10.Np,
an aliquot of each aqueous fraction was analysed pre-extraction to determine the
initial aqueous phase activity. Some samples (shown in red in Table 33) formed a
third phase. Analysis via NMR spectroscopy and LSC was done immediately after

phase contact.

Distribution ratio (Dnp) data for neptunium separated from aqueous hydrochloric acid
are presented in Table 33. The Dy, increases as a function of aqueous chloride
concentration. Neptunium was not extracted effectively from aqueous phases of
initial aqueous HCI concentrations below 4 M with Dy, values as low as 0.01
obtained which is significantly lower than those of the analogous aqueous HNOj3;
systems. The distribution ratios increase more significantly for samples C6.Np to
C10.Np, with a large increase in Dy, to 5.47 observed for sample C8.Np
corresponding to over 80 % neptunium separation for this sample. An initial aqueous
HCI concentration of 10 M gives a Dy, of ~ 30 equating to over 90 % neptunium
separation. Although a third phase was observed in samples C8.Np and C10.Np, the
distribution ratios were calculated as a direct separation of the neptunium from the
aqueous to the organic phase as a whole. This method was adopted due to the
observed volume of the third phase being almost negligible, and therefore it was
considered more accurate to measure the activity of the resultant aqueous phase for
these samples. Figure 62 illustrates the change in Dy as a function of aqueous HCI
concentration. It is clear that a higher distribution of neptunium is observed in

systems containing aqueous HCI c.f. aqueous HNO:s.

However, in systems of a lower aqueous HCI concentration, neptunium extraction is

much less effective than those observed in systems of a lower HNO3 concentration.
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Sample C1.Np* C2Np* C4.Np* C6.Np* C8 Np* C10.Np*
[HCI]
1.00 2.00 4.00 6.00 8.00 10.00
/M
Distribution
_ 0.01 0.03 0.21 1.23 5.47 27.00
Ratio (D)
Log D -1.97 -1.58 -0.68 0.09 0.74 1.43

Table 33: Initial agueous phase composition and distribution ratios for samples

C1.Np - C10.Np. Here, the asterisk defines non-trace level neptunium samples.
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Figure 62: Distribution ratio data for samples C1.Np - C10.Np as a function of

aqueous HCI concentration.
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The vis/nIR spectra were obtained throughout experimentation in order to assess the

oxidation state of the neptunium.

The aqueous fractions analysed post extraction, similar to the aqueous HNOj3;
systems, show that the Np remaining exists as Np(V) with little or no Np(V1) species
observed, as Figure 63 illustrates. The significant signal observed at 980 nm in the
nIR data presented in Figure 63 is indicative of Np(V) , whereas there is no Np(VI)
observed due to the absence of a signal at 1200 nm. It indicates that more Np(V) is
present in lower aqueous HCI concentrations post extraction c.f. higher aqueous HCI
concentrations, which is due to an increase in the extraction of neptunium at higher

aqueous acid concentrations

The organic fractions for samples C1.Np - C10.Np were analysed via vis/niR
spectroscopy. The organic fractions for samples C1.Np and C2.Np gave no
significant UV/vis/nIR data due to very little neptunium extraction at these low
aqueous HCI concentrations. For samples C4.Np — C10.Np a signal is observed at
around 1200 nm (Figure 64) which is indicative of Np(V1); there are no additional
signals observed showing Np(VI) dominance in the organic fractions of the samples
analysed. This data also confirms the LSC measurements which showed that greater
neptunium extraction is obtained at higher aqueous HCI concentration , compared to
that obtained at low HCI concentrations. It should be noted however, that the validity
of directly comparing aqueous neptunium behaviour before organic phase contact (as
previously illustrated in literature), with the resultant aqueous phase behaviour post

organic phase contact, is somewhat sceptical.

158



Results and Discussion

0.16

0.14 H

0.12 4

0.10 - — 1M
S . —2M
EL 0.08 —AM
§ 1 ——6M
< 0067 ——8M

1 P‘ —10M
0.04 + “
I
0.02 H
0.00 + =

600 700 800 900 1000 1100 1200 1300
Wavelength / nm

Figure 63: Vis/nIR spectra for resultant aqueous phases post extraction, for samples
C1.Np - C10.Np.
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Figure 64: Vis/nIR spectra for resultant organic phases post extraction, for samples
C4.Np - C10.Np.
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An aliguot (200 uL) of each resultant, post-separation organic fraction from samples
C1.Np — C10.Np was taken for *'P proton decoupled NMR analysis. Each sample
was run using identical, paramagnetic acquisition parameters for 20 hours and the
spectra obtained are presented in Figure 65. For each sample analysed, the TBP-acid
adduct, as seen previously, is observed at around -2 ppm. As previously mentioned
with analogous Np-NOs-TBP systems, due to the paramagnetic nature of the
neptunium species, it might be expected that broad resonances are observed in the
NMR spectra. However, what may be the Np-NO3-TBP type complexation signal,
observed around 28 ppm, is quite sharp. However, the broad resonance observed at
around -25 ppm may also be the result of Np-NOs-TBP type complexation. Despite
minimal neptunium separation at lower aqueous HCI concentrations, what is thought
to be the Np-CI-TBP complexation signal (~ 28 ppm) is still observed, in both C1.Np
and C2.Np samples. Previously reported is the 3P NMR spectrum for the
[NpO.Cl,(Ph3sPO),] species where the complexation signal was observed at 15

ppm.*® This signal was sharp and did not exhibit the characteristic broadening of a

paramagnetic species.
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Figure 65: *'P NMR spectra for the post extracted organic phases from samples
C1.Np - C10.Np.
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The NMR data presented here is notably similar to those data presented for samples
N1.Np - N10.Np implying that the phosphorus signals due to Np-NO3-TBP type
complexation could be very similar chemical shifts. However, it is more reasonable
to suggest that because of the prominence and broadness of the CI-TBP (and NOs-
TBP) adduct signals, the Np-CI-TBP signal may be shielded, and therefore is not

able to be observed here.

EXAFS spectra were collected for pure (NpO,>*) (*’Np(VI), ~ 5.86 kBg, 0.5 mL, ~
1.9 mM) in 5 M HCI extracted in to TBP-OK (30 % TBP by volume). The fitted R-
space and k*-space spectra, presented in Figure 66 are in good agreement with the
[NpO.Cl,(TBP),] moiety. The spectra were fitted using the axial oxygen atoms of the
(NpO,)** species and two chloride atoms. The oxygen and phosphorus of the TBP
moiety were also fitted, with the oxygen atoms of the phosphate group sat in the
primary coordination shell. Table 34 outlines the parameters obtained from the fit.

Sample Shell  Occupancy o’ Eo(eV) Ri(A) Ri(A) AR(A)
(NpO2)™
extracted into 30 OV 2.00 0.00118 1.7781  1.7207  0.0574
% TBP-OK from
5 M HCI. Fitted Cl 2.00 0.00236 2.6086  2.6326  0.0660
to
7.378
[NpO,Cl(TBP),]
O(phos) 2.00 0.00168 24306 22745  0.1561
Amp = 0.863
Rfactor=0.018  p(phos) 2.00 0.00311 35250  3.7052  -0.1802
X’ =16.723

Table 34: Parameters obtained from EXAFS fits in k>-space for (NpO,)?* extracted
into TBP-OK (30 % TBP by volume), from 5 M HCI. Eq is the relative shift in
ionization energy, Ri is the initial distance of the shell (A) and Rs is the refined
distance of the shell (A). Statistics of fit (y* and r-factor) and amplitude factor (Amp)

provided.
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Figure 66: k3-weighted y(k)-function (top) and Fourier transform (bottom) of Np
L -edge EXAFS data for (NpO,)** extracted into 30 % TBP-OK, from an initial
aqueous phase consisting of 5 M HCI. Data were fitted to [NpO,Cl,(TBP),].

5.8 Trace Level Neptunium Separated from Aqueous Nitric and

Hydrochloric Acid

Neptunium was separated from aqueous mixtures of nitric and hydrochloric acid (1-9
and 9-1 M, respectively, 2 mL total) using TBP-OK (30 % TBP by volume). Samples
C9:N1.Np - C1:N9.Np were spiked with Np (**’Np, Bg, 100 uL, 0.46 mM) and the
resultant aqueous fraction (23.03 uM ’Np) contacted with TBP-OK, as described in
Section 4.6. Both aqueous and organic fractions, post-separation were analysed as
detailed in Section 4.6. No third phases were observed in these samples.

The data presented in Table 35 and Figure 67 illustrate the distribution data for
samples C9:N1.Np - C1:N9.Np. From the data presented, it is clear that the lowest
distribution ratio for this data was observed for neptunium separated from equal

concentrations of aqueous nitrate and chloride. Here, the highest distribution of
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neptunium into the organic fraction, was observed for neptunium separated from

aqueous fractions with a higher aqueous chloride concentration. The distribution data

shown here is however, overall much lower than for neptunium separated from

aqueous chloride systems only. Comparatively, neptunium separated from aqueous

nitric acid in the absence of chloride ions was significantly lower than the data

presented in Table 35 and Figure 67, indicating the presence of chloride in the

aqueous fraction enhances the separation of neptunium under these conditions.

S | CO9:N1 C8:IN2 C7:N3 C6:N4 C5:IN5 C4:N6 C3:N7 C2:N8 CI1:N9
ample

P .Np .Np .Np .Np .Np .Np .Np .Np .Np

[H7/M 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00

[CI/M 1.00 2.00 3.00 4.0 5.0 6.00 7.0 8.00 9.0
[NOs/ M 9.00 8.00 7.00 6.00 5.00 4.00 3.00 2.00 1.00
Distribution

) 2.00 1.37 1.17 1.08 1.04 1.08 1.18 1.42 151
Ratio D
Log D 0.30 0.14 0.07 0.03 0.02 0.03 0.07 0.15 0.18

Table 35: Initial aqueous phase concentration and distribution ratio data for samples

C1:N9.Np - C9:N1.Np.
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Figure 67: Distribution data as a function of acid concentration for samples
C1:N9.Np - C9:N1.Np.

5.9 Neptunium (Np(V1)) Separated from Aqueous Nitric and

Hydrochloric Acid

Neptunium(VI) hydroxide solid was synthesized in house via oxidation with
perchloric acid (11.6 M). The resultant solid was dissolved into a mixed acid aqueous
fraction (5 M HCI : 5 M HNO3) (®*'Np(VI), ~ 41 kBg, 2 mL, ~ 3.33 mM). The
resultant aqueous fraction was further contacted with TBP-OK (30 % TBP by
volume), mechanically agitated for approx. 15 minutes and centrifuged for full phase
separation. Post extraction, an aliquot of each phase was taken for LSC analysis. The
distribution ratio for neptunium separation in this system was calculated from LSC

data obtained, as Section 4.6 describes.
An immediate UV/vis/nIR spectrum was taken of the resultant aqueous and organic

fractions. The UV/vis/nIR data for the resultant organic fraction are presented in

Figure 68. There is a large absorption at around 1200 nm indicative of Np(VI). There
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is little Np(V) observed at around 980 nm indicating the dominance of Np(VI) in the

organic fraction post-separation.

The distribution ratio for sample C5:N5.Np was calculated to be 30 which
corresponded to ~ 95 % separation of the neptunium into the organic fraction. The
mixed aqueous phase indicates that a higher neptunium separation is achieved than
those observed for individual aqueous fractions of analogous concentration. A
spectrum of the resultant aqueous fraction was obtained but did not show any

significant peaks due to the high neptunium separation.
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Figure 68: Vis/nIR spectra for resultant organic phases post extraction, for sample

C5:N5.Np.

EXAFS spectra were collected at the ANKA beamline, Germany, for pure (NpO)**
(*'Np(VI1), ~ 5.86 kBg, 0.5 mL, ~ 1.9 mM) separated from a 5 M HCI and 5 M
HNO;3; aqueous mixture extracted in to TBP-OK (30 % TBP by volume). Although
the organic phase for sample C5:N5.Np was observed to be predominantly Np(VI)
before beam line analysis, both at Manchester and in Germany, once on the beam,
this sample was seen to reduce immediately to Np(IV). Attempts to fit the EXAFS
were not successful. Figure 69 illustrates the XANES plot for the organic phase post-
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separation for sample C5:N5.Np, indicating the presence of Np(IV) through the
absence of the shoulder in the XANES region. In contrast, the XANES spectrum
obtained from the organic phase from sample C5.Np (Figure 70) clearly illustrates a
shoulder in the XANES region, indicating the presence of the axial oxygens in the
neptunyl species of either [Np(V)O2]* or [Np(VI)O,]**. The XANES spectrum
presented in Figure 70 is similar to that obtained for the organic phases from both
N7.2.Np and C5.Np samples where Np(V1) is the dominant Np oxidation state in this
phase and both these spectra also display the characteristic shoulder due to the

neptunyl moiety.
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Figure 69: Normalised XANES spectra of the organic phase post extraction for
sample C5:N5.Np.
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Figure 70: Normalised XANES spectra of the organic phase post extraction for

sample C5.Np.

5.10 Trace Level Plutonium Separated from Aqueous Nitric Acid

It is well known that Pu is readily extracted in its 4+ state by TBP.™*® Pu extraction
occurs via the following two complexes: [Pu(NO3)4(TBP);] and
[Pu(OH)2(NO3)2(TBP),].1*° For comparative purposes, the plutonium distribution
ratios at different aqueous nitric acid concentrations, using standard PUREX methods
were determined even though a substantial body of work on the extraction behaviour
of these systems exists. Reports have suggested that an aqueous nitric acid
concentration of around 8 M is required to separate the majority of plutonium before
competition of the nitric acid for TBP moiety outweighs competition between the
TBP and plutonium.**! The concentration range for this work was therefore 6 - 10 M

agueous nitric acid concentration, namely samples N6.Pu - N10.Pu.

Aqueous nitric acid (6 - 10 M, 1.9 mL) was spiked with Pu (**Pu(IV), 271 Bg, 100
uL, 4.94 uM) and the resultant aqueous fraction (24.69 uM %°Pu) contacted with
TBP-OK (30 % TBP by volume), mechanically agitated and centrifuged for full
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phase separation. Both aqueous and organic fractions, post-separation were analysed
using a Liquid Scintillation Counter (LSC) in order to determine the effectiveness of
plutonium separation under these conditions. An aliquot of both aqueous and organic
phases was taken and scintillation fluid (ScintSafe3, 10 mL) added. These samples
were analysed for 30 minutes each and the results compared. Distribution ratio data

was calculated based on the obtained LSC data, as described in Section 4.6.

From the data presented in Table 36, it is clear that the separation of plutonium from
nitric acid increases as a function of increasing aqueous nitric acid concentration.
The plot illustrated in Figure 71 depicts this trend pictorially. The distribution ratio
for sample N10.Pu was calculated to be ~ 85, corresponding to almost 100 %
separation of plutonium in to the organic fraction, under these conditions. The
distribution ratio for samples N6.Pu is ~ 2 which was indicative of ~ 70 % plutonium
separation. This confirms the extent of Pu** extraction at high nitric acid

concentrations that has been previously established.

Sample N6.Pu N6.5.Pu N7.Pu N7.5Pu NB8.Pu N85Pu N9.Pu N95Pu N10.Pu

[HNOs]1 /M 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00

Distribution
Ratio D

2.26 2.56 4.10 5.29 7.44 10.24  19.65  25.77 85.62

LogD 0.35 0.41 0.61 0.72 0.87 1.01 1.29 141 1.93

Table 36: Initial agueous phase concentration and distribution ratio data for samples
N6.Pu - N10.Pu.
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Figure 71: Distribution data as a function of acid concentration for samples N6.Pu -
N10.Pu.

5.11 Trace Level Plutonium Separated from Aqueous Hydrochloric Acid

The extraction of Pu ions from HCI containing aqueous phases has not been well
studied previously, however it has been suggested that complexes such as
[PUCl4(TBP)4], [PuCls(TBP),] and [PuCl,(TBP)] may form on contact with CI" and
TBP in solution.**? It has been proposed that in HCI solutions, Pu(lll) undergoes
nearly complete a-particle induced oxidation to Pu(lV). Also, higher aqueous
chloride concentrations will facilitate higher proportions of Pu(IV).*? Previously
reported data states that a distribution ratio of 10 is achieved using 5 M aqueous

hydrochloric acid separated into TBP-OK (30 % by volume).**

Work presented here
provides a more comprehensive study of Pu*" extraction behaviour by TBP from
aqueous phases containing HCI than has been previously reported. NMR studies
were performed to determine possible organic phase speciation of these systems, and
whether it is related to extraction behaviour. EXAFS studies were not performed due
to time constraints, but are necessary to corroborate any proposed organic phase

plutonium speciation.
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Aqueous hydrochloric acid (6 - 10 M, 1.9 mL) was spiked with Pu (*°Pu(IV), 271
Bg, 100 uL, 4.94 uM) and the resultant aqueous fraction (24.69 uM #°Pu) contacted
with TBP-OK (30 % TBP by volume), as described in Section 4.2. Both aqueous and
organic fractions, post-separation were analysed as detailed in Section 4.6. A third
phase was observed in samples C7.Pu - C10.Pu. The volume of the third phase,
when obtained, was immeasurable in terms of the desired accuracy as was observed
in other examples (e.g. Section 4.7) and therefore the distribution ratios are
calculated as a comparison of the resultant aqueous and overall organic fractions.

Analysis via LSC was done immediately after phase contact.

Plutonium separated from aqueous hydrochloric acid showed an overall increase in
the distribution ratio as a function of increasing aqueous hydrochloric acid
concentration. The data presented in Table 37 and Figure 72 illustrates the change in
distribution ratio for samples C6.Pu - C10.Pu. Sample C10.Pu gave an overall
distribution ratio of ~ 236 which corresponded to > 99 % separation of plutonium in
to the overall organic fraction (both light and heavy). For sample C6.Pu, ~ 74 % of
the plutonium was separated into the organic fraction. The distribution ratios
observed here are overall significantly higher than those observed for analogous
nitrate containing systems, implying that plutonium is effectively separated in the
presence of chloride.

Sample C6.Pu C6.5.Pu C7.Pu C75Pu C8Pu C85Pu C9.Pu C95Pu C10.Pu

[HCI] /M 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.5 10.00

Distribution
Ratio D

2.76 3.92 4.70 6.69 8.80 11.33 27.03 128,51 23554

LogD 0.44 0.59 0.67 0.83 0.94 1.05 1.43 211 2.37

Table 37: Initial aqueous phase concentration data and distribution ratio data for
samples C6.Pu - C10.Pu.
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Figure 72: Distribution data as a function of acid concentration for samples C6.Pu -
C10.Pu.

5.12 Trace Level Plutonium Separated from Aqueous Nitric and

Hydrochloric Acid

Plutonium was separated from aqueous mixtures of nitric and hydrochloric acid (1-9
and 9-1 M, respectively, 2 mL total) using TBP-OK (30 % TBP by volume). Samples
C9:N1.Pu - C1:N9.Pu were spiked with Pu (***Pu, 272 Bg, 100 uL, 5 uM) and the
resultant aqueous fraction (0.25 uM 2*°Pu) contacted with TBP-OK, as described
previously in Section 4.2. Both aqueous and organic fractions, post-separation were
analysed by the same approach described in Section 4.6. No third phases were

observed in these samples.

For plutonium separated from mixed nitrate and chloride aqueous fractions under
these conditions, there is a preference for plutonium distribution into the organic
fraction from higher aqueous nitrate concentrations. The data presented in Table 38
and Figure 73 indicates that plutonium is effectively separated under these

conditions. The distribution ratios presented here correspond to over 90 % separation
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of plutonium into the organic fraction for each samples analysed. The distribution
ratios presented in Table 38 are overall lower than those observed for plutonium
separated from the analogous single acid systems. A distribution ratio of 9.34 was
observed for sample C9:N1.Pu, in comparison to a distribution ratio of 27.03
observed for sample C9.Pu. the distribution ratios observed for plutonium separated
from aqueous nitric acid only, were also observed to be higher overall than the

distribution ratio data calculated for the samples presented in Table 38.

CL:N9 C2:N8 C3:N7 C4:N6 C5:N5 C6:N4 C7:N3 C8:N2 C9:N1
.Pu .Pu .Pu .Pu .Pu .Pu .Pu .Pu .Pu

Sample

[H+] /M 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00

[CIM/M 1.00 2.00 3.00 4.0 5.0 6.00 7.0 8.00 9.0

[NOs]/M 9.00 8.00 7.00 6.00 5.00 4.00 3.00 2.00 1.00

Distribution
14.60 10.30 9.29 9.14 9.32 9.56 9.32 9.11 9.34
Ratio D
LogD 1.16 1.01 0.97 0.96 0.97 0.98 0.97 0.96 0.97

Table 38: Initial aqueous phase concentration and distribution ratio data for samples
C1:N9.Pu - C9:N1.Pu.
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Figure 73: Distribution data as a function of acid concentration for samples
C1:N9.Pu - C9:N1.Pu.

5.13 Plutonium Separated from Aqueous Nitric and/or Hydrochloric

Acid - An NMR study

PUREX type plutonium separations were carried out at the INE-KIT, Karlsruhe,
Germany. A plutonium solution (**°Pu(lV), 41.17 MBq, 0.75 mL, 100 mM), in
aqueous nitric acid, was separated into 10 vials (4.12 MBq, ~ 10 mM Pu(IV)). Each
vial was heated to dryness and the solid redissolved in to various concentrations of
aqueous acid (nitric acid, hydrochloric acid and mixtures of both) (0.75 mL). Each
aqueous fraction was contacted with TBP-OK (30 % TBP by volume), agitated and
centrifuged for full phase separation. The organic fractions were analysed via 3P

proton decoupled NMR spectroscopy at various temperatures.

The 3P NMR spectra recorded for the resultant organic phase, post-separation for
sample N2.Pu is presented in Figure 74. The NMR spectra for sample N2.Pu at ~ 25
°C, show a broad chemical signal from approx. -25 to 25 ppm. This broad signal

NMR spectrum recorded at room temperature (RT) could be the result of the
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paramagnetism of the Pu(IV) species, as well as fast ligand exchange within the
extracted species. As previously observed, this single signal is likely the HNO3-TBP
adduct. However, the Pu-HNOs-TBP complexation signal may potentially be
observed at a similar chemical shift to the HNO3-TBP adduct, and could indicate the
ligand exchange has been slowed within the extracted plutonium complex. At 25 °C,
there are no additional signals observed in the P NMR spectrum for sample N2.Pu.
As the temperature is decreased further to -50 °C, the observed *'P signal in the
NMR spectrum presented in Figure 75, becomes sharper and two resonances emerge
at approximately -1 and 0 ppm. It is likely that the observed broadened signals are
representative of the TBP.HNO; solvate (~0 ppm) and a Pu(IV)-NO3-TBP type
complex (i.e. [Pu(TBP)2(NO3)4]).

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
70 65 60 55 50 45 40 35 30 25 20 15 10 S5 0 5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70
ppm

Figure 74: *'P NMR spectrum of the post separated organic phase for sample N2.Pu
at 25 °C.
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Figure 75: *'P NMR spectrum of the post separated organic phase for sample N2.Pu
at -50 °C.

The 3P NMR spectrum recorded for a system with Pu(IV) ions in aqueous nitric acid
(15 M) (sample N15.Pu), Figure 76, show a broadened resonance at ~ -0.5 ppm for
the organic phase spectrum, recorded at 25 °C, post-separation. The spectrum
recorded for the organic fraction for sample N15.Pu at -50°C, Figure 77, has a
sharper signal with an additional shoulder seen at ~ -1 ppm, possibly indicating the
presence of a Pu(IV)-NOs-TBP type complex. Similar to the NMR spectra recorded
for sample N2.Pu as described previously, it is likely that both TBP.HNO3; and
Pu(IV)-NO3-TBP complexes are formed in these systems, as Pu(lIV) has shown to
separate effectively in PUREX style systems. It is possible that the differences
observed in the NMR spectra between the two different acid concentrations is due to
varying quantities of HNO3/NO; or Pu(IV) ions extracted in to the resultant organic

fraction.
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Figure 76: *'P NMR spectrum of the post separated organic phase for sample N15.Pu
at 25 °C.
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Figure 77: 3P NMR spectrum of the post separated organic phase for sample N15.Pu
at -50 °C.
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The 3P NMR spectra recorded for the resultant organic phase, post-separation for the
sample C2.Pu at RT (25 °C) and - 50 °C are presented in Figures 78 and 79
respectively. The NMR data presented in Figure 78 show a single chemical signal
from approx. 5 to 0 ppm. This is slightly broader than the signal previously observed
for the HCI-TBP adduct at ~ -2 ppm. This broadened signal shown in the NMR
spectrum recorded at room temperature (RT), could be the result of the
paramagnetism from the Pu(lV) present, as well as potentially fast TBP exchange
between the adduct and the Pu extracted species. The NMR spectrum recorded at -
50 °C displays a single signal which is broader compared to the room temperature
spectrum, potentially implying TBP exchange has been slowed further. However, no
discrete NMR signal is observed that can be assigned to an extracted Pu complex
from sample C2.Pu.

The *P NMR spectrum of the organic phase from sample C11.Pu at room
temperature, presented in Figure 80, shows again only one signal at ~ -1 ppm
assigned to the HCI-TBP adduct. The corresponding NMR spectrum recorded at - 50
°C (Figure 81) shows two clear signals; one at ~ 0 ppm due to the HCI-TBP adduct
which is sharper than the signal obtained at RT and a further signal observed at -1.8
ppm. This additional signal is most likely indicative of a Pu-CI-TBP type species,
such as [PuCl4(TBP),] or [PuCl,(TBP)4] or other chemically feasible Pu-CI-TBP
type moieties. The observation of a *P NMR signal due to an extracted Pu complex
from an aqueous phase with 11 M HCI but not from a 2 M HCI aqueous phase is
most probably due to a higher concentration of extracted Pu in sample C2.Pu
relative to that in sample C2.Pu. This is confirmed in the low concentration Pu
studies where generally Pu extraction increases with increasing aqueous HCI

concentration.
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Figure 78: *'P NMR spectrum of the post separated organic phase for sample C2.Pu
at 25 °C.
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Figure 79: *'P NMR spectrum of the post separated organic phase for sample C2.Pu
at -50 °C.
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Figure 80: *'P NMR spectrum of the post separated organic phase for sample C11.Pu
at 25 °C.
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Figure 81: *'P NMR spectrum of the post separated organic phase for sample C11.Pu
at -50 °C.
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The 3P NMR spectra for plutonium separated from mixed nitric and hydrochloric
acid aqueous phases were acquired. Each Pu(lV) (4.12 MBqg, ~ 10 mM Pu(IV))
containing aqueous fraction was contacted with TBP-OK (30 % TBP by volume),
agitated for approx. 15 minutes and centrifuged for full phase separation. The

resultant organic fractions were used for NMR analysis.

The *'P NMR spectrum measured for the separation of Pu(IV) ions from an aqueous
mixed HNOj3 (2 M) and HCI (8 M) phase (sample C8:N2.Pu) shows a single signal at
approximately 5 ppm for the spectrum recorded at 25 °C (Figure 82). This signal is
shifted downfield when compared to both the hydrochloric and nitric single acid
systems at room temperature, which may indicate that a different, dominant species
is being formed in the solvent fraction. Although there may be a number of possible

TBP species in solution, only a single signal is observed.

The most likely explanation of this is the paramagnetic nature of the Pu(IV) shielding
the additional signals, in combination with the dominance of the TBP-acid adduct
resonance which is vast excess. However, previous trace level studies indicate a
lower distribution of Pu from aqueous chloride containing fractions which may
indicate the absence of a signal in the NMR spectrum. The NMR spectrum recorded
at - 50 °C for sample C8:N2.Pu, shows a relatively sharp resonance at -0.2 ppm and a
resonance at -0.4 ppm that is resolved upon the intense signal at -0.02 ppm, as
illustrated in Figure 83. The signal at -0.2 ppm may be representative of the
TBP.HNOj3 or TBP.HCI solvate and the signal at -0.4 ppm is most likely due to a
complexed Pu(IV)-X-TBP species (where X = NO3 or CI’). The decrease in the
temperature of the system is likely to have caused the observed sharpening of the
signal and the peak splitting into two resonances, due to the slowed ligand exchange

at lower temperatures.
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Figure 82: 3P NMR spectrum of the post separated organic phase for sample
C8:N2.Pu at 25 °C.

Figure 83: *P NMR spectrum of the post separated organic phase for sample
C8.N2.Pu at -50 °C.
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The **P NMR spectrum recorded of the organic phase at RT, post extraction from an
aqueous phase containing Pu(lV) ions in 2 M HCI and 8 M HNO3; shows a sharp
signal at approximately - 2.5 ppm, which is overlapped by a broadened signal that is
centred at -1 ppm, as detailed in Figure 84. The sharp signal is likely due to a TBP
solvate, either TBP.HNO3; or TBP.HCI (or a mixture of both) and the broadened
signal may represent an extracted Pu(IV)-TBP containing complex. It is expected
that the majority of the extracted complex will be a nitrate containing species (due to
higher nitric acid concentration in the initial aqueous phase) but there may also be
some extracted chloride containing complexes. The NMR spectrum recorded at - 50
°C for sample C2:N8.Pu, Figure 85, details a sharpened signal at -2.5 ppm, likely to
be a TBP solvate (TBP.HNO3/TBP.HCI); the additional chemical signal, at around -1
ppm, is likely to be an extracted Pu(lV) containing complex. There may be some
mixed anion complexes formed in the organic phase e.g. Pu(IV)-TBP-NOs-Cl, that
undergo ligand exchange with all the Pu complexes present in this phase which is a
possible reason for the obtained spectra being different from the single acid systems
at both - 20 and - 50 °C.
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Figure 84: *P NMR spectrum of the post separated organic phase for sample
C2:N8.Pu at RT.
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Figure 85: 3P NMR spectrum of the post separated organic phase for sample
C2:N8.Pu at -50 °C.
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6 Investigating Aspects of the Proposed GANEX Concept

6.1 Introduction

Whilst the PUREX reprocessing systems has served the nuclear industry worldwide
for many vyears, it is now favourable to develop new reprocessing systems that not
only separate uranium and plutonium, but also the minor actinides. The Grouped
ActiNide EXtraction (GANEX) process has been proposed in which the recycling of
the actinides, uranium through curium occur in a homogenous procedure. The
premise of the GANEX umbrella is to reduce the amount and radiotoxicity of the
generated nuclear waste for improved and safer geological disposal. The recovery of
actinides from spent nuclear fuel is also necessary for fuel fabrication for use in

Generation IV (fast) reactors, or could be transmuted at dedicated facilities.*®

In the "first cycle" the bulk uranium is removed using a monoamide type ligand. The
"second cycle" extracts the remaining actinides and lanthanides into the organic
fraction using a specific solvent system followed by selective back extraction of the
actinides. Various solvent systems have been investigated by several institutions for
use in this separation with differing outcomes. However for the purpose of this work,
the use of NN N’,N’ - tetraoctyl diglycolamide (TODGA) will be predominantly
used as it has shown promise for the extraction of trivalent lanthanide and actinide
ions as well as tetravalent actinide ions.*® The use of TODGA alone however, leads
to low metal loading capacities so it has therefore been suggested that the use of
phase modifiers are employed to increase the metal loading capabilities and also to
reduce the potential formation of a third phase. Tributyl phosphate (TBP), 1-octanol
and N,N’-dimethyl-N,N’-dioctylhexylethoxymalonamide (DMDOHEMA) (Figure
102) have all been suggested as suitable phase modifiers by the European funded
ACSEPT project.”® The flow sheet associated with this work has been labelled
"EURO-GANEX" (Figure 86) to differentiate between this particular flow sheet and

others based on similar principals.
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Figure 86 illustrates the proposed EURO-GANEX flow sheet after the "first cycle”
has occurred in which the bulk uranium is removed by N,N-di(2-
ethylhexyl)isobutyramide (DEHIBA) (Figure 87). The "second cycle" solvent
fraction is treated to remove any separated fission products before undergoing a
scrubbing to strip the transuranic actinides (TRU) using, in this flow sheet, a BTP
type ligand. The BTP type ligands (see Section 1.6.2) are selective to trivalent
actinides over trivalent lanthanides and can also strip Pu(IV). Neptunium speciation
has been deemed complex in these systems and it is therefore necessary to add
reducing agents (here, acetohydroxamic acid (AHA) is favoured) to force the
reduction of Np(V1) to Np(IV) and Np(V).*® The lanthanides are further stripped
using glycolic acid. It is hoped that the solvent phase can be recycled.
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Figure 86: EURO-GANEX flow sheet after initial uranium separation cycle.*
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Figure 87: DEHIBA and DMDOHEMA.

Previous studies have shown that 0.2 M TODGA with 0.5 M TBP in an alkane
diluent can successfully and completely extract minor actinides and trivalent
lanthanides. The addition of 1-octanol (5 % by volume) in to the above solvent
system has also shown improved distribution ratios for some actinides.*® The
following work will focus on the use of TODGA as a stand-alone extractant, or with
the phase modifiers TBP, 1l-octanol and with the ligand DMDOHEMA. Both
TODGA and DMDOHEMA have shown much promise as extractants for both
actinides and lanthanides and have shown good radiolytic stability under
reprocessing conditions.** The GANEX type solvents for this work utilise a 0.2 M
TODGA concentration throughout. When used in combination with either TBP and
DMDOHEMA, those phase modifiers are present at 0.5 M concentrations. The
TODGA/1-octanol solvent uses 0.2 M TODGA with 5 % 1-octanol by volume. The
solvent system using DMDOHEMA as the only extractant utilise 0.5 M
DMDOHEMA. All aforementioned GANEX solvents use a dodecane diluent. All
experiments were carried out at room temperature (RT).
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The lanthanide series was investigated as lanthanides are found throughout spent
nuclear fuel as byproducts of fission. Rare earth elements which incorporate mostly
lanthanides consist of around 40 % of the mass of fission products in spent nuclear
fuel.*? It is therefore necessary to understand their behaviour with respect to

different reprocessing techniques.

6.2 Investigating the Effectiveness of TODGA with Various Phase

Modifiers for the Separation of the Lanthanide Series

Batch experimentation was used to determine distribution ratio data for lanthanides
and some actinides (D, and Da, respectively). Aqueous nitric acid fractions of
various concentration, containing lanthanides and/or actinides were contacted with
the desired solvent system in a 1:1 volume ratio, unless otherwise stated. Samples
were mechanically agitated using a vortex shaker for approx. 15 minutes and
centrifuged for full phase separation. The Ln concentrations were determined by
ICP-MS, with the active isotope concentrations determined by various counting
methods in the Centre for Radiochemistry Research (CRR). A series of lanthanide
(La, Pr, Nd, Sm, Gd, Th, Dy, Ho, Er, Th, Lu; ~ 0.05 M) solutions at a range of
aqueous nitric acid concentrations (1-16 M) were contacted with a combination of
GANEX style solvent systems in order to assess the effectiveness of each with
respect to lanthanide separation, thereby determining the role and impact each

extractant has in this process.

The data presented in Figure 88 shows the distribution ratio data for each lanthanide
analysed as a function of HNO3 concentration, extracted using 0.2 M TODGA in
dodecane. Previously reported is the tendency of this solvent system to form a third
phase above aqueous nitric acid concentrations of ~5 M.*** Above 6 M nitric acid, a
third phase was observed but further analysis on these samples was not performed.
There is a notable trend in the lanthanides Sm to Lu which increase in distribution
ratio as a function of nitric acid concentration. In contrast, the early lanthanides, La,
Pr and Nd, decrease in their distribution ratios as a function of increasing nitric acid
concentration. The absolute distribution ratios for the La, Pr and Nd fall below 1 for
all the nitric acid concentration studied, whereas those ratios for the remaining latter
lanthanides are all > 1.
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The data presented in Figure 88 is somewhat different to that reported by Suzuki et
al., where the distribution ratios for the lanthanides examined were significantly
higher in analogous conditions.**> The contact time for these experiments however,
was significantly longer, in the range of 1 hour, that the contact time used throughout
these experiments. This implies that there is a kinetic effect surrounding the
extraction of these metals in to the organic fraction and therefore thermodynamic
equilibrium was not reached during the 15 minute contact time utilised for these
batch experiments.
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Figure 88: Distribution data for various lanthanides extracted using a 0.2 M TODGA

in dodecane solvent as a function of HNO3 concentration.

Figure 89 illustrates the lanthanide series distribution ratio data as a function of
agueous nitric acid concentration from 1-14 M using 0.2 M TODGA with 0.5 M TBP
in dodecane as the organic solvent. No third phase was observed in these systems due
to the presence of the TBP in the organic fraction. The distribution ratios across the
lanthanides Sm to Lu are seen to generally increase as a function of increasing
aqueous nitric acid concentration (Figure 89). The distribution ratios (plotted as

LogD.n; Figure 89) associated with La, Pr and Nd again all fall below 1. It is clear
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that the early lanthanides in the series separate less efficiently using these TODGA

containing solvent systems, than those found later in the series.

3.0

2.5+

2.0 1
1.5+
1.0 H

0.5

LogD,

0.0 1

-0.5

-1.0 {

-1.5 4

-2.0 LN I DL LA LA LA ERL N DL LA RN NN RN R B |
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
[HNO,] /M
Figure 89: Distribution data for various lanthanides extracted using a 0.2 M TODGA,

0.5 M TBP solvent as a function of HNO3 concentration.

The extractant DMDOHEMA has been developed at it showed particular promise in
the separation of metal nitrates in acidic conditions. It has a low affinity for metal
ions in dilute nitric acid agueous solutions which allows for ease of back-extraction
during the stripping steps. It also complies with the CHON principle and is therefore
incinerable.'*® Recently proposed is the combination of TODGA and DMDOHEMA
in an organic diluent for the separation of transuranics (TRU) and trivalent
lanthanides from spent nuclear fuel. This solvent system has also shown to be
effective in increased plutonium loading without precipitation.**’ The data presented
in Figure 90 gives the distribution ratios over the lanthanide series as a function of
aqueous nitric acid concentration using the solvent system 0.2 M TODGA and 0.5 M
DMDOHEMA in dodecane. There is a clear trend from 1-2 M HNO3, where the
distribution ratio decreases with increasing aqueous HNOj3 concentration. From 2-6
M aqueous nitric acid concentration, the distribution ratio across the lanthanide series

increases with increasing aqueous nitric acid concentration. From 6 M initial aqueous
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nitric acid concentration there in a decrease in the distribution ratios to ~ 8 M,
followed by a further increase to ~ 10 M aqueous nitric acid concentration.

From aqueous nitric acid concentrations of 10 to 16 M, a general decrease is
observed in the distribution ratios for each lanthanide across the series. The data
indicates optimum separation conditions for the entire Ln series are ~ 6 M aqueous

nitric acid concentration for this solvent system.

Figures 88, 89 and 90 collectively display a general trend of improved distribution
ratios with increasing atomic number across the lanthanide series. The early
lanthanides La, Pr and Nd consistently exhibit lower distribution ratios in the
previous three solvent systems detailed than the remaining lanthanides analysed.
Generally, it could be said that higher atomic number lanthanides gave higher

distribution ratios, in the solvent systems analysed.
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Figure 90: Distribution data for various lanthanides extracted using a 0.2 M TODGA,
0.5 M DMDOHEMA solvent as a function of HNOj3 concentration.
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The addition of 1-octanol (5 % by volume) to 0.2 M TODGA in alkane diluents has
been successfully tested for use as a GANEX style solvent. 1-octanol suppresses
third phase formation, as does TBP, but 1-octanol does not extract excess aqueous
nitric acid in to the organic fraction, as TBP does.'*® Figure 91 illustrates the
distribution ratios of the lanthanide series as a function of aqueous nitric acid
concentration using 0.2 M TODGA and 1-octanol in dodecane. The results present a
general trend of increasing distribution ratio with increasing aqueous nitric acid
concentration. Again, the initial lanthanides in the series, La, Pr and Nd, give the
lowest distribution ratios of the metals analysed. The remaining lanthanides analysed
show less of a general trend as observed in the previous three solvent systems
analysed, but all still exhibit a higher distribution ratio than those of La, Pr and Nd,
similar to the data presented in Figures 88, 89 and 90. Overall, the distribution ratios
are higher than those previously described in this Chapter, indicating the
combination of TODGA and 1-octanol gives the most effective separation of

lanthanides from aqueous nitric acid solutions.
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Figure 91: Distribution data for various lanthanides extracted using a 0.2 M TODGA
with 1-octanol (5 % by volume) in dodecane as a function of HNO3 concentration.
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6.2.1 Lanthanides and Actinides Separated Using TODGA/ 1-Octanol

A number of lanthanides (La, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Th, Lu; ~ 0.05 M)
were dissolved in to aqueous nitric acid solutions of 2, 6, 10 and 14 M and contacted
with organic fractions containing a range of TODGA concentrations (0.02, 0.05, 0.1,
0.2, 0.4 and 0.6 M) with 1-octanol (5 % by volume) in dodecane. Figure 92-95
display the distribution ratios obtained with respect to the concentration of TODGA
for each of the aqueous nitric acid concentrations studies. Figure 92 presents the
distribution ratio data obtained for lanthanides separated from a 2 M aqueous nitric
acid fraction. The distribution ratio for each lanthanide analysed increased with
increasing TODGA concentration in the organic fraction. At a 0.2 M TODGA
concentration, commonplace for suggested GANEX style solvent systems, the Ln
distribution ratios across the series were close to zero (in terms of LogD.,). Many
studies have proven that metal separation is enhanced at higher aqueous acid
concentrations; it is therefore likely that the lower separation can be attributed to the
lower aqueous nitric acid concentration overall. A similar trend is observed here as in
previous data presented on this work which illustrates a higher distribution ratio for
metals in the latter part of the lanthanide series. Early lanthanides in the series have
shown lower distribution ratios throughout the systems examined so far. This is also
true of the data presented in Figures 92-95 where La, Pr and Nd exhibit lower
distribution ratios that any other lanthanide analysed at each aqueous nitric acid

concentration and TODGA concentration studied.

The data presented for in Figure 92 however, suggests that the contact time utilised
here is not long enough for extraction equilibrium. Previous literature* presented by
Wilden et al. surrounding lanthanide extraction under similar conditions (0.2 M
TODGA/5 % volume 1-octanol in THP; aqueous phase 1 M HNOj) gave
considerable higher distribution ratios for the lanthanides analysed c.f. the lanthanide
distribution ratios presented here. Further, Wilden et al. demonstrated that under
analogous, ~ 2 M aqueous HNOg3, 0.1 M organic TODGA, the distribution ratios
were between 40 and 110 across the lanthanide series reported. These are
significantly higher than those reported in Figure 92 below, again suggesting a

kinetic dependence of lanthanide extraction in these systems.
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Figure 92: Distribution data for various lanthanides extracted from 2 M HNOs, as a

function of TODGA concentration.

Figure 93 presents the data for lanthanide distribution ratios over a range of TODGA
concentrations separated from aqueous nitric acid fractions of 6 M. The general trend
is similar to that of the data presented in Figure 92. At the lowest TODGA
concentration (0.05 M) analysed however, there is a small decrease in the observed
distribution ratios, in contrast to the initial trend seen in Figure 92. At 0.2 M TODGA
the distribution ratios increase as a direct function of lanthanide atomic number. The
distribution ratios observed for the metals Lu, Yb and Er at TODGA concentrations
above 0.2 M remains constant, whilst a larger increase is observed for the remaining
lanthanides in the series from 0.2 to 0.4 M TODGA. Analysis of systems containing
between 0.4 and 0.6 M TODGA in the initial solvent phase showed that all
lanthanide distribution ratios tended to ~ 3 at 6 M HNOg. Indeed it is thought that
optimum extraction conditions using the GANEX solvent systems are from aqueous

nitric acid concentrations of ~ 5 M.*
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Figure 93: Distribution data for various lanthanides extracted from 6 M HNOs, as a

function of TODGA concentration.

The data presented in Figures 94 and 95 show the distribution ratio data for the
lanthanide series over a range of TODGA concentrations separated from aqueous
nitric acid concentrations of 10 and 14 M respectively. The general trends are similar
to those detailed in Figures 92 and 93; there is an increase in the distribution ratios
for each lanthanide analysed as a function of increasing TODGA concentration. At
0.4 M TODGA concentration at both 10 and 14 M aqueous nitric acid concentrations
the distribution ratios for the majority of lanthanides in the series are ~ 3. Lanthanum
is consistently less efficiently separated than the remaining lanthanides; this is clearly
observed in Figure 95 where, at 0.4 M TODGA concentration, the Dy, is an order of

magnitude lower than the remaining lanthanides.
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Figure 94: Distribution data for various lanthanides extracted from 10 M HNOs, as a
function of TODGA concentration.
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Figure 95: Distribution data for various lanthanides extracted from 14 M HNOs, as a
function of TODGA concentration.
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The proposed Group ActiNide EXtraction (GANEX) process uses the TODGA
molecule to extract trivalent actinides and lanthanides. It is therefore necessary to
assess the effectiveness of the aforementioned ligand in the separation of transuranic
elements from aqueous nitric acid. Technetium is a problematic element in nuclear
reprocessing and is likely to be contained in the envisaged second step of the
GANEX flow sheet. Here, Tc, Np, Am, Eu and Pu are separated from aqueous nitric
acid over a range of organic TODGA and aqueous nitric acid concentrations,
respectively. Each sample was mechanically agitated for approx. 15 minutes and
centrifuged for full phase separation. Aliquots of each resultant agueous and organic
fraction were taken and analysed via LSC in order to establish the distribution ratios

for each isotope under these conditions.

Aqueous nitric acid fractions (8 M) containing Tc, Np, Am, Eu and Pu (**Tc(VII), 12
kBg, 13.66 mM; Z'Np(V), 182 Bg, 21.06 uM; **Am(lll), 258 Bg, 6.03 nM;
B2ZEy(INN, 200 Bg, 0.15 nM; #°Pu(IV), 275 Bg, 0.36 uL) were contacted with
TODGA (0.02, 0.05, 0.1, 0.2, 0.4, 0.6 M) with octanol (5 % by volume) and the

distribution ratio data calculated.

The distribution ratio data for the separation of Tc, Np, Am, Eu and Pu from aqueous
nitric acid as a function of TODGA concentration is presented in Figure 96. It is
clear from this data that the distribution ratio calculated for each metal under these
conditions increases as a function of organic TODGA concentration. The distribution
ratio for technetium at each TODGA concentration analysed however, is notably
lower that those distribution ratios observed for Np, Am, Eu and Pu. The overall
distribution ratios for plutonium are higher than those observed for each of the
remaining isotopes analysed. TODGA has previously shown promise for the
separation of M(IV) (where M is a metal), such as the plutonium used in these
systems. Technetium does not separate well from aqueous nitric acid but does show
improved separation at higher organic TODGA concentrations. Neptunium was
observed to extract in these systems even though the typically inextractable Np(V)
oxidation state was used in these studies. It has previously been shown that Np(V)

disproportionates using GANEX type solvent systems.*°
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It is most likely that the Np is extractable in these studies by the formation of Np(IV)
and Np(VI), which are readily extractable neptunium oxidation states in the aqueous
phase through Np(V) disproportionation. The data recorded for these systems also

showed high levels of extraction for americium and europium.

2.5
2.0
154
| ¥ |—=»—Tc
Ny -
] — = B
g /V/ . Am
/ / s
% 057 Y o—2 /. : A
3 [ |

/ Pu
0.0—- /

-0.5 e
_1.0_- ./

0.0 0.1 0.2 0.3 0.4 0.5 0.6
[TODGA]/M

Figure 96: Distribution data for Tc, Np, Am, Eu and Pu separated from 8 M aqueous
nitric acid, as a function of organic TODGA concentration.

Aqueous nitric acid fractions (1 - 14 M) containing Tc, Np, Am, Eu and Pu
Tc(VII), 12 kBqg, 13.66 mM; Z'Np(V), 182 Bg, 21.06 uM; ***Am(lll), 258 Bq,
6.03 nM; 2Eu(lIl), 200 Bg, 0.15 nM; ?°Pu(VI), 275 Bq, 0.36 uL) were contacted
with TODGA (0.2 M) with octanol (5 % by volume) and the distribution ratio data
calculated.
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The distribution ratio data for Tc, Np, Am, Eu and Pu, presented in Figure 97, is
given as a function of aqueous nitric acid concentration, where 0.2 M TODGA with
octanol (5 % by volume) in dodecane was used as the organic fraction. With the
exception of technetium, the distribution ratios increase as a function of aqueous
nitric acid concentration. The distribution ratio for plutonium is observed to be
higher than the remaining isotopes analysed over the aqueous nitric acid
concentration range tested. The distribution ratio for technetium is seen to decrease
as a function of aqueous nitric acid concentration. However at low initial agqueous

nitric acid concentrations (1 and 2 M) it is observed to separate into the organic

fraction.
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Figure 97: Distribution ratio data for Tc, Np, Am, Eu and Pu separated as a function

of aqueous nitric acid concentration, using a 0.2 M TODGA in dodecane.
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6.3 Lanthanides and Actinides Separated Using DMDOHEMA

As mentioned previously, the monoamide DMDOHEMA (Figure 87) has shown
promise for the separation of trivalent lanthanides and actinides. Its ability as an
effective extractant is enhanced further by its organophilicity which prevents third

phase formation.**

The following data presents distribution ratio data for the lanthanide series separated
from various aqueous nitric acid concentrations and over a range of DMDOHEMA
concentrations to assess the effectiveness of each condition to separate metals
relevant to the reprocessing of spent nuclear fuel. Figure 98 presents the distribution
data for a number of lanthanides as a function of aqueous nitric acid concentration.
Each aqueous fraction was contacted with 0.5 M DMDOHEMA in dodecane and the
phases equilibrated for analysis. The distribution data for the lanthanides analysed
follows a clear trend; at lower aqueous nitric acid concentrations, the distribution
ratios increase with increasing acid concentration. This increase reaches a maximum
distribution ratio of ~ 0.5 at initial aqueous phase nitric acid concentrations of 6 M.
At aqueous nitric acid concentrations above 6 M, the distribution ratios for the

lanthanide series decreases as a function of aqueous nitric acid concentration.

The decrease in lanthanide extraction at higher aqueous acid concentration, using
DMDOHEMA, as shown in Figure 98, could possibly be explained by the higher
concentration of protons at higher aqueous acid concentrations. This may imply that
hydrogen bonding of the acidic protons to the oxygen atoms of the DMDOHEMA
moiety is favoured over the complexation of the metal species in solution, at higher
acid concentrations. However, this is a speculative suggestion and further analysis is

necessary in order to ascertain the foundations of this trend.
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Figure 98: Distribution data for various lanthanides extracted using a 0.5 M

DMDOHEMA in dodecane solvent as a function of HNO3 concentration.

The effective separation of the lanthanide series was analysed over a range of
DMDOHEMA concentrations at various aqueous nitric acid concentrations. Figures
99-102 present the distribution ratio data for lanthanides analysed at 2, 6, 10 and 14
M aqueous nitric acid concentration respectively, contacted with 0.2, 0.3, 0.4, 0.5,
0.6 and 0.8 M DMDOHEMA in dodecane. At the lowest nitric acid concentration
analysed (Figure 99), there is a general trend illustrating an increase in distribution
ratio with increasing DMDOHEMA concentration. However, this particular set of
conditions gave distribution ratios below zero (plotted as LogD.,) and hence
separation is unlikely to occur. It is known to be necessary to use a higher aqueous
acidity to achieve optimum separation. At aqueous nitric acid concentrations of 6 M,
lanthanide extraction was achieved. At DMDOHEMA concentrations of above 0.4
M, separation of all lanthanides was observed. At 6 M aqueous nitric acid, the trend
is clearly linear and shows a distinct relationship between DMDOHEMA
concentration and effectiveness of separation. In contrast to the TODGA containing
systems, the lower atomic mass lanthanides show enhanced distribution ratios
compared to those of the heavier lanthanides, at aqueous acid concentrations of 2 and
6 M.
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Figure 99: Distribution data for various lanthanides extracted from 2 M HNOs, as a

function of DMDOHEMA concentration.

1.0 1
0.5 -
5
a
g
3 00+
0.5 -

——La
—Pr
— Nd
—Sm
—Gd
—Thb
7Dy
—Ho
— FEr
—Yb
—Lu

0.2 0.3 I 0{4 I 0?5 I OTG
[DMDOHEMA] / M

0.7

0.8

Figure 100: Distribution data for various lanthanides extracted from 6 M HNO3, as a

function of DMDOHEMA concentration.
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The separation of lanthanides at higher aqueous nitric acid concentrations presented
the opposite trend to those systems of lower acid concentration. Figures 101 and 102
illustrate the distribution ratio data for lanthanides separated from 10 and 14 M
aqueous nitric acid concentration over a range of DMDOHEMA concentrations. The
data in Figures 101 and 102 shows that lower atomic mass lanthanides gave lower
distribution ratios under the conditions analysed. Lanthanides separated from 10 M
aqueous nitric acid showed enhanced distribution ratios with higher DMDOHEMA
concentrations. However, only at 0.7 M DMDOHEMA and above did all lanthanides
give distribution ratios above zero. Lanthanides separated from 14 M aqueous nitric
acid solutions gave distribution ratios below zero (plotted as LogD.,) for the
majority of conditions analysed. This suggests that aqueous acid concentration is a
dominating factor in the separation of lanthanides under these reprocessing
conditions. DMDOHEMA concentration and lanthanide type factors have been
observed to have little influence on the effectiveness of separation of the lanthanides
analysed. Aqueous nitric acid concentrations of 6 M were shown to give the largest
Ln distribution ratios of the lanthanide metals analysed.
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Figure 101: Distribution data for various lanthanides extracted from 10 M HNOg, as
a function of DMDOHEMA concentration.
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Figure 102: Distribution data for various lanthanides extracted from 14 M HNOg, as
a function of DMDOHEMA concentration.
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Aqueous nitric acid fractions (8 M) containing Tc, Np, Am, Eu and Pu (*Tc(VII), 12
kBg, 13.66 mM; *'Np(V), 182 Bg, 21.06 uM; **Am(lll), 258 Bg, 6.03 nM;
B2ZEy(INn, 200 Bg, 0.15 nM; #°Pu(VI), 275 Bg, 0.36 uL) were contacted with
DMDOHEMA (0.2, 0.3, 0.4, 0.5, 0.6, 0.8 M) in dodecane and mechanically agitated
for approx. 15 minutes. The samples were prepared and analysed as previously
described in this Section 6.2.1.

Distribution ratio data was calculated for Tc, Np, Am, Eu and Pu separated from
aqueous nitric acid using various concentration organic DMDOHEMA fractions. The
data presented in Figure 103 indicates that the highest separation was observed for
plutonium in these systems. Technetium showed little separation over the
DMDOHEMA concentration range analysed, but did exhibit an increased separation
with increasing DMDOHEMA concentration in the organic fraction. Similar to the
data presented in Figure 96, technetium separation was the lowest observed in
comparison to the remaining isotopes analysed. The distribution ratios observed for
the separation of Np, Am and Eu using DMDOHEMA showed an increase with

increasing organic DMDOHEMA concentration.

Aqueous nitric acid fractions (1 - 14 M) containing Tc, Np, Am, Eu and Pu
(*Tc(VI), 12 kBq, 13.66 mM; #?'Np(V), 182 Bq, 21.06 uM; **Am(ll1), 258 Bq,
6.03 nM; *2Eu(lIl), 200 Bg, 0.15 nM; Z°Pu(1V), 275 Bq, 0.36 uL) were contacted
with DMDOHEMA (0.5 M) and the distribution ratio data calculated.

The distribution ratios for the separation of Tc, Np, Am, Eu and Pu as a function of
aqgueous nitric acid concentration are presented in Figure 104. The organic
DMDOHEMA concentration was retained at 0.5 M. With the exception of
technetium, the distribution ratios for Np. Am, Eu and Pu increase with increasing
aqueous nitric acid concentration. As previously observed, technetium separation is
inhibited at higher aqueous nitric acid concentrations. There was no technetium
separation observed for aqueous nitric acid concentrations above 2 M. The
distribution ratios for plutonium are observed to be higher than the remaining

isotopes analysed, over the aqueous nitric acid concentration range.
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The distribution ratio for europium, although increasing as a function of increasing
aqueous nitric acid concentration, shows much higher distribution ratios above 10 M
aqueous nitric acid concentration. Comparatively, the distribution ratios observed for
Tc, Np, Am, Eu and Pu separated using DMDOHEMA were lower overall than those
seen for Tc, Np, Am, Eu and Pu separated using TODGA.
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Figure 103: Distribution data for Tc, Np, Am, Eu and Pu separated from aqueous

nitric acid, as a function of organic TODGA concentration.

205



Results and Discussion

2.5 4
2.0 H
1.5
i v v —a—TC
1.0 v/ o Np
g : /v/. e o« Am
() o——— O -
2 05+ v— Y v—Eu
2 ] / <0 Pu
0.0 o —
] T m n ™ -
-0.5
-1.0
T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14
[HNO,] /M

Figure 104: Distribution ratio data for Tc, Np, Am, Eu and Pu separated as a function

of aqueous nitric acid concentration, using a 0.5 M DMDOHEMA in dodecane.

6.4 Neptunium Behaviour Under GANEX Style Conditions

Neptunium REDOX behaviour is not well understood under current reprocessing
conditions and less understood in proposed reprocessing processes. Improved control
of neptunium REDOX chemistry during the reprocessing of spent nuclear fuel can
reduce the complexity, and hence cost of a process.*®* The following work saw the
production of several Np(VI) containing samples for EXAFS analysis at the ANKA
Beamline, Germany. Aqueous fractions were prepared (see Section 3.3.6) containing
neptunium (0.5 mL max.; 0.22 mg Np-237 / sample, 2 mM) in nitric acid (6 M).
Organic solvents were prepared as outlined in Table 39. Both aqueous and organic
phases were contacted and mechanically agitated for approx. 15 minutes and
centrifuged for full phase separation. The resultant organic phases were sent for

analysis at the ANKA Beamline, Germany.
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[TODGA]/ [DMDOHEMA]/

Solvent [TBP]/M 1-Octanol Diluent
M M

1 0 0.5 0 0 Dodecane

2 0.2 0.5 0 0 Dodecane

3 0.2 0 0.5 0 Dodecane
5 % by

4 0.2 0 0 Dodecane
volume

Table 39: Composition of each solvent system investigated by EXAFS at the ANKA

Beamline, Germany.

From the initial XANES spectra recorded, it was clear that the four samples analysed
reduced immediately on the beamline, from Np(V1) to Np(IV). This implies that the
combination of these environments contributed to a change in oxidation state and
therefore coordination number. The UV/vis/nIR spectra recorded for the solvent two
system immediately prior to beamline analysis, is presented in Figure 105. It clearly
shows the presence of a substantial amount of Np(VI) as indicated by the signal
observed at 1200 nm. The XANES spectra presented in Figure 106 corresponds to
solvent 2 containing systems and illustrates the absence of a shoulder in the XANES
region, indicating the presence of Np(IV). Np(V) and Np(VI) exhibit a shoulder in
their typical XANES region (Figure 73) which corresponds to the axial oxygens of
the neptunyl moiety. Np(IV) does not exist as a neptunyl species and therefore does
not display a shoulder in the XANES region. Neptunium in solvent systems 3 and 4
exhibited similar behaviour to one another as evidenced by UV/vis/nIR and XANES
spectroscopy. This data implies that the beam in some way effects the REDOX
chemistry of neptunium in these systems but the definitive source of this reduction is
not clear. Of the four solvent systems analysed however, it was only possible to fit
system 1 to a valid Np coordination complex.
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Figure 105: UV/vis/nIR for sample 2 immediately prior to beam line analysis.
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Figure 106: XANES spectrum for the organic phase, post separation for samples

containing solvent 2.
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The organic fraction post extraction for solvent system 1, containing only the
DMDOHEMA ligand modelled to within excellent agreement to the species
[Np(DMDOHEMA),(NO3)4]. Table 40 outlines the parameters from the EXAFS fits
for the pure [Np(DMDOHEMA),(NO3)4] species, extracted from 6 M HNO3 in to
0.5 M DMDOHEMA in dodecane. Figure 107 illustrates the k3-weighted x(k)-

function (top) and Fourier transform (bottom) of Np Lj-edge EXAFS data for the
[Np(DMDOHEMA)2(NO3),] species.
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Figure 107: k*-weighted y(k)-function (top) and Fourier transform (bottom) of Np
Li-edge EXAFS data for Np, extracted into 30 % TBP-OK from an initial aqueous
phase consisting of 6 M HNO3. The data is fitted to [Np(DMDOHEMA)2(NO3)].
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Sample Shell Occupancy o? Ri (A) Ri(A)  AR(A)

O (lig) 4 0.00702 2.2794 2.5203 -0.2409

Np extracted into

C (lig) 6 0.00544 3.4229 3.4132 0.0097
DMDOHEMA, 0.5
M from 6 M HNO;,
fitted to N (lig) 4 0.00093 4.5993 4.5993 0.0002
[Np(DMDOHEMA),
(NO3)4] _
O (nit) 8 0.00837 2.4068 25791  -0.1723
Amp = 0.886 N (nit) 4 0.02860 3.0315 2.9919 0.0396
Eo (eV) = 5.836
R factor = 0.019 )
O (nit) 4 0.00231 4.2571 4.2175 0.0396

X° =29.981

N/O (MS) 8 0.03091 4.2571 4.2180 0.0396

Table 40: Parameters obtained from EXAFS fits in k3-space for Np extracted into a
0.5 M DMDOHEMA in dodecane solvent, from 6 M HNOs. Ej is the relative shift in
ionization energy, Ri is the initial distance of the shell (A) and Ry is the refined
distance of the shell (A). Statistics of fit (x> and r-factor) and amplitude factor (Amp)
provided.

Distribution ratio data was collected for neptunium containing samples extracted
from aqueous nitric acid (5, 8 and 10 M) using the GANEX style solvent systems
detailed in Table 39. The data presented in Figure 108 shows that the highest
distribution ratio for neptunium separation in these systems was observed in solvent
system 2, a system containing TODGA and DMDOHEMA (red line). The lowest
neptunium separation was observed in solvent system 4 containing TODGA and 1-
octanol (blue line). Solvent system 1, only containing DMDOHEMA gave a good

separation of neptunium as did solvent system 3, containing TODGA and TBP
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(green line). There is an increase in the neptunium distribution ratio as a function of

aqueous nitric acid concentration over all four solvent systems analysed.
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Figure 108: Distribution data for neptunium extracted from various concentration

HNO3 using four different GANEX style solvent systems.

211



Conclusion

7 Conclusion

Significant progress has been made over the last decade or so in improving the
methodologies used to separate heavy metals in nuclear fuel reprocessing. This work
served to enhance knowledge into the effectiveness of metal separation under current
and proposed reprocessing conditions and to determine organic phase speciation,

post separation.

The *'P NMR data presented for zirconium separated from various aqueous nitric
and hydrochloric acid mixtures using TBP, showed what are thought to be Zr-acid-
TBP type complexation signals in addition to the TBP-acid adduct NMR signal. The
EXAFS data collected for the organic phase post separation for a selection of these
systems gave the [Zr(NO3)4(TBP)s] and [ZrCly(TBP),] complexes for zirconium
separated from 8 M nitric and 5 M hydrochloric acids, respectively. Zirconium
separated from various aqueous mixtures of both nitric and hydrochloric acid seems
to show preferential complexation to chloride over nitrate given by the dominance of
the [ZrCl4(TBP)4] species within the organic phase post separation according to
EXAFS studies. The distribution ratios recorded for these systems increase as a
function of increasing aqueous acid concentration. Zirconium separated from mixed
nitric and hydrochloric acid aqueous phases showed higher distribution ratios in
comparison to those recorded for singular acid systems, indicating that the presence
of both anions has a cooperative effect for Zr extraction but with little evidence for
the extensive formation of mixed anion complexes of Zr(IV) it is unlikely this
increase in extraction is due to the formation of alternative Zr complex species in the

bulk organic phase.

Technetium (pertechnetate (TcO4’)) separated from aqueous nitric acid using TBP
was low over the nitric acid concentration range analysed, c.f. analogous chloride
containing systems. Pertechnetate separated using TBP in the presence of zirconium
illustrated similar trends in distribution ratio as a function of aqueous acid
concentration, as observed in the absence of zirconium, but the presence of
zirconium notably enhanced the pertechnetate separation overall. For pertechnetate

separated from aqueous nitric acid in the presence of uranium, distribution ratios
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were enhanced c.f. in the absence of uranium. Technetium separated from aqueous
nitric acid in the presence of zirconium demonstrated the more efficient separation
c.f. pure technetium and technetium co-extraction with uranium and demonstrates the
difficulty in controlling Tc extraction when multiple metal ions are present in spent

nuclear fuel.

Pertechnetate separated from aqueous hydrochloric acid using TBP gave much
higher distribution ratios than analogous nitric acid containing systems, over the
concentration range analysed and showed optimum separation at 10 M aqueous
hydrochloric acid. Although here, technetium separated in the presence of co-
extractable metals (zirconium and uranium) from hydrochloric acid did not enhance
the separation efficiency c.f. pure Tc-HCI systems, the distribution ratios overall
were higher than those for technetium separated with co-extractable metals

(zirconium and uranium) from analogous nitric acid systems.

Technetium separated from systems where a mixed nitric-hydrochloric acid aqueous
phase was utilised, demonstrated that distribution ratios increased as a function of
increasing aqueous chloride concentration. The pure technetium-acid systems
showed the greatest technetium separation efficiencies c.f. analogous systems
containing co-extractable metals. This shows that Tc control in solvent extraction
processes where chloride may be present will be highly problematic where both
direct Tc extraction and co-extraction with other metals can occur and will require

further study if such processes are to be implemented.

The 3P NMR data presented for uranium separated from various aqueous nitric and
hydrochloric acid mixtures using TBP showed what are thought to be U-acid-TBP
type complexation signals in addition to the TBP-acid adduct NMR signal. The
EXAFS data collected for the organic phase post separation for a selection of these
systems modelled excellently to the [UO,(NOs).(TBP),] and [UO,CIl,(TBP)4]
complexes for uranium separated from 8 M nitric and 5 M hydrochloric acids
respectively. Uranium separated from various aqueous mixtures of both nitric and
hydrochloric acid show preferential complexation to chloride over nitrate given by
the dominance of the [UO,CI,(TBP),] species within the organic phase post
separation according to EXAFS studies. This observed dominance of chloride
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containing species in these uranium systems was unexpectedly observed in samples
of high aqueous nitrate concentration. In contrast, NMR studies indicate multiple
species are present with differing dominant species at high nitrate and chloride
concentrations, respectively. These contrasting results may be due to a specific issue
with the chloride scattering paths in the EXAFS but without definitive assignments
for each of the species observed by 3P NMR spectroscopy it is difficult to be
conclusive on the speciation of uranyl in these mixed acid systems. The distribution
ratios recorded for these systems increase as a function of increasing aqueous acid
concentration. Uranium separated from mixed nitric and hydrochloric acid aqueous
phases showed no improvement in the distribution ratios in comparison to those
recorded for singular acid systems. However of the mixed acid systems analysed, the
distribution ratio was observed to be lowest with equal concentrations of aqueous
chloride and nitrate. This suggests that the formation of mixed chloride/nitrate
complexes with uranyl is not favoured for extraction by TBP and pure anion uranyl

coordination species are preferred for extraction.

Trace level neptunium (Np(V)) separation experiments in which the neptunium
oxidation state was not manipulated, showed an increase in the distribution ratio as a
function of aqueous acid concentration (where the aqueous phase consisted of
various concentration nitric and hydrochloric acid). Distribution ratios observed for
neptunium (Np(V)) separated from aqueous hydrochloric acid using TBP were

higher overall than those observed for analogous nitric acid systems.

Neptunium, in which the oxidation state was manipulated to Np(V1), was separated
from aqueous nitric acid using TBP. The distribution ratios were seen to increase as a
function of aqueous nitric acid concentration. UV/vis/nIR spectra recorded for each
phase post extraction, indicated that any residual Np(V) remained in the aqueous
fraction whilst the Np(VI1) was separated into the organic fraction. The amount of
Np(V1) separated into the organic fraction increased with increasing aqueous acid
concentration. The P NMR spectra recorded for the organic phase post extraction
for neptunium containing systems, showed what is thought to be a Np-NO3-TBP type
complexation signal in addition to the acid-TBP adduct signal. Further, the EXAFS
spectra recorded for Np(VI) separated from 7.2 M aqueous nitric acid modelled
excellently to the species [NpO2(NO3)2(TBP),].
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For Np(V1) separated from aqueous hydrochloric acid, the data indicates an increase
in the distribution ratios as a function of aqueous hydrochloric acid concentration.
However, at low aqueous hydrochloric acid concentrations (~ 2 M), very little
neptunium was separated, whereas almost 100 % separation was observed at higher
aqueous hydrochloric acid concentrations (~ 10 M). UV/vis/nIR spectroscopic
analysis of each phase post extraction showed that predominantly Np(VI) was
separated into the organic fraction under these conditions. The amount of Np(VI)
separated was observed to increase as a function of aqueous acid concentration. The
b NMR spectra recorded for the organic phase post extraction showed what is
thought to be a Np-CI-TBP type complexation signal in addition to the acid-TBP
adduct signal. Further, the EXAFS spectra recorded for Np(VI) separated from 5 M
aqueous hydrochloric acid modelled excellently to the species [NpO2Cl(TBP),].

Np(VI1) separated from a mixed acid aqueous phase of 5 M HNO3 and 5 M HCI gave
a higher distribution ratio than analogous pure HCI or HNOj systems, which
corresponded to around 95 % neptunium separation. The organic phase EXAFS
spectra recorded for this system showed immediate reduction on the beam line to
Np(1V). Modelling was therefore not successful despite many attempts. This may
imply that in mixed chloride/nitrate systems, Np REDOX properties may be different
to those in pure chloride and pure nitrate systems, but studies using, for example,

electrochemical techniques would be necessary to confirm this interpretation.

Trace level plutonium (Pu(1V)) separated from various concentration aqueous nitric
and hydrochloric acid using TBP, was enhanced with increasing aqueous acid
concentration. Although the distribution ratios for both systems increased as a
function of aqueous acid concentration, the distribution ratios for plutonium
separated from hydrochloric acid were observed to be much higher than those for

analogous nitric acid systems.

Further, plutonium was separated using TBP from aqueous nitric and/or hydrochloric
acid and the resultant organic phases studied using NMR spectroscopy. This work
was carried out at the INE, Karlsruhe Germany and was therefore a NMR study only.
The data collected for each system analysed showed, at - 50 °C, evidence of Pu-acid-
TBP type complexation. EXAFS studies of the organic phase post extraction for
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these systems would corroborate any proposed speciation within these systems,

however this was not possible in the time given.

It is apparent that for some systems modelled on PUREX style reprocessing, the M-
Cl bond is stronger than the equivalent M-NO3 bond (where M is a metal). For some
systems then, it is possibly beneficial to have aqueous chloride present to enhance
metal separation. If the presence of chloride can be used to manipulate the oxidation
state of elements like Tc and Np and therefore control the path of these elements in a
PUREX flowsheet, it may avoid the need to add further chemical REDOX agents.

It was found that third phase formation, in the studies conducted here, only occurred
in pure chloride containing aqueous phases and seems to be suppressed in mixed
nitrate/chloride systems. Consequently, it is improbable that a pure chloride solvent
extraction process will be implemented based on third phase maloperation concerns,
but if chloride is present in dissolved fuel feeds the use of a nitric acid based PUREX
process is unlikely to result in third phase formation.

Batch experimentation surrounding the separation of the lanthanides from aqueous
nitric acid using proposed GANEX type conditions was studied here. For the various
solvent  systems studied (TODGA, TODGA/TBP, TODGA/1-octanaol,
TODGA/DMDOHEMA and DMDOHEMA), the separation of each lanthanide
increases as a function of increasing aqueous nitric acid concentration overall. The
data recorded indicates a general trend of improved metal distribution ratio across the
lanthanide series, thus indicating that higher atomic number lanthanides exhibit more
effective separation under these conditions. Lanthanides separated using a range of
TODGA concentrations from 2, 6, 10 and 14 M aqueous nitric acid all demonstrated
similar trends; the distribution ratio of each lanthanide increased with increasing
TODGA concentration in the organic fraction. The concentration of nitric acid in the
initial aqueous fraction made little difference to the resultant lanthanide distribution
ratios analysed. Although it is not essential for Ln extraction to be complete for
GANEX to be successful according to the proposed EURO-GANEX flowsheet, it is
worthy to note that the extent of Ln extraction does depend on the type of lanthanide,
most likely relating to the Ln contraction and effective ionic charge, and not just on
aqueous nitric acid and organic extractant concentrations. In the case of TODGA
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organic phases, there are examples where within the Ln series there are Ln ions that

effectively remain in the agueous phase and some are entirely extracted.

For other heavy metals relevant to nuclear fuel reprocessing (Tc, Np, Am, Pu) that
were separated from aqueous nitric acid (8 M) using a range of TODGA
concentrations, there is an increase in distribution ratio with increasing organic
TODGA concentration. Plutonium is most effectively separated; neptunium, and
americium separate well over the TODGA concentration range analysed; technetium
is not well separated at low TODGA concentrations but shows better separation at
higher organic TODGA concentrations. Similarly, using 0.2 M TODGA in the
organic fraction, the distribution ratios of Np, Am, Eu and Pu each increase over the
aqueous nitric acid concentration range analysed. Again, plutonium separation is
more effective under these conditions. Technetium separation decreases significantly

from aqueous nitric acid concentrations of 1 to 14 M.

Lanthanides separated using DMDOHEMA from a range of aqueous nitric acid
concentrations showed an initial increase in distribution ratio with increasing
aqueous acid concentration. However the distribution ratios for lanthanides separated
from aqueous nitric acid fractions above 6 M decreased with increasing aqueous
nitric acid concentration. Unlike systems using the extractant TODGA, lanthanides
separated using DMDOHEMA showed distinct optimum conditions for separation.
The reasons why Ln extractions using DMDOHEMA have an optimum aqueous
nitric acid concentration of 6 M, and do not, for example, steadily increase with
increasing nitric acid concentrations, are not obvious. Possibilities may include
competition of Ln binding between DMDOHEMA and nitrate where high ntrate
concentrations start to detrimentally impact Ln coordination to DMDOHEMA
reducing the extent of Ln extraction, or DMDOHEMA itself may hydrogen bond
with HNO; at high nitric acid concentrations reducing its ability to bind to

lanthanides.

Lanthanides separated using a range of DMDOHEMA concentrations from 2, 6, 10
and 14 M aqueous nitric acid showed a general trend of increasing distribution ratio
as a function of increasing organic DMDOHEMA concentration; however, notable

variations were observed at each agueous concentration analysed. For lanthanides
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separated from 2 M aqueous nitric acid, the distribution ratios across the series were
low, showing little separation and no significant trend. The lanthanides separated
from 6 and 10 M aqueous nitric acid showed increasing linear trends in distribution
ratio as a function of organic DMDOHEMA concentration. Although both sets of
data (lanthanides separated from 6 and 10 M aqueous nitric acid) gave higher
distribution ratios overall c.f. data observed for lanthanides separated from 2 M
aqueous nitric acid, those observed for all lanthanides separated from 6 M aqueous
nitric acid were notably higher, indicating these conditions were optimal for the

separation of the lanthanides analysed under these conditions.

The distribution ratio data calculated for lanthanides separated from 14 M aqueous
nitric acid using a range of organic DMDOHEMA concentrations did not follow a

clear trend. Very little lanthanide separation was observed under these conditions.

For heavy metals (Tc, Np, Am and Pu) separated using DMDOHEMA over a range
of aqueous nitric acid concentrations, the trend observed was similar to those
observed in analogous systems using TODGA i.e. the distribution ratios for the
metals analysed generally increased as a function of aqueous nitric acid
concentration. However, for technetium, the distribution ratio decreased as a function
of aqueous nitric acid concentration and overall, very little separation was observed
under these conditions. The distribution ratios observed for Np, Am, Eu and Pu were
notably improved from aqueous acid concentrations above 6 M. Plutonium gave the
highest distribution ratios over the aqueous acid concentration range analysed. These
heavy metals were separated from 8 M aqueous nitric acid using a range of
DMDOHEMA concentrations.

The calculated distribution ratios for the above metals, analysed as a function of
increasing organic DMDOHEMA concentration increased over the extractant
concentrations tested. The distribution ratios for plutonium over the range of
DMDOHEMA concentrations analysed were notably higher than the remaining
metals examined. Technetium exhibited the lowest distribution ratios overall and
showed very little separation in general under these conditions. The distribution
ratios calculated for the aforementioned metals separated using DMDOHEMA were
overall lower than those calculated for analogous systems containing TODGA.
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The distribution ratios for neptunium (Np(V1)) separated using various GANEX type
solvent systems (DMDOHEMA, TODGA/DMDOHEMA, TODGA/TBP,
TODGA/1-octanol) as a function of aqueous nitric acid concentration were recorded.
The neptunium separated well using each solvent system with an increase in
distribution ratios observed as a function of increasing aqueous nitric acid
concentration. The proposed GANEX solvent of TODGA and DMDOHEMA gave
the most effective neptunium separation c.f. the remaining solvent systems.

Post separation, the organic fractions for the aforementioned corresponding solvent
systems were analysed via EXAFS spectroscopy. It was found that upon beam line
analysis, the neptunium, previously determined to be in the +6 state, reduced
immediately to Np(IV), as affirmed by the XANES spectra. Consequently, modelling
for samples where the TODGA extractant was present was therefore not successful
despite many attempts. However, modelling of the data produced for the sample
containing only DMDOHEMA in the organic fraction was successful and was
deemed to be in excellent agreement with the species [Np(DMDOHEMA)2(NOs),]

species.

Overall, these studies will aid the formation of a next generation reprocessing system
that serves to remove and recycle the more radiotoxic isotopes, creating a waste
liqguor that facilitates proliferation concerns. The processes studied here will
contribute to the development of an overall GANEX style process that will likley use
a nitric acid aqueous dissolution feed and a series of cycles and extractants, each with
a specific role. From the work shown here, the GANEX solvent consisting of
TODGA and DMDOHEMA, shows excellent promise in the ‘first cycle' in which the
transuranic and lanthanide elements are separated. If the removal of both transuranic
and lanthanide elements are desired in this manner, it is hoped the work illustrated
here contributes to the novel separations processes that compliment the proposed

Generation IV nuclear reactors.
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8 Further Work

It is proposed that future work that directly stems from the studies presented in this
thesis would include a comprehensive study of plutonium speciation in the PUREX
process via the use of EXAFS. It would also be favourable to investigate the
speciation of plutonium in the proposed GANEX process via EXAFS to indicate any
possible complexation with TODGA and DMDOHEMA. If the use of TBP is chosen
as a phase modifier in the GANEX solvent, the aforementioned investigation into
plutonium speciation surrounding the PUREX process would also be relevant.
Further work, in addition to the data presented here, surrounding neptunium
chemistry in the post-separated organic phase of the proposed GANEX process
would be carried out, as well as further EXAFS analysis in the hope that oxidation

state stability is achieved.

Although much analytical data has been published surrounding the effectiveness of
metal separation under certain conditions using a variety of extractants, little is
known of the phase transfer process i.e. the chemistry of the aqueous-organic
interface. This work seems to indicate that in general there is no obvious link
between bulk organic phase speciation and extraction performance. However,
speciation at the interface may be different to what is observed in the bulk organic
phase and it is the behaviour at the interface that will most likely dictate extraction
performance. It would however, be of interest to develop methods for aqueous-
organic interfacial analysis, such as microfocus X-ray absorption spectroscopy, and
further, provide data on the interfacial speciation for the transuranic elements

intended for separation in the proposed GANEX reprocessing process.

It is hoped that the kinetic behaviour of these systems of a GANEX nature can be
investigated in order to build a complete picture of any proposed future reprocessing
systems. This work would complement the current work which explores metal
distribution at equilibrium. Oxidation state behaviour of more problematic isotopes,

such as neptunium, should also be investigated in a real time, industrial type set up.
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Further, it is of paramount importance that this work is carried out within industrial
facilities on contactor systems, such as centrifugal contactors, mixer settlers and
pulsed columns. This will built a more real picture of the behaviour of the metals
involved in these systems and whether proposed industrial separation routes will

affect the extraction performance of these systems.
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