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ABSTRACT

During the last year, the European demand for electricity has increased and at
the same time, the production of planned electricity generation has decreased due
to unexpected weather conditions and war. Combined with a limited capability
to store energy, low-carbon energy producers such as nuclear power is getting
renewed attention in many countries. While having benefits such as reliable,
clean, affordable and safe electricity production, the main concerns regarding
nuclear power usually refer to the extremely long-lived and radiotoxic final waste.
The main contributor to the long-lived radiotoxicity of the spent fuel is Pu and
the minor actinides (Np, Am, Cm).

The Chalmers Grouped ActiNide EXtraction (CHALMEX) process is a
solvent extraction process for the recycling of minor and major actinides as a
group, from spent nuclear fuel. By recycling the actinides, and using them as
fuel in fast reactors, one can significantly reduce both the overall environmental
impact of the nuclear fuel cycle, the lifetime- and the radiotoxicity of the final
waste.

By combining the extractants TBP with CyMes-BTBP in the diluent FS-13,
the CHALMEX solvent has been shown to have preferential physical properties
for use in industrial processes. Separation of the actinides from a spent fuel
solution is achieved in only 8 process stages. The co-separation of specific
fission products is reduced by the use of masking agents and scrubbing stages.
Overall, low degrees of fission product contamination is found in the actinide
product stream (<1.5%).The kinetics of the system has also been shown to
be compatible with contacting in centrifugal contactors. Despite observation
of phase entrainment under certain conditions in a centrifugal contactor, the
CHALMEX process is a promising process for the actinide separation from spent

nuclear fuels.
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Chapter 1

Introduction

During the winter months of 2021-22, the combination of dry, overcast weather
and little wind reduced the capacity of renewable electricity production across
the European continent. Even more recently, the war in Ukraine has forced
the energy debate to consider Europe’s energy supply and security. Combining
a higher than usual electricity demand all over Europe with a high cost of
natural gas, electricity prices were reaching new all-time highs throughout the
winter season.|1] The Nord Pool market, for instance, saw the highest increase
in electricity costs with a 46% higher price compared to the month November
the year before.|[2}+4]

Although world leaders have agreed on decarbonisation, and renewable energy
production provided more than 50% of the global electricity supply in 2021,
carbon emissions are rising. The increase in emissions is directly related to an
increased energy demand due to the fast electrification of society as a whole, from
industries to our vehicles and to private homes. However, the vulnerability of an
electricity market based largely on renewable sources has become evident.|5Hg]

With an increasing demand for electricity as the world sees increasing elec-
trification and decarbonisation, the need for a reliable and non-intermittent
electricity supply is undeniable. In the UN International Panel on Climate
Change’s (IPCC) special report on possible emission pathways and system tran-
sition, nuclear power is identified as a key contributor to the production of
green and affordable electricity.[9] The same was also reflected in the European
Commission’s tazonomy for environmentally sustainable activities.[8) |10, [11]

While nuclear power can claim green, steady, reliable, safe and economical
electricity production, concerns are usually associated with the production and
final disposal of long-lived, highly radioactive spent nuclear fuel (SNF).[12H14] In
the majority of nuclear power states today, SNF is temporarily stored awaiting

final disposal in a geological repository. An already proven option is to recycle the
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Figure 1.1: Molecular structure of phenyl trifluoro methyl sulfone (FS-13)

unused uranium and produced plutonium to manufacture so-called mixed-oxide
(MOX) fuels. A third, and very promising technology, allows for the recycling of
neptunium, americium and curium in addition to the uranium and plutonium.
The recycling of these elements would significantly reduce the environmental
impact of nuclear power, considering all impact factors in a Life Cycle Analysis
(LCA).|15} 16] Amongst other things, recycling would reduce or even eliminate
the need for mining of fresh uranium ore and reduce the final volume of highly
active waste needing long-term disposal in a repository. Studies show that
through the recycling of U, Pu and Am only, one can reduce the footprint of a
geological repository by a factor of 7. Furthermore, a full recycle of SNF would
reduce the long-term radioactivity and radiotoxicity of the waste from the 10°
year range to the 103 year range.|1518]

The Chalmers Grouped Actinide Extraction (CHALMEX) process is a sol-
vent extraction process for the recycling of uranium, plutonium, neptunium,
americium and curium as a group, without redox control. In the most recent
work on the process, a focus has been on investigating a different diluent than
before, namely phenyl trifluoro methyl sulfone (Figure . Although the ex-
tractants remain the same as for earlier solvents, the diluent changes the solvent
characteristics, which meant that gaining a fundamental understanding of the
system was the focus iof previous work on the CHALMEX process.[19H21] More
specifically, Halleréd et al. investigated the extraction behaviour of the system,
the solvent stability and the solvent thermodynamic properties.[22-27]

Here, the fundamental understanding of the system has remained in focus by
targeting specific knowledge gaps important for the scale up of the process. These
knowledge gaps include performance under varying process parameters, including
acid concentrations, pH and temperatures. In addition, already identified issues
such as fission product extraction and retention have been targeted. Furthermore,
as an improved understanding of the CHALMEX FS-13 system was gained,
attention was concentrated on the system performance when subjected to more
process-relevant conditions. Such conditions are related to metal loading, masking

agents, kinetics and continuous extraction in relevant contactors.



Chapter 2

Background

2.1 A brief history of nuclear power

Nuclear fission was first discovered in 1938, when the fission fragments of 23°U,
141B4, and ??Kr were detected after bombardment of uranium with neutrons,
as illustrated by Equation Lise Meitner and her nephew Otto Frisch soon
realised that the huge amount of energy released in the reaction (~200 MeV)
was due to the mass defect. The high energy quickly attracted the attention of
researchers like Oppenheimer, who started the development of the atomic bomb
in the Manhattan project.[28]
on +233U :>1§(15Ba —l—%%Kr + 3(1)11 (2.1)
Years before nuclear power became a reality, the Manhattan project became
the start of nuclear reprocessing as we know it today. To produce the atomic
bomb, a significant amount of pure 23°Pu or 23°U was needed. To separate
these elements, it was quickly realised that the, until then, two known oxidation
states of plutonium could be exploited. Solvent extraction processes were thus
pursued as the most efficient separation technique. The bismuth phosphate
process became the first process used to separate uranium and plutonium from
their fission products and each other.[28-31] Shortly afterwards, the bismuth
phosphate process was superseeded by the REDOX process, which in turn
was superseeded by the PUREX (Plutonium Uranium Reduction EXtraction)
process.The PUREX process has since remained the benchmark process for
nuclear reprocessing.|32]
In 1951, 9 years after the start of the Manhattan project, electricity produc-
tion from nuclear fission reactions was achieved when the EBR-I fast reactor
powered four 200 W lightbulbs. Three years later, in 1954, the USSR’s ther-



mal, 5 MW, Obninsk APS-1 became the first nuclear reactor connected to the
electricity grid.[33)34] Today, there are more than 430 operable nuclear power
reactors, producing about 390 GW., with another 55 reactors planned or under

construction.|35H37]

2.2 Power production

The power production in a nuclear reactor is based on sustaining a chain reaction
by utilising the 2-3 neutrons released in a fission reaction, illustrated in Figure
to induce further fission reactions. In power reactors, the chain reaction
is controlled so that the neutrons released in one fission reaction, induce just
one more fission reaction. Most reactors today operate in a thermal neutron
spectrum: i.e. the neutrons are slowed down (moderated) to facilitate the

absorption and subsequent fission of the traditional uranium fuel.[36} 38|
144
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Figure 2.1: Schematic of a nuclear fission reaction. Reproduced under the CC-BY
license. [30]

The most common nuclear fuel is a 23°U enriched UOs fuel. This is based
mainly on the high fissionability of this isotope when subject to thermal neu-
trons.[30] Generally the fuel enrichment is between 3-5 wt% in commercial
reactors. In addition, MOX fuels consisting of uranium and 23°Pu are not
uncommon.|36] When uranium (or plutonium) undergoes fission, the energy is
released as thermal energy. This energy is used to heat water into steam, which
runs turbines. The turbines drive generators, which produces electricity for the
grid. [36]

Some reactors can operate with unmoderated ”fast” neutrons, and are referred



to as fast reactors. Fast reactors fission 23U much more efficiently than thermal
reactors. In addition, fast reactors allow for the use of the minor actinides (MA=
Np, Am, Cm) as fuel. Pu and MA are the main contributors to the long-lived
radioactivity and radiotoxicity of spent nuclear fuel, as shown in Figure
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Figure 2.2: The specific activity of different radionuclides present in spent nuclear
fuel as a function of time. Reproduced under the CC-BY license.

2.3 Spent nuclear fuel

More than 400 different fission fragments have been observed from the fission of
just 235U. The masses of the fission products tend to concentrate around mass
number 97 and 137, as shown by the fission yields presented in Figure

Further adding to the complexity of nuclear fuel is the fact that not all
neutron absorptions lead to immediate fissioning. Some absorptions produce
higher actinides, such as 23U and ?*°U, and even higher actinides through
processes such as seen in Equation 2.2} Through both decay of these isotopes
and subsequent neutron absorption, an intricate mixture of elements are formed

by the time the fuel is taken out of the reactor.
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Figure 2.3: The mass distribution of fission products resulting from the fission
of 233U, 235U and #*Pu by thermal neutrons.[40)
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2.3.1 Management options

When nuclear fuel is taken out of the reactor, it is very hot and highly radioactive
and requires immediate cooling in cooling ponds. The water in the ponds provides
both cooling and shielding from the high radiation. A typical cooling period
is 3-5 years, after which the fuel is transferred for interim storage awaiting
reprocessing or final disposal. The interim storage can be a wet storage or dry
storage. Since very few countries have made progress on their final disposal sites,
the ”interim” storage can have a timeframe of 30-40 years and counting.[41]
Direct disposal is the approach chosen by the majority of the nuclear power
states and is usually referred to as the open fuel cycle. Here, the spent fuel will be
disposed of in a geological repository. The most developed concept so far is the
KBS-3 concept, developed by the Swedish SKB (Svensk Kdrnbrdinslehantering
AB). The concept is based on a multi barrier protection system consisting of a
copper canister, bentonite clay and crystalline bedrock.[42] Finland’s Onkalo,
a KBS-3 concept geolical repository, will be the world’s first operating final
disposal site for spent nuclear fuel (trials to start by 2023, disposal by 2025),



while the Swedish authorities have recently approved the application for the
Forsmark repository submitted by SKB.[42-45]

Upon removal from the reactor, more than 90% of the fuel’s energy potential
remains. The fuel has to be taken out of the reactor at this point due to the
build-up of fission products working as neutron poisons. In the partially closed
fuel cycle, the uranium and plutonium are recycled to produce MOX fuels. A
number of solvent extraction processes have been developed for the extraction of
uranium and plutonium. The most established industrial process, the PUREX
process, was first patented in 1947 and quickly became the benchmark for
uranium and plutonium separation. The PUREX process is an example of a
heterogeneous process as it produces single element streams of material, in other
words a pure uranium stream followed by a pure plutonium stream. While the
heterogeneous process allows for very exact tuning of the final fuel composition,
it also simplifies the misuse of the materials for weapons production, principally
due to the pure Pu-stream.[46, 47]

In the closed fuel cycle, the focus is the recovery of both uranium, plutonium
and either some or all of the MA. The recycling and use of these elements in
advanced nuclear fuels is enabled by the operation of fast reactors.[48] This
alternative is often referred to as advanced/extensive recycling. Alternatively,
the minor actinides can be irradiated with fast neutrons in an accelerator-driven
system (ADS), solely for the purpose of fissioning the actinides into shorter-lived
elements (without electricity generation). Partitioning and Transmutation (P&T)
is a collective term covering the separation of minor and major actinides from
spent nuclear fuel, for transmutation in either a fast reactor or in an ADS. Aside
from the electricity production aspect, there are also significant differences in
the fuel/target production of the two approaches: in fast reactors, a MA content
of ~5 wt% is possible, while in the ADS option, a MA content of around 50%
is possible.[49-53] By adopting the advanced recycle option, extensive studies
have found a greater than 30% decrease in the final, highly active waste volume,
with a significantly lower radiotoxicity, possible elimination of uranium mining,

reduced heat load and increased proliferation security.|15| |16} |54]

2.4 The GANEX concept

For a more in depth analysis of the GANEX processes, see Paper III.

The Grouped ActiNide EXtraction (GANEX) concept is a two-step process
for the homogeneous recovery of the major and minor actinides from a spent
nuclear fuel solution. Homogeneous refers to the partitioning of the actinides
as a group, with the primary benefit of reducing proliferation risks. In the first

step, the bulk of uranium is extracted in order to reduce the loading of heavy
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Figure 2.4: A schematic overview of the different GANEX concepts.

metals.[55] In the second step, the remaining actinides (Pu, Np, Am, Cm) are

co-separated from the raffinate.

There are currently three GANEX concepts being developed, as illustrated in
Figure[2.4 In the CEA-GANEX and the EURO-GANEX concepts, the actinides
and lanthanides are co-separated in the second extraction step after the uranium
bulk extraction. The separation of the actinides from the lanthanides occur by
selective stripping, giving two product streams overall: a uranium stream and a
TRU-stream (TRU= transuranic actinides).[5662] In the CHALMEX (Chalmers
GANEX) process, the same product streams are achieved, but through selective
TRU extraction rather than through selective stripping[19, |63} 64]. In the final
GANEX concept, three product streams are generated through the selective

stripping of neptunium with plutonium and subsequently the remaining MA.[65]

In order meet the objectives of the GANEX concept, significant research
efforts have been invested in general ligand development and later development
of the homogeneous recycling options.[56, |66H70] The first concept was developed
by the French CEA, and named thereafter: CEA-GANEX. The EURO-GANEX
was later developed by the NNL as an alternative to the CEA-GANEX, and
has now become the European reference process for homogeneous recycling.
The CHALMEX concept was offered as a simpler alternative to the former two
processes to investigate the possibility of reducing the complexity of the process

by aiming for direct An separation in the extraction step.
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Figure 2.5: Molecular structure of (a) Tri-n-butyl phosphate (TBP) and
(b) 6,6’-bis(5,5,8,8-tetramethyl-5,6,7,8- tetrahydro benzo- 1,2,4- trlazm—?)—yl) 2,2’-
bipyridine (CyMe4-BTBP).

2.4.1 CHALMEX process

The CHALMEX process differs from the other GANEX processes in that the
actinides are separated from the lanthanides and other fission products directly.
This is achieved by combining extractants which target the oxidation states of the
actinides specifically. The well-known tri-n-butyl phosphate (TBP), seen in Fig-
ure [2.5a] (a), is used for the extraction of Pu(IV) and U(VI), while 6,6bis(5,5,8,8-
tetramethyl-5,6,7,8-tetrahydro-benzo- 1,2,4-triazin-3-yl1)-2,2>-bipyridine (CyMey-
BTBP), shown in Figure ensures the extraction of trivalent and pentavalent
minor actinides.

The CHALMEX process has shown promising results at the fundamental
level. Earlier work has focused on basic extraction properties and hydrolytic and
radiolytic stability, while it is clear that a more applied understanding of the
process is necessary in order to compare the process performance to that of the
more developed EURO-GANEX and CEA-GANEX processes.
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Chapter 3

Theory

3.1 Solvent Extraction

In solvent extraction, or liquid-liquid distribution, two immiscible or partially
miscible liquids forms a two-phase system separated by a phase boundary. In
such a system, a solute will distribute between the two liquids according to its
respective solubility in each phase. A solute is the element or compound of
interest, which in the case of the GANEX concept includes all the actinides, and
in some cases, also the lanthanides.|71} |72

Typically, the two phases in a solvent extraction system include an aqueous
phase and an organic phase. The former is usually an acidic medium in which
the solute is dissolved, often also in the presence of other unwanted species.
The organic phase is usually referred to as the solvent, which is a collective
term and includes the extractant(s) and the diluent. In some systems, organic
extractants are added to the solvent to better facilitate the extraction of certain
elements. For instance, metal ions typically have a high solubility in aqueous
acidic medium, but due to their polar nature, they are not very soluble in organic
mediums. Some organic extractants are weak acids, and can complex metals
in the aqueous phase to form neutral complexes that are soluble in the organic
phase, as illustrated by Equation |3.1}

M;; + 2HA(agororg) = MAs(org) + Z;—q (3.1)

where M is a metal of charge z and HA is the weakly acidic organic extractant.
Other organic ligands can act as Lewis bases. Furthermore, some metal-ligand
complexes are coordinated by aqueous ligands, such as nitrates, to achieve
neutrality and extractability into the organic phase.

Solute distribution between the two phases depend largely on the type and

11



strength of the molecular interactions between solute and the solvent and possibly
other solute particles. These interactions, and by extension a solute’s solubility,
can be manipulated or engineered by changing the conditions of one or both of
the two phases. Conditions such as pH, concentration, temperature etc., can
be changed to facilitate a wanted distribution of the solute. As such, most
solutes can be made more or less soluble in both phases, which demonstrates
the versatility of solvent extraction as an extraction and separation method.

The distribution ratio, D, is a measure of distribution of a solute between
the organic and the aqueous phase. More specifically, the total concentration of
the solute in the organic phase over its total concentration in the aqueous phase
gives the distribution ratio, as seen in Equation [3.2][71]

D =

(3.2)

If different solutes (A and B) distribute themselves differently between the
two phases (different D-values), then solvent extraction techniques can be used
to separate them. The separation factor (SF), Equation gives a measure of

how well separated two solutes are by dividing the D-value of one over the other.

(3.3)

3.2 Coordination chemistry and HSAB theory

Many phenomena observed in coordination theory can be at least partially
explained by the Hard-Soft Acid-Base (HSAB) theory. In HSAB theory, the
definition of Lewis acids (electron pair acceptors) is extended as being either
hard or soft, based on a combination of size, charge and polarizability. Similarly,
Lewis bases (electron pair donors) are also defined as being hard or soft. In
principle, hard acids will form ionic complexes with hard bases, while soft acids
will form covalent bonds with soft bases.

In solvent extraction systems, metals are usually dissolved in either water or
an acid. If a metal ion is fully surrounded, or coordinated, by water molecules, it
is hydrated. Likewise, metal ions coordinated by dissociated acid components
such as nitrates are solvated. Such a coordination complex is an example of a
reaction between a Lewis acid (metal ion) and a Lewis base (i.e. OH™, NO3).
As explained in Section [3.1] organic ligands can either fully or partially replace
the coordinated hydroxides, nitrates etc., acting like Lewis bases, to form neutral
complexes with high solubility in an organic phase. However, since such ligands
typically have low solubility in the aqueous phase, their coordination to the

metal ion can be slow.[71]

12



Metals and ligands can have multiple coordination sites. The CyMe4-BTBP
molecule for example, is a tetradentate, organic ligand. CyMe,-BTBP will attach
to a metal at 4 sites to form a neutral complex. The f-group elements (lanthanides
and actinides) are hard Lewis acids, where the lanthanides are slightly harder
than the actinides. Some of the actinides can form stable complexes with CyMey-
BTBP, and this is due to the slightly more covalent nature of the BTBP-An
bond. Am(IIT) has 8 available coordination sites, and forms a neutral complex

with two BTBP-ligand coordinated by nitrate ions in the inner sphere.|71} |73]

3.3 Chemistry of the d-block elements

The d-block elements are often referred to as the transition metals due to their
partially filled d-subshell. Silver, copper, gold, cadmium and zinc are also
considered part of the d-block elements. The d-block elements are typically
associated with coloured compounds, good heat- and electricity conductivity,
and high melting and boiling points. A wide range of available oxidation states
is also characteristic. Due to some d-block elements having uneven numbers of
electrons, magnetism is observed for some of the d-block elements.|74]

Since d-orbitals are spaced relatively far apart and electron repulsions are
weak, the attraction between the positive nucleus and each electron is strong. In
bonding, electrons from the s-orbitals typically engage before the d-electrons.
Since both the s- and d-orbitals are available for bonding, the d-block metals
exhibit several stable oxidation states. This trend is exemplified for the centre
rows of the d-block. Elements found in the first and last row of the d-block are
”untypical”, with only 1 available oxidation state (save mercury, with 3 known

oxidation states).|74]

3.4 Chemistry of the f-block elements

The lanthanides (Ln) and the actinides (An) constitutes the f-block elemental
group in the periodic table, and are (typically) characterised by their gradual
filling of the f-shell. The f-shell can accommodate 32 electrons, compared
to the 10 electrons accommodated by the d-shell. All the lanthanides are
naturally occurring elements, while only uranium and thorium can be found
in natural sources. For the lanthanides, the 4f shell sees gradual filling across
the series, with cerium’s electron configuration being [Xe]4f15d'6s2. Although
the lanthanides are commonly referred to as the rare earth metals (along with
yttrium and scandium), many of these are actually quite abundant in the Earth’s

crust. Cerium for example, is the 26th most abundant element in the world, and

13



even neodymium is more abundant than gold.|75]

The lanthanides are also characterised by high neutron absorption cross
sections for thermal neutrons and relatively low reactivity. The latter is related to
the lanthanide electron configuration, which sees a filling of the 4f orbitals. These
orbitals contract due to their close proximity to the relatively highly charged
nucleus, which shields the from participating forming bonds and participating
in reactions. In nuclear reactors, the build-up of lanthanides and other fission
products is problematic as it will absorb neutrons without fissioning.

For the majority of the lanthanides, the most stable oxidation state is +3
in aqueous solutions. When considering their ionisation energies, the sum of
the three first ionisation energies is generally smaller than the fourth ionisation
energy, which confirms that the fourth oxidation state is chiefly unavailable for
the group. Only 5 LNs exist in the +4 state: neodymium and dysprosium (only
in the solid state), praseodymium and terbium (which also exist as tetrafluoride
and dioxide) and finally cerium, which can exist in a range of different salts and
tetravalent compounds. Cerium(IV) is often used as a non-radioactive analogue
to plutonium. In water, an increasing solubility is seen with increasing atomic
mass.

Most of the actinides are products of successive neutron absorption of either
uranium or thorium, for example in a nuclear reactor or a nuclear detonation.
The higher actinides can only be formed after absorption of heavier nuclei. In
contrast to the lanthanides, all the actinides are unstable and radioactive. They
are also found in a range of different oxidation states in aqueous solutions.
Uranium, for instance, is most stable in the +IV and +VI states, plutonium in
the +IV state, while americium and curium are most stable in the +III state
and neptunium in the +V and +VI states, in aqueous solutions.

Uranium-235 and plutonium-239 have high neutron absorption cross sections
for thermal neutrons and are thus suitable for use as fuel in most commercial
nuclear power reactors today. Uranium-238, and the MA have high fast neutron
absorption spectrums, making them suitable to use as fuels in fast reactors or as
targets in ADS.

With a gradual filling of the 5f-orbital, the actinides following thorium
are typically much more reactive than the lanthanides. The 5f-orbitals are
not shielded by the nucleus like the 4f-orbitals, and the 5f-orbitals are largely

available for participating in bonding.

3.5 CHALMEX solvent

In a spent nuclear fuel raffinate, the fuel is dissolved in high concentration nitric

acid (~ 4 M). Under such conditions, uranium will exist in the +VI oxidation
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state, plutonium in the +VI, americium, curium and europium in the +III, while
neptunium will most likely be available in either the +V or the +V,VI oxidation
states.[76]

TBP is an extractant that efficiently and preferentially separates U(VI) and
Pu(IV) from the remaining fission products and actinides. TBP is a solvating ex-
tractant and a hard Lewis base, whos extraction mechanisms are well understood.
2 TBP molecules coordinate to both uranium and plutonium. The uranium
complex is solvated by two nitrates, while the plutonium complex is solvated
by four nitrates. TBP’s process and degradation chemistry is well established.
While the molecule is relatively stable towards hydrolysis and radiolytic degrada-
tion, it’s main degradation products include monobutyl phosphate (MDP) and
dibutyl phosphate (DBP), known to both promote crud formation and initiate
red oil reactions. The risk of red oil reactions are mainly associated with the
evaporators in reprocessing plants, and these risks can be reduced by removal
of dissolved TBP from the nitric acid liquor, lower operating temperature of
evaporators and monitoring of mass flows to detect any losses of TBP to the
evaporators. |77H81]

Bis-triazin-bi-pyridine extractants are polyaromatic, nitrogen donor ligands
that forms solvated and chelated complexes with metals. CyMes~-BTBP in
specific, is a tetradentate ligand which forms complexes with trivalent and
pentavalent actinides solvated by nitrates in nitric acid media. Two CyMey-
BTBP molecules coordinate to each actinide.|73] |82, |83] The BTBP-ligands
are soft Lewis bases and forms complexes with the soft(er) actinides, such as
americium, curium and to some extent neptunium. A combination of TBP and
CyMey-BTBP can theoretically and directly separate the actinides from the
remaining fission products.

FS-13 has in recent years been investigated as a diluent in the process. It
has beneficial properties for use as a diluent in nuclear applications due to its
high chemical and radiolytic stability, it’s low solubility in aqueous solutions,
it’s low viscosity and its high density.|84H86] F'S-13’s polar nature provides a
high solubility of CyMes-BTBP. In fundamental studies, the CHALMEX FS-13
solvent has shown very promising results for the extraction and separation of
the actinides from fission products. A more than 99% recovery of plutonium
and americium has been demonstrated in systems with no competing metal

extraction. [26]

3.5.1 DEHBA

It is well-known that the degradation products of TBP can have severe effects in

reprocessing plants. In order to mitigate such unwanted degradation products, an
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alternative extracting agent has been investigated for the extraction of hexavalent
uranium and tetravalent plutonium.

N,N-di-(2-ethylhexyl)butyramide (DEHBA), seen in Figure[3.1} is a monoamide
that has been investigated as an extracting agent for uranium and plutonium
in similar solvent extraction systems. The N,N-dialkyl monoamides extract
uranium and plutonium to a comparable degree to TBP, but it’s degradation

products are far less problematic, namely carboxylic acids and amines.|[87H89]

/\/C\N

Figure 3.1: Molecular structure of N,N-di-(2-ethylhexyl)butyramide (DEHBA).

3.6 Industrial process development

The development of industrial solvent extraction processes usually includes
establishing knowledge about the system’s key parameters. These parameters
are outlined by Rydberg et al.[71], and include:

1. Extractant screening

2. Solvent conditioning

3. Collecting distribution data

4. Extractant concentration

5. Temperature effects

6. Stage-wise separations

Steps 1-2 have already been completed for the CHALMEX process through

various European frameworks.[17} [90H96] Step 3 includes collecting data such as
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loading capacity and kinetics of extraction, stripping and scrubbing stages of the
extraction process. Step 4 includes solvent optimisation for the expected metal
concentration and investigation of the solvent’s loading characteristics. Here it is
also important to determine the degree of any unwanted metal extraction during
loading conditions. If the extractant preferably extracts the solute of interest, a
system should be operated close to the solvent’s loading capacity of the solute
in question. For systems in which impurities are extracted to a similar or higher
degree than the wanted solute, masking agents can be considered to suppress
extraction of the impurities.|71]

For the GANEX processes, the reference contactors are cascade centrifugal
contactors. Centrifugal contactors are space efficient contactors taking advantage
of the centrifugal force for both mixing and separation. Relative to other contact-
ing equipment traditionally used in nuclear reprocessing (mixer-settlers, columns),
centrifugal contactors are compact in size and can handle large throughputs of
fissile materials.[97) |98]

Based on the collected distribution data, calculations of ideal number of stages
can be performed for cascade, counter-current contactors.|[98] The extraction,
P, of a solute is defined as the product of its distribution ratio D and its phase

ratio, #, as seen in Equation

P=D-6 (3.4)

The fraction of solute in the raffinate (z ) as compared to in the feed solution
(zp) is defined by ¢, as shown in Equation Here, n refers to the number of
ideal stages in the cascade. By rearranging Equation [3.5] one can calculate the

number of ideal stages needed for a required separation, as seen in Equation [3.6

:ER_ P-1
l‘F_P"'H—l

¢ = (3.5)

_In(P —1) —In(¢)
n = (P ~1 (3.6)
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Chapter 4

Experimental procedures

The experiments presented in this section were performed either at Chalmers Uni-
versity of Technology, Sweden or Jilich Forschungszentrum, Germany. Slightly
different methods were used, both of which are described here. Please refer to[4]

for details on the respective equipment and radionuclides used at both laboratories.

4.1 Solvent Extraction

Two compositions of the CHALMEX solvent have been used for the majority of
the experiments presented in this work. Unless otherwise stated, the concentra-
tion of TBP was 30% v/v in 70% v/v FS-13. The CyMeys-BTBP concentration
was either 10 mM CyMe4-BTBP or 25 mM CyMeys-BTBP. The concentration is
specified for all datasets presented. The TBP was benchtop 97% TBP purchased
from Sigma Aldrich/Merck. The FS-13 was either supplied by Marshallton
Research Laboratories, Inc. or HaiHang Industry Co., Ltd. CyMes-BTBP was
provided by Karlsruhe Institute of Technology, or produced in-house.

Unless otherwise stated, equal volumes of organic phase and aqueous phase
(no less than 400 pL) was contacted for 1 hour at 25°C. The radionuclides
were added directly to the aqueous phase. After contacting, the samples were
subsequently centrifuged for 5 minutes before sampling.

At Chalmers University of Technology, the experiments were always performed
in triplicates and radionuclides were investigated in isolation. The exception was
241 Am /152, which were added to the same samples prior to contacting. For
investigations of inactive fission products, the fission products were dissolved in
groups of three to four with similar, but not conflicting isotopic masses.

At Jiilich Forschungszentrum, a 23°Pu tracer, a 3" Np and a tracer consisting
of 221 Am, 2#4Cm and '°2Eu (tracer 4) were added directly to the aqueous phase.

For most experiments, a "*U tracer was also added, but this was subject to
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availability. Fission product solutions were prepared by dissolving and diluting
fission products in nitric acid medium. The fission products were of standard

bench-top quality and brand.

4.2 Batch flowsheet tests

All the batch flowsheet tests were performed at Jiilich Forschungszentrum. In the
batch flowsheet tests, the aqueous phase consisted of a simulated PUREX raffinate
(see Appendix [B| for compositions). The organic phase was the CHALMEX
solvent with 10 or 25 mM CyMe4-BTBP concentration. The phase ratio of the
extractions was either 1:1 or 1:2. The organic phase and aqueous phase were
added in a 15 mL vial and the starting volume of each phase was recorded. The
phases were contacted using vortex shakers at ambient temperatures. To limit
heating effects from the shaker, the vial was swapped between two equal shakers
every 15 minutes. The contact time was 120 minutes for each stage.

After each contacting stage, the vial was centrifuged for 5 minutes. The
lighter aqueous phase was sampled, and the remaining aqueous collected in a vial.
The aqueous phase collected at the phase interface, with any entrained organic,
was disposed of. The remaining volume of the organic phase was recorded, and
equal amounts of scrubbing solutions were added. The above procedure repeated

for all the process stages.

4.3 Centrifugal contactor tests

A single, annular centrifugal contactor (10 mm rotor, 6 mL hold-up volume,
manufactured by INET, Tsinghua Univ. China) was prepared for extraction tests
using the CHALMEX solvent and the simulated PUREX raffinate with added
radioactive tracers (24! Am, 244Cm, '52Eu, 2*Pu, 23"Np and "**U). The solutions
were pumped into the contactor using electric syringe pumps, with equal flow
rates for both phases. The CHALMEX FS-13 solvent was first pumped into the
centrifugal contactor with 4 M HNOg3 to ensure satisfactory phase separation,
before changing the aqueous phase syringe to the raffinate solution.

Different flow rates and rotor speeds were investigated, in addition to phase
ratios. The aqueous phase was either a simulated PUREX raffinate solution, or
a 50% PUREX raffinate solution mixed with 50% 0.5 M HNOj3 to approximate
actual process conditions. Sampling of the phases was adjusted according to the
flow rate, but the sampling times were always the same for the organic and the

aqueous phase.
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4.4 Analytics

Due to the presence of only single radionuclides (except for Am/Eu), the analytics
performed at Chalmers University of Technology were fairly straightforward.
For samples containing Pu or Np, 100 uL of each phase was added to 5 mL
UltimaGold scintillation cocktail and analysed using LSC. For the Am/Eu
samples, 100 pL of each phase was analysed using a High Purity Germanium
(HPGe) detector, for their peaks at 59.5 keV and 121.8 keV respectively. Cm
was analysed by using alpha spectrometry: 10 puL was added to a 50 uL 99%
acetone/1% binder solution and distributed on metal planchets, heated and
burned. For the "*U samples, the aqueous phases were appropriately diluted
and measured using an ICP-MS. Fission products were also measured using
ICP-MS. Initial concentrations of the respective solutions were measured to
enable evaluation of D-values.

In Jiilich, 100-200 uL was collected for each phase for HPGe analysis of the
Am/Eu radioactivities. Further 10 pyL was added to 100 uL of 99% acetone/1%
binder solution and distributed on metal planchets, heated and burned for alpha
spectrometry. The alpha spectra yielded peaks for Np, Pu, Am and Cm. Lastly,
each phase was appropriately diluted for ICP-MS analysis. The dilution of the
organic phase was enabled by the use of a surfactant. All fission products were
analysed using ICP-MS as a collected group.

For confirmation of oxidation states, UV-VIS spectrometry was used. Acid
concentrations were confirmed by using automatic titrators. Interfacial/surface
tension measurements were done using a tensiometer (SIGMA 700) and the
du Nouy ring method. Densities were measured using the same tensiometer,
but using a density probe of known volume and weight. All measurements
were performed at ambient room temperature, between 20-22°C, and at least 3
replicate measurements were done. The error presented is the standard deviation

of the measurements.
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Chapter 5

Results and Discussion

5.1 Fundamental properties and performance

The results presented here are based on those published in Paper I, Paper IV and
Paper V.

5.1.1 Solvent physical properties

Both density and interfacial tension play a crucial role in a solvent extraction
system. Primarily, the difference in densities of the aqueous phase and the
organic phase needs to be sufficiently large for the phases to separate in distinct
layers. If densities are too similar, phases layering next to each other (rather
than top and bottom) can occur, or phases can even be split into 3 phases.[99]
Such tendencies can cause severe issues for gravitational settlers and centrifugal
contactors.

In most solvent extraction systems, the heavier phase is the aqueous phase
and the organic phase is the lighter phase. In the CHALMEX system, however,
the density of the organic phase is the heaviest, as seen in Table A heavier
organic phase has one major advantage over lighter organic phases in systems
with a high metal content: as metal is extracted by the solvent, the solvent
density increases while the aqueous density decreases. Overall, the density
difference between the phases will thus increase as extraction proceeds.

Solubility of either phase in the other can cause significant changes in both
the solvent and the aqueous phase density. It is well-known that nitric acid
is soluble in TBP, which is confirmed by the increase in density for the TBP
pre-equilibrated with acid, as opposed to the pristine TBP, as shown in Table
It is also seen that the density of FS-13 changes after pre-equilibration
with both water and nitric acid. FS-13 has a density of 1.41 g cm™3 prior to
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pre-equilibration, which agrees with literature values.|84] Upon pre-equilibration,
the density of the FS-13 decreases. The density of the pre-equilibrated diluent
is the same for both water and nitric acid, suggesting the density difference is
largely due to the solubility of water in FS-13. The density difference between
the CHALMEX solvent (1.27 g cm™3) and the nitric acid (1.12 g cm™3), appears

to be sufficient to allow spontaneous phase separation.

Table 5.1: The measured density (p) and interfacial tension (IFT) of the
CHALMEX solvent constitutents, pristine and pre-equilibrated.

Constituent | Pre-equilibration | p(gem ™) | IFT (mNm™1)
4 M HNO; ) ild?()zoz .
TBP ) iobg.gé2 )
TBP MQ £ 0001 £ 060
TBP HNOy £ o001 Lots
FS5-13 B 116%0102 B
FS-13 MQ ild?c?()?; 11?252)9
FS-13 HNOs ilbi?o:s il(i:g;z
30% TBP ) 1.25 )
70% FS-13 + 0.003
;’(;J((V? I;FSl?fS HNOs 1162.?)1 1102.525
CHALMEX HNO; ild?o?oo ilé'.gs

Interfacial tension, or surface tension, is the force required to form a surface
between a liquid and another phase, whether it be gas or liquid.|100] Since
surface molecules of the liquid are not completely surrounded by other liquid
molecules, in contrast to the bulk liquid molecules, the surface molecules have
higher interaction forces with one another. A high interfacial tension between
two phases means they will separate well, although this also hinders good mixing
of the phases.

TBP is a surface active agent, or surfactant. Surfactants are molecules with
one hydrophobic part and one hydrophilic part. The addition of a surfactant to
the solvent will thus lower the interfacial tension between the organic phase and
the aqueous phase by having its hydrophilic head and hydrophobic tail dissolved
in the aqueous and organic phase respectively. As such, a surfactant promotes

better mixing, at least up until a certain point. Here, the effect of TBP on
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the CHALMEX solvent is illustrated by the decrease in interfacial tension after
adding TBP to FS-13.

5.1.2 Acid extraction

It is important to understand the degree to which acid is extracted by the solvent
overall, for several reasons in addition to the effect on density. Firstly, it is known
that the solubility of CyMe4-BTBP is dependent the dissolution of either nitrate
or undissociated nitric acid.[26] Secondly, spent nuclear fuel is dissolved in nitric
acid prior to reprocessing/recycling operations. Thirdly, as the extracting agent
is occupied by extraction of acid molecules or protons, less ligand is available for
metal complexation. Simultaneously, less nitrates are available for coordinating
with metals in the aqueous phase. Lastly, an elevated acidity of the organic
phase can cause issues in downstream processes, so for solvents with high degrees
of acid extraction, acid scrubbing steps are usually required.[47, |101H107]
FS-13 does not extract acid to any measurable extent, as seen in Figure [5.1
This confirms that the density decrease seen for the diluent after pre-equilibration
is mainly due to water solubility in FS-13. As expected, acid extraction by the
CHALMEX solvent is significant and saturation of the organic phase occurs at
approximately 4.9 M acid. Earlier studies have shown that the acid is extracted
both as undissociated HNOg, but also as protons.[26] Although acid extraction
by the CyMes-BTBP molecule is not entirely unlikely, its low concentration in

the solvent suggests that the majority of acid is extracted by TBP.
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Figure 5.1: The concentration of protons in the organic phase, extracted by
FS-13 and the CHALMEX solvent: 10 mM CyMe4s-BTBP in 30% v/v TBP and
70% v/v FS-13.

This is confirmed when considering the UV-VIS absorption spectra of FS-
13, and TBP/FS-13 pristine and pre-equilibrated, as seen in Figure The
absorption spectra shows a clear dip in the absorption at 625 nm for the TBP/FS-
13 solvent that has been pre-equilibrated with 4 M HNOg3. While no such dip is
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seen in the UV-Vis spectra of pure 4 M HNOgs, the acid or water are the only

possible sources of the change in absorption spectrum.
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Figure 5.2: UV-VIS absorption spectrum for FS-13 and TBP/FS-13, pristine
and pre-equilibrated with 4 M HNOs.

5.1.3 Nitrate and nitric acid dependency

Increasing the nitric acid concentration increases the D-value of all the actinides
and Eu, up to a nitric acid concentration of 2.5 M, as seen in Figure At
higher acid concentrations, the D-values decrease for Am, Cm and Eu, which
are all extracted by CyMey-BTBP. This can indicate either saturation of the
ligand with by the metal, or that the high acidities alter the CyMey-BTBP’s
extracting capability. The former is unlikely since only trace concentration metals
were present. However, earlier studies have found that the CHALMEX solvent
extracts both protons and undissociated acid. Such extraction changes the
polarity of the solvent, which is also known to play a major role in the solubility
of Am/Cm-BTBP complexes.[73] No such trends are seen for D(Pu), which is
primarily extracted by TBP and is extracted as expected by the TBP ligand.
The dataset for Np is split into two series, one for Np(V) and one for Np(V,VI),
as the oxidation state place a crucial role in the degree of extraction. The Np(V)

is the least extractable species, shown here with D<1 for the entire acid range.
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The D-ratio for Np(V,VI) however, shows a more realistic extraction behaviour
for spent nuclear fuel solutions, with D=23-4 over the nitric acid concentration
range. This is due to extraction of the Np(VI) species by TBP. The oxidation
state of Np is known to be difficult to control, as it is highly sensitive to a range
of parameters such as nitric acid concentration, presence of nitrous acid and

water-soluble organic degradation products.[76]
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Figure 5.3: The D-values of Am, Eu, Pu, Np and Cm as a function of nitric acid
concentration. The extraction was performed using the 10 mM CyMey,-BTBP
CHALMEX solvent.

5.1.4 Solvent optimisation

D(Pu) is shown to increase as expected with increasing TBP concentration, as
seen in Figure Although it has been shown that TBP does not extract
Am or Eu, D(Am) and D(Eu) both increase as a function of % v/v TBP in
FS-13. Since the CyMe4-BTBP concentration was kept constant at 10 mM for
these experiments, the increase in D-values can most likely be attributed to the
changed solvent characteristics with increasing TBP concentration, increasing
the solubility of the Am-BTBP and Eu-BTBP complexes in the organic phase.
TBP is both soluble in nitric acid and is a known surfactant, which means that
the polar head interacts more readily with the aqueous phase, while the organic

side groups remain distributed in the organic phase. CyMe4-BTBP on the other
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hand is not a surfactant, and the extraction is limited by the mass transfer from
the phase boundary to the bulk organic phase.

The decrease in interfacial tension from pure FS-13 to the 30% v/v TBP
in 70% v/v FS-13 suggests that not only does the TBP/FS-13 solvent yield
a higher solubility of the Am/Eu-BTBP complexes, but it also aids the mass
transfer of the Am- and Eu-nitrate complexes across the phase boundary. This
agrees with results published by Ekberg et al., who reported that the solubility
of Am-CyMes-BTBP complexes in organic solvent increases with decreasing
charge density of the solvent.[73]

Np(V,VI) extraction show an unexpected trend, with D-values increasing
with increasing % v/v TBP up until 20 % v/v TBP, after which D(Np) drops
significantly from about 4 to 1. The trend up to 20 % v/v TBP agrees with those
seen for Np(V,VI) in Figure while the D(Np) at >20% v/v TBP closely
agrees with the trends seen for Np(V). This strongly suggest that the reduced
D(Np) is due to a reduction of any Np(VI) to the less extractable Np(V).
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Figure 5.4: The distribution ratio of Pu, Am, Np and Eu as a function of % v/v
TBP in FS-13, with a constant 10 mM concentration of CyMes-BTBP.

Also, the extraction as a function of CyMes-BTBP has been investigated for
systems with different TBP concentrations. Figure a) shows the extraction
in a system with 15% v/v TBP in 85% v/v FS-13 and Figure b) shows
the extraction in a system with 50% v/v TBP in 50% v/v FS-13. D(Am) is
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noticeably higher in the system with a higher TBP concentration, which is in
agreement with the results in Figure Not surprisingly, D(Am) increases
with increasing CyMeys-BTBP concentrations. Similarly, D(Pu) increases at
higher CyMes-BTBP concentrations, although to less of a degree than D(Am).
This causes D(Am) to supersede D(Pu) at a lower CyMes-BTBP concentrations
in the 50% v/v TBP system compared to the 15 % v/v TBP system. In the
15% v/v TBP system, D(Am)>D(Pu) at 80 mM CyMe,-BTBP concentration,
while in the 50% TBP system D(Am)>D(Pu) occurs at 15 mM CyMe,-BTBP

concentration.
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Figure 5.5: The distribution ratios of Pu, Am, Np and Eu as a function of
CyMe'4-BTBP concentration for (a) 15% v/v TBP and (b) 50% TBP.

Corresponding trends are seen for the D(Eu) and D(Np) for the two systems.
While D(Eu)>D(Np) only occurs at about 40 mM CyMe,-BTBP concentration
in the 15 % v/v TBP system, it occurs at 20 mM CyMes-BTBP concentration
for the 50 % v/v TBP system. Hallerod reported that in the “standard” 30
% v/v TBP solvent, the Np/Eu inversion occurs at around 40 mM CyMe,-BTBP
concentration. It is not clear whether a Np(V) or Np(V,VI) solution was used
in those experiments, but the D-values agrees with those seen for Np(V) here.
The D(Np)/D(Eu) inversion is of particular importance in this system as the
extraction of lanthanides is unwanted. It is therefore important to operate the
process below the TBP/CyMes-BTBP ratio at which the D(Np)/D(Eu) inversion
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occurs.

5.2 Fission products

Fission product extraction also varies significantly according to nitric acid
concentrations, as observed in Figure[5.6] The fission products Ag, Cd and Cu
all have D > 100 for most acid concentrations and are excluded from the data
presented. These elements are all weak acids and so their complexation with
CyMe4-BTBP is not unexpected. Fission products with D < 0.1 for the whole

acid range are also excluded.

v Zr |4
+ Mo |1
X Pd ||
2 Ni

103 1 I I I I I 1 1 1 1
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5 5.5

[HNO,] M)

3-initial

Figure 5.6: D vs [HNOs] for selected fission products in the range of 0.01-100.
The fission products were extracted by 10 mM CyMeys-BTBP CHALMEX solvent
with 30% v/v TBP, from 10~° M metal solutions.

Without exception the D-values increases for all elements shown in Figure
for [HNOg3]> 1 M. At lower concentrations, the low D-values for all elements
except Zr can both be a result of the low nitrate concentration in the aqueous
phase, but also the lower solubility of CyMe,~-BTBP in the absence of acid.
It is unlikely that varying acid concentrations cause changes in the oxidation
states of the metals in question, which, if was the case, would highly influence
their extractability. Rather, it is more likely that the higher acid concentration

makes more nitrates available for solvating metal-ligand complexes. Furthermore,
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higher acid concentrations are known to cause more acid extraction into the
organic phase, changing the solvent properties (mainly polarity) and affecting the
solubility of the complexes in the organic phase. Ni is predominantly stable in
the +2 oxidation state, Zr in the +4 state, while Mo is known to have oxidation
states in the range +2 to +6, although oxidation states +2 through +5 are are
sensitive to oxidation in the presence of air. Pd exists as +2 oxidation state in
nitric acid.[108+110]

By evaluating the fission product extraction over a range of acid concentra-
tions, one can also determine the optimal scrubbing conditions for extracted
fission products. The nitric acid concentration for the spent fuel raffinate is
pre-determined at 4 M HNOs. At this concentration, Zr, Mo, Pd, Ni, Ag and
Cd extraction is significant. At nitric acid concentration of 0.5 M however, the
D-ratio of Zr, Mo, Pd and Ni are all below 1, suggesting this as a suitable acid

concentration for the scrubbing solution.

5.2.1 Masking agents

A study of different masking agents have been published by Aneheim et al.[64]
111] Since then, Sypula et al. (2012) found that certain polyaminocarboxylic acids
worked efficiently as masking agents for similar solvent extraction systems.[112]
A comparison of the most promising polyaminocarboxylic acids, bimet and
mannitol as masking agents for relevant fission products is presented in Table
In addition, two novel masking agents, referred to as agent 10 and agent 13 were
investigated for their efficiency in masking the troublesome fission products for
the CHALMEX process. Agent 10 and agent 13 are both water-soluble, bidentate
BTBP-molecules, cationic and anionic respectively, developed to function as
masking agents for Pd(II), Ni(II) and Ag(I). They are evaluated as possible
replacements for bimet and their structure can be seen in Figure and
.75l The molecular structure of all remaining masking agents can be found in
Appendix [C}[113]
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Figure 5.7: Molecular structure of (a) Agent 10 ((PhSO3Na)2-BT) and (b) Agent
13 ((ChyNEt3X)2)-BT).

Most of the polyaminocarboxylic acids show a reduction of fission product
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extraction for some fission products, compared to the pristine system. EDTA
and CDTA for instance, show a reduction in D-ratio to < 1 for Zr, while DTPA
yields more than a tenfold reduction in D(Cd) to D = 1.55. In addition, CDTA
yields a significant reduction for D(Cr) and D(Cu), both with concentration
below the detection limit for the organic phase. Yet, the reduction of D-ratio for
one element is paired with the increase in D-ratio for another fission product
for the polyaminocarboxylic acids investigated. For instance, both EDTA and
CDTA see an increase in D(Mo), while DTPA sees an increase in D(Pd), D(Zr)
and D(Mo).

Neither agent 10 or agent 13 can compare to bimet in the reduction of D(Ag).
For Pd, Agent 13 yields a D(Pd)=0.10, which is lower than that of bimet. The
most noticeable benefit of Agent 13, is seen for D(Ni) however. Agent 13 is the
only masking agent investigated that shows any effect on the Ni extraction, with
D(Ni)=2.31 compared to D(Ni)="75.6 for pristine systems.

Table 5.2: The distribution ratios of selected metals for pristine solutions and in
the presence of different masking agents. A CHALMEX solvent with 10 mM
CyMe4-BTBP and 30% v/v TBP was used as the extracting solvent, while 10~4
M of metals were dissolved in 4 M nitric acid and used as the aqueous phase.

Niagsé‘ri:g Ag | cd | Pd Zr Mo Cr Cu Ni
- >100 | >100 | 14.8 1.69 45.3 0.10 72.5 75.6
Pristine +- +- | +033| 4004 | +0890 | £001 | +12 | +683
EDTA | >100 | >100 | 116 0.37 73.9 0.10 12.8 82.5
+- +- | £185 | £004 | +£1.26 | £001 | +069 | +35
>100 | >100 | >100 | 428 | > 100 0.13 14.4 80.3
HEDTA | = 7 +- +- | +659 | +- 4001 | £034 | +478
DTPA | >100 | 155 | >100 | 398 | >100 0.16 13.1 75.7
+- | 4030 | +- | +28 | +- 4008 | +1.15 | + 947
>100 | >100 | 12.1 0.25 70.1 > 0.01 > 100
CDTA +- 4o | +24 | £003 | +1.1 Lo | <001} LT
Bimet 030 | >100 | 023 0.66 6.92 >100 | >100 | 49.4
£004 | +- | +002| £009 | £0004 | +- +- | +175
- >100 | >100 | 7.53 0.55 6.70 <0.01 1.34 42.3
Mannitol | =, +- | 4009 | £004 | +0.01 4 - +1.16 | +4.3
>100 | >100 | 4.70 0.50 4.94 0.03 76.1 36.9
Agent 10 | =/ +- | +078 | £003 | +042 | £001 | +40 | +6.59
941 | >100 | 0.10 0.15 10.9 0.02 1.03 2.31
Agent 13 | " oe | L | £007 | £003 | £o081 | +0005 | +006 | <081

For bimet, a significant reduction in D(Ag), D(Pd), D(Zr) and D(Mo) is
achieved, and for all these fission products except Mo, D< 1. For the use
of mannitol, a significant reduction of D(Pd), D(Zr), D(Mo) and D(Cu) is

achieved. Ag, although present in low concentrations in the fuel, has shown to
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be challenging to remove from the organic phase and so concerns are related to
the retention and buildup of Ag during recycling and reuse of the solvent. Bimet
is the only masking agent offering a sufficient reduction of D(Ag), which equals
0.30. Furthermore, the abundancy of Mo and Zr in SNF also makes its reduction
in D-ratio a priority, as even a low D-ratio means a significant quantity of these
metals are extracted. Both bimet and mannitol offers a considerable reduction
in both Zr and Mo extraction.

Based on these results, it was concluded that both bimet was the most
suitable for combination with mannitol. These masking agents will therefore be

further explored in section

5.3 DEHBA

The results presented here are based on Paper V.

DEHBA is an extracting agent for the tetra- and hexavalent actinides, namely
Pu(IV) and U(VI). DEHBA yields high distribution ratios for both Pu and U,
as seen in Table For comparison, neither Np(V), Am(III) or Eu(IIl) are

Table 5.3: The distribution ratios of the actinides and Eu extracted by 30% v/v
DEHBA in 70% FS-13

Pu(IV) | U(VI | Np(V) | Am(III) | Eu(III)
11.4 9.41 <0.01 <0.01 <0.01
+ 0.31 +051 | £+<10 4| £<104 | <10 4

extracted by DEHBA to any significant degree. DEHBA has shown a higher
overall extraction of lanthanides compared to TBP. With D(Eu) < 10~%, which is
the most extractable lanthanide, separation of the Pu and U from the lanthanides
is achieved.|114]

Considering the DEHBA solvent’s physical properties, presented in Table
it becomes apparent that the density of pure DEHBA of 0.837 g cm ™3,
is significantly lower than the density of pure TBP (0.971 g cm~3). Thus, it
is not surprising that the density of the DEHBA solvent is lower than that
of the TBP-solvent, with 1.12 g cm™ and 1.28 g cm ™3, respectively, for the
pre-equilibrated solvents.

A couple of elements of concern become apparent, however. The density of
the pre-equilibrated DEHBA solvent is very close to the density of 4 M HNOy4
at 25°C, which is about 1.10 g cm ™3 at 25°C. In a loaded aqueous phase, the
density will be higher than pure nitirc acid, and phase inversion phenomena
are thereby likely as the solvent is loaded with metal. Furthermore, the surface

tension of the pristine- and pre-equilibrated solvent is dominated by the surface
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Table 5.4: The measured density (p), surface tension and interfacial tension
(IFT) of pure DEHBA and a 30% v/v DEHBA and 70% v/v, pristine and
pre-equilibrated.

Constituent Pre- P Surface tension IFT
equilibration | (kgm™3) (mNm~1) (mNm~1)
0.837 28.7
DEHBA ) £ 0.000 £0.20 )

30% v/v DEHBA _ 1.20 27.5 _
70% v/v FS-13 + 0.005 + 0.04
30% v/v DEHBA 7.23
70% v/v FS-13 4 M HNOs; 1.12 29.2 1015

tension of DEHBA. The interfacial tension of the DEHBA solvent (7.23 mN m~1)
against nitric acid is significantly lower than its surface tension (29.2 mN m~1),
and also much lower than the interfacial tension of the TBP solvent against
nitric acid (12.8 mN m™1). This is concerning, as a too low interfacial tension
can cause challenges for the phase separation. This was also observed in the
batch experiments as the solvent and aqueous phase produced a three-layered
system.

The density difference between the pristine- and pre-equilibrated DEHBA
solvent also suggest a significant degree of acid extraction by DEHBA. Since the
density of nitric acid is lower than that of the solvent, any dissolved acid will act
to reduce the density of the solvent. This was confirmed by the acid extraction
experiments presented in [5.8

A linear fit to the concentration of protons in the organic phase versus nitric
acid concentration show a slope of 0.19 (R?=0.98) for the DEHBA solvent,
compared to a slope of 0.25 (R?=0.92) for the TBP solvent until saturation is
achieved. This shows that, for 1 M increase of nitric acid concentration, almost
20% of the acid is extracted by the DEHBA solvent. Likewise, a 25% extraction
of available acid occurs for the TBP solvent for nitric acid concentrations below
4 M. For the process, this means that both solvents will require scrubbing of the
extracted acid.

A slope analysis was performed for the extraction of Pu and U as a function
of both DEHBA concentration, but also nitric acid concentration. Slope analysis
is used for determining the dependency of the metal:ligand complex on a variable,
such as ligand concentration or nitric acid concentration. It was found that
the uranium is extracted as a 1:1 complex by DEHBA, as seen in Figure [5.9
in contrast to a 1:2 U:DEHBA complex reported by Acher et al.[115]. Acher
et al. also reported that the U:DEHBA complex was coordinated by 4 nitrate
ions, although extractions were performed using U(VI). Here, the slope shows

a nitric acid dependency of only 0.5, as presented in Figure [5.10l The nitric
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Figure 5.8: The concentration of acid in the organic phase after contacting with
4 M HNO:s.
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Figure 5.9: log(D) of Pu and U as a function of log(% v/v DEHBA) in FS-13.
Linear regression lines have been fitted to the respective data points.
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acid dependency experiments were repeated using 1 M HNOj3 and adjusting
the nitrate concentration by the addition of NaNOg, which produced the same
slopes. This was done to reduce the effect of activity changes with increased
nitrate content.

For the extraction of Pu, a dependency of 1:2 is seen for Pu:DEHBA, which
is in agreement with earlier reported work. Acher et al. also showed evidence of
a 1:3 dependency, which is not reproduced for the DEHBA-FS-13 solvent.[115]
Also, it was found that the nitrate and nitric acid dependencies were equal for
Pu .

y =0.535x + 0.586
R*=0975

Log(D)

y=0.994x +0.488
R%=0.885

-0.5

2 15 1 05 0 05 1
log([HNO,))

Figure 5.10: Log(D) of Pu and U as a function of log([HNOs3]), extracted by 30%
v/v DEHBA in FS-13. Linear regression lines have been fitted to the respective
data points.

While the presence of TBP has been shown to promote the degradation
of CyMe4-BTBP, the presence of DEHBA appear to not play any role in the
CyMey-BTBP degradation. However, it has been found that DEHBA forms
water-soluble degradation products which act like masking agents for both Am
and Eu.[114] Here, the effect of gamma irradiation on the extraction of Pu and
U has been investigated, and the results are presented in Table The D-ratios
of both Pu and U decrease with increasing irradiation doses. Generally, the
higher the dose, the lower the D-ratios. Both D(Pu) and D(U) are, however,

maintained at sufficiently high levels to achieve separation from the aqueous

36



Table 5.5: The D-ratios of Pu and U after gamma irradiation of the DEHBA
solvent, aerated and in contact with 4 M HNOj

Dose (kGy) D(Pu) D(U)
) 272 £0.37 | 13.8 £0.35
20 21.6 £047 | 8.24 £0.71
75 19.9 £0.21 | 812 £ 0.31
100 17.5 £ 0.27 | 9.51 + 0-41
250 17.7 £ 0.63 | 6.41 £ 0.15

phase.

Lastly, the kinetics of extraction for the DEHBA solvent was investigated.
For the TBP solvent, extraction equilibrium is reached within 10 minutes of
contacting. For Pu extraction by DEHBA, equilibrium is also reached within 10
minutes, as seen in Figure The equilibrium value for D(Pu) is about 13.5,

]0() L

0 10 20 30 40 50 60
Time (min)

Figure 5.11: The distribution ratio of Pu and U as a function of time, extracted
by 30% v/v DEHBA in FS-13.

which is significantly lower than the D(Pu)=24 after only 1 minute of contacting,.
Furthermore, D(Pu) after 5 minutes contact time was approximately 31. It is
possible that this initial increase in D(Pu) is due to for example a competing
extraction reaction with HNO3 or NO; , some unknown chemical reaction or it

could simply be due to difficulties in sampling at accurate time intervals. As
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the contacting times are increased, the sampling time will have a smaller and
smaller effect on the D-ratio.

Similar trends are seen for the extraction of U, although to a much smaller
degree than for the Pu extraction. D(U) also saw a much higher deviancy in the

triplicate samples.

5.4 Metal loading

The results presented here are based on Paper I.

Extraction trends during metal loading conditions can be substantially dif-
ferent to those with only trace concentration metals. This can be related to
interfering or competing extraction of other metals with high concentration in
the aqueous solution.

With only trace level metals, a 10 mM CyMes-BTBP concentration is suffi-
cient for An/FP separation. During metal loading conditions on the other hand,
the extraction of both Am and Cm is severely reduced, as seen in Figure [5.12
(a). Meanwhile, little effect is seen on Np, Pu and U extraction. This is not
entirely unexpected since the concentration of TBP (30% v/v=1.1 M) is much
higher than that of Pu and U. The 10 mM CyMe4s-BTBP concentration however,
is lower than the total concentration of extractable (by CyMes-BTBP) metal in
the aqueous phase, resulting in significantly lower D-ratios for the Am, Cm and
partially Np.

At higher CyMey-BTBP concentrations, as seen in Figure (b), the Am
and Cm D-values are maintained > 1 for all the raffinates investigated. One can
still distinguish between the raffinates, for both CyMe4s-BTBP concentrations.
The raffinates yielding the lowest D-values for Am and Cm are the SANEX
4.2 M raffinate and the HAW-CEA 4.3 M raffinate. This is perhaps not too
unexpected when considering the raffinate metal composition in Appendix [B]
as these raffinates have the highest total metal concentration. Furthermore, it
has overall higher concentrations of FP previously shown to be extracted by the
BTBP-ligand, namely Ag, Ni, Cd, Mo, Pd, Cu and Cr.

In the presence of mannitol and bimet as fission product masking agents, the
D-ratios are noticeably higher for Am and Cm, as seen in Figure[5.13] The effect
on Np, Pu and U is surprisingly the opposite, however, with decreased D-ratios
in the presence of masking agents. While the D-ratios for Pu and U both remain
over 10 for all raffinates, D(Np) is below 10 for all the raffinates in the presence
of the masking agents. Firstly, this suggests that either bimet or mannitol, or
the combination, to a small degree inhibits the TBP molecule. Secondly and by
extension, this also indicates that Np has been at least partially oxidized from
Np(V) to Np(V, VI), which is extractable by TBP.

38



2 (a)

ﬂm I .

Am Cm Eu Np Pu u

®
10k
100
-1 |
Am Cm Eu Np

Figure 5.12: The distribution ratio of the actinides and Eu after extraction from
various spent fuel raffinates using a 30% v/v CHALMEX solvent (a) with 10
mM CyMey-BTBP and (b) with 25 mM CyMey-BTBP.
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Overall, the system with 25 mM CyMey-BTBP solvent and in the presence
of masking agents, yields promising D-ratios for all the actinides, even for the

raffinates with the highest metal content.

5.4.1 Kinetics

Since the CyMey-BTBP ligand is not surface active and its extraction of actinides
depends on the mass transfer of metal-nitrate complexes to the organic phase, it
is likely that the metal concentration plays a significant role in its extraction
kinetics. Under trace metal concentrations, it has previously been demonstrated
that the actinides extracted by CyMes-BTBP (mainly Am and Cm, to a lesser
extent Np(V) and Pu) and Eu reached extraction equilibrium after 20 minutes
contact time. The actinides extracted by TBP on the other hand, quickly
reached extraction equilibrium more or less instantly.

As expected, the kinetics of the actinide extraction by CyMes-BTBP is
affected by the high metal content, as seen in Figure Extractions using
both 10 mM and 25 mM CyMe,-BTBP concentrations were performed, but only
the former is presented here as the trends are identical. The extraction of U

and Pu reaches equilibrium within 5 minutes of contacting, while the extraction
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Figure 5.13: The distribution ratios of Am, Cm, Eu, Np, Pu and U in the
presence of bimet and mannitol, extracted from various simulated spent fuel
raffinates. The solvent had CyMes-BTBP concentration of 25 mM.

of Np reaches equilibrium within 20 minutes of contacting. D(Am), D(Cm)
and D(Eu), however, do not reach equilibrium until 100 minutes of contacting.
These are extremely long time scales considering the intent to use centrifugal
contactors as contacting equipment for the European homogeneous An recycling
processes. Still, the maximum D-ratios for Am and Cm are seen after only 10
minutes of contacting, after which the D-ratios decrease steadily. This indicates
a competing extraction reaction with one or several of the fission products. It
also demonstrates that the use of centrifugal contactors can actually be beneficial
for the CHALMEX process, since shorter contact times yields higher D-ratios
compared to the equilibrium values.

Although the trends for the 25 mM CyMey,-BTBP system were equal to
those of the 10 mM CyMe4-BTBP system, the overall D-ratios were higher. For
instance, the equilibrium value for D(Am) was 0.35 for 10 mM CyMey-BTBP,
and was 4.9 for the 25 mM CyMes-BTBP system. Similarily, the equilibrium
D(Np) was 4.8 and 7.6 respectively.

The extraction of the most concerning fission products as a function of time
can be observed in Figure It is apparent that Pd, Ag and Zr all reach

extraction equilibrium within 10 minutes. This is surprising as both Cd and
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Figure 5.14: The distribution ratio of the actinides and Eu as a function of time
for CHALMEX solvent with 10 mM CyMe,-BTBP.
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Figure 5.15: The distribution ratio of selected FP as a function of time, extracted
by 10 mM CyMeys-BTBP CHALMEX solvent from HAW-CEA 3.2 M.
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Ag are known to be extracted by the BTBP-ligand, which displayed very slow
kinetics for the actinide extraction. Zr on the other hand is extracted by
TBP, which is known to have much faster kinetics compared to CyMe4-BTBP.
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