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ABSTRACT: The removal of the most long-lived radiotoxic
elements from used nuclear fuel, minor actinides, is foreseen as an
essential step toward increasing the public acceptance of nuclear
energy as a key component of a low-carbon energy future. Once
removed from the remaining used fuel, these elements can be used as
fuel in their own right in fast reactors or converted into shorter-lived
or stable elements by transmutation prior to geological disposal. The
SANEX process is proposed to carry out this selective separation by
solvent extraction. Recent efforts to develop reagents capable of
separating the radioactive minor actinides from lanthanides as part of
a future strategy for the management and reprocessing of used nuclear
fuel are reviewed. The current strategies for the reprocessing of
PUREX raffinate are summarized, and some guiding principles for the
design of actinide-selective reagents are defined. The development
and testing of different classes of solvent extraction reagent are then
summarized, covering some of the earliest ligand designs right
through to the current reagents of choice, bis(1,2,4-triazine) ligands.
Finally, we summarize research aimed at developing a fundamental
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understanding of the underlying reasons for the excellent extraction capabilities and high actinide/lanthanide selectivities shown
by this class of ligands and our recent efforts to immobilize these reagents onto solid phases.

1. INTRODUCTION

1.1. Background. One of the most important scientific,
technological, and social challenges that faces humanity today is
to render nuclear waste to be as safe as possible. As many
countries consider expanding their civil nuclear power
programs to meet their energy needs," it becomes increasingly
important to develop processes that reduce the radioactivity of
nuclear waste. In order to obtain energy from fissile nuclei such
as 27U and **Pu, the nuclei are irradiated with neutrons such
that the branch chain reaction leads to the required energy but
fission products such as the lanthanides (Ln or rare earths) and
minor actinides (An) are also produced. As shown in Figure 1,
thermal fission of **U produces many fission products
including those ranging in mass number from 75 (As) to 160
(Tb) following the removal of fuel rods from a nuclear reactor
core. Currently, the PUREX (Plutonium and URanium
EXtraction) process is used worldwide to remove Pu and U
from the spent fuel, so that it can then be recycled and reused
as mixed oxide (MOX) fuel.> The remainder of the waste
contains the minor actinides that account for much of the long-
term radiotoxicity of used nuclear fuel.

The processed nuclear fuel could be stored in a deep
geological depository but the fuel will remain radioactive for
millions of years, and storage of radioactive spent fuel is not
favored by the public. An alternative method has been studied
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whereby the spent fuel can be treated so as to render it safe and
more suitable for geological storage. The problems of the
radioactive nature of the spent fuel arise from the long-lived
(>10°-10° years) radioactive elements in spent nuclear fuels.
Figure 2 shows the rate of decay of spent nuclear fuel with time.
It is evident that removal of U and Pu reduces the radiotoxicity
considerably but additional removal of the minor actinides
would allow the remaining waste to reach the level of natural U
within 300 years, as opposed to 9000 years. The principal long-
term loadings thus arise from isotopes of the minor actinides
americium (Am) and curium (Cm), even though these
elements (together with neptunium) comprise only 0.1% by
mass of the waste (Figure 3). Recent studies have shown,
however, that they can be removed by partitioning of the minor
actinides from fission products such as the rare earths in a
solvent extraction process. The separation of the minor
actinides from the lanthanides is a necessary step because the
ratio of An/Ln is ca. 1:40 and the effective neutron capture radii
of the lanthanides are much greater than those of the minor
actinides. Once separated and concentrated as oxides,
irradiation by high-energy neutrons can transmute the long-
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Figure 1. Fission yield curve for the thermal neutron fission of 2°U
after ca. 100 days of cooling. The curve on the left corresponds to the
transition metals, and the curve on the right corresponds to the
lanthanides. This curve does not include volatile elements and the
minor actinides.

lived isotopes of Am and Cm to short-lived or stable ones.® The
combined processes of partitioning and transmutation (P and
T) aim to significantly reduce the storage time needed for
radioactive spent fuel and have thus been the subjects of much
detailed research. Here we discuss some of the principal
developments that have taken place with respect to partitioning
in relation to the development of fundamental research, which
leads to viable processes for P and T.

Historically, two main sequential processes have been studied
for removal of the minor actinides from PUREX waste
solutions. In the first step, both An™ and Ln™ are coextracted
from the remaining waste, followed by the separation of An™
from Ln™.* Reagents suitable for use in the first step have been
developed and are typically based on bidentate chelating hard
O-donor ligands. For example, in the United States, the
TRUEX (TRansUranic EXtraction) process’ using [(N,N-
diisobutylcarbamoyl)methyl] (octyl) phenylphosphine oxide

(CMPO) as the extractant has been extensively studied for
An"/Ln™ coextraction from high-level waste. In France and
Japan, bidentate diamide and diglycolamide ligands have been
developed for the An™/Ln" coextraction step (the DIAMEX
process).’ The current reference molecules are N,N'-dimethyl-
N,N’-dioctyl[ (hexyloxy)ethylJmalonamide (DMDOHEMA),
and N,N,N’,N’-tetraoctyldiglycolamide (TODGA). Ligands
composed of soft N- and S-donor atoms have been the focus
of research to carry out the more challenging An'"'/Ln™
separation in the second step. In Europe, the SANEX (Selective
ActiNide EXtraction) process has been proposed to perform
this separation using hydrophobic N-donor ligands,” while in
the United States, the TALSPEAK process aims to separate
An" from Ln"™ by selective back-extraction (or stripping) of
An" following an initial TRUEX separation step.®

1.2. Ligand Design. Previously, prior to the 1980s, the
partitioning of An™ from Ln"" had been regarded as being very
difficult, if not impossible, to achieve. Both Am™ and Cm™
have chemical properties similar to those of each other and also
La™ and the lanthanides Ce™ to Lu™’ The predominant
cationic charge for all is M"™; the ionic radii (ca. 0.1 nm)'° are
similar; the type of bonding in the complexes is essentially
ionic; the coordination numbers are not rigid, and there is
flexibility in the arrangement of the ligands around the metal
cations. In order to devise a molecule able to separate Am™
from Eu', therefore, there appeared to be little in the way of
differences in the chemistry between the two elements to help
in the design of the molecule. However, the interactions
between Am™ and soft N-donor heterocycles could be
considered to be more covalent than those with Eu'l, and it
is believed there is a greater covalent interaction between these
ligands and the Sf orbitals of the actinides than with the 4f
orbitals of the lanthanides. The exact origin of this covalency
effect is still the subject of ongoing debate and is rather poorly
understood.'" Experiment has moved far in advance of theory
in this area, and deeper theoretical studies are needed to further
our understanding. The 4f orbitals of the lanthanides are
embedded in the core of the atom and play less of a role in
metal—ligand bonding.

Any reagent chosen for use in a SANEX process must fulfill
several challenging criteria.'> Obviously, the reagent should
show a good level of selectivity toward the actinides so that the
separation process can be composed of as few stages as
possible. The solubility of both the reagent and its extracted
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Figure 2. Relative radioactive decay of spent nuclear fuel as a function of time. Reproduced with permission from The Royal Society Science Policy

Centre Report 10/11, Oct 2011; ISBN 978-0-85403-891-6.
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ent fuel contains approximately:
94% by mass of uranium (U) with an enrichment
level at or slightly above that of natural uranium;

2 4-5% of fission products, including strontium (Sr),
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caesium (Cs), iodine (I) and technetium (Tc).
1% plutonium (Pu)

0.1% other minor actinides, such as neptunium (Np),
americium (Am) and curium ({Cm)
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Figure 3. Approximate composition of spent nuclear fuel. Reproduced with permission from The Royal Society Science Policy Centre Report 10/11,

Oct 2011; ISBN 978-0-85403-891-6.

complexes in the organic phase should be high to minimize the
possibility of third-phase formation or precipitation. The
reagent must show a sufficiently high level of resistance toward
acid hydrolysis and radiolysis, and any degradation products
formed must not interfere with the separation process to any
significant degree. The reagent should be able to extract from
nitric acid solutions of low pH (<4 M HNO,) that are
produced in the PUREX process. If possible, the reagent should
only be composed of the elements C, H, N, and O so that any
spent solid residues or solvent streams may be incinerated
without producing corrosive products at the end of their useful
life. Finally, to permit large-scale production, the synthesis of
the reagent should be as cost-effective and practical as possible.

Considerable effort has been devoted to the design, synthesis,
and evaluation of soft N- and S-donor ligands in order to carry
out this challenging separation in recent decades."> We have
recently reviewed in detail the development of soft N- and S-
donor ligands in Europe for the partitioning of actinides from
lanthanides in a future SANEX process.'* Herein we provide an
overview of the use of soft N-donor ligands for separating
actinides from lanthanides and some guiding principles for the
design of ligands suitable for this purpose.

1.3. Early N-Donor Ligand Designs. Since the 1980s, a
range of tridentate N-donor ligands based on 2,2":6',2"-
terpyridine were evaluated as selective An'"" extractants.
Selected examples of these ligands are gathered in Figure 4.
In initial solvent extraction tests, 2,2':6’,2"-terpyridine 1 itself
showed promising selectivity (SFuy/g, = 7.2) in the extraction
of Am™ and Eu™™ from dilute (0.1 M) nitric acid solutions into
hydrogenated tetrapropene (TPH) in the presence of 2-
bromodecanoic acid."> Unfortunately, no extraction was
observed in the absence of the synergist or from more
concentrated (>0.1 M HNO,;) nitric acid solutions. More
hydrophobic 2,2":6',2"-terpyridine derivatives 2—6 were even
less promising and afforded lower Am™ distribution ratios than
2,2":6',2"-terpyridine 1 at comparable acidities.'® This was
attributed to an increase in the basicities of ligands 2—6 caused
by alkyl substitution so that protonation of the ligands occurred
rather than metal-ion coordination. Owing to these difficulties,
this family of ligands was not developed further toward a
separation process.

To overcome the high basicity of 2,2':6,2"-terpyridine and
its derivatives, 2,4,6-tri-2-pyridyl-1,3,5-triazine (TPTZ) 7 was
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developed. The central 1,3,5-triazine ring of 7 was designed to
lower the basicity of 2,2":6',2"-terpyridine 1 and enable
extraction from more concentrated nitric acid solutions. Slightly
higher D values and higher selectivities (SF,y/g, > 10) were
found for 7 and its more hydrophobic derivative 8 than 1 in
initial extraction tests under the same conditions, although no
significant extraction was observed from >0.1 M HNO,.
Nevertheless, in a laboratory-scale An™/Ln™ group separation
process demonstration using mixer settlers, 99.9% of Am™ was
recovered from 0.125 M HNOj; spiked with Am™, Eu', and
Ce'" tracers using TPTZ 7 as the extractant and dinonylnaph-
thalenesulfonic acid as the synergist."”

Following these results, the related 4-amino-2,6-di-2-pyridyl-
1,3,5-triazine (ADPTZ) ligands 9—13 were synthesized and
studied. Although ADPTZ 9 and its amido-functionalized
derivatives 10—13 efficiently extracted Am™ from dilute nitric
acid solutions in synergistic combination with 2-bromodecanoic
acid, the extraction decreased at higher (>0.1 M HNO;)
acidities.'® After a process flowsheet had been designed, the
most promising ligand 13 was employed in a 32-stage spiked
test in laboratory-scale mixer settlers at the CEA, with good
results (>99.9% Am™ and Cm™ recovered and separated from
the lanthanides),"” although the need to buffer the feed
solution with glycolic acid/sodium glycolate was an obvious
disadvantage.

Another family of ligands to show encouraging results is that
based on 2,6-bis(benzoxazol-2-yl)pyridine 14. Tridentate
ligands 14—24 containing benzoxazole, benzimidazole, and
benzothiazole moieties were synthesized and evaluated in
Am™/Eu" solvent extraction experiments.’® The most
promising ligands of this family were dodecyl-substituted 16
(BODO) and its branched derivative 24. These ligands showed
superior selectivities compared to those based on 2,2:6',2"-
terpyridine 1 or TPTZ 7 (SFpn/ee < 79), but once again the
ligands could not extract from nitric acid solutions of pH
relevant to a separation process.21

The related tridentate pyridine ligands 25—38 containing
lateral five-membered heterocyclic rings were also studied. The
bis(oxadiazolyl)pyridine ligands 28—31 and 33—38 did not
show encouraging results and only weakly extracted Am™ as
monosolvates from dilute nitric acid solutions into toluene,
chlorobenzene, or tert-butylbenzene with modest selectivities
(1.5 < SPam/es < 19.6).”> In contrast, the bis(1,2,4-triazol-3-
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Figure 4. Structures of representative early N-donor ligand designs studied for the separation of actinides from lanthanides.

y)pyridines 25—27 could extract Am™ very efficiently (Dy,,
approximately 200 for 25) and selectively (SF /g, = S5 for 25)
from dilute nitric acid into TPH under similar conditions in the
presence of 2-bromohexanoic acid,*® while 2,6-bis(5-(2,2-
dimethylpropyl)-1H-pyrazol-3-yl)pyridine 32 also showed
encouraging extraction results at low acidities (SFyn /g, = ca.
100; [HNO;] < 1 M).** Similarly, 2,6-bis(1-aryl-1H-tetrazol-5-
yl)pyridines 39—44 were highly efficient and selective (D, <
50; SFpn/ps < 100) extractants of Am™ when dissolved in

3417

fluorinated diluents in combination with chlorinated cobalt
dicarbollide.”

In a combinatorial chemistry study,26 the 6-(1,2,4-triazin-3-
y1)-2,2"-bipyridine (hemi-BTP) ligands 47—58 were identified
as potential candidates for An/Ln separation. However, despite
good selectivities being observed (e.g., SFan g, < 30 for 48),
the ligands resembled 2,2":6",2"-terpyridine 1 in their extraction
properties and could only extract from weakly acidic nitric acid

dx.doi.org/10.1021/ic3008848 | Inorg. Chem. 2013, 52, 3414—3428
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solutions in the presence of the synergist 2-bromodecanoic acid
or chlorinated cobalt dicarbollide.””

Examples of nonplanar podand N-donor ligands include
those based on tridentate tris(2-pyridylmethyl)amine 59 and
hexadentate N,N,N’,N’-tetrakis(2-pyridylmethyl)ethane-1,2-di-
amine (TPEN) 67. In solvent extraction tests, tris(2-
pyridylmethyl)amine ligands 59—64 performed very similarly
to many tridentate planar heterocyclic N-donor ligands
discussed previously. The pyrazine ligand 60 showed better
results than the pyridine ligand 59 in the extraction of Am™
into TPH containing 2-bromodecanoic acid,*® while chiral
ligands 62—64 efficiently extracted Am™ into nitrobenzene at
pH > 4.7.”° However, protonation of the ligands prevented
extraction from solutions of lower pH.

Extraction results with hexadentate TPEN ligands were more
promising. For example, TPEN 67 could selectively extract
Am™ from ammonium nitrate solutions into nitrobenzene
without the need for a synergist (Dy, = ~100; SFun /g, =
~100),*® while similar results were obtained in 1-octanol in the
presence of decanoic acid. Comparable results were observed
with the softer ligand N,N,N’,N’-tetrakis(2-pyrazinylmethyl)-
ethane-1,2-diamine 70. Interestingly, its more flexible derivative
71 showed better extraction capability but almost no selectivity
(SFam/Ee < 2.3) under the same conditions, while the more
rigid ligand 72 failed to extract either Am™ or Eu'™.*'

Various fundamental studies have been carried out aimed at
understanding the molecular basis of the observed separations
(or lack thereof). In particular, the structures and stoichiome-
tries of the formed metal complexes have been probed by
various techniques, including X-ray crystallography, lanthanide
NMR studies, electrospray ionization mass spectrometry (ESI-
MS), and slope analysis of solvent extraction data. X-ray
crystallographic studies show that many of the tridentate N-
donor ligands discussed here only form 1:1 complexes with
trivalent lanthanide nitrates in which the remainder of the
metals inner coordination sphere occupied by nitrate ions and/
or water molecules. This is true for 2,2':6',2"-terpyridine 1,'
TPTZ 7, ADPTZ 9,>* and BODO 16.*° Exceptions include

3418

the formation of 1:2 complexes of 1 with Cel UM and Nd™
under anhydrous conditions, as observed by 'H NMR
spectroscopy in deuterated pyridine and X-ray crystallogra-
phy,>* and the formation of both 1:1 and 1:2 complexes of the
hemi-BTPs with La™ and Y™, as revealed by "H NMR titrations
in deuterated acetonitrile.””* In addition, the podand ligand 59
and benzimidazoles 65 and 66 have been shown by '"H NMR
spectroscopy to form both 1:1 and 1:2 complexes with U™ and
La"™3 It should be noted here that the extraction properties of
the above ligands are best interpreted by a combination of
techniques. For example, while X-ray crystallography provides
useful structural information on metal complexes, it does not
always reflect the actual species formed in solution under
extraction conditions.

It is clear that many of the N-donor ligands discussed above
suffer from two main drawbacks: their inability to efliciently
extract Am™ from acidic nitric acid solutions (>1 M HNO,)
and the need to use a hydrophobic anion source (e.g, 2-
bromocarboxylic acids or chlorinated cobalt dicarbollide) as a
synergist. Figure S shows the distribution ratios for Am™ as a
function of [HNOQ;] for several classes of N-donor ligand. It
can be seen that many N-donor ligands discussed here, with
few exceptions, are unable to extract Am™ from nitric acid
efficiently under realistic (>1 M HNO;) process conditions.
These drawbacks are probably related to the high basicities of
these ligands and/or the preferential formation of 1:1
complexes with An". Several of these ligands formed only
1:1 complexes in solution with Ln™!SP222723%0 gy cp
complexes would not be very hydrophobic because the
coordination sphere of the metal is not completely enclosed.
Ultimately, these drawbacks render many of these ligands
unsuitable for use in an industrial-scale SANEX separation
process.

1.4. Mixed N- and O-Donor Ligands. As mentioned
previously, extensive work has shown that bidentate ligands
containing hard O-donor atoms (e.g, CMPO, DMDOHEMA,
TODGA) are able to coextract trivalent actinides and
lanthanides from high-level liquid waste solutions in a highly

dx.doi.org/10.1021/ic3008848 | Inorg. Chem. 2013, 52, 3414—3428
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Figure 6. Structures of representative mixed N- and O-donor ligands studied for the separation of actinides from lanthanides.

efficient manner. To achieve an actinide-selective extraction, it
was reasoned that ligands containing soft N-donor atoms in
combination with hard O-donor atoms would be able to extract
the actinides selectively, while still retaining the extraction
efficiency characteristic of the hard O-donor ligands. Mixed N-
and O-donor ligands have thus been extensively studied as
potential ligands for selective actinide extraction. Representa-
tive examples of these ligands are gathered in Figure 6.

Early studies showed that bidentate dialkylamides derived
from picolinic acid only weakly extracted Am™ from solutions
of low acidity.*® More recently, terdentate dipicolinamide
derivatives 73—89 containing two amide groups have been

3419

investigated. An efficient extraction of U, Am, and Eu into polar
fluorinated diluents (e.g.,, phenyltrifluoromethyl sulfone and 3-
trifluoromethylnitrobenzene) was observed in many cases,
especially from highly acidic (2—=6 M HNO,) solutions.””
Furthermore, the extractions were mildly selective for Am over
Eu (SFpm/ee < 6), showing a reversal of the modest selectivity
for Eu over Am found for many of the O-donor ligands. Recent
structure—activity relationships showed that substituents on the
aromatic rings of the amido groups influence the distribution
ratios of the extracted metals and the Am/Eu separation factor,
with a linear correlation being observed between the extraction
ability and the & constants of the substituents.*®

dx.doi.org/10.1021/ic3008848 | Inorg. Chem. 2013, 52, 3414—3428
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1-octanol). See the Supporting Information for extraction conditions.

The modest selectivity for Am™ over Eu" shown by the

terdentate dipicolinamides can be enhanced by the addition of a
second pyridine ring, giving rise to the quadridentate 2,2'-
bipyridine-6,6'-dicarboxamides 90 and 91. These ligands were
found to be significantly more selective for Am over Eu
(SFpm/ga < 30) than their terdentate counterparts when used in
synergistic combination with the lipophilic anion source
chlorinated cobalt dicarbollide in fluorinated diluents.>* The
efficiency of extraction of some fission products was also
significantly enhanced, particularly in the case of Cd. Although
the more preorganized quadridentate N- and O-donor ligands
2,9-bis(hydroxymethyl)-1,10-phenanthroline 94* and 1,10-
phenanthroline-2,9-dicarboxamide 92*' have been shown to
have large stability constants for their lanthanide complexes,
their solvent extraction properties have not yet been reported.
The TPEN derivatives 98—101 constitute rare examples of
water-soluble N- and O-donor complexing agents used for the
selective stripping of Am from a loaded organic phase.*

In the search for greater levels of An/Ln selectivity, a more
recent approach has involved the incorporation of known An/
Ln chelating groups onto preorganized macrocyclic platforms
(e.g., calixarenes, resorcarenes, and tripodal scaffolds) to create
multicoordinate ligands.43 Calixarenes, in particular, have been
extensively employed as molecular scaffolds for the synthesis of
multidentate ligands.** It has been previously shown that
calixarenes bearing CMPO and other O-donor binding groups
are efficient coextractants of both Am™ and Eu™.* Analogous
systems containing both O- and N-donor atoms were
subsequently investigated. A series of multidentate calix[4]-
arenes, calix[6]arenes, and calix[8]arenes bearing picolinamide
groups 103—122 was synthesized and studied for the ability to
separate Am'! and Eu.*® The ligands were found to be more
efficient than an analogous bidentate model compound,
illustrating the cooperative effect of multiple binding sites.
The calix[8]arenes 119 and 120 were the most efficient
extractants, while the upper-rim-substituted calix[4]arene 121
was the most selective (SFj,p, = 13.8). Unfortunately,
efficient extractions only took place at [HNO;] < 0.01 M in
the presence of the synergist brominated cobalt dicarbollide.
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Ligand 102 containing picolinamide groups attached to a
triphenoxymethane platform showed broadly similar extraction
results.*’

In an effort to reduce the basicity of the pyridine N atom, the
effect of substituents on the pyridine rings of calix[6]arene
picolinamides on their extraction properties was studied. A
more efficient extraction was observed from dilute (HNO; <
0.1 M) nitric acid solutions when the pyridine ring was replaced
by a less basic pyrazine ring (ligand 115) or when it contained a
4-chloro substituent (ligand 117).*® Additional ester or amide
groups in the 6 positions of the pyridine rings (ligands 109—
111 and 113) further increased the extraction efficiency, even at
higher acidities (HNO; = 2—3 M).* However, a synergist was
still required for these extractions. The stoichiometries of the
extracted species ranged from 1:2 (for unsubstituted calix[4]-
arenes and calix[6]arenes) to 2:1 (for calix[6]arenes with
additional carboxy binding sites). The role of the anionic cobalt
dicarbollide synergist appears to be the formation of a
supramolecular hydrophobic ternary lanthanide/calixarene/
dicarbollide complex at the phase interface, as established by
ESI-MS, 'H NMR, and ''B NMR spectroscopy.>’

Mixed N- and O-donor ligands constitute a promising class
of ligands for the extraction of Am™ and Eu™ from high-level
nuclear waste solutions. Compared to the O-donor ligands,
which show a slight selectivity for Ln over An, the addition of
soft N-donor atoms switches this selectivity in many cases.
However, in most cases, the selectivity of the ligands for An
over Ln is not sufficiently high enough for use in an efficient
and robust An/Ln separation process. Another drawback of
some of these ligands is their inability to extract from solutions
of acidity >1 M HNOj, even in the presence of synergists. This
may be due to competing protonation of the N-donor atoms,
which was also found for many previous N-donor ligand
designs. The addition of amide groups to the 2 and 6 positions
of the pyridine rings increases the extraction ability of mixed N-
and O-donor ligands by reducing the basicity of the pyridine N
atom, enabling highly efficient coextractions of An and Ln from
nitric acid solutions in many cases.

dx.doi.org/10.1021/ic3008848 | Inorg. Chem. 2013, 52, 3414—3428
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Figure 8. Structures of representative bis(1,2,4-triazine) N-donor ligands studied for the separation of actinides from lanthanides.

1.5. Bis(1,2,4-triazine) Ligands. Bis(1,2,4-triazine) oligo-
pyridine ligands are currently the European benchmark N-
donor ligands for the separation of trivalent actinides from
trivalent lanthanides. It will be seen that the solvent extraction
performance of this class of ligands sets them apart from
previous N-donor ligand designs. Examples of bis(1,2,4-
triazine) ligands are shown in Figure 8. A summary of the
general routes for synthesizing bis(1,2,4-triazine) ligands is
presented in Scheme 1.>' These ligands are synthesized in two
steps from a dinitrile intermediate. The addition of hydrazine to
this intermediate affords dicarbohydrazonamides, which are
treated with a-diketones to furnish the ligands. The dinitriles
can be obtained either by oxidation of the parent oligopyridine,
followed by a Reissert—Henze cyanation reaction, or by
oxidation of a dimethyloligopyridine, followed by a one-pot
dioxime formation/dehydration of the resulting dialdehyde
(Scheme 1).

The simplest member of this ligand class, the 2,6-bis(1,2,4-
triazin-3-yl)pyridine (BTP) ligands have been known for some
time,”” but it was not until 1999 that their solvent extraction
results were reported by Kolarik. In sharp contrast to many
previous N-donor ligands (cf. Figure S), BTPs could extract
Am™ directly from nitric acid solutions of high acidity (D, <
61 from 1 M HNO,) with excellent selectivity (SFyn,/g, < 150)
without the need for a lipophilic anion source as a synergist.”
Slope analysis of solvent extraction data showed that Am™" was
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extracted by BTPs 129 and 132 as their ML;(NO;),
complexes.53 Thus, for the first time, an N-donor ligand
fulfilled two of the key requirements of a SANEX separation
process: the ability to extract actinide(III) nitrates directly from
nitric acid solutions of low pH without the need for added
synergists and with high selectivities over the lanthanides.
Figure 7 shows the Am"'/Eu" separation factors as a function
of the acidity for several classes of N-donor ligand (Figure 7).
Bis(1,2,4-triazine) ligands are unique among N-donor ligands
in being able to separate An from Ln under realistic process
conditions with very high selectivities.

Laboratory-scale countercurrent hot tests were subsequently
implemented using BTPs 129 and 132 as the extractants.
However, lower than expected An"™ recovery yields were
obtained, and subsequent studies revealed that chemical
degradation of the extractants had occurred during the hot
tests.>* The proposed degradation mechanism, revealed by gas
chromatography and atmospheric pressure chemical ionization
mass spectrometry studies, involved chemical attack at the
labile benzylic positions of 129 and 132 by free-radical species
(indirect radiolysis), leading to oxidation and subsequent
cleavage of the alkyl side chains. In addition, some BTPs
were also unstable to hydrolysis in contact with HNOj; in the
absence of radionuclides.

To improve the hydrolytic and radiolytic stability of these
ligands, BTPs 141 (CyMe,-BTP) and 142 (BzCyMe,-BTP), in

dx.doi.org/10.1021/ic3008848 | Inorg. Chem. 2013, 52, 3414—3428
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Scheme 1. General Scheme for the Synthesis of Bis(1,2,4-triazine) N-Donor Ligands
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Figure 9. Process flowsheet for the SANEX hot test performed on a genuine DIAMEX solution using CyMe,-BTBP 151 and DMDOHEMA in 1-
octanol. Courtesy of Magnusson, D.; Christiansen, B.; Glatz, J. P.; Malmbeck, R;; Modolo, G.; Serrano Purroy, D.; Sorel, C. ATALANTE 2008:
Nuclear Fuel Cycles for a Sustainable Future, May 2008, Montpellier, France, 2008. See ref 62 for details.

which the benzylic H atoms have been replaced with methyl
groups, were designed and synthesized. In solvent extraction
tests, 141 and 142 were more efficient and selective than 129
and 132.°° For 0.01 M solutions of CyMe,-BTP 141 in 1-
octanol in the presence of DMDOHEMA, D, = 500 and
SFpm/Ee = 5000 after 15 min of contact with 0.5 M HNO;. For
BzCyMe,-BTP 142, Dy, = 10 and SF,. /g, = 500 under the
same conditions. More importantly, both 141 and 142 were
resistant toward hydrolysis (boiling 3 M HNO; for 24 h), while
no degradation of 142 occurred upon exposure to 100 kGy of y
radiation (141 was degraded by ca. 80%). More recently, BTP
143 derived from camphor showed good resistance toward
nitric acid, despite the presence of two benzylic H atoms.*®
Unfortunately, back-extraction of An™ from the ligands 141
and 142 could not be achieved, limiting the application of these
ligands in demonstration tests.>*

One of the breakthroughs in the development of reagents for
selective An'"" partitioning came when the 6,6'-bis(1,2,4-triazin-
3-yl)-2,2’-bipyridine (BTBP) ligands were developed in our
laboratories and subsequently tested.”” In solvent extraction
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experiments, BTBPs were just as selective for Am' over Eu"" as
the BTPs, but more importantly, the extracted metal ions could
be back-extracted (stripped) from the loaded organic phase,
enabling the ligand to be reused in a process. The distribution
ratios were also lower than those of the BTPs (typically, D, <
20 for C5-BTBP 149).>® Although the extraction kinetics were
somewhat slower than those of many of the BTPs, this could be
accelerated by using diamides (e.g, DMDOHEMA, TODGA)
as phase-transfer agents or by using cyclohexanone as the
diluent.> In addition, the use of synergists was not necessary,
and the ligands could extract Am"' even from 4 M nitric acid
solutions.

The current European reference ligand for the SANEX
process is CyMe,-BTBP 151. This ligand was designed to
combine the favorable extraction and back-extraction properties
of the BTBPs with the enhanced chemical stability of CyMe,-
BTP 141. The ligand 151 showed excellent selectivities for
Am™ and Cm" over the entire lanthanide series (e.g, SFam g,
approx 140) and good extraction kinetics when dissolved in
octanol containing DMDOHEMA as the phase-transfer

dx.doi.org/10.1021/ic3008848 | Inorg. Chem. 2013, 52, 3414—3428
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agent.60 Back-extraction of first the lanthanides (with 0.5 M
HNO;), followed by the actinides (with 0.5 M glycolic acid),
was successfully achieved. Furthermore, there was no
decomposition of 151 when it was exposed to 1 M HNO;
for over 2 months. The synthesis of the aliphatic diketone
precursor to 151 and related ligands, which was once
problematic, has recently been improved, and the ligand is
now commercially available.®"

Given its excellent extraction properties, CyMe,-BTBP 151
was employed in a SANEX hot demonstration test using
centrifugal contactors at the Institute for Transuranium
Elements in Karlsruhe in 2008.°* The process flowsheet is
shown in Figure 9 and comprised 16 stages (9 for extraction, 3
for scrubbing, and 4 for stripping). Using a solution of CyMe,-
BTBP 151 and DMDOHEMA dissolved in 1-octanol, more
than 99.9% of Am™ and Cm"" was separated from a genuine 2
M HNO; DIAMEX feed solution, leaving more than 99.9% of
the lanthanides in the raffinate. Recent studies also show that
solutions of 151 and TODGA can be used to separate trivalent
actinides directly from PUREX raffinate (a one-cycle SANEX
process) without the need for a preceding DIAMEX
separation.”® Furthermore, the feasibility of employing
CyMe,-BTBP 151 in a GANEX (Group ActiNide EXtraction)
demonstration test was investigated, with encouraging results.**
A solution composed of 151 and tributyl phosphate in
cyclohexanone could selectively extract U, Np, Pu, and Am
from 4 M HNO; solutions containing macro (>9000 ppm)
concentrations of metal ions.

To be considered for use in an An/Ln partitioning process,
the chosen ligand must show acceptable resistance toward
radiolytic degradation. Several studies have thus been carried
out in order to assess the resistance of BTBP ligands toward
radiolysis. Unsurprisingly, alkyl-substituted BTBPs such as CS-
BTBP 149, like their BTP counterparts, were found to be
chemically unstable when exposed to y radiation.”® However,
CyMe,-BTBP 151 was more resistant toward radiolysis. The
extraction performance of solutions of 151 in hexanol or
cyclohexanone was unchanged when exposed to low doses
(<30 kGy) of y radiation. In contrast, the extraction
performance of solutions of CS-BTBP 149 decreased under
the same conditions.®® The stability of BTBPs also depended
on the dose rate and the type of radiation. Extractions by BTBP
152 were unaffected at low dose rates, but at higher dose rates
(approximately 1.2 kGy/h), the extraction efficiency and
selectivity decreased.”” In addition, the rate of degradation of
151 in 1-octanol was 40% higher when exposed to y radiation
(0.22 kGy/h) than to a radiation (1 kGy/h).68

Recently, several derivatives of CyMe,-BTBP modified by
additional alkyl substitution on the pyridine rings, or by
modification of the aliphatic rings, have been reported. The
nonsymmetrical tert-butyl-substituted BTBP 152 is reported to
have a higher solubility than CyMe,-BTBP 151, although the
extraction kinetics are significantly slower than those of 151.
Surprisingly, symmetrical BTBPs 155 and 156, which each have
two additional alkyl groups, have lower solubilities than CyMe,-
BTBP 151 in extraction-relevant diluents.”’ The exact reasons
for this are unclear, but it appears that the enhanced solubility
of 152 is related to its higher entropy of dissolution. The
extraction kinetics of 155 and 156 were significantly slower
than those of 151, although efficient and selective (D, > 10,
SFam/Ea > 90) extractions were observed both in cyclohexanone
and in I-octanol in the presence of a phase-transfer agent.
Replacing the six-membered aliphatic rings of 151 with five-
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membered heterocyclic rings (in BTBPs 153 and 154)
decreased the ligands” solubilities and extraction performances
substantially, rendering 153 and 154 unsuitable for process
development.”" Similarly, the related pentadentate ligand 160
was a much weaker extracting agent than CyMe,-BTBP 151
and did not extract Am™ or Eu™ from nitric acid solutions to
any significant extent.””

One of our more recent breakthroughs came when CyMe,-
BTPhen 159 was developed. This ligand can be considered as a
more preorganized quadridentate ligand in which the 2,2'-
bipyridine moiety of the BTBPs has been replaced with a 1,10-
phenanthroline moiety. The effect of this simple modification
on the ligand extraction properties was startling. The
extractions by solutions of CyMe,-BTPhen 159 in 1-octanol
were about 2 orders of magnitude more efficient than those of
CyMe,-BTBP 151 (D,, < 1000 for 159 and D,,, < 10 for
151).”> The selectivity of 159 was similar to that of 151, but
more importantly, the kinetics of extraction were significantly
faster such that equilibrium was reached within 15 min in the
absence of a phase-transfer agent. Although the distribution
ratios were somewhat higher than those of the BTPs, back-
extraction of the metal was, nevertheless, achieved using
glycolic acid.”* Furthermore, 159 was found to have a higher
solubility than 151 in 1-octanol. These improved properties
make 159 a suitable candidate for use in a highly efficient
separation process. For example, the faster kinetics compared to
151 would permit higher flow rates to be used in a
countercurrent separation process without the need for a
phase-transfer agent (as is the case with CyMe,-BTBP 151).

Why do bis(1,2,4-triazine) ligands extract Am™ with very
high selectivity over Eu™ under realistic SANEX process
conditions, while other closely related N-donor ligands do not?
Although the exact fundamental reasons are still not fully
understood, one idea is that the two adjacent N atoms in the
triazine rings play a key role. Structural studies show that it is
always the N atom at position 2 in the triazine ring that
coordinates to a metal and not the N atom at position 4. It is
thought that the nucleophilicity (and hence the covalent
contribution) of the ligating N atom at position 2 is increased
by a molecular orbital interaction with the lone electron pair of
the adjacent noncoordinating N atom at position 1. This
interaction, known as the a effect, accounts for the increased
reactivities of certain nucleophiles (e.g, hydrazine, hydroxyl-
amine, hydroperoxide anion) that do not correlate with their
basicities.”> In bis(1,2,4-triazine) ligands, this effect would be
expected to increase the covalent interaction between the
ligand (specifically the 2N atom of the 1,2,4-triazine ring) and
the soft actinides and, hence, the selectivity over the harder
lanthanides. This effect is thought to be the reason why
bis(1,2,4-triazine) ligands are so selective toward An"".

This effect would also be expected to decrease the basicity of
the triazine rings and may help to explain why bis(1,2,4-
triazine) ligands can extract even from 4 M HNO; while other
N-donor ligands cannot. Indeed, 1,2,4-triazine itself is a very
weak base (pK, = —1.77).”° Furthermore, the electron-
withdrawing effect of the lateral 1,2,4-triazine rings of
bis(1,2,4-triazine) ligands would also lower the basicities of
adjacent pyridine or phenanthroline rings, thereby increasing
the resistance of the ligands toward competing protonation. It
appears that the a effect plays a dual role in increasing the
thermodynamic stabilities of the extracted actinide complexes
of bis(1,2,4-triazine) ligands and decreasing the basicities of the
free ligands, enabling highly selective extractions to take place
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from nitric acid solutions under realistic SANEX process
conditions. As Figures S and 7 show, bis(1,2,4-triazine) ligands
are currently the only N-donor ligands to our knowledge that
can efficiently and selectively extract An™ over Ln™ under the
challenging conditions of a SANEX process.
Bis(1,2,4-triazine) ligands have also been extensively studied
from a fundamental point of view in order to shed more light
on the origins of their excellent extraction properties. In the
case of the BTPs, several examples of lanthanide 1:3 complexes
of formula [M(BTP),](NO;); have been isolated and
structurally characterized by X-ray diffraction.”” An example
with CyMe,-BTP 141 is shown in Figure 10. In these

Figure 10. X-ray crystal structure of [Y(141),]-[Y(NO;);]-NO;.
Counterions and solvent molecules are omitted for clarity. Y—N bond
distances range from 2.426(8) to 2.522(8) A. See ref 55 for details.

complexes, it can be seen that the metal ion is 9-coordinate
and is completely enclosed by three ligands in a C;-symmetric
arrangement, while the nitrate ions are displaced to the metals
outer coordination sphere. These 1:3 species are considerably
more hydrophobic than the 1:1 complexes formed by many
related tridentate N-donor ligands, and their formation is in
agreement with the superior extraction performance of BTP
ligands. Numerous studies also show that 1:3 lanthanide and
actinide BTP complexes are formed in solution. Under
extraction-relevant conditions (acidic H,0/MeOH) and in 1-
octanol, BTPs formed Ln™ 1:3 complexes as shown by ESI-MS
and time-resolved laser fluorescence spectroscopy measure-
ments.”® In addition, BTPs formed 1:3 complexes with Am'™
Cm™, and Pu™ that were more thermodynamically stable than
the 1:3 complexes formed with Eu'™.”’

With quadridentate BTBP and BTPhen ligands, the
dominant M/L complex stoichiometry is 1:2, although 1:1
complexes (which are likely precursors to 1:2 complexes) have
also been observed both in solution and in the solid state.
Several X-ray structures of 1:1 complexes of BTBPs with
Ln(NO;); were reported.*” One example with BTBP 146 is
shown in Figure 11. The ligand coordinates in a planar
tetradentate fashion to the metal, which is 9-coordinate. The
remaining coordination sites are occupied by nitrate ions and
water molecules. Although 1:2 complexes of the BTBPs with
Ln™/An™ have been observed in solution for some time,gl it
was not until recently that the first example of a 1:2 Ln™" BTBP
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Figure 11. X-ray crystal structure of [Lu(146)(NO;),(H,0)]-NO;.
Counterions and solvent molecules are omitted for clarity. Lu—N
bond distances range from 2.433(7) to 2.457(7) A. See ref 80 for
details.

complex was characterized by X-ray diffraction (Figure 12).%*
The two CyMe,-BTBP ligands 151 in this complex coordinate

Figure 12. X-ray crystal structure of [Eu(151),(NO;)]-[Eu(NO;);].
Counterions and solvent molecules are omitted for clarity. Eu—N
bond distances range from 2.539(3) to 2.599(3) A. See ref 82 for
details.

in an orthogonal fashion to Eu, which is 10-coordinate. In

addition, there is a single bidentate nitrate ion in the inner
coordination sphere of the metal. Thus, the complex is
hydrophobic, but the metal is not completely enclosed (as is
the case with the BTP 1:3 complexes). An almost identical 1:2
structure was formed between CyMe,-BTPhen 159 and Eu',
as shown in Figure 13,5 suggesting that the enhanced
extraction performance of 159 compared to the BTBPs was
not due to structural differences in their An™ complexes.
Quantum mechanics calculations and molecular dynamics
simulations at the oil/water interface suggest that bis(1,2,4-
triazine) ligands are only weakly surface-active in their neutral
forms but are highly surface-active in their protonated forms
and when complexed to a single Ln™/An"™ ion.** This suggests
that complexation and extraction occur at the phase interface
via the protonated ligands. This also helps to explain why the

dx.doi.org/10.1021/ic3008848 | Inorg. Chem. 2013, 52, 3414—3428
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Figure 13. X-ray crystal structure of [Eu(159),(NO;)]-[Eu(NO;);].
Counterions and solvent molecules are omitted for clarity. Eu—N
bond distances range from 2.546(6) to 2.616(5) A. See ref 73 for
details.

extraction efficiency actually increases with aqueous phase
acidity in many cases. The surface activity of a ligand is also
related to the rate of metal-ion extraction. Surface tension
measurements and Kkinetics studies showed that CyMe,-
BTPhen 159 had a higher concentration at the interface than
CyMe,-BTBP 151 in several diluents and the Eu" extraction
rate constants for 159 were larger than those for 151.”> These
results go some way to explain why CyMe,-BTPhen 159 has
improved extraction kinetics compared to CyMe,-BTBP 151.
The higher concentration of 159 at the interface is likely due to
the inherent dipole moment present in 159 caused by locking
the central N-donor atoms into the chelating cis conformation.
In contrast, 151 lacks this dipole moment because the ligand
exists in its more favored trans—trans—trans conformation in
solution, where all of the C—N bond dipoles cancel each other
out.

1.6. Solid-Supported Ligands. Numerous examples of
ligands for selective actinide extraction on solid supports have
been reported. However, the majority of these examples make
use of ligands that form complexes via O-, P-, and S-donor
atoms. Ligands are typically coated onto or impregnated into
the solid supports, which include polymer resins and
membranes, metal oxide microparticles, clays, carbon nano-
tubes, amorphous carbon, magnetic nanoparticles (MNPs), and
SiO,-stabilized polymers. More rarely, ligands are covalently
attached to the solid supports. Solid-supported ligands can be
particularly effective at extracting metals at low concentrations
and have applications in the preconcentration or analysis of
dilute samples. In light of the recent Fukushima nuclear
incident, interest in such methods has significantly increased.
Additionally, solid-supported ligands can be used as adsorbents
in extraction chromatography, a purification method that
reduces or eliminates the need for organic solvents. Such
solid-supported ligands have been recently reviewed.®

Solid-supported soft heterocyclic N-donor ligands have also
been reported for use in heterogeneous catalysis or transition-
metal extraction, such as 2,2'-bipyridine (BIPY) or 2,2:6,2"-
terpyridine 1 on silica,®® or incorporated into a polymer,®’
TPTZ 7 on activated carbon,®® and BTP ligands adsorbed onto
composite polymer/silica materials.*

3425

To date, the only published examples of solid-supported soft
heterocyclic N-donor ligands for minor actinide extraction have
made use of alkyl-BTP systems.”” These ligands have been
impregnated into styrene—divinylbenzene copolymer resins
supported on 40—60 pm porous silica particles (SiO,—P) by a
vacuum sucking method. The resulting loaded resins were
shown to be resistant to y irradiation and to degradation in
concentrated HNOj, and only a small amount of leaching of
the ligands into 3 M HNO; solutions was observed. The extent
of leaching could be further reduced by using branched-chain
alkyl groups attached to the triazine rings.*” The ligand-loaded
resins were used for extraction chromatography in a process
termed MAREC (Minor Actinides Recovery from High Level
Liquid Waste by Extraction Chromatography)®' and suggested
for use in an ion-exchange process known as ERIX (Electrolytic
Reduction and Ion EXchange).89

BTP 134/SiO,—P was used to separate heavier lanthanides
from lighter lanthanides in a 1.0—5.5 M HNO; solution at 25
°C.” The presence of competing chelating agents (e.g,, DTPA)
reduced the extraction efliciency for all lanthanides tested from
a 0.01 M HNO; solution; however, smaller organic acids (e.g.,
formic acid, citric acid) were found to decrease the absorption
of the lighter lanthanides selectively. Complete separation of
lanthanides could be achieved by column chromatography with
virtually 100% recovery of all elements.”” The same system
could be used for minor actinide partitioning. Similarly, BTP-
loaded resins extract Dy selectively from mixtures of
lanthanides in 2.0—4.0 M HNO; at 50 °C.”*

Resins impregnated with BTPs 133 and 134 displayed high
affinities for Am™ and Cm™ over lanthanides in NaNO; and
HNO; solutions, and complete separation of Am' from Ln™
was achieved by column chromatography using the same
resins.”* Likewise, Am"" was found to exhibit strong adsorption
onto BTP 128/SiO,—P and BTP 129/SiO,—P compared to
lanthanides in a 4.0 M NaNO; solution, with high selectivity for
Am™ (SFy, 1, = 100).%

The described BTP-impregnated resins have been used
successfully to achieve complete separation of the minor
actinides from simulated PUREX raffinate through a double-
column system, whereby the minor actinides and lanthanides
were first separated from fission products using a CMPO-
impregnated resin, and the minor actinides were then extracted
and separated from the lanthanides by a BTP/SiO,—P packed
column, with elution using a 0.5 M HNO; solution.”®

Our work at the University of Reading is currently focused
on attaching BTPhen ligands to solid supports and their
applications in wastewater treatment and soil remediation. We
are impregnating various BTPhen ligands into silica micro-
particles and polymer resins. We are also developing a method
to covalently attach BTPhen ligands, for example, to silica- or
zirconia-coated MNPs (Figure 14) with the aim of allowing
magnetic recovery of the loaded particles from soil or
wastewater samples. Regioselective bromination of BTPhen
ligands is being performed, and Pd-catalyzed cross-coupling
reactions will provide access to a variety of functional groups
that could be linked to MNPs bearing amino or iodo surface
groups. The resulting impregnated resins and BTPhen-MNPs
will be assessed for their ability to extract lanthanides by
extraction chromatography or magnetic separation, respectively,
and their minor actinide absorption activity will be investigated.
The high surface areas of these MNPs render them effective for
the removal of pollutants from aqueous or nonaqueous media.
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Figure 14. Diagram of BTPhen ligands covalently attached to MNPs
via an alkoxysilane linker.

B CONCLUSIONS

Partitioning and transmutation represents an attractive
combination for the reduction in the levels of radioactivity in
waste nuclear fuels. New reagents have been developed in
recent decades that lead to the efficient removal of Am™ and
Cm™ from the fuels. Bis(1,2,4-triazine) ligands stand out as the
preeminent family of ligands for use in an actinide/lanthanide
separation process and satisfy many of the criteria required for
use in an industrial SANEX process. Among these, BTBP and
BTPhen ligands, which were prepared for the first time in our
laboratories, show the best properties. Although considerable
advances have been made in understanding the fundamental
reasons for the properties of these reagents at the molecular
level, theory still lags behind. A future chemical engineering
challenge is to design flowsheets that use these highly efficient
reagents in solvent extraction processes on a pilot scale and,
ultimately, on an industrial scale. There is currently great
international interest in these developments and great societal
pressure to close the fuel cycle and render nuclear energy to be
as safe and sustainable as possible for future generations.
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