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YNOPSI

Chemistry of actinide elements is an essential part of the development of nuclear technology
that began at the end of the 19™ century. Nuclear technology has vital uses in research,
medicine and general industries, but the most prominent use is in the generation of nuclear
energy from the fission of heavier actinides. As India is following closed fuel cycle, it is
important to recycle the spent nuclear fuel (SNF), a complex mixture of chemical elements,
consisting of various radioactive isotopes. Currently, approximately 10,000 metric tons of
SNF is generated per year [1]. At present, PUREX process is employed for reprocessing of
SNF [2-4]. This method is based on the selective liquid-liquid extraction of uranium and
plutonium from other elements in the nitric acid solution of dissolved SNF using 30% tri-n-
butyl phosphate in kerosene. The process starts with the dissolution of spent fuel rods in hot
concentrated (8 M) nitric acid.

The alternative method is non aqueous pyrochemical method for reprocessing of SNF. It has
several advantages, such as minimum waste generation, low criticality concern and feasibility
or reprocesses the high burn-up, and short cooled fuels. This method exploits the differences
in the thermodynamic stabilities of various actinides and fission products for the dissolution
of used nuclear fuel in the inorganic molten salt media followed by the electrochemical
recovery of actinides [5]. Usually, the inorganic molten salt is composed of a eutectic of
alkali or alkaline earth chloride. Therefore, the processing temperature in this method is
invariably above 800K depending upon the composition of chosen eutectic. Hence, there is
an urge for an alternative medium to reprocess the SNF in ambient temperature.

Room temperature ionic liquids (RTIL) have attracted considerable attention as possible
replacements for conventional molecular organic solvents in biphasic liquid-liquid extraction
systems for the separation of metal ions. The potential advantages of using a water-

immiscible ionic liquid (IL) in such separations include exceedingly low volatilities and low



flammabilities, the efficient extraction of metal ions that are difficult to extract with
molecular organic solvents [6-8], and the possibility of easily coupling liquid-liquid
extraction and electrorefining [9]. RTILs offer large electrochemical window and superior
conductivity for their potent use in electrochemical investigations over conventional solvents.
Dialkyl substituted imidazolium cation based ionic liquids are usually air and moisture stable
and have been used extensively in the electrochemical studies [10]. For application in nuclear
fuel cycle, the radiolytic stability is a very crucial factor. RTILs, containing imidazolium and
pyridinium cation, are fairly stable to radiolytic degradation due to the presence of aromatic
rings. For imidazolium cation based ionic liquids, physical properties such as density, surface
tension, refractive index, etc. are not considerably affected upon irradiation, but the viscosity
is reported to be slightly higher due to the polymerization of the imidazolium cation [11]. Till
now there is still inadequate data for the basic understanding of the electrochemical
behaviour of actinides in ILs.
CMPO is considered as an efficient extractant for actinides extraction from SNF and have
been extensively studied [12, 13]. Although there have been numerous experimental studies
on extractabilities of actinides by CMPO, many unclear scientific issues still remain for
example the behaviour of the extracted species in ionic liquids, its transport properties in ILs,
structures of the extracted complexes, photophysical characteristics and the corresponding
kinetic properties. Despite of the differences in oxidation and reduction chemistry of the
actinides, electrochemical techniques have poorly been applied for nuclear fuel reprocessing.
There is a need to develop selective extractants for safe recovery and recycling of actinides
from the SNF. Researchers have proposed many ligands with different functional groups for
the extraction of actinides from spent fuel [14-17].

The present thesis deals with the extraction and electrochemical behaviors of actinide

ions with two new bifunctional ligands namely: (N, N-dialkyl carbamoyl methyl) (2-pyridyI-
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xide) sulfide (NOSCO type) [11] and N, N-dioctyl-a-hydroxy acetamide (DoHyA) in ionic
liquids 1-butyl-3-methylimidazolium bis (trifluoromethanesulphonyl) imide ([Csmim][NTf])
and l-octyl-3-methylimidazolium bis (trifluoromethanesulphonyl) imide [Csmim] [NTf;]
respectively.
Furthermore, task specific ionic liquids (TSILs) can also be employed for extensive studies of
lanthanides and actinides. Herein, functional groups are covalently, attached to either the
cationic or anionic part of the ionic liquid so as to enhance the extractability of lanthanide and
actinide complexes. In spite of the usage of ionic liquids for the separation of f-block
elements, the primary issue of poor solubility of lanthanides and actinides in ILs is still
unsolved. Hence, there is a need for extensive research to understand the behaviour of the
complexes involving the f-block elements in TSILs and their electrochemical behaviour so as
to find the simplest approach of recovering actinide species without generating waste. The
most important actinide oxides in the nuclear industry are UO, and PuO, [18]. The present
thesis envisages an approach for direct dissolution of PuO, in protonated betaine bis
(trifluoromethylsulfonyl) imide) [Hbet][NTf:] and electrodeposit plutonium from the solution
of TSIL and PuO, .
The thesis is divided into five chapters. The brief description of the each chapter is given
below:
Chapter 1: Introduction
This introductory chapter gives an overview of the nuclear fuel cycle. The solution chemistry
of actinide ions is important for their separation and, therefore, is briefly mentioned. A brief
introduction to reprocessing of the spent nuclear fuel and different types of new bifunctional
ligands relevant to the extraction of actinide ions from the spent fuel are also discussed. A
brief introduction of RTILs including its properties, application in nuclear fuel cycle and the

task specific ionic liquids are presented. Finally, the scope for the present study that deals

iii



with the importance of introducing electrochemical methods for the separation and recovery
of actinides from the nitric acid medium is also explained.

Chapter 2: Electrochemical methods and characterization techniques

This chapter gives mainly emphasis on electrochemical methods, instrumentation and the
basic fundamental aspects of voltammetric and characterization techniques. Electrochemistry
is the study of electron transfer reactions between electrodes and reactant molecules,
therefore the overview of electrode processes are also explained. The electrochemical
experiments are performed by the use of three electrodes system which offers a great degree
of control and repeatability as compared to two electrodes system. Various other
characterization techniques such as: radiometric, spectrophotometry, NMR, TG/DTA, density

functional theory etc. employed during the present studies is explained.

Chapter 3: Electrochemical and spectroscopic studies of neptunium in [C,mim] [NTf;]

based ionic liquids using CMPO as an extractant

This chapter deals with the electrochemical, theoretical and luminescence studies of
NpO, " /NpO,*" with carbamoyl methyl phosphine oxide (CMPO) ligand in ionic liquid

[Comim] [NTf,] ( Figure 1).

F%\S\ /\}3 F

N //

R/ N\/ \ F 0] g \\6 E

Figure 1: Structural formula of Alkyl methyl imidazolium bis(trifluoromethylsulfonyl) imide
To understand the role of ionic liquid in these studies, the redox behavior, complexation, and
photophysical characteristics NpO,' complexes are carried out. The electrochemical behavior

of NpO," extracted by CMPO in 1-Hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)

iv



imide [Cemim] [NTf;] (IL) was studied at glassy carbon (GC) electrode. The redox reaction
of NpO;™ to NpO; " and vice versa in [Cgmim] [NT£] is quasi-reversible (Figures 2 and 3)
and controlled by diffusion as well as charge transfer kinetics. The transport properties and

kinetics of NpO, " are deduced from electrochemical calculations.
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Figure 2: Cyclic voltammogram of NpO;"  Figure 3: Cyclic voltammograms of
in CsmimNTf, ILs. Inset shows the NpO; in CsmimNTf.ILs recorded at
potential window of CsmimNTf, different scan rates.

Chapter 4: Electrochemical studies of actinides in [C,mim][NTf;] ionic liquid employing
New Bifunctional Ligands

This chapter comprises the electrochemical studies and extraction of Pu, U and Np employing
two new bifunctional ligand system (N, N-dialkyl carbamoyl methyl) (2-pyridyl-N-Oxide)
sulfide CsH4NOSCH,CONR;, (where R = octyl) (NOSCO) and N, N-dioctyl -oa-hydroxy
acetamide (DoHyA). Cyclic voltammetry (CV) studies of these actinide ions in aqueous as
well as in ([C4mim] [NTf;] + NOSCO) and ([Csmim] [NTf;] + DoHyA) media respectively
have been carried out. Shifts of cathodic and anodic peak potentials of Pu(IV) in cyclic
voltammograms were observed towards negative potentials in the extended electrochemical
window for ionic liquid medium compared to aqueous medium (Figure 4). The diffusion

v



coefficient and heterogeneous charge transfer coefficient are calculated for both aqueous and

ionic liquid media.
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Figure 4: Comparison of cyclic voltammograms of Pu(lV) obtained in ionic liquid and
aqueous solution

Chapter 5 - Task Specific Ionic Liquid for Direct Dissolution of Plutonium Oxide

This chapter explains the direct dissolution of plutonium oxide (PuO,) in Protonated 1-
carboxy-N, N, N-trimethylmethanaminium bis (trifluoromethylsulfonyl) imide [Hbet][NTf;]
task specific ionic liquid (TSIL). This chapter also explains an attractive possibility to
electrodeposit plutonium from the solution of TSIL and PuO, (Figure 5). The carboxyl
functional group attached to the TSIL plays a key role in facilitating the dissolution of
plutonium ions (Figure 6) by making strong bonding. In addition, the electrochemical and
thermodynamic properties of plutonium in [Hbet][NTf;] at glassy carbon electrode are also
investigated. The diffusion coefficient and heterogeneous charge transfer coefficient of
plutonium at the electrode — electrolyte inter phase are determined at various temperatures.
Furthermore, the fundamental nature of the interaction between the betaine based TSIL and

plutonium ions was theoretically studied.
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Figure 5: Alpha spectra of the stainless steel Figure6:Optimized Structure of [Hbet] [NTf>]
planchette after the electrochemical recorded at various scan rates
deposition of plutonium.

Chapter 6 — Conclusions & perspectives

This chapter deals with the electrochemical studies of actinide ions separated from aqueous
acidic solutions using conventional ligand and new bifunctional ligands in room temperature
ionic liquids as diluents. The results revealed that the extraction of metal ion was remarkable
when ionic liquids are used as diluents. The major findings of the work included in this thesis

are summarized in this Chapter along with the future perspectives.
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Chapter 1

Introduction






1.1.General Actinide Chemistry

To understand the extraction and complexation behaviour of actinides, a brief survey
of general actinide chemistry is necessary. The actinides are fourteen elements having 5f
electrons, which follows actinium in the periodic table of elements. Although all known
isotopes of actinides are radioactive, the half lives of Thorium-232 and Uranium -235 & 238
are sufficiently long for them to be present in appreciable concentrations in nature. Therefore
much of the earlier work on actinides has been devoted to thorium and uranium. Plutonium,
the most important element in the actinide series, occurs in nature only in trace quantities [1].
It is the most studied element in the actinide series and these studies were conducted using
synthetically prepared plutonium. Neptunium (Np) is one of the actinides produced in nuclear
reactors and is located between U and Pu in the Periodic Table, suggesting that its chemical

properties are qualitatively similar to those of U and Pu.

1.1.1. Electronic Configuration

In actinides, electrons are filled successively in the 5f orbital analogous to the
lanthanides, where 4f orbital are filled successively [2]. In the beginning of the series up to
Am, the energy of the 6d shell is lower and this shell preferred over 5f shell and thereafter the
5f shell is lower in energy compared to 6d. . The ground state electronic configurations of

actinides are given in the Table 1.1[3].



Table 1.1. Electronic Configuration of Actinide Elements

Atomic No. Element Electronic Configuration
89 Ac (Rn Core)  6d'7s”
90 Th “ 6d*7s”

91 Pa “ 5f6d'7s”
92 §] “ 5f6d'7s°
93 Np “ 5f'6d'7s”
94 Pu “ 575"

95 Am “ 575"
96 Cm “ 5f'6d'7s”
97 Bk “ 5175
98 Cf “ 5f97s"
99 Es “ 51757
100 Fm “ 5f7s”
101 Md « (5°7s%)
102 No “ (5f*7s%)
103 Lr “ (5f'*6d"7s%)

Predicted configuration in parenthesis

1.1.2 Solution Chemistry of Actinides

The chemical behaviour of early members of actinides, as manifested by multiplicity
of oxidation states, has proved extremely useful in their laboratory or industrial separations,
which essentially exploit their redox reactions and their chemical behaviour in different

oxidation states. Whereas the possibility of coexistence of various oxidation states, in the



same solution, for some of their members, their susceptibility to undergo changes in
oxidation states under experimental conditions, due to preferential complexing of some
oxidation state or due to the tendency to undergo disproportion reaction, the hydrolysis
usually accompanying polymer formation and the influence of their nuclear properties on
their chemistry, make their chemical studies on one hand very complex while on the other

hand challenging as well as rewarding [4].

1.1.3 Oxidation States

Unlike in lanthanides, in actinides, first few electrons entering the 5f orbital are not
effectively shielded and therefore they are easily ionizable [5]. Actinides from protactinium
to plutonium are therefore able to exhibit higher oxidation states. As 5f shell is successively
filled, the increased nuclear charge causes contraction of the 5f shell, with consequent better
shielding of 5f shell from neighbouring atoms [5] and therefore higher oxidation states
become more difficult to achieve and thus post americium actinides predominantly exhibit
only 3+ oxidation state in aqueous solutions. Different oxidation states exhibited by the
actinide ions in solution are given in Table 1.2. The ionic species formed by the actinides in
aqueous solutions are M>*, M*", MO,", and MO,”". The higher charge of pentavalent and
hexavalent ions are responsible for hydrolysis and subsequent formation of oxygenated
species even in highly acidic solutions [5-7]. The heptavalent state, the highest oxidation
state shown by neptunium, plutonium and americium is stable only in concentrated alkaline
medium, the actinide species being present as MOs>™ [9,10] ion. However, species [MO,

(OH)] * for heptavalent state is inferred from spectral studies [11].



Table 1.2. Oxidation State of Actinide elements

Atomic No: | Actinide element Oxidation State
89 Ac 3
90 Th (2), (), 4
01 Pa (3), 4.5
92 U 3,4,5,6
93 Np 3,4,5,6,7
94 Pu 3,4,5,6,7
95 Am (2),3,4,5,6,7
96 Cm 3,4
97 Bk (2).3, 4
98 cf (2),3,(4)
99 Es (2).3
100 Fm 2,3
101 Md 2,3
102 No 2,3
103 Lr 3

The most stable oxidation states in aqueous solutions are underlined; those not known in

aqueous solutions are within parenthesis.

1.1.4 Redox Reactions
The existence of multiple oxidation states of actinides make their chemistry

complicated, but this is conveniently utilized for devising methods for their mutual



separations as well as separations from other elements. The values of formal potentials of
uranium and plutonium couples are given in Figure 1.1 [12, 13].

Actinide ions show a widely varying degree of complexation with a particular ligand
and this result in considerable changes in formal potentials from one medium to other.
Although knowledge of formal potentials [14-16] helps in choosing reagents to obtain
required oxidation states of actinide, it fails to give any information about the time required
for completion of the reaction. The M*/M*" and MO, /MO*" couples are reversible,
whereas M*"/MO,>" couples is not reversible because of the slowness introduced in making
and breaking of metal oxygen bond. The data on the kinetics of redox reactions of actinides
have been reviewed by Newton [17, 18] and more data on the redox reactions have been

reviewed by Nash and Sullivan[19].

U _-179 U 061 U* +062 U0, _+0.05 U0

+0.33

Np _-1.86 Np*"_-0.15 Np*"__-0.15 NpO,"_+1.15 NpO,*"
0.33 T

0.94

Pu -2.03 Pu** +0.97 Pu** +1.15 PuO,"  +0.93 PuO,*"

+1.04

Figure 1.1 Reduction Potential of U, Np and Pu ions in 1M HCIO4 medium



1.1.5 Disproportionation

Disproportionation is a self oxidation-reduction reaction. One of the prerequisites for
disproportionation to occur is that the element should exist in solution at least in three
oxidation states. The disproportionation reactions of MO, " and M*" ions are given below: -

2MO;" +4H & MY + MO,™ +2 H,0
2MY +2 H,0 & M** + MO,> +4H'

It can be inferred from the above reactions that, the presence of high H' ion
concentration and the presence of complexing agents like oxalate, sulphate, phosphate, which
form stronger complexes with M*" ion as compared with MO," ion, favour the
disproportionation reaction of MO," ion and the reverse is true in the case of
disproportionation of M** jon.

Although many transition metals exhibit multiple oxidation states, only few instances
are known where different oxidation states co-exist simultaneously in appreciable
concentrations. This is mainly governed by the potentials of the redox couples involved.
Plutonium, having redox potentials of different couples very close to each other, exhibits the
unique property of co-existence of four oxidation states, ranging from +3 to +6 in
equilibrium in appreciable concentrations.

Pu(IV) + Pu(V) <« Pu(Ill) + Pu(VI)

The equilibrium constants for the above reaction have been reported as 8.2 in 1M HCI
and 3.2 in 0.1M HNO; [20,21]. Because of the above mentioned reaction, it becomes difficult
to stabilize certain oxidation states and extreme care should be taken to avoid even partial

change in the oxidation state during the course of experiments.



1.1.6 Complex Formation

The electronic configuration of anion is the most important factor determining the
extend of complex formation. As actinides ions are considered as hard cations [22, 23] and
their complex forming tendencies are primarily guided by electrostatic interaction. The
variations shown in the complex formation by the actinides, can be explained to a
considerable extend, based on their ionic potential, which is defined as the ratio of charge to
radius. The general trend of formation of complexes with a given ligand is [24, 26]

M*>MO,* > M > MO,
In few cases, however, the reversal in the order of MO,*" and M>" is observed.

Among anions, the relative ability to form complexes with actinide ions varies
relative to their tendency to bind with hydrogen ion. That is, the weaker the acid formed by
the anion (except F), the stronger the complex it forms with the actinide ion. The over-all
complexing sequence for singly charged ligands is [25]

F"> CH3COO > SCN > NO3;™> CI> Br "> >ClO4
and for doubly charged anions the sequence is

CO3; ">HPO4 > C,04 ">S0O4

1.1.7 Hydrolysis and Polymerisation

All metal ions in aqueous solutions interact extensively with water molecules and
exist as aquo cation [26, 27]. The hydrated cations act as Bronsted acids and the tendency to
release hydrogen ion depends on the charge and size of the ion [28].

M(H20) x ™ + H,0 — M(H,0); ™" OH + H;0"

In actinides the trend of hydrolysis is similar to that of its complex formation.
Hydrolysis, in fact is one form of complex formation, where the ligand is OH" ion, but it is

treated separately, as it could lead to polymerization and precipitation. The degree of



hydrolysis is in the order of: M*" > MO,*" > M?" > MO," for a particular actinide element
[29]. The degree of hydrolysis increases with increase in atomic number in the case of M**
and M*" jons and the reverse is the order in the case of MO,*" and MO, " ions.

In general, the hydrolysis of tetravalent actinides leads to polymerization resulting in
the formation of a complex mixture of hydrolytic products and polymers, so their study
becomes a difficult task. In many cases, only the first hydrolysis constant of actinides has
been reported. The hydrolytic behaviour of plutonium is of special interest, as after first
hydrolysis, there is a slow irreversible [30] polymerization leading to species with molecular
weight ranging from few thousands to as high as 10'® amu [31]. The presence of polymer is
indicated by bright green colour and its absorption spectrum is markedly different from the
monomeric Pu(IV). The polymer spectrum has a characteristic absorption peak [32] at 610
nm. The presence of polymer can pose serious problems in reprocessing. Depolymerisation
can be achieved by the use of high acidity and its rate can be hastened by increasing

temperature, and by adding strong complexing and oxidizing agents [33, 34].

1.1.8 Electronic Spectroscopy of Actinide ions

The absorption/ emission spectra of actinide ions arise due to the electronic transitions
and absorption bands appear mainly from three types of transitions, viz. 1) f-f transition, ii) f-
d transition, and iii) charge transfer bands [35]. In f-f transitions, the electronic transition
occur between the two 5f-5f orbital which is generally Laporate forbidden. The bands are
sharp because the transitions take place in the inner shell and are, therefore, not affected
much by the surrounding environment. The energy differences between the various energy
levels are of such an order of magnitude that the bands due to 5f-5f transitions appear in UV,
visible and near IR regions. On the other hand, in case of f-d transitions the absorption bands

are broad as these transitions are influenced by the surrounding environment. As transitions



take place between the orbital of different azimuthal quantum numbers, they are Laporate
allowed and, therefore, these bands are relatively more intense. In case of charge transfer
transitions, the bands occur due to the transition between the 5f orbital of actinide ions and
the ligand orbital or the reverse. Therefore, the nature of ligand plays an important role.
These transitions are significantly affected by the surrounding environment. As a

consequence, the charge transfer bands are broad.

Yang and Group [36] have studied the complexation of Np (V) with carbonate solely
by using spectrophotometry, whereas Ansari et al. [37] have carried out complexation with
Glutaramide using spectrophotometry, micro caloriemetry and DFT calculations. Taylor and
Hindman in their respective work [38, 39] discusses about the electronic spectroscopy of
neptunyl ions. However recently some work has been initiated wherein solid and solution

state luminescence spectroscopy of neptunyl (VI) has been studied [40, 41].

1.1.9 Coordination Chemistry of the Actinide ions

Coordination chemistry of the actinide ions has gained enormous interest due to its
high coordination numbers encountered in the complexes than that of the other elements. The
coordination number in f-block metal ions is governed by the size and charge of the metal
ions; this is due to the very small crystal field effect on the f-orbitals. Actinide ions are hard
Lewis acids and their interaction with ligands is almost exclusively electrostatic in nature
(even though in some actinide complexes there is evidence of a small degree of covalent
nature). The coordination chemistry of the actinyl ion is of utmost importance in the nuclear
reprocessing industry. The actinide-ligand complex formation in organic solvents is of direct
importance to understanding and developing new biphasic aqueous-organic actinides
separation chemistry, which is basis of existing reprocessing schemes. All earlier actinides

(Th to Pu) utilize their f electrons more readily and thus can exist in a range of oxidation
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states from +3 to +7 in aqueous solutions. As actinides are hard Lewis acids, their
coordination chemistry mostly deals with hard donor ligands like oxygen. Phosphine oxides
and phosphonates are continuing to attract a great deal of increased attention because of their
relevance in actinide separation in nuclear fuel reprocessing such as in the PUREX process
(Plutonium Uranium Redox Extraction) [42].

There are various types of neutral extractants having different donor groups, they
were studied and classified according to the number of donor centers present in the molecule,
such as mono-functional, bi-functional, tri-functional etc. The extraction, electrochemical and
theoretical properties of these extractants are completely different from each other and giving
interesting geometries around the metal ions.

i) Neutral mono-functional extractants

Tributyl phosphate (TBP), an alkyl phosphate based ligand is a monofunctional
extractant, which is known as the workhorse for the nuclear reprocessing industry, the
aqueous route reprocessing-PUREX process [43, 44]. In PUREX process, U(VI), Pu(IV) and
Np(V) metal ions are extracted into organic phase by using 30% TBP in kerosene from ~ 3M
HNO; and leaving rest of the fission products in the aqueous stream. A large number of

studies have been reported using many monofunctional analogues of phosphates like:
substituted amides [45-47], phosphine oxides [48], N-oxides [49] and suphoxides [50,51] for
the extraction of actinides from spent nuclear fuel.

i) Neutral bi and tri- functional extractants

Bi-functional extractants, such as: carbamoyl methyl phosphonates (CMP),
carbamoyl methyl phosphine oxides (CMPO), bis(diaklyl phosphine oxides) and
malonamides and trifunctional ligands such as: tetraalkyl diglycolamides have shown
excellent extraction properties for the trivalent actinides in addition to that of tetra and

hexavalent actinide ions. The compounds of actinides with the neutral donor ligands such as
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ketones, sulfoxides, amides, phosphates and phosphine oxides have been well characterized
and througly studied. The bi-functional chelating ligands such as: CMP, CMPO and
malonamides are very well known for their superior extractability with respect to the

extraction of actinide ions from acid media [46, 52-56].

For actinide extraction from SNF, CMPO is considered as an efficient extractant and
have been extensively studied [57-60]. Suzuki and co workers studied the extraction
behaviour of Np (V) from nitric acid solution by CMPO in the presence and absence of TBP
using n-dodecane and decalin as the diluents and predicted that Np(V) could be extracted by
CMPO [61]. They also studied the extraction of Np (V) from nitric acid solutions containing
U(VI) by CMPO and confirmed that the distribution ratio of Np(V) increased because of the
formation of the cation—cation complex of Np(V)—U(VI) in CMPO solution [62]. Apart from
this, other actinides viz. Am(III) Pu(IV), and U(VI) were also extracted successfully
employing CMPO as an extractant [63-67]. The scope of actinide chemistry is very large
and out of variety of extractants explored for the recovery of plutonium and uranium from the

nuclear waste solutions, the following ligands have been used in present studies (Figure 1.2).

Octyl-(phenyl)-N, N-diisobutylcarbamoyl methyl phosphine oxide (CMPO)
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Figure 1.2: Structural formula of important ligands used in present study.

1.2 Spent Nuclear Fuel Reprocessing

Nuclear energy provides about 11% of the world's electricity from about 450 power
reactors [68]. It is one of the world's largest sources of low-carbon power and is free from
emitting greenhouse gases or other environmental contaminants and hence a solution for
mitigating climate changes. Nuclear energy is trusted to be one of the most feasible options to
meet the increasing worldwide demand of energy as the fossil fuel resources are limited [69].
The disposal of radioactive waste is a major drawback for the more widespread acceptance of

nuclear energy.
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The two different technologically feasible methods existing for reprocessing of SNF
are aqueous-based conventional, PUREX (plutonium uranium recovery by extraction)

process [70] and non aqueous-based pyrochemical process [71].
1.2.1 Purex Process

The Plutonium Uranium Reduction Extraction (PUREX) process is employed for the
reprocessing of the spent nuclear fuel throughout the world [72]. The PUREX process
involves the dissolution of used nuclear fuel in nitric acid medium followed by the selective
liquid-liquid extraction of uranium and plutonium from other elements in the nitric acid
solution of dissolved SNF using 30% tri-n-butyl phosphate in n-dodecane/kerosene. The
process starts with the dissolution of spent fuel rods in hot concentrated (8 M) nitric acid. Pu
is preferentially stripped back from loaded organic phase by conversion of Pu*" to Pu’" while
0.1 M HNOs; was found to be useful for the quantitative recovery of U from the loaded TBP

phase.

1.2.2 Pyrochemical Process

For reprocessing SNF using non aqueous pyrochemical method has several
advantages, such as low criticality concern, minimum waste generation and feasibility or
reprocesses the high burn-up, and short cooled fuels. This method exploits the difference in
the thermodynamic stabilities of various actinides and fission products for the dissolution of
used nuclear fuel in the inorganic molten salt media followed by the electrochemical recovery
of actinides [73, 74]. Usually, the inorganic molten salt is composed of a eutectic of alkali or
alkaline earth chloride. Therefore, the processing temperature in this method is invariably
above 800K depending upon the composition of chosen eutectic. In view of this, the

pyrochemical method also has few challenges with respect to the plant design, requirement of
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inert atmosphere, high-temperature operation and corrosion problems, and so forth. The
actinides being highly electropositive generally react rapidly and in some cases viciously with
water to evolve hydrogen and give metal oxides. In order to obtain the pure metals,
anhydrous molten salt processes have been developed. However, its practical application is
limited by the high temperatures and strongly corroding properties of molten salt media [75-

77].

The solubility of the charge bearing metal ions in the organic solvents are very less as
they tend to remain in the aqueous phase due to ion-dipole interaction. For the extraction of
metal ions in the organic phase, the charge on the metal ions must be neutralized so as to
enhance the solubility in non-polar organic solvents. Therefore, a suitable extractant (ligand)
molecule is generally added in the organic solvent which upon complexation with metal ions
forms neutral hydrophobic species which are then extracted into the organic phase. In such

cases, the extraction of metal ions may follow one of the following extraction mechanisms.

1.2.3 Need for Alternative Solvents

From environmental and economic point of view, the use of solvent is wasteful. The
problem with the solvent is not much with their use but the inefficiencies in recovering them
completely. In chemical reactions, solvents are used to facilitate the reaction, and after the
completion of the reactions, they are removed from the products or reused for the same
reaction. Removal of residual solvents from products is achieved by either evaporation or
distillation. Therefore, most of the solvents used are highly volatile. This volatility has lead
to major public concern for atmospheric pollution which may lead to dizziness, nausea, and
other long term effects including respiratory tract infection or sometimes cancer.
Government and Environmentalist agencies are implementing various laws to reduce such

types of pollutions.
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Alternative solvents strategies should allow for the efficient reusability and recovery
of the solvent after use. Compounds which used as alternative solvents are water,
supercritical CO, [78], ionic liquids, and fluorous compounds. Figure 1.3 shows the
schematic representation of the alternative solvents used in the reaction. Water always cannot
form homogenous mixture with all reagents used in reaction. Carbon dioxide is widely used
as extracting solvents and fluorous compounds forms homogenous reaction mixture with

similar polarity reagents while using in chemical reaction.

Whereas ionic liquids, can be tailor made and imparts tunable properties by changing
the composition of the salt used. Thus, it warrants the development of alternative approaches
that could lend a hand to solve several concerns with current methodology including non

proliferation issues, criticality safety, apparatus corrosion, and stiffness of the process.
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Figure 1.3: Diagrammatic Representation of Alternative reaction media (Dave et al., 2005)
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1.3 Room Temperature lonic liquids

Room temperature ionic liquids (RTIL) have attracted considerable attention as
possible replacements for conventional molecular organic solvents in biphasic liquid-liquid
extraction systems for the separation of metal ions. The potential advantages of using a
water-immiscible ionic liquid (IL) in such separations include exceedingly low volatilities
and low flammabilities , the efficient extraction of metal ions that are difficult to extract with
molecular organic solvents [79-81], and the possibility of easily coupling liquid-liquid
extraction and electrorefining [82]. In addition, the physico-chemical properties (in
particular, polarity, polarizability, and molar volume) of individual ILs can be tuned over
wide ranges by varying the constituent cations or anions. They are known to possess high
electrical conductivity and good charge transport properties. Combined with their distinctive
solvation ability to a wide variety of inorganic, organic, and organometallic species, ILs have

inherent advantages for various electrochemical applications [83—85].

1.3.1 History of Room Temperature lonic Liquids

Ionic liquids are not new materials — they have been known for over a century [86-
89]. In 1914, Paul Walden’s synthesised ethylammonium nitrate and it is published in ionic
liquid research. This technology was only recently improved so that it might be performed on
the industrial level [90-93]. Roughly some twenty years later, the significance of ILs for
electrochemical applications such as electrodeposition of metals like aluminium was
recognized [94-97]. Alas, ionic liquids first used for this kind of application were based on
complex metal ions such as AICls, which easily undergo hydrolysis and are highly corrosive.
A significant step forward was the development of a set of ionic liquids that could be handled
under ambient conditions [98, 99]. Soon it was realized that such ILs have unique properties

as VOCs (volatile organic compounds) as solvent replacements and are materials with new
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and unique combinations of physical properties. These days it is often the unique materials
properties set, neither available in molecular compounds nor in typical crystalline salts, that
turn out to be the true advantage of ILs [100-103]. It is estimated that more than one million
simple ionic liquids can be synthesized, each with a different set of chemical and physical
properties [104, 106]. The intrinsic nonvolatility, high thermal stability, large liquidus ranges
and unique properties possible with many ILs have enhanced the interest in IL chemistry over
the years [100-103]. Thus, ionic liquids truly offer the possibility to design a solvent for a
certain application by the right choice of the cation and anion and their combination, which
somehow justifies their being promoted as “designer solvents” [106]. Even more, the
increasing social pressure for new green technologies has led to growing academic and

industrial interest in IL technologies.

i) First generation RTILs: They are based on chloroaluminate (AlCls or Al,Cl; *) anions.
They are highly hygroscopic in nature. Due to the high reactivity of these RTILs towards
water, there is limitation of their applications in practical purposes.

i) Second generation RTILs: The draw backs in first generation RTILs, lead to
development of “second generation RTILs”, which are mostly composed of air stable
anion, such as BFs, PFs. However, these are highly viscous and produce detectable
amount of HF acid formed by hydrolysis in the presence of trace amount of water [98].

iii) Third generation RTILS: They are composed of perfluorinated anion containing RTILs
such as Tf;N, fluoroalkylphosphate (FAP) and address the problem of second generation
RTILs. These are mostly hydrophobic in nature and characterized with low melting
points, low viscosity, and low conductivity [107]. However, RTILs composed of these
anions are more expensive and show stronger binding ability towards the Lewis acid
metal ions. Due to the presence of fluorine which is toxic and harmful for human beings,

disposal of these RTILs become more complicated. This problem leads to the realization
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of non-fluorinated orthoborate, carborane anion containing RTILs which are low

coordinating and cheaper than other RTILs.

1.3.2 Cations and Anions
Room temperature lonic liquids are typically salts with large nitrogen or phosphorus
containing organic cations with linear alkyl chains (Figure 1.4). Many researchers have

worked imidazolium cations.

Cations
L B AR O N,
N NN 1 ~N
SN ‘\ " ~
R R = R R
1.1™-alkyl- 1-alkyl-3-methyl- N-alkyl- N-alkyl-
pyrolinium imidazolium pyridinium isoquinolinium
[Capyi] [Canum] [Capy]” [Catsoq]”
Anions
P, N(SO.((F)a, BEy N0y, T, ClOy
N(SO,CF,CFs)y
Water-immiscible Cation dependent [13] Water miscible

Figure 1.4: Representative cations and anions for IL composition (n indicates the no: of

carbons in the alkyl chain)

1.3.3 Attraction of lonic Liquids

Since the late 1990s, ILs has attracted the attention of chemist around the world for
various reasons. ILs has opened up a new face of chemistry. Before 1998, there were
relatively fewer studies of chemistry at temperature below 100°C in a liquid environment that
was entirely ionic compared with the chemistry in a molecular environment. The scientific
potential for research on ILs is virtually unlimited. Till date, more than 1500 IL have been
reported in the literature. In theory at least, a million or so ILs are possible. An almost

limitless number of IL systems are possible by mixing two or more simple ILs. Unlike
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organic molecular solvents, ILs has negligible vapour pressure and therefore do not evaporate
under normal conditions. They are non flammable and remains stable at temperature higher
than conventional organic molecular solvents, they show wide electrochemical window.
Their physical, chemical, and biological properties can be “tuned “or “tailored” by simply (a)
switching anion or cation, (b) by designing specific functionalities in to the cation and/or
anion, and (c) by mixing two or more simple IL, because IL consist of cation and anion, they
have dual functionality. Therefore, they impart a unique architectural platform compared
with molecular liquids. Consequently, ILs can potentially be exploited as solvents and new
material for wide ranging applications such as, electrochemistry, organic and inorganic
chemistry, biochemistry, material science and pharmaceuticals. ILs could contribute
significantly to the development of green chemistry and green technology by replacing toxic,
flammable volatile organic solvents, reducing or preventing chemical wastage and pollution

and improving the safety of chemical process and products.

1.3.4 Properties of lonic Liquids

Ionic Liquids have several fascinating properties out of which some of them relevant
to the present thesis are i) negligible or near zero vapor pressure, ii) High radiation and
thermal stability, iii) Tunable properties i.e, the properties of a particular ionic liquids can be
changed by changing cation — anion combination, iv) Polar and coordinating nature, v)
Enviromentally benign. Below, are the brief descriptions of some of the properties of RTILs.
i) Melting Point
The melting point of ionic liquid salts is directly proportional to the strong electrostatic
interaction between the oppositely charged ions, which is related to the lattice energy of the
salt as given below.

E=k@QIQ2)/d (1.1)

20



Where Q1 and Q2 are the charges on cation and anion respectively, d is the inter nuclear
distance between the ions and ‘k’ is the Madelung constant. As the inter nuclear distance (d)
increases the lattice energy (E) decreases. As a result, the melting point of the ionic salt
decreases. For example, the melting point of NaCl is 803°C which is due to the strong
electrostatic interaction between Na" and CI” ions. This strong interaction between two ions is
due to the symmetrical nature of both ions and equal size of both the ions. If Na" ion is
replaced by an asymmetric, bulky organic cation such as imidazolium cation, the melting
point of the resulting crystal decreases drastically nearly 10 — 12 times that of NaCl, due to
the increase in the interionic distance between the oppositely charged ions. In other words,
these bulky and unsymmetrical ions will have low lattice energies due to the steric hindrance
offered by oppositely charged ions which prevents the close approach of oppositely charged
ions and hence the compound exists in liquid state at room temperature.

i) Viscosity

The viscosities of RTILs are higher than that of conventional solvents and aqueous
solvents [108]. It is obvious that the viscosity increases with increasing alkyl chain length,
due to the increased possibility of Vander Waals interactions between the cations [109].
Along with the cations, RTIL anions also influence the viscosity. It depends upon the
symmetry and tendency of the anion to form hydrogen bond. RTIL impurities have a
significant effect on viscosity as well as other properties. Seddon et al. [110] studies show the
effect of presence of water, sodium chloride, and organic solvents on the physical properties
of ILs. For example, C4mimBF, with 0.01M CI ion has a viscosity of 154 (mPa s™) and with
0.5 M CI ion 201 (mPa s™). However, the viscosities of ammonium based ionic liquids are

much higher than that of imidazolium based ionic liquids [111].
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iii) Density

In separation processes the density of the ionic liquids plays a vital role, which is one
of the main applications of ionic liquid. The simple halide based ionic liquids have
significantly lower densities and with increase in the hydrophobicity of the anions such as
PF¢ or NTf; ion, the density increases. The density decreases with increase in the alkyl chain
length of the cation moiety, since the addition of CH, groups affects the effective packing.
Mikkola et al [111] reported that the density of quaternary ammonium based ionic liquids

with long alkyl chain (e.g., aliquat 336) is lower than that of water.

iv) Vapour pressure

Even at high temperatures due to the ionic nature, ionic liquids possess negligibly
vapour pressure. Therefore the volatile products, and even products with low vapour
pressures, can be isolated from ionic liquids by distillation. However, some ionic liquids can
be distilled at low pressure without decomposition [112] and even can be separated thermally
[113]. Seddon and co-workers have demonstrated that some ionic liquids can be distilled at
473-573 K under reduced pressure. Rebelo et al. [114] have performed distillation of 1-decyl-
3-methylimidazolium and 1 dodecyl-3-methylimidazolium bis triflamide ionic liquids under
reduced pressure, and predicted normal boiling points based on the data obtained from
surface tension and density measurements. The predicted values of boiling temperatures were
in the order of [BF4]" > [PF¢] > [(CF3SO,);N]- for a given cation (e.g. Il-alkyl-3-
methylimidazolium cation). Zaitsau et al. [61] have reported the vapour pressure of a series of
1- alkyl-3-methylimidazolium triflimide based ionic liquid (alkyl = ethyl, butyl, hexyl and

octyl).
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v) Radiation and thermal stability

Ionic liquids generally have high radiation and thermal stability. Rouzo et.al [115]
investigated the radiochemical stability of imidazolium-based ionic liquids constituted of the
Cymim" cation and associated with four commonly used anions (X- : TN, TfO", PFg and
BF4’) under gamma irradiation for high irradiation doses (up to 2.0 MGy). The degradation of
ionic liquid increased in the order NTf,” < OTf < PF¢ < BF4. Allen et al. [116] have
investigated the radiation stability of 1, 3 - dialkylimidazolium nitrate and chloride ionic
liquids under o', B~ and y radiation fields. The results indicate that their stabilities were
comparable with that of benzene, and more than the mixture of tributylphosphate and
odourless kerosene under similar irradiation conditions. These ionic liquids were stable up to
400 kGy. The enhanced stability was attributed to the combination of properties of ionic salt
and aromaticity. Berthon et al. [117] have studied the gamma radiolysis of C4smimNTf; and
CymimPFg. It was reported that the properties such as density, surface tension and refractive
index were unchanged upon irradiation up to 600 kGy. The overall concentrations of
radiolysis products did not exceed 1 mol% when irradiated up to 1200 kGy. Berthon et al
[118] have investigated the radiolysis of ionic liquid containing quarternary ammonium
cation. MeBusNTf, was reported to be stable at high radiation doses. The primary radiolytic
products of the anion (F* and CF;®) combine with the radiolytic products of cation (Bu®, Me*®

and H®) to form degradation products in small concentrations.

Most ILs has a high thermal stability because of their negligible vapour pressure. The
thermal stability of different ionic liquids is nearly independent of cations but it decreases
with increase in the anion hydrophilicty [119]. Bonhote et al.[120] have found that
ComimNTf, was stable up to 400 °C and decomposed rapidly between 440°C and 480°C
whereas C;mimTA (TA = trifluoroacetate) was only stable to 150 °C and then decomposed

rather slowly to 250°C.
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vi) Polarity

Polarity is related to the physical properties such as melting and boiling points,
solubility, and intermolecular interactions [121]. Tonic liquids have been considered as polar
solvents, such as those suitable for charged compounds, possibly because of their ionic
nature. The first polarity investigation of ionic liquids using the solvatochromic dye method
postulated that imidazolium-based ILs possess a polarity similar to lower alcohols [122].
Various methods were subsequently developed to determine the polarity of ILs [123-128].
Bonhote et al. [120] have reported that the polarity of 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulphonyl) imide similar to that of ethanol, and the apparent low
dielectric constant was attributed to ion-pairing in the pure state. Seddon and co-workers have
reported the polarity of 1, 3- dialkylimidazolium based ionic liquids using absorption
spectrum of solvatochromic dye Nile Red, and observed that the spectral features of tested
ionic liquids were similar to that of short chain alcohols [128]. Dzyuba et al. [129] have
studied the polarity of ionic liquids, by incorporating functional groups such as hydroxy and
alkoxy groups at C1 position of 1, 3-dialkylimidazolium cation, and observed an increase in

the polarity.

vii)  Coordinating ability

The coordinating ability is a tendency to donate electrons to form a chemical bond
[130]. A decade ago, ILs were generally perceived as non-coordinating, which implied that
their anions were non coordinating as well [131-135]. However, the recent reports confirm
that ionic liquids are indeed coordinating in nature [136 — 138]. In traditional imidazolium IL
systems, the coordinating abilities are determined by the anionic part rather than the cations
[139]. The chloride or bromide displays strong coordinating abilities, and this has been

proven by several characterization techniques like crystallographic as well as NMR and IR
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studies [140, 141]. The ionic liquid bearing the anions such as NTf2- and [SO;CFs3] ™ are
assumed to be non-coordinating because the negative charge is highly delocalized over
electronegative fluorine atoms. However, recent studies suggest that NTf, is a versatile
coordinating anion that can interact with transition metals in various modes. For example, N-
methyl-N-propylpyrrolidinium bis (triflouromethanesufonyl) imide [136] reacts with Ybly,
forming a complex in which the NTf,” anions coordinate with the Yb center in a chelating
mode using the two oxygen atoms as donors. Ionic liquids can be designed to coordinate

deliberately by incorporating coordination groups (task specific ionic liquids).

viii) Environmentally benign

Ionic liquids are the potential solvents for clean and green approach to solve the
problems encountered due to the green house effect and global warming issues. Ionic liquids
are the most viable candidates for a new, clean and green technology; where waste streams
are minimal and atom-efficiency is increased and as a result, environmental and cost benefits
could be achieved. This is possible because of ionic liquids’ “immeasurably” low vapor
pressure under normal conditions. Some issues have recently been raised against the
greenness of the ionic liquids [142, 143]. However, due to infinite designing possibilities, ILs
can be made non-toxic, readily degradable, and even edible by a proper cation-anion

combination [144, 145]. Recently, an article on greenness of ionic liquids is reported by

Welton [146].

1.3.5 Task-specific lonic Liquids

Davis et al. (2004) have introduced task specific ILs. These are ILs designed with
functionalised cations and or anions that imparts specific properties or reactivity to the ILs.

Task specific ILs is also known as functionalised ILs. They are, in effect, designer ILs. ILs
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with imidazolium or triphenylphosphine cations functionalised with sulphonic acid (-SOs;H)
groups are some of the examples. These Bronsted acidic ILs were first reported by Frobes
and co-workers (2002) and used them as dual solvent- catalyst for a range of acid catalysed
organic reaction such as esterification. 1-butyl -3-methyl-imidazolium cobalt tetracarbonyl,
(C4mim)(Co(CO)y4)), was one of the first example of a task specific IL with functionalised
anion to be synthesised. Dyson et al. (2007) has described its preparation and use as a
transition metal carbonyl catalyst for the debromination of 2-bromoketones. Brown et al.
(2001) have also reported similar ILs. In 2006, Dyson and colleagues have reported
numerous IL with task specific cation; however, less effort have been devoted to the

synthesis of IL with task specific anions.

TSILs containing phosphoramidate [16], 2-hydroxybenzylamine [24, 25],
diglycolamide [26-29], phosphate [30-32], carboxyl [33], CMPO [34], malonamide [35],
hydrogen phthalate [36] etc groups tethered with the ionic moieties have been reported for the

extraction of lanthanides and actinides.

1.3.6 Applications of lonic Liquids

Due to their distinctive properties, room-temperature ionic liquids are employed in
various applications such as in synthesis, catalysis [147-151], separations [152], and
electrochemistry [153-155]. The physical as well as chemical properties of the room
temperature ionic liquid can be tuned by careful choice of cation/anion. Therefore, they are
also referred to as designer solvents. Recent advancements in ionic liquids research provide
another route for achieving task-specific ionic liquids (TSILs) in which a functional group is
covalently attached to the cation or anion part of the ionic liquid. Growing interest in ILs has
been observed in chromatographic method such as gas chromatography (GC), capillary

electrophoresis (CE) and liquid chromatography (LC).
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1.3.6.1 Application of lonic Liquids in Nuclear Fuel Cycle

Room temperature ionic liquids are used in nuclear industries both as solvent for
extraction studies and as electrolyte for the non-aqueous reprocessing. Excellent reviews on
the application of room temperature ionic liquids in the area of nuclear fuel reprocessing and
waste management [156-162] are available in the literature. Consequently, there has been a
significant increase in the studies related to the use of RTILs in aqueous and non-aqueous
reprocessing applications. As this thesis is aimed the aqueous reprocessing application of
RTILs, a detailed literature report is given below. Essentially, RTILs are investigated as
possible substitute to the molecular diluents in solvent extraction procedures and as an
alternative to high temperature molten salt in non-aqueous reprocessing applications [156-
162]. Some of the remarkable features of RTILs that make them promising for nuclear fuel
cycle application are:

1) Selectivity of target metal ion can be easily designed by the changing the cation-anion
combinations of RTIL diluent, rather than redesigning the structure of extractant
i) Presence of ionic diluent in organic phase facilitates a new mode of recovery of
metals by direct electrodeposition from the extracted phase
iii) RTILs can be designed to be completely incinerable, which would simplify the
management of spent organic waste
iv) Ionic liquids can be functionalized with organic moieties for selective separation of
actinides from fission products
V) Fire hazard is almost insignificant, due to negligible vapour pressure of RTILs.

In addition, unusual extraction of metal ions has been observed when traditional

extractants are used in RTIL based diluents. Broadly, the application of RTILs in

nuclear fuel cycle can be categorized into:

a) RTIL as diluents
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b) Functionalized or Task specific ionic liquids (TSIL)
i) As Diluents

RTILs are used as suitable alternate to the conventional diluents such as aromatic and
paraffinic diluents in the nuclear industries since more than a decade. A systematic study of
the extraction of actinides (mostly U(VI), Pu(IV) and Am(III)) and lanthanides in ionic liquid
medium has been reported elsewhere [128-142]. Giridhar et al. [152] have studied the
extraction of U(VI) from nitric acid medium by a solution of TBP in CsmimPF¢ or
CymimNTf,. The distribution ratios are compared with those obtained using 1.1 M TBP/n-
DD. The mechanistic aspects of U(VI) extraction in TBP dissolved in ionic liquid
(C,mimNTf,) was investigated in detail by Dietz [154] and later on by Billard et al.[155]
wherein the occurrence of ion exchange mechanism during metal ion transfer in to the ionic
liquid phase is highlighted. Ikeda et al.[163] have studied the extraction of uranyl ion in the
solution of TBP and quaternary ammonium based ionic liquid diluents. The extraction of
Pu(IV) from nitric acid medium by a solution of CMPO in C8mimPFs was reported by
Lohithakshan et al.[164].

Visser et al.[165] have reported a preliminary investigation on extraction of f-block
elements using a solution of 0.1 M CMPO -1.0 M TBP in CymimPFg. The distribution ratios
of Am(III), Pu(IV), Th(IV) and U(VI) were found to be an order higher in ionic liquid system
than those obtained in n-DD under similar conditions. Nakashima et al. [166, 167] have
studied, in detail, the extraction of trivalent lanthanides in CMPO/CsmimPF4 and highlighted
the diluent property of CsmimPFg over n-DD.

The extraction behavior of UO,* Am**, Nd**, Eu’* in a solution of dialkylphosphoric
or dialkylphosphinic acid (HA) present in C;omimNTf, was reported by Cocalia et al. [158]
and proposing the analogous extraction behavior for metal ions both in ionic liquid as well as

n-DD. The liquid—liquid extraction of lanthanides (Ln3+) from aqueous medium by a solution
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of TODGA/C,mimNTf, (n =2, 4, 6) was investigated by Shimojo et al.[168]. Jensen et al.
[169] have studied the extraction of Eu(IIl) in HTTA/C4mimNTf; and proposed the existence
of anion exchange mechanism during the extraction.
i) As Extractants

Nockemann et al. [170] have prepared several TSILs made up of imidazolium, pyridinium,
pyrrolidinium, piperidinium, morpholinium, and quaternary ammonium bis(trifluoromethyl-
sulfonyl) imide salts, functionalized with a carboxyl group for the dissolution of several rare
earth and transition metal metal oxides and hydroxides. The synthesis of 2-
hydroxybenzylamine (LH2) FIL and the extraction of **' Am(III) from aqueous medium was
reported by Ouadi et al.[171]. Ouadi et al. [172] have also synthesized a few TSILs
containing phosphoryl moiety attached to the quarternary ammonium ion. The extraction of
U(VD) from 3 M nitric acid medium was reported using these TSILs. The preliminary
extraction data indicate the potential use of these FILs for applications related to uranium
separation.

A general approach for the synthesis of diphenyl carbamoylmethyl phosphine oxide
moiety functionalized on imidazolium ion was reported by Odinets et al. [173]. Using this
TSIL, they have studied the extraction of actinides. Recently, Oliver et al. [174] have
reported a new [P-diketonate functionalized ionic liquid and studied the extraction of
lanthanides using silica support (solid — liquid extraction). Recently, the application of these
types of ionic liquids for the extraction of lanthanides has been appeared in the literature

[175, 176].
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1.4 Scope of the Work

The work presented in this thesis was conducted to address the application of
ionic liquids in the electrochemical separations and recovery of actinides with respect to
the nuclear fuel cycle. The first part of the research effort focused on the use of bis
(trifluoro methyl sulphonyl imide) [NTf; ] anion based ionic liquids as diluents in conjunction
with the various ligands for the extraction of actinides. In these studies, the extraction of
various actinides (U, Pu and Np) using conventional ligand CMPO and some newly prepared
bifunctional ligands like NOSCO and DoHyA were carried out. Studies were also carried out
to find out the electrochemical and thermodynamic parameters required for understanding
some of the basic concepts such as: how the extracted actinide species behave in ionic
liquids, what are its transport properties in ILs, possible speciation of extracted complexes
and corresponding kinetic parameters. Since, actinide spectroscopy is not only challenging
but recently it has gained renewed interest because of its application in various technological
areas. Hence, to understand the photophysical characteristics of actinide species in ionic
liquid, spectroscopic investigations were also carried out as there very limited literature

available from time resolved florescence perspective in detail.

The most important actinide oxides in nuclear industry are UO, and PuQO,. For
minimal generation of radioactive waste, it is anticipated to directly dissolve actinides from
their oxides rather than dissolution in an aqueous solution followed by extraction. Due to the
weakly coordinating properties of the constituting anions and cations, ionic liquids show poor
metal oxide dissolution properties. In order to overcome this problem, the second part of this
thesis includes the synthesis of task specific ionic liquid (TSIL), and direct dissolution studies
of PuO; powder in the synthesised TSIL. It details the use of functionalized ionic liquid for
the dissolution of PuO; avoiding the use of extractant since TSIL act as extractant as well as

solvent/ diluents. DFT calculations were performed to understand the structure of the Pu and
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Hbet complex which is facilitating the direct dissolution. Also, electrochemical and
thermodynamic properties of Pu(IV) in[Hbet][NTf;] were performed to understand feasibility
of using [Hbet][NTT;] ionic liquid as electrolyte medium for electrodeposition of plutonium.
This direct electrodeposition of plutonium species is a simple approach of recovering actinide
species via electrochemical reduction which has two advantages. The first advantage is that
the location of reduction is localized to the electrode surface forming a deposit affording easy
removal from the waste stream. The second advantage is that the use of electrons as the
reducing agent does not add to the waste volume. In this methodology, there is no
requirement for elevated temperatures unlike molten salts hence the production of unwanted
gases is avoided making the recovery process simpler. This method does not require multiple
paths or pyrochemical methods to achieve dissolution or separation of the fission products.
This method does not require complexing agents, it is performed in non-aqueous solution,
and the direct dissolution is achieved in the same solvent system used for electrodepositon.
The present method relates to the electrochemical deposition of an actinide species with
simple procedure of providing an actinide ion in a TSIL, an electrode within the actinide and
TSIL composition at ambient temperature and a potential such that current passes between
the electrode-electrolyte interphase to deposit actinide species. This thesis approaches
through another step to the growing interest in nuclear industry related to the applications of

room temperature ionic liquid (RTIL) in nuclear fuel reprocessing and waste management.
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Electrochemical methods
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2.1. Electrochemical Methods

Electrochemistry is the branch of chemistry concerned with the oxidation/
reduction of chemical species and the corresponding rate of electron transfer. A large part of
this field deals with the study of chemical changes caused by the passage of an electric
current and the production of electrical energy through controlled chemical reactions. In
addition, the reclamation of select chemical species from aqueous or non-aqueous solutions
using electrochemical methods is an attractive method because it is clean, efficient, and

inexpensive relative to other methods including extraction, sorption, and refining [177].

2.1.1. Faradaic and Non-Faradaic Processes

Two types of activities can take place at an electrode surface and contribute to the
measured current. The first is termed 'faradaic' [178] and involves the transfer of electrons
between the metal electrode and electroactive species in solution. Depending on the direction
of the flow of electrons, the species can either be oxidised or reduced, and the amount
converted by electrolysis is proportional to the amount of charge passed. For one mole of
electrons, the charge passed is 96485.4 C, known as the Faraday constant, F. In the absence
of any additional processes, one Faraday of charge is passed per one equivalent of reactant

consumed (assuming n=1).

The second type of process is termed 'non-faradaic' and can be caused by
adsorption/desorption processes and changes in the interfacial structure as the potential is
varied, resulting in charge and discharge of current. This type of charging current, i,
(sometimes called capacitative current) can be described by:

ic=ACy (dE/dt)=ACav e 2.1
where A is the electrode area, Cqa is the double layer capacitance, dE/dt is the variation in

potential with time and v is the scan rate. Non-faradaic charging currents can be undesirably
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large when the scan rate is high (e.g. kV s, often used in 'fast scan' voltammetry), so
electrodes of small diameter (microelectrodes) are required in such experiments to avoid the
faradaic response being swamped by capacitative currents. Although both faradaic and non-
faradaic processes contribute to the overall measured current response, experimental
conditions are usually designed so that non-faradaic contributions are minimised, and only
faradaic processes are recorded. The magnitude of any faradaic current is mainly dependent
on the following factors: the rate of mass transport of an electroactive species to and from the
electrode surface, any heterogeneous electron transfer between the electrode and solution at
the interface, and any homogeneous chemical reactions occurring before or after the electron

transfer. These topics will be explained in the following sections.

2.1.2. Overview of Electrode Processes

The overall chemical reaction that takes place in a cell is made up of two independent
half-cell reactions which describe the real chemical changes that are occurring at the two
electrodes (working and counter electrodes). Each half-reaction responds to the interfacial
potential difference at the corresponding electrode because the chemical composition of the

system near the electrodes is different.

2.1.2.1. Interfacial Region

Electron transfer is an event in a molecular scale where a negatively charged entity
passes through between an electrode and species in solution. The reason for electron transfer
to occur is the potential gradient present at the electrode surface, which results from
difference in the potential values when two different materials or phases come in contact with
each other. For example, if the potential difference between a local electrode and the

adjacent solution is 1V, measured over a gap of 1 nm, then the potential gradient shall be of
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the order of 10° V m™' [179]. When studying the rate of electron transfer, a considerable
thought on the potential gradient at the interfacial region is of vital importance.
Whenever potential is applied to the electrode surface, a charging characteristic involving the
electrostatic effect is observed. lons and dipoles with opposite charges are most likely
attracted to the electrode surface. This eventually results in the formation of “electrical
double layer”. Movement of ions to the electrode surface causes changes in the potential

field and this factor is indispensable when considering the kinetics of electron transfer.
2.1.2.2. Electrical Double Layer

Suppose there is no electron transfer occurring at the interface of the electrode
and the solution, in other words, no chemical changes taking place and so no Faradaic
current passes, such an electrode is called ideally polarized electrode as no electrode
reactions occurs within a certain range of potential values [180]. Ideally polarized
electrode behaves like a capacitor and only capacitive current flows upon change of potential.
Lot of electrodes posses this kind of characteristics but only within an electrode potential

range called the double-layer range.

As mentioned previously, if a potential is applied to an electrode immersed in
a solution, the electrode surface will become charged. The amount of charge on the
electrode surface is proportional to the electrode material, the electrolyte and potential
applied. If the potential applied is negative, then the electron will flow into the surface
eventually turning the surface to be negatively charged. On the contrary, if the applied
potential is positive, electron will move out of the surface, gradually making it positively
charged. Accompanying this phenomenon is the rational that for every electrode/electrolyte
combination, there must be a potential at which the surface shall be neutrally charged. This

potential is called zero charge, Eyzc. Surface charge on the electrode is in fact balanced by the
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movement of counter ions from the bulk solution. Extending the argument above, whenever
the electrode potential is negative to Epc, its surface will become negative. Balancing this, the
cations and dipoles such as water molecules begin to be attracted to the electrode surface.
Similarly, if the potential applied is positive relative to the E,., the electrode surface
becomes positively charged thus inviting anions and dipoles to its surface. It may be noted
that in this case, the orientation of the dipoles will be reversed. Either way, there shall be
an organized layer consisting of cations or anions formed very close to the electrode
surface resulting from the potential changes. Higher is the applied potential, the stronger
is the electrostatic forces produced. As a matter of fact, competition for sites on the electrode
surface does exist between the ions and water dipoles in order to form a well organized

double layer. An example of the formation of double layer is depicted in Figure 2.1[179].

Thus when the potential of an electrode in an aqueous electrolyte is negative to Epy,
its surface will be negatively charged and both cations and dipoles, particularly water
molecules, will be attracted to the surface. Moreover, the more negative is the applied
potential, the stronger are the electrostatic forces leading to the formation of an
organized layer of cations adjacent to the electrode surface. Conversely, positive to Epc, the
electrode surface will be positively charged and the anions and dipoles will be attracted
with the orientation of the dipole reversed. In practice, there will be competition between the
ions and water dipoles for sites on the surface. The electrostatic forces leading to a totally

organized structure are opposed by the thermal motion of the ions.
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Figure 2.1 Schematic representation of the composition electrical double layer at the
interfacial region at the electrode surface (not to scale).

2.1.2.3. Charging Currents
Any change in the potential of an electrode is the driving force for change in the
charge on the metal side of the electrode surface. Coupled to this, ions and dipoles

reorganization will also occur in the double layer on the solution side. Changing the
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potential of the electrode means that there will be electrons flowing into or out of the
electrode. In practice, these electrons will eventually pass out through the external circuit and
virtually seen as current called “charging current”. This charging current comes from the
reactive species present in the cell in addition to the Faradaic current. Its presence is always
regarded as “noise” as it complicates the signals produced by the reaction desired in the
particular experiment setup. It shall be emphasized that the effect of charging current is
only a minor problem for short timescale experiments as reorganization of double
layer according to the potential change occurs very fast and once the new structure

has been formed, the charging current effect can be totally neglected [179].

For example, in cyclic voltammetric experiment, the charging current may be estimated from
the following formula. In general the typical capacitance value is of 0.2 F m™. Therefore, at
scan rates of 0.1 and 100V s™!, the observed capacitive current density Jeap Will be 0.02 and 20

A m?, respectively.

J cap: C Xy
The current density is expressed by above equation. Here C is the capacitance and v is the
potential scan rate. The capacitive current at high scan rate is of the same order of magnitude

or higher compared to the Faradaic current for a diffusion controlled reaction.

2.1.3. Electrode Kinetics

Consider the reduction of Fe (III) and the oxidation of Fe (II)

kred

FE (ap+e €2 F&' e (2.3)
kOX

where the rate constants kres and kox describe the reduction and oxidation respectively. A

cathodic process is one at an electrode supplying electrons causing a reduction i.e. cathode
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whilst an anodic process is one at an electrode which removes electrons i.e. anode causes an
oxidation process.

An example of a reduction for a cation can be taken from Figure 2.1. In order for the
electron transfer to occur at a potential negative to Ey., the cation must be as close as
possible to the electrode. Let us say it has to sit on the plane of the closest approach. It is
important to note that whether or not the electron transfer occurs at the interface, the structure
and properties of the double layer remain the same. Also, it may be emphasized that the
resulting structure as well as the behaviour of the double layer originates from the
electrostatic effect and not the chemical effect. For these reasons, in a system where the
electroactive species exist in a large excess of inert electrolyte, solely the ions will determine
the characteristics of the double layer. In practice, the effect of double layer is always

minimized by using inert electrolyte.

2.1.4. Mass Transport

The supply of reactant and removal of product to/from the electrode
surface are essential to a continuing chemical change. For electron transfer to occur, the
reactants have to transport themselves towards the electrode surface, and once the
reaction is complete, the product will automatically diffuse away from the electrode surface.
Generally, there are three different modes (Figure 2.2) of transportations i.e. diffusion,

convection, and migration.

1) Diffusion. The difference of concentration between two points in a solution normally
ends up with the movement of a more concentrated species to the area of lower concentration.
This will last until the concentration between them becomes equal. This phenomenon which

originates from the concentration gradient is called diffusion [179]. It plays an important role
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when considering reaction on the electrode. Often, the electron transfer process occurs in the

vicinity of an electrode.

For example, when an oxidised species undergoes a reduction process at a
considerable rate to become reduced at the electrode, the concentration of the former at the
electrode surface will be lower than in the bulk solution. In other words, the concentration of
the reduced species at the electrode surface will be higher than that in the bulk solution.
Fick’s first law defines diffusion as diffusional flux which represents the number of moles
diffusing per unit area. Fick derived his second law which applies to cases where the change
of concentration within a specific area occurs [181]. In Fick’s equations (see below
equations), jox is the flux, D is the diffusion coefficient, [Ox] is the concentration of the

species, and x is the distance of the species from the electrode surface.

ja=-pod 2.4)
X
elox] _ e’lox] e 2.5)
5 I‘ X ﬁ_‘fl

In most of the electrochemical measurements where the oxidation and reduction of
active species occurs due to applied electrical potential, the Fick’s second law is preferable
as the former processes always result in changes of concentration at the electrode

surface with the elapse of time.

ii)) Convection. The presence of thermal gradient or difference in density within a
solution can lead to another form of mass transport namely convection. Convection may
occur in nature or is deliberately induced by means of applying external forces such as

shaking or sparging the solution in the electrochemical cell where the electrode
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reaction occurs. In general, in an unstirred solution, convection is always caused by the
chemical reaction in the vicinity of the electrode surface which probably generates slight
changes in density or even the temperature. Meanwhile, unnatural convection is always
considered as unfavourable as these changes eventually induce the movement within the cell
solution. In electrochemical experiments, convection can be controlled by flowing the
electrolyte solution over the electrode surface at a known rate or by the usage of rotating

disc electrode [182].

ii1) Migration. Migration is a form of mass transport which originates due to the potential
gradient induced by the movement of charged species such as ions in the electrochemical
cells. As in all electrochemical experiments, the application of electrical voltages between
electrodes allows the passing of current creating potential drop at the electrode /electrolyte
solution surface. Migration, which occurs due to electrostatic forces, is an integral part of the
electrode reaction since it balances any changes in the charge capacity. However, it is not
compulsorily desired in all circumstances of electrochemical reactions. To overcome this
problem, very often the addition or usage of supporting electrolyte solution to the
electroactive solution is done to minimize the effect of migration. Even though the
reactant or product in the electrode cell may be charged species, but they will be
enclosed by the ions of the supporting electrolyte solution due to the presence of excess
electrolyte solution. Therefore, these ions are the charged species which move and not

the electroactive species themselves [179].
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Figure 2.2 Three different forms of mass transport to the electrode surface for electroactive
species in solution

2.1.5. Practical Electrochemistry

Usually only one reaction is of interest and the electrode at which it occurs called the
working electrode. Therefore, to focus on the reaction at a single working electrode, a
reference electrode was used to standardize the other half cell. This electrode is made up of
phases having essentially constant composition and potential. For all aqueous measurements
performed the silver-silver chloride electrode, Ag/AgCI/KCI (saturated in water) was used.
The fixed potential at the reference electrode is predicated on the composition of the
electrode not changing as reactions take place at the working electrode. A third electrode, a Pt
counter electrode is used to ensure that the potential of the reference electrode does not
change as reactions occur at the working electrode. The counter electrode acts as an electron

donator and acceptor during the electrochemical reaction without changing the composition
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of the reference. Therefore, the potential of the working electrode can poised versus the
reference electrode influencing the energy of the electrons and reactivity at the electrode
surface.

Oxidation/reduction at the working electrode occurs as the energy of the working
electrode is raised or lowered as a function of the applied potential. When the energy of the
working electrode is sufficiently negative of the reduction potential of the chemical species is
reduced. When the energy of the working electrode is sufficiently positive of the oxidation
potential of the chemical species, the species is oxidized. The critical potentials at which
these processes occur are related to the standard potential, Eo, of the chemical species in

solution. A schematic diagram of the electrochemical cell is shown Figure 2.3.

Power Supply

o
Working \J Auxiliary

Electrode Electrode
E,..vs. ref

Reference

Electrode

Figure 2.3: Schematic Diagram of the Electrochemical Cell

When considering the overall electrode reaction, defines the conversion of the dissolved
oxidized species, O, to a reduced form R, the electrode reaction rate is typically governed by
the following:

1. Mass transfer (e.g.: of O from the bulk solution to the electrode surface).
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2. Electron transfer at the electrode surface
3. Chemical reactions preceding or following the electron transfer, which might be
homogeneous processes or heterogeneous ones on the electrode surface.
4. Other surface reactions, such as adsorption, desorption, or crystallization.
The rate constants for some of these processes (e.g.: electron transfer at the electrode

surface or adsorption) are dependent upon the applied potential [177].

2.1.6. Electroanalytical Techniques

As mentioned above, electrochemistry is the study of electron transfer reactions
between electrodes and reactant molecules . During the present work, techniques used for
the study of these reactions are cyclic voltammetry (CV) and chronoamperometry (CA).
There are many experimental set ups that can be used for these measurements but the most
commonly used one is the three electrode cell. This involves placing the working electrode,
reference electrode and counter electrode in a cell containing solution of the redox system
under investigation and an inert background electrolyte. The solution is purged with nitrogen
or argon gas to remove dissolved oxygen and the experiment is controlled using a potentiostat

and personal computer.

The most important part for conducting voltammetric measurements is called
potentiostat. It acts as a potential provider to the electrochemical cell and records the
resulting flowing current. The output of a voltammetric scan is called voltammogram, which
shows the relationship between the applied potential and the current produced. Typically, a
definite potential is applied between the reference and the working electrodes. Since electron
transfer occurs at the working electrode, it is of vital importance to ensure that consistent
measurements between the electrodes is possible, thus the counter -electrode is

introduced into the cell. Most fundamental set ups in the electrochemical cell are
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designed with an inert gas inlet/outlet. This is required so as to minimize the interference
of signals from oxygen during experiments. Nitrogen gas and argon gas are the two most
well-known examples of inert gas. Nitrogen is preferred for its low cost, while argon is
another option as it is heavier than air. A schematic representation of an electrochemical cell

for CV experiments is shown in Figure 2.4.
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Counter elctrode

Figure 2.4: Schematic representation of an electrochemical cell for CV experiments.

All potentials are quoted against the Ag/AgCl reference electrode in aqueous solvents.
In non aqueous solvents, reference electrodes based on the Ag'/Ag couple are commonly
employed. These consist of a silver wire in a solution containing an Ag" salt, typically
AgNOs. The potential of Ag'/Ag reference electrode can vary between experiments due to
variations in [Ag'], electrolyte, or solvent used. So it is important to note the specific details
of a non aqueous reference electrode. To circumvent these problems, reduction potentials
should be referenced to an internal reference compound with a known Ey'. Ferrocene is
commonly included in all measurements as an internal standard, and researchers are

encouraged to reference reported potentials vs the ferrocene couple at OV vs Fc/Fc¢'. Care
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should be taken to ensure that the potential window of the analyte’s redox processes does not
overlap with those of ferrocene and that the analyte does not interact with ferrocene. Since
non aqueous reference electrode potentials tend to drift over the course of an experiment, it is
recommended having ferrocene present in all measurements rather than adding it at the end of

a measurement set.

2.1.6.1. Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is probably the most widely used technique for
studying the electrode processes of all other electrochemical methods. It offers rapid
determination of redox potentials of the electroactive species of interest and convenient
evaluation of the effect of the medium on the redox process. It is rarely used for quantitative
determinations, but is widely used for the study of redox processes, for understanding
reaction intermediates, and for obtaining stability of reaction products. CV consists of
linearly scanning the potential of stationary working electrode at a particular scan rate in the
forward direction (Figure 2.5), and then reversing over the same potential range in the

opposite direction.
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Figure 2.5: Variation of potential with time during a cyclic voltammetry experiment.
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For example, the initial scan could be in the negative direction to the switching
potential. At that point, the scan would be reversed to run in the positive direction. Depending
on the analysis, one full cycle, a partial cycle, or a series of cycles can be performed. The
response obtained from a CV can be very simple as shown in Figure 2.6 for the reversible

redox system:
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Figure.2.6: Simple reversible cyclic voltammogram

A stationary working electrode in an unstirred solution is employed, and the
potential is varied at a definite rate as a linear function of time. Typical sweep rates are
in the range of 0.5 - 100 V s’!, and the current potential curves no longer have the S-shape
known from techniques with infinitesimally small sweep rates, but exhibit peaks. If a rapid
triangular sweep is applied, and an oscilloscope or a fast x-y recorder is used, a cyclic
voltammogram is obtained. If, for example, the sweep towards lower potentials produces
reduced molecules in the vicinity of the electrode, then they are re-oxidized during the
reverse sweep to the same concentration which was initially present in the solution,
provided that the rate at which the potential is taken back to its initial value is more rapid
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than the diffusion processes needed to establish equilibrium with the bulk of the solution. If
the reduced species undergoes irreversible secondary reactions in a shorter period than
that of triangular sweep, then new waves may be found in the reverse sweep and the height

of the wave corresponding to the forward reaction is reduced.

The peak current i, in the voltammogram is given by Randles-Sevcik formula

i =(2.69x10°)n*”AD"0"2C oo 2.6)

Here ipis the peak current (in amperes), n is the number of electrons passed per
molecule of the analyte oxidized or reduced, A is the electrode area (in cm?), D is
the diffusion coefficient of analyte (cm?s™!), v is the potential sweep rate (vs™'), and C is the
concentration of analyte in bulk solution (mol cm™). The midpoint potential of the two peaks

in the voltammogram is given by:

_ELtE, Q@.7)

— L eececccceccccee
mid 2
Here, Erq is the reduction potential and Eox is the oxidation potential. The maximum
potential E, in the current-potential curve in the linear scan voltammetric experiment
for a reversible electron transfer is given by ( where n is number of electron per

molecule)

E =E,, -2  mvVat25°C e 2.8)
n

Finally, the separation between the two peaks of the voltammogram is given by

AE, = Eoc- Erea=2.303 RTnF =59 mV/n at 25°C - 2.9)
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Hence, depending on what is already known about a given system, one can determine
the concentration, the diffusion coefficient, the number of electrons per molecule of the

analyte oxidized or reduced, and the redox potential for the analyte.

On the reverse scan, the position of the re-oxidation peak is not identical with
the potential of the forward scan and depends on the switching potential, if the reverse
sweep starts at less than 100 mV/n cathodic of the reduction peak. If the switching potential
however, is set further apart, the separation of the two peaks will be 59 mV/n and is
independent of the scan rate of the potential scan. These two criteria along with the equal
height of the steps in the forward and reverse reactions, are commonly taken as diagnostics
for reversible, purely diffusion controlled charge transfer. Cyclic voltammetry has been
used to obtain potentials which could also have been measured by slow techniques,

and at the same time to demonstrate reversibility of the electron transfers.

If the scan rate in cyclic voltammetry is increased to values greater than 0.1 V s™!, then
the redox couples do not behave like ideal reversible systems because electron transfer
rates are not infinitely large and the current is controlled by a combination of
diffusion and charge transfer kinetics. This is called the quasi-reversible case and cycling

at varying scan rates can be used to measure electron transfer rates.

Reversible and Irreversible Reactions

The term reversible can be misleading and sometimes can be confusing in chemistry
as it has different meanings depending on the context of the reaction. In general, reversibility
can be divided into two categories; chemical and electrochemical. In order to explain the

term ‘reversible’ clearly, the following simple reaction is considered.

O+ne +«—> R oo (2.10)
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The reaction scheme shows that the reactant, in the reduced form, is being
transformed into a product by means of having "n" number of electrons on the time scale of
the voltammetric experiment. From the chemical point of view, this Ox/Red couple can be
reproduced chemically as represented by the double-sided arrow. Therefore, the

oxidation reaction can then be expressed as:

R <«—— (O + ne” = e (2.11)

Meanwhile, the heterogeneous process taking place between a working electrode and an
electroactive species at the vicinity of the electrode surface results in electron transfer. In
electrochemical experiments, electron transfer can be affected by the potential applied and
the concentration of the electroactive species at the electrode. Therefore, the rate constants
play very important role in determining the electrochemical reversibility of a reaction. Using
the same chemically reversible reaction scheme given above, electrochemical reversibility
can be explained in the following way. Suppose that the rate constants for reduction and
oxidation are krea and kox respectively. When the applied potential is equal to E° of the
redox couple at equilibrium, the standard electrochemical rate constant can be represented
as k° and will have the units of cm s, derived from the concentration of the electroactive
species shown in mol cm™ and electron transfer to the electrode surface with surface area in
cm?. Here rate constant for electron transfer in both the forward and backward directions

of the above reaction scheme can be represented as :

—a nFE
k . =k'e LJ ............... (2.12)
red Kp( RT
k = k e gx "7 T | eesesscsssesces .
ax red xp[ RT ]



Here the rate constants for both the reduction and oxidation processes driven by the

potential difference or overpotential, 1 = E —E°, from the applied electrical potential, E, can

be shown by
L :ﬁﬂem[_arrcdﬂF(E_Eﬂ)) ............... (2.14)
red RT
k =k exp| apnF(E=E)) e (2.15)
RT

k° is the rate constant at the electrode surface at equilibrium, orweq is the cathodic
transfer coefficient, oox is the anodic transfer coefficient, and R is the gas constant
[8.314 (VC) / (mol K)]. a is defined as the fraction of the interfacial potential at the electrode-
solution interface that helps in lowering the activation energy barrier for electron

transfer process.

Electrochemical reversibility of reaction can be determined by cyclic voltammetric
experiments. This method has proven to be extremely helpful when voltammetric responses
are being measured within a wide range of scan rates as it is a common practice to record
voltammograms over a wide potential window so as to determine the reversibility of a

reaction. In practice, there are three parameters which can be used.

(a) Peak to peak separation (AEp)

In a reversible voltammogram, the magnitude of the peak to peak separation, AE,,
shall be approximately 59 mV at room temperature (298 K) for one electron process
regardless of scan rate values. On the contrary, in the case of quasi and irreversible

conditions, the AE, will depend on the potential sweep rate.
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(b) Peak current (I,)

In both the reversible and the irreversible conditions, the peak current generated
is proportional to the square root of the scan rate values. However, for quasi-
reversible, scan rate does not hold any effect. At room temperature (at 298 K), simple one

electron reduction of O to R can be given as

Reversible, )
U
1, =0.446FA[O], . Rp e (2.16)
=2.69x10° AD'?[O], [0 e (2.17)
Irreversible, D
I, =049aFA[O] e (2.18)
RT
=2.99x10°aD'?[0], udlo e (2.19)

For room temperature experiments, following assumptions apply: electrode surface
area, A = 1 cm?, concentration of species O, [O] = 10> M, charge transfer coefficient, o

= B = 0.5 cm s, diffusion coefficient for species O and R, D° = DR= 10cm?s™..

¢) Wave shape of the forward peak

The difference between the peak current potential, Ep, and half peak current potential,
E12, comes in handy when distinguishing a reversible voltammetric signal from an
irreversible one as discussed below. All the values for the parameters used in the equations

correspond to those at room temperature (at 298 K). Under reversible condition,
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RT 2.20
Ep_El/zzz'zlgT (220

Whereas, under irreversible reduction

RT . 2.21
EP_E1/2:1'857T ( )
or
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E, E..= : B E— (2.22)
and under irreversible oxidation
RT

|E CE =187 e (2.23)
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Figure 2.7: A comparison of cyclic voltammetric wave-shapes representing planar
diffusion at an electrode

Figure 2.7 shows the cyclic voltammetric wave shapes under reversible, quasi

reversible and irreversible conditions.
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2.1.6.2 Chronoamperometry (CA)

Chronoamperometry involves applying a fixed potential to a working electrode for a
defined period of time. This technique is often used in electrocatalytic applications, where the
potential is fixed at a value which will maximise the production of the desired species over an
extended period of time while maintaining the activity of the electrode surface.
Chronoamperometry is also used in electroanalysis, where it can be used to monitor the

presence of a known species by recording the current passed as a function of time.

The Faradaic component of this current for a planar electrode at time t is described by the

Cottrell equation: [183]
. mFADY?c,

iy vey R

Chronoamperometry is also used extensively in the electrochemical formation of a

variety of materials. This material synthesis aspect is generally performed once the

electrochemical behaviour of the working electrode/plating solution interface has been

determined through the use of other electrochemical techniques such as cyclic voltammetry.

These supporting techniques allow the parameters to be determined for the

chronoamperometry. These include the initial potential and the appropriate potential range

required for electrodeposition to occur. The deposition time can then be varied in

consideration of the initial electrode surface as well as the desired size, shape and coverage of

the electrodeposit.
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2.2. Materials & Chemicals
2.2.1. Radiotracers

The radiotracers 23U, *°Pu, 2*’Np tracers were used from laboratory stock solutions
and after purification prior to their use by ion-exchange methods as reported earlier [94]. The

experiments were carried out with <1% counting statistics errors.

2.2.2. Ionic liquids

Room temperature ionic liquid (RTIL) such as 1- butyl-3-methylimidazolium
bis[(trifluoromethyl)sulphonyl] imide ([C4mim][NTf2]), 1-hexyl-3- methyl-imidazolium
bis[(trifluoromethyl)-sulphonyl] imide ([Cemim][NTf2]) and 1-octyl-3- methyl-imidazolium
bis[(trifluoromethyl)sulphonyl] imide([Csmim][NTf2]) with purities >99% were procured

from Iolitec, Germany and were used as obtained.

2.2.3. Solvents and materials

All other reagents used in this study were of AR grade and were used as received.
Betaine hydrochloride and lithium bis(trifluoromethanesulfonylimide) were purchased from
Sigma Aldrich. Suprapure nitric acid (Merck, Germany) was used for preparing the aqueous

feed solutions.

2.2.4. Extractants

The synthesis of CMPO, NOSCO, DoHyA, Betaine are explained in the respective

chapters.
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2.3 Characterization techniques

2.3.1 Radiation Detectors

All methods for detection of radiation are based on the interaction of charged particles
or electromagnetic radiation with matter. A detection system consists of a detector and a
measuring unit. A particular group of detectors are called ionization detectors. These include
ionization chambers, proportional counters, Geiger Muller counters and semiconductor
detectors. The phenomenon in combination with ionization, which produces luminescence, is

involved in scintillation counters.

2.3.2 Alpha Liquid Scintillation Counter
For the distribution ratio measurements, a liquid scintillation counter was used to

determine the concentration of the alpha emitting actinides in aqueous and organic solutions

offering the following advantages over the other radioactivity assay methods.
1) Liquid scintillation counting has an efficiency of 100% leading to higher sensitivity.
i1) Salts and acids normally used in small quantities do not interfere during alpha
counting. While using alpha liquid scintillation counting, it should be ascertained that
there is no quenching effect while aqueous aliquots are taken into the scintillator solution
for counting. The scintillation vial that contains alpha activity was placed in the well of the
counter, which was coupled to a single noise low noise photo multiplier tube (EMI 9514)
and the associated electronic counting assembly. When alpha particles pass through the
scintillator, excited states are produced, which during return to the ground states produce
light emission or scintillations. The intensity of light produced is proportional to the
incident energy. These light emissions pass through photo multiplier tube and results in
current pulses. The resulting charge is proportional to the energy lost by the ionizing

particles.
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2.3.3 Gamma Counting

The gamma activity of >*’Np was determined by a 3” X 3” well-type Sodium iodide —
Thallium, Nal (T1) gamma scintillator detector, coupled to a single channel analyser. The Nal
(TT) scintillation counter detects gamma rays with higher efficiency compared to
semiconductor detector. The principle of the counter is same as described above in the case of

alpha liquid scintillation counter. Generally crystal scintillations are used here.

2.3.4 Alpha Spectrometry
The alpha spectrum was recorded by a PC-based 8K-MCA and the spectral analyses
were carried out using PCA3 software using PIPS alpha detectors (PIPS Canberra PD-300-
16-100AM detector having 300 mm? surface area, 100 mm active thickness, 16 KeV

FWHM at 5.4 MeV energy of alpha particles emitted by 2*! Am).

2.3.5 Ultraviolet and Visible (UV-VIS) Spectroscopy
UV-VIS spectroscopy involves the measurement of the absorption of near-ultraviolet

and visible light as a function of wavelength for a sample. The visible region of the
spectrum comprises of photon energies of 36 to 72 kcal/mole, and the near ultraviolet region
extends this energy range to 143 kcal/mole. These energies are sufficient enough to promote
outer electrons to higher energy levels. UV-VIS spectroscopy is usually applied to molecules
and inorganic ions or complexes in solution. The UV-VIS spectra have broad features that are
of limited use for sample identification but are very useful for quantitative measurements. The
concentration of an analyte in solution can be determined by measuring the absorbance at a

particular wavelength and applying the Beer-Lambert Law:
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A=ecl e (2.25)
(Where A= absorbance, ¢ = sample concentration in moles/litre & 1 = length of light path

through the sample in cm.)

2.3.6 Fourier Transfer Infra-red Spectrometer
The FTIR spectra were obtained on ATR-IR platinum Bruker spectrometer for

identifying the functional groups in the bifunctional ligands.

2.3.7 NMR spectrometer

'H and *C NMR spectra were recorded with a 500 MHz Varian NMR spectrometer,
and FIDs were processed using MestReNova v1.13 software multi nuclei solution was used
for structure analysis of synthesized ionic liquids and DMSO-d6 was used as solvents. For
bifunctional ligands the 'H NMR in CDCl; for ligands and compounds were recorded on

Bruker 300 or 500 MHz spectrometers.

2.3.8 Thermal studies

The thermal stability of ionic liquid was studied using thermogravimetry- differential
scanning calorimeter (TGDSC) model No: DSC-2 and the low temperature phase transition
was studied using a differential scanning calorimeter (DSC 823e). Both the instrument was
supplied by M/s Mettler Toledo Pvt Ltd, Switzerland. The experiments were carried out at a
heating /cooling rate of 5K/min. Reversible run was carried out in DSC, however, only

heating run was carried out in TG-DSC.
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2.3.9 Luminescence studies

Emission and excitation spectra were recorded on Edinburgh F-900 fluorescence
spectrometer in the 200—750 nm regions with a Xe lamp as the excitation source, M-300
monochromators, and a Peltier cooled photomultiplier tube as detector. The acquisition and
analysis of the data were carried out by F-900 software supplied by Edinburgh Analytical
Instruments, UK. A micro second (Xe) flash lamp with 10—100 Hz frequency range was used
as the excitation source. The PL decay time (lifetime) measurements were carried out using
time-correlated single-photon counting (TCSPC) technique with the help of a Quantel

semiconductor diode LASER with lex = 375 nm.

2.3.10 Computational Details

The geometry optimizations and total energy calculations have been performed using
the density functional theory (DFT) based electronic structure programs, as implemented in
ORCA-4.0[184] programs by employing the GGA based Perdew-Burke-Ernzerhof (PBE)
[185] exchange—correlation functional. Initially all the geometries were optimized by PBE
functional in conjunction with the def2-TZVP basis set. For plutonium, segmented all-
electron relativistically contracted basis sets (SARC-TZVP) has been employed [186]. Scalar
relativistic all-electron calculations have been performed with the ZORA Hamiltonian. The
resolution of identity approximation has also been applied along with the appropriate
auxiliary basis sets. The atomic charge distributions between the plutonium ion and betain IL
groups have been calculated by the Mulliken population method, as implemented in the
ORCA-4.0 programs.

For Neptunium BP86 functional [187, 188] in conjunction with def-SV (P) basis set
for Np and def2-SV (P) basis set for all other atoms was used [189]. The core electrons of Np

are treated with def-ECP small core relativistic pseudo potential (60 electrons). All structures
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are optimized in gas phase using TURBOMOLE 6.3 [190], and their energies are computed
using COSMO continuum solvation model using ORCA 3.0.3 [191]. For the computation of
energetics, we have used segmented all electron TZVP basis set (SARC basis set) [192] as
implemented in ORCA. Further, scalar relativistic effects are incorporated using ZORA

[193].
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Chapter 3

Electrochemical and spectroscopic studies of
neptunium in [C, mim] [NTf;] based ionic liquids
using CMPO as extractant
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3.1. Introduction

Neptunium is an important actinide element and its separation from used nuclear fuel
is a desirable target, because of the issue of its long-term radiotoxicity and valuable potential
application in the production of the Pu-238 radionuclide. Approximately 0.05-0.1% of the
mass of SNF contains Np. At present, PUREX process is employed for reprocessing of SNF
[194-199]. This method is based on the selective liquid-liquid extraction of uranium and
plutonium from other elements in the nitric acid solution of dissolved SNF using 30% tri-n-
butylphosphate (TBP) in kerosene. The process starts with the dissolution of spent fuel rods
in hot concentrated (8 M) nitric acid. The various nitrogen oxide compounds produced during
the dissolution process and the high radiolysis rate in the spent fuel solution result in
neptunium existing in several different oxidation states, primarily as Np(V) and Np(VI),
possibly as Np(IV). Due to vastly different extractability of its oxidation states, complicating
the purification of the uranium and plutonium products, Np can be distributed in both
aqueous and organic product streams. Therefore, a better understanding of the kinetic and
radiolytic aspects of the redox chemistry of neptunium is needed in order to effectively
control the destination of Np. Apart from this; generation of hazardous volatile organic
solvent waste is an issue which cannot be ignored in the employed reprocessing methods.

Room temperature ionic liquids (RTIL) have attracted considerable attention as
possible replacements for conventional molecular organic solvents in biphasic liquid-liquid
extraction systems for the separation of metal ions. The potential advantages of using a
water-immiscible ionic liquid (IL) in such separations include exceedingly low volatilities
and low flammabilities, the efficient extraction of metal ions that are difficult to extract with
molecular organic solvents [79, 80], and the possibility of easily coupling liquid-liquid
extraction and electrorefining [82]. In addition, the physico-chemical properties (in particular,

polarity, polarizability, and molar volume) of individual ILs can be tuned over wide ranges
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by varying the constituent cations or anions. They are known to possess high electrical
conductivity and good charge transport properties. Combined with their distinctive solvation
ability to a wide variety of inorganic, organic, and organometallic species, ILs have inherent
advantages for various electrochemical applications [83- 85, 200].

Arijit et al. have also studied the complexation of Np(IV) with task specific ionic
liquid based on CMPO [201]. Although there have been numerous experimental studies on
extractabilities of Np by CMPO, many unclear scientific issues still remain. For example (i)
how is the extracted Np species behaves in ionic liquids? (ii) what are its transport properties
in ILs, (iii) possible speciation of extracted complexes, (iv) what are the photophysical
characteristics? and the corresponding kinetic properties. In this context, electrochemical
investigations were employed to establish the redox behaviour of Np-CMPO complex in
RTIL. There are only limited reports available on the electrochemistry of Np in ILs [202-
204].

The [NTH;] based ionic liquids are less moisture sensitive. Also [Cymim] [NTf;] types
of ionic liquids have lower viscosity reasonably higher conductivities compared to ionic
liquids containing different type of cations and anions [200]. Previously, we have studied the
electrochemical aspects of some of the lanthanide ions in this class of ionic liquid [204, 205].
So the present study was carried out employing [Cemim] [NTf,]. Furthermore, actinide
spectroscopy is not only challenging but recently it has gained renewed interest because of its
application in various technological areas [206]. Although lots of reports exists in literature
where fluorescence spectroscopy of uranyl compound in solid as well as in solution is
discussed [207], however the fluorescence properties of neptunyl ion is not investigated from
time resolved florescence perspective in detail. Taylor and Hindman [39, 40] have discussed
the electronic spectroscopy of neptunyl ions. However, recently some work has been initiated

wherein solid and solution state luminescence spectroscopy of neptunyl (VI) has been studied
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[41, 42]. In present work the emission and lifetime spectroscopy of Np-CMPO complex in
[Cemim] [NTH;] ILs are studied in detail.

To gain further insights on the possible speciation of neptunium complexes at the
molecular level, the quantum chemical calculations at the density functional theory level is
also carried out. Such electronic structure calculations can reveal the possible structural
details which were seen in experimental conditions. The speciation of several heavy metal
ions such as uranium [208-210], plutonium [211], palladium [212], and platinum ions [213]
in different conditions using density function theory (DFT) based calculations is reported
from our lab already. The motive of this study is to examine the possible interaction of
neptunium in RTIL which are proposed as alternative non-conventional solvents for nuclear
waste treatment, due to their potential to reduce the volume of organic solvent waste. Also,
generation of basic data is needed for applications of Np which is a strategic element in
industries based on nuclear energy while using these new solvents. In view of the paucity of
data, electrochemistry, DFT based calculations and photoluminescence spectroscopy were
carried out in the present work to understand the complete interactions of NpO,-CMPO
complex in [Cemim][NTf] ionic liquid. The extraction of NpO," was carried out from acidic
feed solutions using an Octyl-(phenyl)-N, N-diisobutylcarbamoyl methyl phosphine oxide
(CMPO) in 1-hexyl-3-methylimidazolium bis (trifluoro-methylsulfonyl) imide ([Cemim][
NTf;]). The electrochemical and spectroscopic properties of NpO,-CMPO complex in
[Cemim] [NTf,] IL were also investigated. Transport properties and kinetics were also

studied using cyclic voltammetry and chronoamperometry.

3.2. Experimental
All the chemicals used in this study were of guaranteed reagent grade. 1-hexyl-3-

methyl imidazolium bis (trifluoro methyl sulfonyl) imide ([Cemim] NTf,]) was procured
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from Iolitec (99% pure) and was used as received. Octyl(phenyl)-N, N-diisobutylcarbamoyl
methyl phosphine oxide (CMPO) was synthesized and purified as reported elsewhere [228].
Cyclic voltammograms and chronoamperograms of the solutions were recorded using CHI
760D electrochemical workstation. All the solutions were prepared in Millipore Milli-Q
water (~18 MQ cm). NpO," from 0.1 M nitric acid was transferred to [Cgmim][NTf,] ILs
phase by employing 30% CMPO as an extractant. 30% CMPO in [Csmim][NTf,] ILs and 0.1
M aqueous nitric acid containing NpO," were equilibrated for 30 minutes in a shaker bath.
The phase was allowed to settle and the RTIL phase containing NpO,™ was taken for
voltammetric and spectroscopic studies. **’Np (t,= 2.14 M yrs) is an alpha emitter with three
different alpha energies, viz. 4788 KeV (47.6%), 4771 KeV (23.2%) and 4766 KeV (9.3%).
The alpha activity of the aqueous phase, before and after solvent extraction, was measured by
alpha spectrometry. The alpha source was prepared by drop evaporation method. 10 pL
aliquot from the aqueous phase was added on a polished stainless steel planchette, evaporated
to dryness under IR lamp and ignited in flame to red-hot. The planchette was placed at a
distance of about 4 cm from the PIPS alpha detector in a vacuum chamber and pressure inside
the chamber was reduced to -10 bar. The concentration of NpO," in [Cemim] [NTf,] ILs
was kept at ~3.7 mM. All voltammetric studies were carried out at room temperature. A
glassy carbon disk working electrode (area, A = 0.07 cm”) was used as a working electrode.
Two Pt wires acted as counter and quasi-reference electrodes. Platinum quasi reference
electrode was calibrated with respect to the ferrocene/ ferrocenium redox couple in ionic
liquid and E’ was observed as = 0.21 V (Egc/re = 0.31 vs. SCE) [177]. The internal standard
Fc/Fc' was added to [Csmim] [NTf,] ILs and all the redox potentials are referred against the
Fc/Fc' redox couple. All solutions were deoxygenated using high purity nitrogen prior to
electrochemical experiments. Each measurement was repeated thrice and the average

numerical value of each parameter is quoted for discussion (relative error < +0.1%). PL
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excitation and emission data of the aqueous as well as the RTIL complexes of NpO," were
recorded. For each spectrum, adequate multiple spectral scans (at least five) were taken so as
to get a better S/N ratio. To understand the experimental observations, quantum chemical
calculations for a series of neptunium complexes with different equatorial ligands in hexa and
penta oxidation states were also carried out. Doublet and triplet spin states of Np are used for

VI and V oxidation states respectively.

3.3. Results and Discussions

3.3.1. Extraction of Np by CMPO

Although ?*"Np has three different alpha energies, a single peak at 4788 KeV was observed in
the alpha spectrum since the detector resolution is insufficient to resolve such close energies
(AE <16 KeV). From the alpha spectra given in Figure 3.1, it is evident that the Np activity
left in the aqueous phase after solvent extraction is considerably low. The alpha count rate in
10 uL of the aqueous phase, before and after solvent extraction, was found be 293 and 8 cpm

respectively, which corresponds to about 97% extraction in a single cycle.
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Figure 3.1: Alpha spectra of the Neptunium solutions before and after extraction
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3.3.2. Electrochemical Investigations
3.3.2.1. Cyclic Voltammetry

The cyclic voltammogram of [Comim][NTf;] IL recorded at glassy carbon working electrode
is shown in inset of Figure 3.2. Reduction of [Csmim] " cation occurs at a potential of - 2.2 V
(vs. Fc/Fc") and the oxidation of [NTf;] anion occurs at ~1.91 V (vs. Fc/Fc¢"). Therefore, the
electrochemical window of [Cemim][NTf;] IL is ~ 4.1 V, which may be sufficient for
permitting the oxidation of NpO,"/NpO,*‘redox reaction. The cyclic voltammogram of
NpO;'in [Cemim][NTf,] IL recorded at glassy carbon working electrode at a scan rate of 20

mVs™ is shown in Figure 3.2.
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Figure 3.2: Cyclic voltammogram of NpO," in HmimNTf,ILs recorded at glassy carbon
working electrode at a scan rate of 20mVs'. Inset shows the cyclic
voltammogram of [Cemim][NTf,] IL recorded at glassy carbon working
electrode.

Cyclic voltammogram of 70% [Comim][NTf;] IL+ 30% CMPO recorded at glassy carbon

working electrode at scan rate of 0.1 Vs is shown in Figure 3.3. It consists of an anodic

wave occurring at a peak potential of 0.15 V which is attributed to the oxidation of NpO," to

Np022+.
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Figure 3.3: Cyclic voltammogram recorded for 70% HmimNTf, IL+ 30 % CMPO at glassy
carbon working electrode at scan rate of 0.1Vs™

The voltammogram showing the redox behavior of ferrocene is also shown in Figure 3.4.
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Figure 3.4: Cyclic voltammogram of Fc/Fc' redox couple recorded in CsmimNTf; IL at
glassy carbon working electrode at scan rate of 0.1Vs™

Figure 3.5 shows the cyclic voltammograms of NpO, " in [Csmim][NTf,]ILs recorded
at different scan rates at glassy carbon electrode. It is observed that the cathodic and anodic

peak current increases with increase in scan rate. The cathodic and the anodic peak potential
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(Epc and Epa) shifts cathodically and anodically respectively with increase of scan rate. The
value of AEp is quite large (157 mV) than the value expected for a reversible process (60
mV) indicating that NpO, '/ NpOz2+ redox reaction in [Cemim][NTf,] IL at glassy carbon
electrode is quasi-reversible [177, 214]. It means that this redox reaction is not only

controlled by diffusion but also by charge transfer kinetics.
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Figure 3.5: Cyclic voltammograms of NpO,' in CemimNTH, ILs recorded at different scan
rates at glassy carbon electrode
The linear dependence of I,c on square root of scan rate (v™), shown in Figure 3.6 confirms
the reduction of NpOz2+ to NpO," in [Cemim][NTH]IL is diffusion controlled [177]. The
cathodic peak current (I,.) and the scan rate for a quasi-reversible reduction reaction for a

soluble-soluble couple are related to each other by following expression [177].

W 1/2
Le= 0.496 nFACD?/2 (%) .............. (3.1)

where C is the neptunium concentration in mol cm™, D is the diffusion coefficient in cm” s™!,
F is the Faraday constant, n is the number of exchanged electrons, v is the scan rate in Vs o
is the charge transfer coefficient, n, is the number of electrons transferred in the rate
determining step, A is the geometric area of electrode and T is the absolute temperature in K.
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The value of an, can be determined from following formula, Where, Ep., is the half-peak
potential. The value of on, is found to be 0.57 for the scan rate of 0.02 Vs'. By substituting
this value in above expression, the diffusion coefficient of NpO," in [Cémim] [NTf,] ILs is

calculated to be 1.8x 107cm?® s,

1.857RT
E,.— E = L8S7RT (3.2)
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Figure 3.6: The linear dependence of j,. on square root of scan rate (Ul/ 2)

The cyclic voltammograms obtained in ionic liquid were much broader with reduced

Jpc and jpa as compared to the one obtained with aqueous solution as shown in Figure 3.7.
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Figure 3.7: Comparison of cyclic voltammograms obtained in ionic liquid versus Fc/Fc' and
aqueous solution versus Ag/AgCl as reference electrodes
3.3.2.2. Chronoamperometry
The chronoamperogram for the Np02+/N pOz2+ redox reaction in [Comim][NTf;] IL at
298K are shown in Figure 3.8. The Cottrell equation given below describes the current
density against time for the reduction of electroactive species.

. _ mFCOY2 (3.3)
T gl/2¢1/2

The linearity obtained from the plot of j vs. t * (Cottrell plot, Figure 3.8 inset) indicates the
validity of simple diffusion controlled reduction and the value of diffusion coefficient can be
determined using above equation. Inset of Figure 3.8 shows the Cottrell plots in
[Cemim][NTf;] IL where, j is the current density at time t, D is the diffusion coefficient, C is
the concentration, n is the number of electrons transferred and F is the Faradays constant. The
diffusion coefficient of NpO,” was calculated to be 2.23x10™° cm?® s~ at 298K, which is close

to the value obtained by cyclic voltammetry experiments.
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Figure 3.8:  Chronoamperograms for the NpOf/NpOz2+ redox reaction in [Cemim][NTf,]
ILs at 298K . Inset shows the Cottrell plot of Np in [Cemim][NTf;] ILs

Since Np02+/Np022+ redox reaction in [Cemim][NTf,] IL is quasi-reversible and
controlled by diffusion as well as charge transfer kinetics, as discussed above, the rate
constant for the charge transfer reaction, k, (cm s'), can be determined using following
equation [214].

_ vF11/2 a?nF
ky =2.18 [D (any) E] exp[7 (Epe — Epa)] .............. (3.4)
By putting all the parameters in the above equation, the value of charge transfer rate constants

ks, was found to be 7.71x 10°cm s for the scan rate 0.02 Vs™.

3.3.3. UV-Vis Spectroscopy
The absorption spectrum of NpO," is dominated by a band in the near-IR region with
a fairly high intensity at 980.2 nm and a weaker band at 1024 nm, which is attributed to 5f-5f

electric dipole transition forbidden by Laporte’s rule. The intensity of these transitions
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depends on the symmetry of the Np(V) species. The position and intensity of these bands are
also affected by the coordination environment of NpO," and are frequently used to study the
complexation behavior of NpO,". The absorption band of the free [NpO,(H,0),] ion at 980.2
nm is usually shifted to longer wavelengths when NpO," forms complexes with ligands that
replace the water molecules in the primary hydration sphere. In the present study, a sharp
peak observed at 980 nm corresponding to Np(V) species predominantly present in the
solution (Figure 3.9). After the extraction with CMPO the peak at 980 nm is still present but
there is an appearance of a broad peak at 1030 nm. The intensity and sharpness of this peak
further increase as [Csmim][NTf,] IL added into it. UV—Vis absorption spectra of Np in

different media are shown in Figure 3.9.
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Figure 3.9: UV-Vis Absorption spectra of Np in different media

3.3.4. Time resolved fluorescence spectroscopy:

Np(V) is the most stable oxidation state of neptunium where it mostly exists as the
monopositive neptunyl ion (NpO,)". This species is iso-electronic to plutonyl (Pu022+)
having electronic configuration 5f> where the two electrons reside in either one or two of the

non bonding molecular orbitals made up of both ‘Np’ and ‘O’ atomic orbitals. The presence
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of oxygen atoms in the vicinity decreases the effective charge on ‘Np’ to +1.9. The ground
state electronic configuration thus can be represented by 8,'dy', 8,° or ¢,> which leads to the
creation of many excited energy states for this ion [215]. In fact, NpO," is known to have 19
excited states originated from the f* configuration. The absorption peaks for this ion occur in
the visible to NIR region with the most intense peak observed in between 950-1000 nm.
Since both the ground and excited states of this species are similar in parity, the transitions
are electric dipole forbidden. The emission from this neptunyl species is known to occur at
NIR regions [206]. However, in the visible region, the electronic spectroscopy for this moiety
is dominated by the ligand to metal charge transfer bands (LMCT) from either the oxygen or
other electron rich ligands. This phenomenon has also been observed in other actinyl (both +5

and +6 oxidation state) ions.
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Figure 3.10: Excitation spectrum of Np-CMPO complex aqueous solution

Excitation spectrum of Np-CMPO complex in aqueous solution recorded under

emission wavelength of 410 nm is shown in Figure 3.10. The spectrum depicts a broad
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excitation band from 280-340 nm peaking at 300 nm. This is attributed to ligand to metal
charge transfer from filled 2p orbital of oxygen to empty 5f orbital of neptunium. There is not

much change in the excitation pattern on RTIL addition.
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Figure 3.11: Emission spectra of Np-CMPO complex in RTIL as well as in aqueous solution

Figure 3.11 shows the emission spectra of Np-CMPO complex in RTIL (room
temperature ionic liquid) and aqueous media with 390 nm excitation from Xenon lamp. Both
the spectra are marked by a broad emission band ranging from 430 to 650 and peaking at
around 500 nm. This is a characteristics feature arising from LMCT in neptunyl (V).
Therefore, it can be revealed from emission spectroscopy that neptunium stabilizes as NpO,"
in Np-CMPO complex in RTIL as well as in aqueous solution. The data is similar to that of
reported by Bradshaw et al. for the neptunyl (V) ion and its complexes in solution [216].

In addition, a relatively weak band is also seen at ~850 nm in both the samples which
is attributed to f-f transition neptunium ion. As compared to the aquo spectrum, the RTIL
emission peak is blue shifted by 20-25 nm which can probably be interpreted in two ways: (a)
slight change in electronic energy level when Np-CMPO is extracted in RTIL and (b)

equatorial bonding/coordination of the metal ion in the basal plane. Further, it may be noted
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that the emission spectrum of NP-CMPO in RTIL spectrum is higher in intensity than the
corresponding aqua complex. This indicates reduction in the non radiative pathways for the
RTIL system as compared to the aqua one. This shows clearly that the hydroxyl group is
responsible decreasing the emission intensity of Np-aqua complex, since OH is known
fluorescence quencher due to its high oscillation frequency.

To further confirm this observation, time correlated single photon counting (TCSPC)
was used to establish the emissive lifetimes of Np-CMPO complex in aqueous solution as
well as RTIL media. The decay profile for both the systems followed bi-exponential
behaviour (Figure 3.12) and their respective lifetimes values are given in Table 3.1.

Table 3.1: Decay time values for Np-CMPO complex in RTIL as well as in aqueous solution

Sample T1 (1n IlS) T2 (1n IIS) X2 Tavg (ns)
Np-Aqua 2.85 0.40 0.962 | 1.649
Np-RTIL 2.93 0.83 0.965 | 1.860
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Figure 3.12: Luminescence lifetime of Np-CMPO complex in RTIL as well as in aqueous
solution
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The raw data obtained from the spectrometer were fitted with an iterative program using the
following equation.
I(t) =1(t) = Ao + Arexp(-t/t))+Az exp(-t/T2)  .oooeeiiinnins (3.5

The decay time values with best parameters of fitting (*) were taken as the true life time
values for the system. All the decay time curves showed bi-exponential fitting which was
attributed to the slow exchange of bound and bulk water molecules in the system vis-a-vis the
experimental time scales. The decay time values and its bi-exponential nature are in
accordance with the reported literature values for neptunyl (V) [206, 216]. It is evident from
the decay time data that each component has high lifetime value for Np-CMPO in RTIL
compared to that in water. This confirms the presence of lesser non-radiative pathways in the

RTIL sample which was also evidenced by the emission data.

3.3.5. Computational Results

Nitrates can coordinate to Np ion in either mono-dentate or bi-dentate fashion. Both
binding motifs are considered and found that the binding preferences are very similar, thus
the bi-dentate nitrate coordinating motif (Figure 3.13) is chosen for calculation. Further, the
optimized structures of Np (VI) and (V) with one and two nitrates reveal that binding is very
strong through favourable electrostatic interactions. Further, the binding of nitrates leads to
the elongation of axial Np=0 bond by 0.015 to 0.025 A in both oxidation states. In addition
to this, the negative charge on the axial oxygens (from 0.55 a.u (for Np-aqua complex) to
0.64 au (for Np-(NO;)2(H,0);) are also increased. The increased negative lead to the
elongation of Np=0O as indicative from Mayer bond order analysis.
The optimized several neptunium complexes at the DFT level in V oxidation state is shown

in Figure 3. 13.
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Figure 3.13: Optimized Np(V) complexes with water and nitrates

The optimized structures of penta-aqua neptunium complexes in VI and V oxidation
states are in good agreement with earlier reported values of Shamov and Schrechenbach
[217] and those of Austin et al. [218]. The computed geometric parameters and the redox
potential for the neptunium aqua complex is 1.47 eV which is in reasonable agreement with
the experimental value of 1.14 eV [217]. To mimic the experimental conditions; the binding
of nitrate, CMPO extractant and the ionic liquid to Np(VI) and Np(V) species are considered.
It should be noted that Wang et al. have investigated the structures, possible binding modes
and binding free energies of UO,”" and NpO," ions in CMPO ligands [219]. For
computational ease, the alkyl chain is replaced by methyl group in CMPO ligand. The choice

of Np(V) nitrate structures are discussed in Figure 3.13.

Figure 3.14: Optimized [Np(CMPO),(NOs),]"
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The CMPO ligand can bind to Np in either mono-dentate or bi-dentate coordination
motif. It is found that CMPO extractant replaces two water molecules of the Np-nitrate
species and binds via oxygen atom of phosphine oxide group (mono-dentate mode) to Np. It
is observed that in the presence of two nitrates, the mono-dentate CMPO binding is more
favorable as compared to bidentate CMPO binding with two nitrates in mono-dentate motif to
Np" by ~10 keal mol”, a value close to those reported by Wang et al. [219]. The change in
Np = O bond lengths in VI and V oxidation states are 1.79 A and 1.84 A respectively. This
change is bond lengths (ANp = O) is reduced in the CMPO bound structure (0.04-0.05 A) as
compared to aqueous structure (0.06 A). Further, the charges on Np in both oxidation states
are also very similar. These variations suggest that both geometric and electronic structures
are surprisingly similar in both oxidation states which may be responsible for the observed
Np(VI) and Np(V) species in the experimental ABS spectrum. Further, unlike the studies of
Runde and co-workers [220], the ionic liquid cannot directly coordinate to the metal centre. It
should be noted that Wipff et al. [221] have carried out MD simulations of UO, binding to
ionic liquid. Off the several possible binding, it is found that the cationic part of the IL can
interact with the axial oxygens of Np strongly and the negative part of the IL interacts with

the CMPO methyl hydrogen (Figure. 3.15).
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Figure 3.15: Optimized [Np (CMPO),(NO3),]"".(IL),.

Further, due to hydrogen bonding (2.05 A in VI and 1.84 A in V), there exist a
weakening of Np=0O bonds. Nevertheless, the change in axial bond lengths upon oxidation
from Np(V) to Np (VI) is even less in the presence of IL (0.04 A) are very similar. These
variations in the geometries lead to multiple signals corresponding to both VI and V

oxidation states of Np in the experimental data.

3. 4. Conclusions

A systematic study on redox chemistry, complexation behaviour and optical
properties of NpO, -CMPO complex in aqueous medium and in ionic liquid was carried out
using electrochemical measurement, DFT calculations and TRFS studies. This is indeed the
only report on where electrochemistry, DFT based calculations and photoluminescence

spectroscopy was carried out on to understand the complete interactions of NpO, -CMPO

80



complex. The extractability of Np was measured using alpha spectrometry which shows that
the Np activity left in the aqueous phase after solvent extraction is considerably low. The
cyclic voltammograms obtained in ionic liquid were much broader with reduced cathodic and
anodic peak current density compared to the one obtained with aqueous solution. Cyclic
voltammetry studies showed that NpO,/NpO,>" redox reaction in ionic liquid is
quasireversible. The diffusion coefficient of NpO,' calculated using chronoamperometric
study was found to be 2.23 x 10°cm’® s at 298 K, which is close to the one obtained by
cyclic voltammetry experiments. From cyclic voltammetry studies other kinetic parameter
such as charge transfer rate constant were also evaluated. UV-Vis spectrophotometry
confirms the stabilization of neptunium ion as Np(V) in Np-Aquo, Np-CMPO as well as in
Np-CMPO-RTIL systems. After the extraction with CMPO the characteristics Np (V)
absorption band is present with the appearance of a broad peak at 1030 nm. The intensity and
sharpness of this particular peak further increased as addition ionic liquid. The complexation
behavior of CMPO with Np in aqueous solution as well as in [Cgmim] [NTf;] was studied
using density function theory (DFT). Based on these calculations NpO,  forms
[NpOz(CMPO)z(NO3)2]1' complexes in aqueous solution whereas [NpOz(CMPO)z(NOg)z]l'
.(IL); complex in IL. Luminescence spectroscopy also supported the spectrophotometric data
and confirms the stabilization of Np as NpO," in aqueous as well as in ionic liquid. It also
brings an important fact into consideration that fluorescence yield of neptunyl ion in aqueous
solution is relatively less compared to ionic liquid which is attributed to high frequency
oscillation of OH group thereby providing an additional pathway for non-radiative transition.
The emission kinetics studies are in complete agreement with emission spectroscopic data.
Such complete studies on actinide chemistry and its behavior in ionic liquid provide an
exciting and challenging road map not only for actinide researcher but also to those working

in the field of nuclear fuel reprocessing.

81



Chapter 4

Electrochemical studies of
actinides in [C,mIm][NTTf;] ionic
liguid employing New
Bifunctional Ligands






4.1 Introduction

Nuclear energy is trusted to be one of the most feasible options to meet the increasing
worldwide demand of energy as the fossil fuel resources are limited [69]. Uranium (U) is one
of the actinide elements used as a nuclear fuel in both the research and the power reactors.
The uranium resources in India are limited hence the recovery of plutonium from the used
nuclear fuel is one of the most important areas of research to be concentrated for the
sustainability of nuclear fuel cycle [222]. Plutonium can exist in different oxidation states
(1, 1v, V, VI, VII). The oxidation and reduction potentials for different oxidation states of
plutonium vary significantly with the electronic structure and the properties of the media in
which it is studied. Neptunium is also an important actinide element, because of the issue of
its long-term radiotoxicity and its valuable potential application in the production of Pu-238
radionuclide, its separation from used nuclear fuel is an attractive target. PUREX process
(Plutonium Uranium Reduction EXtraction) is used for the separation of uranium (U) and
plutonium (Pu) from the extracted organic medium [72,223, 224]. In PUREX process spent
nuclear fuel is first dissolved in concentrated nitric acid which is followed by liquid—liquid
extraction. Lot of hazardous chemicals such as concentrated nitric acid, tributyl phosphate,
dodecane or kerosene etc. is used in it [225]. Np concentration is 0.05-0.1% of the mass of
SNF. During the dissolution process the various nitrogen oxide compounds are produced and
the high radiolysis rate in the spent fuel solution result in neptunium existing in several
different oxidation states (IV, V, VI). Np can be distributed in both aqueous and organic
product streams, due to its vastly different extractability of oxidation states, which
complicates the purification of the uranium and plutonium from the product stream.

Despite of the differences in oxidation and reduction chemistry of the actinides,
electrochemical techniques have never been applied for considerable nuclear fuel

reprocessing. There is a need to develop actinide selective extractants. Researchers have
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proposed many ligands with different functional groups for the extraction of actinides from
spent fuel [48, 59, 224-230]. The present studies report the extraction and electrochemical
behavior of plutonium with a new bifunctional ligand namely (N, N-dialkyl carbamoyl
methyl) (2-pyridyl-N-Oxide) sulfide (NOSCO type) [231] in ionic liquid 1-butyl-3-
methylimidazolium bis (trifluoromethanesulphonyl) imide ([C4smim][NTf,]) and N, N-
dioctyl, a-hydroxy acetamide (DoHyA) [232] in ionic liquid 1-octyl-3-methylimidazolium
bis(trifluoromethanesulphonyl)imide ([Csmim][NTf;]). Intrinsic characteristics of room
temperature ionic liquids (RTILs) like tunable solubilization, high chemical, thermal and
radiation stability, negligible vapor pressure have recognized them as novel solvents with
exceptional advantages for fundamental research and technological applications [80,233—
237]. The use of RTIL for electrochemical investigations and applications has received more
attention recently [233-235]. This can be attributed to their unusual solvent properties and
beneficial features like suitably large electrochemical window, superior conductivity that
evade the need for supporting electrolytes and the interpretable double layer structure of
electrode/RTIL interface. These advantageous characteristics of RTILs over the conventional
solvents and electrolytes, ensure their use as solvents or supporting electrolytes in
electrochemical applications as they are practically easy to work with and theoretically easy
to interpret [233, 235-239].

Dialkyl substituted imidazolium cation based ionic liquids are usually air and
moisture stable and have been used extensively in the electrochemical investigations [240,
241]. For application in nuclear fuel cycle, the radiolytic stability is a very crucial factor.
RTILs, containing imidazolium and pyridinium cation, are fairly stable to radiolytic
degradation due to the presence of aromatic rings. For imidazolium cation based ionic
liquids, physical properties such as density, surface tension, refractive index, etc. are not

considerably affected upon irradiation, but the viscosity is reported to be slightly higher due
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to the polymerization of the imidazolium cation [242]. The ligands present in the solvent
systems are more stable to radiolysis in the RTIL due to more effective scavenging of the
electron by the ionic liquid cation as compared to other molecular solvents [242, 243]. Till
now there is still inadequate data for the understanding of the electrochemical activities of
actinides in ILs. As part of our multifaceted approach to study the electrochemical,
thermodynamic, and kinetic behavior of actinides [204,205,238], the electrochemical studies
of plutonium in a new bifunctional ligand (N, N-dialkyl carbamoyl methyl) (2- pyridyl-N-
Oxide) sulfide CsH4sNOSCH,CON (CgHi7),, (NOSCO) and [Csmim][NTf,] ionic liquids
(ILs) system was carried out. The redox behaviour of Pu(IV)/Pu(Ill) couple was investigated
in order to find out physical constants and kinetics in this medium. In addition, the
electrochemical studies of actinides (U, Pu, Np) in another new bifunctional ligand N, N-
dioctyl, o-hydroxy acetamide (CgH;7),NCOCH,;OH (DoHyA) and [Csmim][NTf;] ionic

liquids (ILs) system were also carried out.

4.2 Experimental

Pu stock solution was passed through an anion exchange column for the separation of
! Am by employing a method described elsewhere [239]. The valency of Pu was adjusted by
adding a few drops of dilute solution of NaNO, followed by HTTA (2-
thenoyltrifluoroacetone) extraction from 1 M HNOs; solution [244]. The HTTA extract
contained only Pu(IV) ion, it was subsequently stripped with 8 M HNO; to get a fresh
aqueous solution of Pu(IV). Pu was assayed radiometrically using a liquid scintillation
counting system using commercial dioxane based scintillator cocktail.

Cyclic voltammograms and chronoamperograms of the solutions were recorded using
CHI 760D electrochemical workstation. All the solutions were prepared in Millipore Milli-Q

water (~ 18 MQ cm). Glassy carbon disk working electrode (area, A = 0.07 sz) was used as
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working electrode. Two Pt wires acted as counter and quasi-reference electrodes (vs.
ferrocene/ferrocenium Ey = 0.31 V vs. NHE) respectively. The internal standard Fc/Fc' was
added to ([C4mim][NTf;]) ILs and all the redox potentials are referred against the Fc/Fc"
redox couple. All solutions were deoxygenated using high purity nitrogen prior to
electrochemical experiments. Each measurement was repeated thrice and the average

numerical value of each parameter is quoted for discussion relative error = 0.1%).

4.2.1 Synthesis and Chacterization of Ligands

(N, N-dialkylcarbamoylmethyl) (2-pyridyl-N-Oxide) sulphide CsH4sNOSCH,CO-
N(CsHi7)2, (NOSCO) and N, N-dioctyl- a-hydroxy acetamide (DoHyA) were synthesized
and purified as reported elsewhere [231, 232] and the structure of NOSCO and DoHyA are

shown in Figure 4.1 and 4.2.

\ Oct

R\N///I\S/YN\CM
) !

Figure 4.1: Structural formula of (N, N-dioctyl carbamoyl methyl) (2- pyridyl-N-Oxide)
sulfide (NOSCO)

CgH17

N
HO/\”/ \CSH17
@)

Figure 4.2: Structural formula of N, N-dioctyl- a-hydroxy acetamide (DoHyA)
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4.3  Results and discussions
4.3.1 Extraction and Electrochemical investigations of Pu employing N, N-dioctyl
carbamoyl methyl) (2- pyridyl-N-Oxide) sulfide (NOSCO) in (Csmim[NTHf;])
4.3.1.1 Extraction Studies
Equal volumes of 0.2 M NOSCO in ([Csqmim][NTf;]) IL and 3 M HNO; containing
Pu(IV) were equilibrated for 30 min in a shaker bath. The phase was allowed to settle and the
RTIL phase containing Pu(IV) was taken for electrochemical studies. Assay of aqueous phase
was analyzed in duplicate by alpha counting using a dioxane based liquid scintillator. The
percentage extraction of Pu in organic phase was found to be 84% in single contact. Hence

the concentration of Pu which was taken for further studies was 3.1 mM.

4.3.1.2 Effect of Ligand concentration

Distribution studies were performed by using 0.5 mL solution of ligand in
([C4mim][NTf,]) (0.005, 0.01, 0.02, 0.05, 0.1, 0.20 M) with the aqueous phase spiked with,
29py tracers and fixed nitric acid concentration as 3 M at 25 + 0.1 'C. An assay of aqueous
phase was done in duplicate by alpha counting using a dioxane based liquid scintillator for
39pu. The distribution ratio (Dpy) is calculated as the ratio of the concentration of plutonium
in the organic phase to that of the aqueous phase.

Distribution ratios (Dp,) as a function of ligand concentration (Figure 4.3) show
clearly that Pu (IV) is extracted significantly from the novel bifunctional ligand. The effect of

ligand concentration variation on extraction of metal ions is also important to assess the

stoichiometry of ligand in metal complexes.
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Figure 4.3: Variation of D values with extractant concentration

Distribution ratio (Dp,) values for plutonium were determined at varying
concentration (0.005-0.2 M) of ligand at fixed nitrate conc. i.e. 3 M HNOs is shown in the
Figure 4.4. The log D versus log [Extractant] plot showed a straight line with slope values 1.3
+ 0.09. It means that predominantly only one ligand is involved per metal ion in extraction
process. Pu(IV) from 3M HNO; was transferred to ([Csmim][NTf,]) IL phase by employing

0.2 M NOSCO as extractant.
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Figure 4.4: Plot of Log log D versus Log of [extractant]
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4.3.1.3 Electrochemical Studies

The cyclic voltammogram of ([C4 mim][NTf;]) IL recorded at glassy carbon working
electrode is shown in Figure 4.5. Reduction of [Csmim]" cation occurs at a potential of ~ -2.0
V (vs. Fc/Fc") and the oxidation of NTf, anion starts at 1.3 V (vs. Fc¢/Fc"). Therefore, the
electrochemical window of ([Cymim][NTf]) ILs is 3.3 V (vs. Fc/Fc"), which may be

sufficient for permitting the reduction of Pu(IV) to Pu(Ill) and vice versa.
0.25 -
0.20 ]
0.15 ]
0.10

0.05

0.00

Current / pA

-0.05

-0.10

-0.15 v r . T . Y - . .
3 2 -1 0 1 2 3
E/V vs Fc/Fe©

Figure 4.5: Cyclic voltammogram of [C4 mim][NTf,] at GC electrode at 298 K at a scan rate
of 0.1Vs™

1

Scanrate : 0.1 Vs~

Current, |/ pA

T T T

-0.2 0.0 0.2 0.4 0.6
E/V vs Pt wire

Figure 4.6: Cyclic voltammogram of Fc/Fc' redox couple recorded in [C;mim][NTH,] IL at
glassy carbon working electrode at scan rate of 0.1Vs™

89



The voltammogram showing the redox behavior of ferrocene is given in Figure 4.6.
The comparison of the cyclic voltammogram of blank ionic liquid, ionic liquid + ligand and
ionic liquid + ligand + Pu are shown in Figure 4.7. It shows two distinctive peaks for
Pu(IV)/Pu(Ill) reduction appears at - 1.02 V and for Pu(Ill)/Pu(IV) appears at 0.54 V
respectively. There is no electroactive species present in this potential range in ionic liquid

and mixture of ionic liquid and ligand.

0.25 -
Bmim[NTf2]
0.20 ——— Bmim[NT{2]+ NOSCO
- Bmim[NT{2]+ NOSCO + Pu

o
-
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Current/pA
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-0.10

-0-1 5 L I T I T | Ll
-2 -1 0 1 2

E/V vs Fe/ Fet

Figure 4.7: Comparison of the cyclic voltammogram of blank [C4smim][NTf ],
([C4mim][NTf, ] + 0.2 M NOSCO) and ([C4smim][NTT, [+ NOSCO +
3.1 mM Pu) solution at a scan rate of 0.02 Vs™.
The cyclic voltammograms obtained in ionic liquid were much broader with reduced
I, and I, as compared to the one obtained with aqueous solution as shown in Figure 4.8. A
clear shift in the reduction potential of Pu(IV)/Pu(Ill) system was observed towards positive

voltage in 0.1 M HNOj; solution compared to [Csmim][NTf;]. This fact suggests that the

conversion of Pu(IV) to Pu(Ill) is more facile in 0.1 M HNOj; or in other words, Pu(IV) is
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more stable in [C4smim][NTf,] there by requiring more negative potential for its reduction and

hence the shift is more negative in the RTIL.

297 Pu in 0.1M HNO, /x'//

Current/ pA
o
PR |

0.2 0.4 0.6 0.8 1.0
E/V vs Ag/AgCl

Pu in Bmim[NT£2]+ NOSCO |

Current / pA
N
|

2 -1 0 1 2
E/Vvs Fc/Fct

Figure 4.8: Comparison of cyclic voltammograms obtained in ionic liquid and aqueous
solution
Figure 4.9 shows the cyclic voltammograms of Pu(IV) in ([Csmim][NTf;]) IL
recorded at different scan rates at glassy carbon electrode. It is observed that the cathodic
peak current (I,c) increases and the cathodic peak potential (E,) shifts cathodically with
increase of scan rate. The value of peak potential difference AEp (AEp = E, - Ea) is quite
large (480 mV) in comparison to the value expected for a reversible process (60 mV)

indicating that the reduction of Pu(IV) to Pu(Ill) in (Cymim[NTf;]) IL at glassy carbon

electrode is quasi reversible [29, 177].
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Figure 4.9: Cyclic voltammograms of Pu(IV) in ([C4smim][NTf,] + 0.2 M NOSCO) recorded
at different scan rates at glassy carbon electrode

The linear dependence of Ipc with square root of scan rate (v”), shown in Figure 4.10

confirms the reduction of Pu(IV) in ([Csmim][NTf,] + NOSCO) is diffusion controlled.
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Figure 4. 10: The linear dependence of Ipc on square root of scan rate (v”)

The cathodic peak current (I,c) and the scan rate for a quasi reversible reduction

reaction for a soluble—soluble couple are related to each other by following equation [177].
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(ang)Fv 1/2
p )

RT

c= 0496 nFACD'? (

where A is the electrode area in cm?, C is the plutonium concentration in mol cm>, D is the
diffusion coefficient in cm” s™', F is the Faraday constant, n is the number of exchanged
electrons, m is the scan rate in Vs, o is the charge transfer coefficient, n, is the number of
electrons transferred in the rate determining step and T is the absolute temperature in K. The
value of an, can be determined from the following expression, where E; ¢ is the half-peak
potential. The average value of an, was found to be 0.17. By substituting this value in above
expression, the diffusion coefficient of Pu(IV) in ([Csmim][NTf,] + NOSCO) was calculated
to be 9.38 x 10 em’ 5™

1.857RT
Fang

|Epc - Ep0/2| =

Table 4.1: Electrochemical parameters of the cyclic voltammograms of Pu solution in 0.1M
HNO; and ([Csmim][NTf,]+ NOSCO) system on glassy carbon electrode at different scan
rates

Scan | phe Epa | Ep-FEpn an, D ks
Medium | rate(Vs) | (y) V) V) (cm¥s) | (cm/s)
0.02 0.552 0.684 0.09 05207 8.37x10°
0.03 0.553 0.685 0.09 0.5297 8.37x10°
0.04 0.555 0.685 0.087 0.5480 8.00x10° | 368 107
0.05 0.554 0.686 0.087 0.5480 8.09x10°
0-1 M'HNO; 0.06 0.555 0.69 0.089 0.5357 8.28x10°
0.02 1029 | 0.542 0.268 8.92x10°
0.1779
0.03 1044 | 0.566 0.275 0.1734 9.15x10°
0.04 11,05 0.586 0.288 01655 | 9.58x100 | 358 %107
C.mim[NT£] 0.05 1059 | 0.597 0.270 0.1766 8.98x107
0.06 21065 | 0.609 0.308 0.1548 1.02x10°
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The cyclic voltammograms obtained in ionic liquid were much broader with reduced
I,c and I, in comparison to the one obtained with aqueous solution. Since the reduction of
Pu(IV)/Pu(IIl) in ([Csmim][NTTf;] + NOSCO) is quasi reversible and controlled by diffusion
the rate constant for the charge transfer reaction, k, (cm s™), can be determined using

following equation [218].

k, =2.18 [D (angy) —F] "2 exp [ﬂ (Epc - Epa)] .............. 4.3)

V.
RT RT

By putting all the parameters in the above equation, the value of charge transfer rate
constants kg, was found to be 3.5 x 10* cm s™', indicating that the reduction of Pu(IV) to
Pu(IIl) in ([C4mim][NTf;] + NOSCO) is quasi reversible. According to the value of kg, the
electrode reaction can be summarized to be reversible when k, > 0.3 v'* cm s, quasi-
reversible when 0.3 v'Z > ks > 2x10°v"?> > ¢m s! and irreversible when ke <2 x 10° v'Zcm

s A quasi reversible electrode reaction of Pu(IV)/ Pu(IIl) and vice versa is confirmed by the
value of ks obtained from the experimental data. Table 4.1 shows the electrochemical
parameters of the cyclic voltammograms of Pu solution in 0.1 M HNO3 and ([Csmim][NTf3]
+ NOSCO) system on glassy carbon electrode at different scan rates. It clearly suggests that
the kinetics is sluggish in case of ([C4mim][NTf;] + NOSCO) which is attributed to the
retardation of the electron transfer rate at electrode—electrolyte interface due to high viscosity

of the system.
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4.3.2 Extraction and Electrochemical investigations of U, Pu and Np employing N, N-

dioctyl-a- hydroxy acetamide in (Csmim|[NTf;])

Equal volumes of 0.2 M DoHyA in ([Csmim][NTf;]) IL and 3M HNO; containing
U(VI), Pu(IV) and Np(V) were equilibrated for 30 min in a shaker bath. The phase was
allowed to settle and the RTIL phase containing U(VI), Pu(IV) and Np(V) were taken for
electrochemical studies. After equilibration, the phases were allowed to settle and the aliquots
were drawn from the ionic liquid and aqueous phases. The radioactivity of 2%py and *PU
present in the ionic liquid and aqueous phases were measured by liquid scintillation counting.
All the assays of aqueous phase were analyzed in duplicates by alpha counting using a
dioxane based liquid scintillator. The radioactivity of **Np was measured using alpha

spectrometer before and after extraction which is shown in Figure 4.11. The distribution ratio
(Danp) of actinides in ionic liquid phase was determined using following expression.

Dan = [Danlore/ [Danl ag ~ seeeeeeeeeeen 4.4
where An = U(VI) or Pu(IV) or Np(V) and % extraction is calculated by using following

equation.

% Extraction = [Day / (Dan+1)] X 100 eeeeveeennenn 4.5)

The percentage extraction of U(VI), Pu(IV) and Np(V) in organic phase is tabulated in Table

4.2 with single contact. Hence the concentrations of U, Pu and Np which were taken for

further studies accordingly.
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Table 4.2: Distribution ratios and % of Extraction for U(VI), Pu(IV) and Np(V)
Element Initial Final Concentration | Distribution | % Extraction
Concentration in organic phase Ratio
in aqueous phase mM
mM
U(VI]) 10 9.7 32 96.97
Pu(IV) 4 3.99 399 99.98
Np(V) 12.14 8.5 2.3 70
400
{ —— Counts(Before Extraction)
350 —— Counts(After Extraction
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" 250:
§ 200:
O |
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Figure 4.11: Alpha spectra of the Neptunium solutions before and after extraction
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4.3.2.1 Electrochemical Studies of Uranium

Current I, pA

E/V Vs Fe/Fe'

Figure 4.12: Cyclic voltammograms of 9.7 mM U(V]) in ([Csmim][NTf;] + 0.2 M DoHyA)
recorded at different scan rates at Pt electrode

Figure 4.12 shows the cyclic voltammograms of U(VI)) in (Cgmim [NTf,]) IL
recorded at different scan rates at platinum electrode. It is observed that the cathodic peak
current (I) increases and the cathodic peak potential (E,c) shifts cathodically with increase
of scan rate. The value of peak potential difference AEp (AEp = E,,¢ - E;.) is large (176 mV)
in comparison to the value expected for a reversible process (60 mV) indicating that the
reduction of U(VI) to U(IV) in (Csmim[NTf;]) IL at platinum electrode is quasi reversible.

Table 4.3 shows the electrochemical parameters of the cyclic voltammograms of U
solution in 3M HNO; and ([Csmim][NTf;] + DoHyA) system on platinum electrode at

different scan rates.
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Table 4.3: Electrochemical parameters of the cyclic voltammograms of U(VI) solution in
([Csmim][NTf,]+ DoHyA) system on platinum electrode at different scan rates

Scan Rate | E, Epa Ipe Lpa Epa» Epcn
V) V)
0.01 -1.2686 | -1.0928 | -1.0814E-5 | 4.4852E-6 -1.189 -1.173
0.02 -1.2903 | -1.0817 | -1.3135E-5 | 6.5612E-6 -1.184 -1.181
0.03 -1.311 | -1.0748 | -1.4923E-5 | 8.3299E-6 -1.178 -1.189
0.04 -1.3277 | -1.0655 | -1.6199E-5 | 9.7838E-5 -1.173 -1.196
0.05 -1.3355 | -1.054 -1.7511E-5 | 1.0988E-5 -1.169 -1.201
0.06 -1.3503 | -1.0461 | -1.9627E-5 | 1.2442E-5 -1.166 -1.203
0.07 -1.3604 | -1.041 -2.0757E-5 | 1.3319E-5 -1.164 -1.207
0.08 -1.366 -1.042 -2.1386E-5 | 1.4022E-5 -1.162 -1.211
0.09 -1.3747 | -1.0332 -2.163E-5 1.4737E-5 -1.16 -1.215
0.1 -1.3821 | -1.0332 | -2.2399E-5 | 1.5382E-5 -1.158 -1.218
-6
L m Cathodic Peak Current, Ipc
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Figure 4.13: The linear dependence of I,. on square root of scan rate )

The linear dependence of I, with square root of scan rate (1)1/2), shown in Figures 4.13

confirms the reduction of U(VI) to U(IV) in (Csmim[NTf;]) IL and ([Csmim][NTf;] +

DoHyA) are diffusion controlled.

98




3.2.2. Electrochemical Studies of Plutonium

Current I, pA

E/V Vs Fc¢/Fe'

Figure 4.14: Cyclic voltammograms of 3.99mM Pu (IV) in ([Csmim][NTf;] + 0.2 M
DoHyA) recorded at different scan rates at Pt electrode

Figure 4.14 shows the cyclic voltammograms of Pu(IV) in (Csmim [NTf:]) IL
recorded at different scan rates at platinum electrode. It is observed that the cathodic peak
current (Ic) increases and the cathodic peak potential (E,.) shifts cathodically with increase
of scan rate. The value of peak potential difference AEp (AEp = E,,¢ - Ep.) is large (205 mV)
in comparison to the value expected for a reversible process (60 mV) indicating that the
reduction of Pu(IV) to Pu(Ill) in (Csmim[NTf;]) IL at platinum electrode is quasi reversible.

Table 4.4 shows the electrochemical parameters of the cyclic voltammograms of Pu
solution in 3M HNO; and ([Csmim][NTf;] + DoHyA) system on platinum electrode at

different scan rates.
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Table 4.4: Electrochemical parameters of the cyclic voltammograms of Pu(IV) solution in
([Csmim][NTf,]+ DoHyA) system on platinum electrode at different scan rates

Scan Rate Epc Epa Ipe Ipa Epan Eper2
0.01 -1.397 -1.1918 -2.2752E-5 9.963E-6 | -1.298 | -1.268
0.02 -1.4128 | -1.1825 -2.5644E-5 | 1.2661E-5 | -1.291 | -1.281
0.03 -1.4299 -1.173 -2.8775E-5 1.494E-5 | -1.287 -1.29
0.04 -1.4392 | -1.1686 | -2.9605E-5 | 1.6153E-5 | -1.283 | -1.297
0.05 -1.4452 | -1.1628 -3.1625E-5 | 1.7549E-5 | -1.277 | -1.289
0.06 -1.4589 | -1.1562 | -3.2285E-5 | 1.8775E-5 | -1.279 | -1.309
0.07 -1.469 -1.1496 | -3.3605E-5 1.968E-5 | -1.276 | -1.314
0.08 -1.4732 | -1.1469 | -3.5246E-5 | 2.0696E-5 | -1.275 | -1.319
0.09 -1.4808 | -1.1438 -3.5967E-5 | 2.1555E-5 | -1.274 | -1.324
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Figure 4.15: The linear dependence of I, on square root of scan rate )

The linear dependence of I, with square root of scan rate (v™), shown in Figure 4.15
confirms the reduction of Pu(IV) to Pu(Ill)) in (Csmim[NTf:]) ILs in ([Csmim][NTf;] +

DoHyA) are diffusion controlled.
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3.2.3. Electrochemical Studies of Neptunium

Current / pA

-1.4 1.2 -1.0 -0.8 0.6 -0.4
Potential, E /V

Figure 4.16: Cyclic voltammograms of 12 mM Np (V) in ([Csmim][NTf,] + 0.2 M
DoHyA) recorded at different scan rates at Pt electrode

Figure 4.16 shows the cyclic voltammograms of Np(V)) in (Cgmim [NTf;]) IL
recorded at different scan rates at platinum electrode. It is observed that the cathodic peak
current (Ipc) increases and the cathodic peak potential (E,.) shifts cathodically with increase
of scan rate. The value of peak potential difference AEp (AEp = E, - Epa) is large (194mV) in
comparison to the value expected for a reversible process (60 mV) indicating that the
reduction of Np(VI) to Np(V)) in (Cgmim[NTf,]) IL at platinum electrode is quasi reversible.
Table 4.5 depicts the electrochemical parameters of the cyclic voltammograms of Np solution

in 3M HNOj; and ([Csmim][NTf,] + DoHyA) system on platinum electrode at different scan

rates.
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Table 4.5: Electrochemical parameters of the cyclic voltammograms of Np(V) solution in

([Csmim][NTf;]+ DoHyA) system on platinum electrode at different scan rates

Scan Rate Epe Epa Ipe Lpa Epaz | Eper
0.01 -1.1576 | -0.964 -2.844E-5 | 1.6073E-5 | -1.072 | -1.031
0.02 -1.1655 | -0.935 | -3.6468E-5 | 2.4406E-5 | -1.051 | -1.032
0.03 -1.1882 | -0.9226 | -4.3093E-5 | 2.8216E-5 | -1.054 | -1.051
0.04 -1.1996 | -0.9026 | -5.2919E-5 | 3.1671E-5 | -1.042 | -1.049
0.05 -1.2133 | -0.867 | -5.9413E-5 | 4.0528E-5 | -1.025 | -1.048
0.06 -1.2196 | -0.8543 | -6.2652E-5 | 4.639E-5 | -1.022 | -1.051
0.07 -1.218 | -0.8425 | -6.7161E-5 | 5.0452E-5 | -1.01 | -1.046
0.08 -1.218 | -0.8388 | -6.7365E-5 | 5.0452E-5 | -1.01 | -1.046
0.09 -1.2117 | -0.7805 | -8.1979E-5 | 5.9158E-5 | -0.969 | -1.029
0.1 -1.2106 | -0.785 | -8.0412E-5 | 5.8845E-5 | -0.968 | -1.033
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Figure 4.17: The linear dependence of I, on square root of scan rate (")

The linear dependence of I, with square root of scan rate (U]/Z), shown in Figure 4.17,
confirms the reduction of Np(VI) to Np(V) in (Csmim[NTf;]) ILs and ([Cgmim][NTf;] +
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DoHyA) is diffusion controlled. The diffusion coefficients of U(VI), Pu(IV) and Np(V) in
([Csmim][NTf,]+ DoHyA) were determined and tabulated in Table 4.6. Since the reduction
of U(VI), Pu(IV) and Np(VI) in ([Csmim][NTf,]+ DoHyA) is quasi reversible and
controlled by diffusion, the rate constant for the charge transfer reaction, ks (cms ™), was also

calculated and given in Table 4.6.

Table 4.6: Electrochemical parameters of the cyclic voltammograms of various actinides
in 3M HNOj3 and ([Csmim][NTf;]+ DoHyA) system on platinum electrode at
different scan rates.

D kg
Element on, (cm?/s) (cm/s)
U 0.4987 2.83%107° 8.88x107
Pu 0.3696 1.00x10™ 2.46x10
Np 0.3766 3.38x10° 1.41x10>

A quasi reversible electrode reactions of these actinides are confirmed by the kg value

obtained from the experimental data. It clearly suggests that the kinetics are also sluggish in
([Csmim][NTf,] + DoHyA) which is attributed to the retardation of the electron transfer rate

at electrode—electrolyte interface due to high viscosity of the system.

4.4 Conclusions

A systematic study on extraction and redox chemistry of plutonium in aqueous
medium and in ([C4smim][NTf;]+ NOSCO) system was carried out using electrochemical
measurements. The extractability of plutonium was measured using alpha counting which
shows that the Pu activity left in the aqueous phase after solvent extraction with the new
bifunctional ligand, NOSCO is considerably low. The cyclic voltammograms obtained in
ionic liquid were much solution. Cyclic voltammetry studies showed that Pu(IV)/ Pu(III)

redox reaction in ([Csmim][NTf;] + NOSCO) system is quasi reversible. The diffusion
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coefficient of Pu(IV) calculated using cyclic voltammetric study was found to be 9.38 x 10
cm’® s at 298 K. Heterogeneous charge transfer coefficient and rate constants were also
evaluated.

A systematic study on extraction and redox chemistry of various actinides (U, Pu, Np)
in ([Csmim][NTf;]+ DoHyA) were also carried out using electrochemical measurements. The
extractability of these actinides was measured using alpha counting which shows that the
3y, °Pu and *'Np activity left in the aqueous phase after solvent extraction with the
DoHyA bifunctional ligand is considerably low. The cyclic voltammograms obtained in ionic
liquid were much broader with reduced cathodic and anodic peak current density. Cyclic
voltammetry studies showed that these redox reactions in ([Cgsmim][NTf,]+DoHyA) systems
are quasi reversible. The diffusion coefficient of these actinides is calculated using cyclic
voltammetric study at 298K. Heterogeneous charge transfer coefficient and rate constants
were also evaluated. Such studies on actinide electrochemistry and its behaviour in ionic
liquid provide an exhilarating and demanding road map not only for actinide researcher but
also to those working in the field of nuclear fuel reprocessing broader with reduced cathodic

and anodic peak current density compared to the one obtained with aqueous system.
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5.1 Introduction

Protonated 1-carboxy-N, N, N-trimethylmethanaminium bis (trifluoromethylsulfonyl)
imide trivially known as protonated Dbetaine bis(trifluoromethylsulfonyl)-imide
([Hbet][NTf2]), 1s a task specific ionic liquid reported to be a directly dissolving oxides of
some lanthanides and actinides [170, 245, 246]. The carboxyl group attached to the cationic
moiety of [Hbet][NTf>] co-ordinates with metal ion through mono or bidentate coordination
to facilitate the dissolution of oxides. This ionic liquid has also been used to extract U from
UOs by forming complexes with zwitter ionic carboxylate ligands and bis-triflate counter
anions [247]. Dissolution of UO;, UO3; and U3zOs was reported at elevated temperature in
[Hbet][NTf>] [248]. The dissolution of plutonium oxide is quiet challenging in terms of the
radioactivity associated with it. 2**Pu is an a-active nuclide with a half-life of 2.4 x 10* years
which corresponds to the production of 138 x 10° a-particles/min/mg of Pu. Plutonium is
notoriously hazardous when it finds its way into the human body. It should be studied
exclusively in actinide laboratory equipped with glove boxes and analytical apparatus for
actinide research to avoid any health risk caused by the radiation exposure.

Due to this the dissolution of plutonium oxide has never been explored in this ionic
liquid. In this work studied were carried out to insights into the prospective of [Hbet][NTT;]
in nuclear fuel cycle following systematic routes. Firstly, the task specific ionic liquid was
synthesized and characterized. The dissolution of PuO, was carried out directly into the
synthesized ionic liquid inside a glove box. Due to the absence of the radioactive set up of
physical and chemical characterization to understand the dissolution mechanism DFT
calculations were also performed. With the help of these calculations the structure of the Pu
and [Hbet][NTf>] complex which is facilitating the direct dissolution was proposed. Also,

electrochemical and thermodynamic properties of Pu(IV) in [Hbet][NTf2] were performed to
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understand feasibility of using [Hbet][NTfz] ionic liquid as electrolyte medium for electro-

deposition of plutonium.

5.2 Experimental Section

All the chemicals used in this study were used as received. Betaine hydrochloride and
lithium  bis(trifluoromethanesulfonylimide) were purchased from Sigma Aldrich.
[Hbet][NTf2] was prepared by the procedure described elsewhere [170]. In brief, lithium
bis(trifluoromethylsulfonyl) imide (0.05 mol, 14.4 g) was dissolved in 50 mL of H>O, and an
aqueous solution (25 mL) of betaine hydrochloride (0.05 mol, 7.7 g) was added to it under
stirring. After 2 h of stirring, the ionic liquid phase was separated, washed with H O (3 x 15
mL) to remove any traces of chloride impurities, and finally dried under vacuo to obtain pure
[Hbet][NTF] (Yield 12.3 g, 62%). 'H NMR (500 MHz, DMSO-d6): § 3.21 (s, 9H), 4.31 (s,
2H); *C NMR (125 MHz, DMSO-d6): § 53.3, 63.0, 115.9, 118.4, 121.0, 123.6, 166.4. 'H

and '>C NMR spectra are shown in Figure 5.1 and 5.2 respectively.
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Figure 5.1: '"H NMR of [Hbet][NTf]
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Figure 5.2: 3C NMR of [Hbet][NTf;]

The water content in the ionic liquid was found to be insignificant as evident from
thermogravimetric studies discussed later. Pure PuO, is obtained / processed from Pu-
analysis waste solution by first passing through anion exchange column to get Pu-nitrate
solution, and then it is precipitated as Pu-oxalate. This oxalate is heated in a furnace under
flowing oxygen at 450°C to get PuO> powder. All the experiments were performed with great
care inside a glove box with negative pressure under safe condition. Known and accurately
weighed PuO; (equivalent to 9 mM) powder was transferred to [Hbet][NTf,] RTIL taken in a
round bottom flask fitted with Liebig condenser. This flask was immersed in a silicone oil
bath heated by an electromagnetic mantle setup at 50-100 rpm at ~400 K, which was housed
in a Glove Box maintained at 1" negative pressure. The set up for PuO; dissolution is shown

in Figure 5.3.
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Figure 5.3: Set up for PuO; dissolution inside glove box.

The reflux process was continued till all the PuO, powder gets dissolved into RTIL.
The aliquot of [Hbet][NTT] containing plutonium, in the present study, was also equilibrated
with IM HNOs to strip the plutonium from the ionic liquid aliquot and the amount of
plutonium in nitric acid was estimated by alpha counting. The alpha activity of the aqueous
phase, before and after solvent extraction, was measured by alpha spectrometry.

Voltammetric studies of the solutions were done in the temperature range 298-351 K.
A glassy carbon disk working electrode (area, A = 0.07 cm?) was used as a working
electrode. Two Pt wires acted as counter and quasi-reference electrodes. Platinum quasi
reference electrode was calibrated with respect to the ferrocene/ferrocenium (Fc/Fc') redox
couple in ionic liquid and E° was observed as = 0.21 V. The internal standard Fc/Fc* was
added to ([Hbet][NTf:]) ILs and all the redox potentials are referred against the Fc/Fc™ redox

couple.
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All solutions were deoxygenated using high purity argon prior to electrochemical
experiments. Each measurement was repeated thrice and the average numerical value of each
parameter is quoted for discussion with a relative error < + 0.1%. The electrochemical cell
had a single leak-tight compartment and all the electrodes were placed in the same
compartment. The cell was kept under argon atmosphere during entire study. The thermal
stability of ionic liquid was studied using thermogravimetry-differential scanning calorimeter
(TG-DSC). The experiments were carried out at a heating /cooling rate of SK/min. Reversible
run was carried out in DSC, however, only heating run was carried out in TG-DSC. The
alpha spectrum of Pu electrodeposited on a polished stainless steel planchette was recorded
using a passivated ion-implanted planar silicon detector. The electrodeposited alpha source
was placed at a distance of about 1 cm from the PIPS detector in a vacuum chamber and
pressure inside the chamber was reduced tol10¢ bar. In order to achieve good counting
statistics, the spectrum was recorded for a time to accumulate minimum 10,000 counts at the
characteristic alpha energies of Pu isotopes. The analyses of peak area at the characteristic
alpha energies of 2323%249py were carried out. The geometry optimizations and total energy
calculations have been performed using the density functional theory (DFT). Initially all the
geometries were optimized by BP86 function and then, B3LYP has been used further

calculations.

5.3. Results and Discussion
5.3.1. DSC and TG studies

DSC curve of [Hbet][NTf2] showed a glass transition around -56°C as explained in
literature [249]. Later at -16.8°C, there is a probability of cold crystallization which appears
as exothermic peak. The melting of IL occurred at 28.6°C, which is quite broad and two peak

merging with each other. In the cooling curve again the crystallization of ILs occurred as a
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sharp peak with onset at 4°C due to the super-cooling effect. The thermogram of
[Hbet][NTf>] ( Figure 5.4.(b) ) showed two weight losses due to decomposition of IL at
310°C and 426°C, respectively. Hence IL is predicted to be stable upto temperature of 300°C.

The loss processes are reflected as endothermic peak in Figure 5.4 (a).

300 -

2 0. —— TGDSC

5 ——DsC

= I (@)

= 100-

>

(@] 4

—

w04

()

°

-100 — T T T T T T T T T T T T T 1
-200 -100 0 100 200 300 400 500 600

100

w

2]

2 (b)

=

=

=

T I T I L) I L) I T I L) I L) I T I

200 100 O 100 200 30 40 500 600

TI°C

Figure 5.4: The DSC and Thermograms of synthesized ([Hbet][NTf:]) ionic liquid

5.3.2 UV-VIS spectroscopy

After complete dissolution of PuO> in ionic liquid, UV-Vis spectroscopy was

undertaken to see the predominant oxidation state in the resulted solution. Figure 5.5 presents

the UV-Visible spectra of plutonium in [Hbet][NTf] . The most prominent peak observed at
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476 nm in [Hbet][NTf2] was attributed to Pu(IV). Also, no peak corresponding to Pu(Ill) and

Pu(VI) was observed [250].
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Figure 5.5: UV-Visible spectra of plutonium directly dissolved in Hbet][NTf:]

5.3.3 Electrochemical Studies

The cyclic voltammogram of [Hbet][NTf;] recorded at glassy carbon working
electrode is shown in Figure 5.6. The result showed reductive and oxidative limits of —2.8
and 1.4 V, respectively, relative to a Fc/Fc¢™ reference, which gives an electrochemical
potential window of 4.2 V. This potential window may be adequate for investigating the
reduction of Pu(IV) to Pu(Ill) and vice versa. The cyclic voltammogram of 9 mM Pu(IV) in
[Hbet][NTf:] recorded at glassy carbon working electrode at a scan rate of 0.2 Vs is also
shown in Figure 5.6. It can be seen that the cathodic wave occurring at the onset of -0.8 V,
leading to a prominent cathodic wave at the peak potential of —1.15 V is due to the reduction

of Pu (IV) to Pu(II).
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Figure 5.6: Cyclic voltammogram of [Hbet][NTf:] in absence and presence of 9 mM

Pu (IV) recorded at glassy carbon working electrode at a scan rate of 0.2 Vs!

The oxidation wave occurs at the peak potential of 0.3 V vs. Fc/Fc¢'. It can be seen
that in absence of Pu, there is no other significant redox peak present in the system
confirming the absence of any other electroactive species in the TSIL. The difference in peak
potential, AE, (Epa-Epc) is quite significant than the value required for a reversible one
electron transfer process. The cyclic voltammograms of Pu(IV) in [Hbet][NTf:] recorded at
various scan rates at glassy carbon electrode at 298K are shown in Figure 5.7. It can be seen
that the cathodic current (I,c) increases and the cathodic peak potential (E,c) is shifted

cathodically with increase of scan rate.
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Figure 5.7: Cyclic voltammograms of Pu(IV) in [Hbet][NTf>] recorded at various

scan rates at glassy carbon electrode at 298K.

These findings indicate that the reduction of Pu(IV) to Pu(Ill) in [Hbet][NTf2] at
glassy carbon electrode is not reversible but quasi-reversible. Hence, it can be presumed that
the reduction is controlled not only by diffusion of Pu(IV) ion in [Hbet][NTfz] medium, but
also by the kinetics of the charge transfer reaction occurring at the electrode-electrolyte inter
phase. Figure 5.8 shows the cyclic voltammograms of 9 mM Pu(IV) in [Hbet][NTf:] at
various temperatures. Temperatures were well controlled and selected as 298 K, 313 K, 328
K, 348 K and 373 K, respectively. For Pu(IV) in [Hbet][NTf:], the current densities increased
along with the rise of temperature. This feature is associated with the mass transition caused
by the viscosity of [Hbet][NTf2], which depends on temperature closely. Thus, the transport
properties of IL, including conductivity, diffusion coefficient, and charge transfer rate are

also temperature-dependent for the variation of viscosity.
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Figure 5.8: Cyclic voltammograms of 9 mM Pu(IV) in [Hbet][NTfz] at various
temperatures.

For [Hbet][NTf2] ionic liquid, its viscosity decreased and the conductivity increased
at higher temperature, which would facilitate the diffusion of Pu(IV). The diffusion rate also
enhances as the temperature is increased. Both current intensity and peak potential were
changed, along with the change of scan rate. The anodic peak potentials were shifted to
anodic direction with increase in temperature and the cathodic peak potential also shifted to
more anodic direction and the anodic peaks were less sharp than the cathodic ones as the
temperature reached 348K. The plots of cathodic peak current densities (Ipc) against the

square-root of the potential scan rate (v'?) are shown in Figure 5.9 at different temperatures.
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Figure 5.9: The plots of cathodic peak current (Ipc) against the square-root of the potential
scan rate (v'/2) at different temperatures.

The linear dependence of I, on square root of scan rate (v'?), shown in Figure 5.9
also confirms the reduction of Pu(IV) to Pu (III) in [Hbet][NTf>] IL is diffusion controlled.
A positive correlation of the current intensity with the square root of scan rate was also seen.
The cathodic peak current (Ipc) and the scan rate for a quasireversible reduction reaction for a

soluble-soluble couple are related to each other by following expression [177].

W\ 1/2
Ipc =0.496 nFACD1/2 ((“::;?F ) .............. (5.1)

where C is the plutonium concentration in mol cm >, D is the diffusion coefficient in cm? s,

F is the Faraday constant, n is the number of exchanged electrons, v is the scan rate in Vs, a
is the charge transfer coefficient, n, is the number of electrons transferred in the rate
determining step, A is the geometric area of electrode and T is the absolute temperature in K.
The value of an, can be determined from following equation. Where, Epc2 1s the half-peak
potential. The value of an, was found at different temperatures for the scan rate of 0.02Vs .
By substituting the an, value in above expression, the diffusion coefficient of Pu(IV) in

[Hbet][NTf:] was determined at different temperatures and are given in Table 5.1.
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L857RT . (5.2)

Fang

|Epc - EpC/Zl =

Since the reduction of tetravalent plutonium is not only controlled by diffusion but
also by charge transfer kinetics, the rate constant of charge transfer reaction, ks can be
determined using the equation below [218].

a’nF

kg =2.18 [D(ana)%]m exp[ 22 (Epe — Epa)] .............. (5.3)

The electrode reaction can be classified as reversible when ks >0.3v"? cm s™!, quasi-
reversible when0.3v!>>ks >2.0x1073v">cm s 'and irreversible when ks <2.0 x 107v!2 cm
s . The ks values for the reduction of Pu(IV)toPu(IlI) at different temperatures in ionic liquid

media are summarized in Table 5.1.

Table 5.1: Diffusion coefficients and charge-transfer coefficients of Pu(IV) in

[Hbet][NTf »]
Temperature D (cm?/s) ks (cm/s)
(K)
298 3.92 x 10 4.62 x10*
313 4.40 x 107° 3.89 x 10
328 8.09 x 10 4.06 x 10
348 6.14 x 108 8.06 x 10

The reduction was found to be quasi reversible as suggested by the ks values in all the

cases. With increase in temperature, the ks value increased indicating the increase in
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reversibility and can be attributed to the facilitated electron transfer at electrode—electrolyte
interface at high temperatures. ks values were found to be less in ionic liquid phase as
compared to aqueous phase indicating the increase in irreversibility in RTIL which is
attributed to the retardation of the electron transfer at electrode — electrolyte interface due to

high viscosity.

-14

-15 = LnD
I Linear fit of LnD

=16 -

=17

Ln(D)

=18 -
=19

-20 -

-21 T Ll Ll T L]
0.0028 0.0029 ©0.0030 0.0031 0.0032 0.0033 0.0034

™1 (k1)

Figure 5.10: A plot of In D versus 1/T

The activation energy for the diffusion of the metal ion can be evaluated using Arrhenius
equation given below:

Do=Aexp (—EJRT) ‘o
Where A is the pre-exponential factor and Eq is the corresponding activation energy. A plot
of In D versus 1/T gave a straight line as shown in Figure 5.10 with a slope of (—Ea/R). From
the slope, the activation energy for the diffusion of Pu(IV) was found to be 98.3 KJ/mol for
[Hbet][NTf2]. This signifies that 98.3 KJ/mol of energy are required for the diffusion of

Pu(IV) ion at electrode—electrolyte inter-phase in [Hbet][NTf>] medium.

118



5.3.4 Computational Details

The structures of [Hbet][NTf>] and its complex with Pu(IV) ions are determined using
density functional theory (DFT) based calculations by employing the electronic structure
programme ORCA 25 and the optimized structures are shown in Figure 11 and 12
respectively. The structure of the IL shows that there is weak hydrogen bonding between the
betaine (cationic) and bis(trifluoromethylsulfonyl) imide (anionic) groups, mostly governed
by the C—He+--X (X = N and O) interactions. The calculated shortest distance between these
two units and the longest hydrogen bonding distance is found to be ~2.3 and 3 A,
respectively. More interestingly, the dipole moment of this ionic liquid is calculated to be
very large, 12.82 Debye, and it can be attributed to the presence of highly electronegative
trifluoro groups bonded to the sulfonyl group.

The dissolution of PuO; in ionic liquid has been assumed to follow a equation as
given below:

A[Hbetaine] + PuO; - [betaine]sPu + 2H,O  weeeeesseeees (.5)

Figure 5.11: Optimized Structure of TSIL
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The structure of the Pu(IV) complex shows that the Pu(IV) is surrounded by four
betaine units and two water molecules in an octahedral geometry. After losing one proton
from the carboxyl group of the betaine unit, it acts as a monodentate anionic ligand and
satisfies the positive charge of the Pu(IV) ion. Thus, the four betaine units bind through one
of the oxygen atoms of the carboxylate (COO-) group to the metal centre. The two water
molecules formed during the reaction not only satisfy the coordination of the metal centre
but also significantly stabilize the whole molecule by intra-molecular hydrogen bonding
interaction with one of the carboxylate oxygen atoms of the betaine group. The distances
between Pu(IV)—(H20) (2.77 A) and Pu(IV)-O(COO-) (2.56 and 2.62 A) are found to be in
good agreement with experimental reports. The dipole moment of the Pu-dissolved in IL
complex is around 5.29 Debye and the Mulliken gross atomic population on Pu shows the
negative charge with the value of-0.75 a.u. The additional charge on the Pu ion
unambiguously suggests that the Pu ion has a very strong affinity towards the carboxyl

groups.

Figure 5.12: Optimized Structure of Pu-(betaine)s. 2H>O complexes.

m Different colorful spheres refer to the atoms H, C, N, O, F, S, Pu respectively
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The enthalpy of formation of the complex is calculated to be -51.28 kcal mol'which
signifies that the proposed mechanism of dissolution is a favorable process. It may be noted
that the structure of the complex is found to be very stable only when two water molecules
are directly bonded to the plutonium (IV) ion, without which, the complex is found to be
unstable. Similarly, attempts to find other suitable structures with different numbers of
betaine units resulted in mostly unstable complexes. Thus, it can be confirmed that the
stronger binding affinity of the carboxyl group of the betaine group towards the plutonium
ion followed by the insitu formation of two water molecule facilitates the dissolution of PuO,
in [Hbet][NTf2]. More interestingly, it has been reported that very little extraction of trivalent
and tetravalent plutonium has been achieved through the usage of amine-containing organic
media in acetate solution. This can be very well correlated with our results, i.e. the betaine
group, which consists of the amine as well as acetate functional groups, could be responsible

for the successful dissolution process for plutonium.

5.3.5 Alpha Spectrometry

The electrochemical deposition of Pu metal/oxide was attempted from its solution in
[Hbet][NTf>] medium by applying cathodic potential of -1.5V employing controlled potential
coulometry at stainless steel planchette. The alpha spectrum of the stainless steel planchette
recorded after the deposition of plutonium is given in Figure 5.13. The alpha spectrum shows
that there are two characteristic peaks at energies 5.157 MeV and 5.499 MeV, respectively
for 23240y and 2*®Pu isotopes. No other peaks corresponding to other actinides viz. U, Th or
Np were seen in the spectrum. There is a possibility of spectral interference of **! Am (Ea
=5.486 MeV) at 5.499 MeV alpha energy, however, the observed gamma spectrum of the
sample confirms the absence of 2*! Am (the 59.54 keV peak is absent). The tailing of the alpha

energy in Figure 5.13 is attributed to the deposition of a higher concentration of plutonium on
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the planchette, which leads to the loss of kinetic energy of alpha particles within the source
itself. The outcome of the above results clearly reveals that the dissolved plutonium can be

quantitatively recovered from the ionic liquid medium via electrochemical reduction.
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Figure 5.13: Alpha spectra of stainless steel planchette after the electrochemical deposition

of plutonium

5.4 Conclusions

Direct dissolution of plutonium oxide (PuO) in protonated 1-carboxy-N, N, N-
trimethylmethanaminium bis (trifluoromethylsulfonyl)imide ([Hbet][NTf2]) task specific
ionic liquid (TSIL) will open a new gateway for the nuclear researchers for RTIL based non
aqueous reprocessing/ waste management and an attractive possibility to electro-deposit
actinides. The electrochemical behavior of Pu(IV) in [Hbet][NTf,] was studied at glassy
carbon working electrode. The cyclic voltammogram of Pu(IV) exhibited a quasi-reversible
redox behaviour. The diffusion coefficient of Pu(IV) was determined at various temperatures
and it was in the order of ~10°cm?/s. Increase in the experimental temperature increased the

diffusion coefficient. In this work, a new approach through another step to the growing

122



interest in nuclear industry related to the applications of room temperature ionic liquid
(RTIL) in nuclear fuel reprocessing and waste management.

In addition, the direct dissolution of plutonium oxide through the usage of TSIL
[Hbet][NTf:] followed by electrodeposition of plutonium from the dissolved solution is
achieved. Theoretical studies reveal that the carboxyl group attached to the cationic moiety of
[Hbet][NTf>] co-ordinates strongly with the plutonium(IV) ion in a monodentate coordination
mode, facilitating the dissolution of oxides. The two water molecules generated during the
dissolution reaction play a key role in satisfying the coordination sphere and also stabilizing
the complex in solution via intra-molecular hydrogen bonding. On the contrary to the
conventional dissolution process in an aqueous solution followed by several extraction steps
through severe acidic/basic media, the present approach is a very simple and elegant one-step
approach, which will open up a new avenue for the dissolution of actinides, especially

nuclear fuels, by using TSIL-based green solvents.
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