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Studies on the extraction/ complexation of actinide and fission product

elements using selective ligands in room temperature ionic liquids
L]

With the ever increasing demands for energy, nuclear power is slowly becoming one of
the most viable sources along with the renewables. However, due to limited natural resources of
the fissile material (***U), the future nuclear energy program largely depends on the availability
of man made fissile materials such as “**Pu and ?**U. To sustain nuclear power program beyond
the availability of naturally occurring 2*°U, it is imperative to follow the closed fuel cycle option.
During the reprocessing of the *°U based spent fuel, the fissile elements such as plutonium and
uranium are recovered leaving behind a highly radioactive liquid waste solution referred to as
High Level Waste (HLW). This HLW solution comprises long-lived alpha emitting actinides
such as **Am, **Am, ?*Cm and **’Np (referred as minor actinides) apart from the small
amounts of un-recovered plutonium and uranium as well as beta / gamma emitting fission
products (**’Cs, °Sr etc.) and significant concentrations of structural materials along with several
process chemicals. Since the half lives of minor actinides and some of the fission products range
from few hundreds to millions of years, HLW poses long term radiological risk to the
Environment [1]. Apart from the high radiological risk, some of the minor actinides and fission
products, if recovered, may find various applications. The sustainability of the future nuclear
energy program, therefore, depends on an efficient and effective radioactive waste management
strategy which must be aimed at mitigating the long term hazards of the radioactive wastes.

One of the major challenges in radioactive waste remediation is the selective separation
of the long-lived minor actinides (Am, Cm) which have been proposed to be achieved by a

strategy known as ‘actinide partitioning’ [2]. Extractants such as CMPO (carbamoyl methyl



SYNOPSIS

phosphine oxide), malonamide, TRPO (trialkyl phosphine oxide), DIDPA (diisodecyl phosphoric
acid) and DGA (diglycolamide) are well known for the extraction of trivalent actinides from a
moderately acidic medium [3-4]. The favourable extraction of these trivalent actinides by
TODGA (N,N,N’,N"-tetraoctyl diglycolamide) have been attributed to a reverse micellar
mechanism where four extractant molecules are believed to be involved in the formation of an
aggregate with a hydrophilic interior [5]. The aggregate formation is, however, dependent on the
nature of the diluents [6]. In order to effect a diluent independent cooperative complexation,
equivalent to that displayed by four TODGA molecules in non polar diluents, four TODGA
moieties were appended onto a calixarene scaffold resulting in spectacular extraction / separation
properties [7]. Heat emitting fission products such as *°Sr are reported to be extracted by size
selective extractants such as crown ethers. Literature reports show that ditertiary butyl
dicyclohexano 18-crown-6 (DTBCH18C6) and dicyclohexano 18-crown-6 (DCH18C6) have
been extensively used for the extraction of radiostrontium from acidic feed solutions.

Due to the growing awareness of the environmental impact associated with the use of
volatile organic compounds (VOC), room temperature ionic liquids (RTIL) have been proposed
as alternatives to the molecular diluents due to favourable properties like negligible vapour
pressure, wide liquid range, good thermal stability, non flammability, good thermal conductivity,
large potential window, good solvents for broad spectrum of inorganic, organic and polymeric
compounds etc. Though there are numerous reports on the use of ionic liquids as diluents for the
extraction of actinides and fission products [8-9], there is no report on the extraction behavior of
these ions using DGA functionalized calixarene (C4DGA) ligands in RTIL. Furthermore, DGA

functionalized task specific ionic liquids (TSIL) synthesized for the first time and hence are
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required to be tested for the actinide ion extraction. It is therefore, thought of interest to carry out

a systematic study on the extraction of actinides and fission products such as *°Sr using C4ADGA

and TSIL (for actinides) and crown ethers (for ®°Sr) in room temperature ionic liquids.

Obijectives:

The main objectives of the present study are:

Conventional extractants in RTILs were reported to show very high extraction efficiency
towards metal ions compared to that in molecular diluents. Therefore, it was thought to
be interesting to study the extraction / separation behavior of actinides by using several
multiple — DGA-functionalized ligands such as T-DGA (tripodal diglycolamide) and
CADGA in RTILs. It was also thought of interest to study the extraction efficiency of
different oxidation states of actinides and their separation behavior with respect to
themselves and long lived fission products in terms of separation factors. Changes in
diluents from molecular solvents like n-dodecane to RTILs can lead to change in
extraction mechanism of metal ion suggesting the need for such investigation. Finally, the
stripping of the metal ions from RTILs is one of the major challenges and studies will be
undertaken to back extract the actinides from the loaded RTIL phase. It is also of interest
to evaluate the DGA functionalized TSILs and two substituted 18 crown 6 ethers in RTIL
for extraction of actinides and Sr** ion, respectively.

Apart from separation aspects, it is essential to understand the complexation, kinetics and
thermodynamics behavior associated with the extraction procedure. In this context, it is
of interest to study the metal — ligand stoichiometry, nature of bonding, amount of

covalence between metal — ligand bond, symmetry of the complex, perturbation of

v
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actinide — oxygen bond on complexation of actinyl ion etc. Nature of complex (inner
sphere / outer sphere); conformational changes of the ligands due to complexation (which
is of significance when large size ligands are used), spontaneity of complexation process
etc. are also required to be investigated through thermodynamic study.

The central idea of developing a solvent system for ‘actinide partitioning” is its successful
application in the preferential extraction of the target metal ions from the HLW. It is also
required to know the extraction behavior of the concomitant metal ions present in the
HLW solution. For the long term application of the solvent system for actinide extraction,
one needs to understand the radiolytic degradation behaviour which can address issues
related to the sustainability and recycling possibilities. It is also of interest to identify the
radicals and the products generated during the irradiation of the solvent systems and

responsible for deterioration of the performance of the solvent systems.

Chapter 1: Introduction

This introductory Chapter gives an overview of the nuclear fuel cycle. Various types of nuclear

wastes generated during the spent fuel reprocessing and their impact on the Environment have

been elaborated. Knowledge of the chemistry of actinides is important for their separation and,

therefore, is briefly mentioned including topics such as electronic configuration, ionic species,

variable valency, disproportionation etc. which includes basis of luminescence spectroscopy

relevant for studies involving lanthanides such as Eu®* used as a surrogate for trivalent minor

actinides. The solution chemistry of actinide ions including their spectral properties has also been

discussed. The Chapter also describes the various separation methods for the partitioning of

actinides from different waste solutions. Solvent extraction based separation methods are
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particularly elaborated and factors influencing the selection of a solvent system are also
discussed. A brief introduction of RTILs and its application in nuclear fuel cycle are discussed.

This Chapter also lists the motivations for the present study.
Chapter 2: Experimental

This Chapter deals mainly with instrumentation, materials and methods. The brief description of
the instruments, optimization of instrumental and experimental parameters, working principles of
different techniques viz. solvent extraction, inductively coupled plasma optical emission
spectroscopy (ICP-OES), luminescence spectroscopy, electron paramagnetic resonance (EPR)
spectroscopy etc are given in this Chapter. Synthesis / source of different ligands such as
TODGA, T-DGA, C4DGA, TSILs etc. and RTILs are discussed in a brief manner along with
their purity and characterization methods. The sources of different radiotracers used in the
present work along with their purification and assaying methods have also been discussed. The
estimation of gamma ray emitting radiotracers was carried out by employing Nal(TIl) and HPGe
detectors. The assay of beta-emitting isotopes was performed by liquid scintillation counter. The
basic principles and working of these detectors have been elaborated in this Chapter. The

experimental procedures adopted to achieve meaningful conclusions are also discussed.

Chapter 3: Evaluations of DGA based systems in RTILs for the extraction of

actinides

In this Chapter, extraction of actinides by solvents containing multiple-DGA-
functionalized ligands in different RTILs ([C,mim] [PF¢], where, n = 4, 6, 8)) was studied from
acidic feed solution. The multiple-DGA-functionalized ligands used as T-DGA (L-1) and

CADGA  (L-H) and the results obtained with these ligands are compared with TODGA (L-111)
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with a single DGA functionality. The use of RTILs gives rise to significantly improved
extraction properties than the commonly used n-dodecane. The unusually high extraction of
Am?®* can be attributed to the unique ion-exchange extraction mechanism in the RTIL medium,
while the high viscosity of the RTILs is responsible for the slower extraction kinetics. The
stoichiometry of metal ligand extracted complexes was ascertained by the conventional slope
analysis method. The extracted species were 1 : 1 complexes formed between Am®** and T-DGA
and C4DGA with no inner sphere water molecules, which was confirmed by TRLFS studies
using the analogous Eu(lll) complexes. Solutions of EDTA or DTPA in guanidine carbonate
were successfully used for quantitative stripping of Am®" from the RTIL phase. The
thermodynamic parameters of the extraction process and the radiolytic stability of the solvent

systems were studied.

L-11
C4ADGA

Chapter 4: Studies on the effect of ligand structure of C4ADGA on actinide ion

extraction into RTIL

Ligand structure has a major role on not only the complexation of the metal ion, but also the

overall extraction and separation efficiencies. Factors such as the nature of the alkyl substituents,
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spacer lengths and types of functionalization appended onto the calix[4]arene scaffold are
deciding the overall separation efficiency of the metal ions. Role of ligand structure of the
C4ADGAs (L-1V to L-X) in RTIL was investigated to understand their extraction properties,
separation and complexation behavior of actinides in different oxidation states. The
thermodynamics of metal ion extraction was also investigated. Although the alkyl substituents on
the amidic nitrogen increase the extraction efficiency of americium at lower acidity because of
the inductive effect of the alkyl groups, at higher acidities the steric crowding around the ligating
sites determines the extraction efficiency. All CADGAs formed 1:1 complexes with no inner
sphere water molecules resulting in complexes of C, symmetry. Judd and Ofelt (J. O.)
parameters [10] (Q2, ©4) and other photo physical constants including asymmetry factors,
transition probabilities of each transition, branching ratio, quantum efficiency, radiative and no
radiative lifetime etc. were calculated for all Eu** CADGA complexes. The solvent systems show
promise to be employed for nuclear waste remediation, and sustainability options were evaluated
from radiolytic stability as well as stripping studies.

In view of the important role of the diluents in the extraction of metal ions [11], the
distribution ratio values of Am*®* were obtained by a both side functionalized C4DGA (L - X) in
various diluents and the results were correlated with Schmidt’s diluent parameter and the
dielectric constant. The nature of the extracted species was ascertained in various diluents by the
slope analysis method, while temperature variation studies were carried out to determine the
thermodynamic parameters, which in turn explained the extraction mechanism. On application
point of view, the solvent systems were applied for actinide partitioning from simulated HLW

which revealed that Y, La, Sm, Y, Pr, Nd, Zr and Mo were found to be extracted into the organic
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phase along with actinide ions

extracted.
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while Na, K, Pd, Fe, Sr, Mn, Pd, Ce, Ru and Ba remain un-
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Chapter 5: Studies involving task specific ionic liquids (TSIL) for the

separation of actinides

Two DGA-TSILs (LXI cation associated with PFg" and NTf, anion) were synthesized for the

first time and evaluated for the extraction of actinides and lanthanides from acidic feed solutions.

The mechanism of extraction was studied by carrying out a series of studies to find out the nature

of the extracted species. Other studies included luminescence studies which could throw light on

the structure of the extracted species and the associated kinetics and thermodynamics. The DGA-

TSILs showed an exceptionally high extraction of trivalent actinide as well as lanthanide ions.

As mentioned in Chapter 3, solutions of EDTA and DTPA in guanidine carbonate, Na,CO3 and

oxalic acid were used for the quantitative stripping of An®**, AnO,** and An**, respectively.
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Radiolytic stability of the TSILs was evaluated and EPR spectroscopic measurements were

performed to understand the nature of free radical species generated on gamma irradiation of

TSIL.
o o O o CFg
FL< - ::'s'f
A o ot . o © SO
=~} ) A = N SR N
N Oct R s L I N L=t
N:\\ O = \,I i =
Os_ v I
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DGA -TSIL CMPO -TSIL

Due to long half life of 2’Np, it was of interest to separate Np from radioactive waste solution to
avoid long term surveillance. As Np usually exists in the inextractable +5 oxidation state, it is
required to adjust the oxidation state of Np to the more extractable forms. A comparative study
was carried out to understand the extraction behavior, extraction mechanism, stiochiometry,
nature of bonding etc. of Np(IV) and Np(VI) using CMPO — TSIL (L-XII) and DGA — TSIL
(L-X1) in [Cymim][NTf;] ( where, n = 4,6,8). Cyclic voltammetric and UV — Vis spectroscopic
studies were also carried out to understand the complexation behavior.

Chapter 6: Extraction of radio strontium from nuclear waste solution using

crown ethers in RTILs

In this Chapter, the extraction of Sr** from dilute nitric acid solutions was studied using two Sr?*
selective crown ethers, viz. DCH18C6 (L-XII1), DTBCH18C6 (L-XIV) in several RTILs, viz.
[Cxmim][PFs] (where, n = 4,6,8) and [C,mim][NTf,] (where, n = 4, 6, 8). The roles of time of
equilibration, feed acidity and extractant concentration were also investigated. The extracted
species were found to have the metal - ligand stoichiometry of 1:1 with ‘ion exchange

mechanism’. Radiolytic degradation studies were also carried out which indicated decrease in
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Sr®* extraction with increase in the absorbed dose and it was found to be comparable with those
reported in the literature [12]. Furthermore, though DTBCH18C6 is considered as an extractant
superior to DCH18C6, the radiolytic stability of the former is relatively poor as compared to the

latter extractant.

7
S *C[wm

L-XI11 L-XIV
DCH18C6 DTBCH18C6

Chapter 7: Summary and Conclusions

Multiple-diglycolamide-functionalized ligands in room temperature ionic liquid were studied for
extraction of actinides and lanthanides from aqueous acidic solutions. The extraction kinetics,
separation behavior, associated thermodynamics of extraction, nature of the extracted species
formed were studied. Luminescence spectroscopy was used to understand the nature of bonding
between metal and ligands, formation of inner sphere/ outer sphere complex etc. The radiolytic
stability of solvent systems was studied and attempt was used to understand the degradation
products. Finally, all the systems were evaluated for ‘actinide partitioning’ from synthetic high
level waste solution. 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







In view of the fast depleting fossil fuel resources, nuclear power is emerging as one of the
more viable options to meet the increasing demands for power in the twenty first century.
Currently, nuclear power plants produce slightly less than 14% of the world’s electricity and
5.7% of the total primary power used worldwide (Fig. 1.1). Nuclear power is a relatively clean
source, since it contributes very little to the green house gas burden. Nuclear power is the fourth-
largest source of electricity in India after thermal, hydro and renewable sources of electricity. A
total number of 441 nuclear reactors are operational world-wide with a nuclear power capacity of

375 GW (e). In addition, 67 reactors are under construction [1].

S, wond

World Electricity Production 2008 o i
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Saurce: |[EA Electricity Information 2010

Fig. 1.1: Production of electricity from different sources, a world — wide scenario [2]

Amongst these 67, the construction of 16 new power reactors started in 2010.As of 2013,
India has 20 nuclear power plants in operation generating 4,560 MW while 4 others are under

construction and are expected to generate an additional 2,720 MW. India's nuclear power



program is undergoing rapid expansion with plans to increase the power output to 64,000 MW
by 2032 and 25 % nuclear contribution is foreseen by 2050 [3,4]. Thus, nuclear energy is going
to play a crucial role for satisfying India’s future energy demands. The current scenario in

worldwide nuclear energy production is presented in Fig.1. 2.
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Fig. 1.2: Contribution of different countries in worldwide nuclear energy production [2]

1.1 NUCLEAR FUEL CYCLE

1.1.1 Nuclear fission

The discovery of nuclear fission is an important landmark in the history of nuclear
science. >°U when bombarded by thermal neutrons (E, < 0.025 eV), produces enormous amount
of energy (~200 MeV per fissioning atom) along with a number of fission fragments. The mass
loss in this process appears as the huge energy according to the Einstein’s mass-energy relation
and the fission process can be expressed as

250 4 0, = X +Y + 3%, + E (1.1)
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Fig. 1.3: Thermal neutron fission yield curve for U [5]

where X, Y represents fission products and £ denotes the amount of energy released per fission

235 235
f f

per atom of “"U. Mass-yield curve of thermal neutron induced fission of ~°U is shown in
Fig. 1.3 with two maxima around mass number of 95 and 140. Production of 2-3 neutrons
indicates the self sustainability of nuclear fission and also indicating the possibility of explosion
due to uncontrolled chain reaction. The fundamental concept to exploit fission reaction in a

controlled manner was used in designing the nuclear reactor for subsequent used for electricity

production.

1.1.2 Various stages in nuclear fuel cycle

Nuclear fuel cycle comprises of various stages like mineral exploration, mineral
processing, purification of uranium / thorium, fuel fabrication, reactor operation, spent fuel
reprocessing, radioactive waste management etc. (Fig. 1.4) which can be broadly classified as

the front end and back end processes of the fuel cycle.



=

Reactor

=N

Operation 1

1

Fabrication of Fuel

N/

— Cooling of Spent
Nuclear Fuel
Pu Closed /
Deoleted / Once Through
eple
= Fuel Fuel Cycle
Uranium | ~— |~ 3 % Enriched /
U-Z35
Dissolution of SNF
Enrichment and Repr ing
Recowvery of
u - jyables
0.7 %% U-235
Conwershon into UF, Waste storage and
- Witrification
. . -
Tailings ~i— Purification
Mining of Ore Disposal

Fig. 1.4: Schematic of nuclear fuel cycle

1.1.2.1 Wastes from the “Front End” of the nuclear fuel cycle

The wastes generated at the uranium mine site comprise of the decay products of **U

/%°U and exists in the form of radioactive dust. The wastes from the milling operation include

the radioactive radium which is reverted back to the mine. When uranium is burnt in the reactor,

significant quantities of highly radioactive fission / activation products are produced (Table 1.1).

More than 99.9% of the radioactivity produced in the reactor is retained in the fuel rods, while

less than 0.1% is distributed in other systems of the reactor.



1.1.2.2 Wastes from the “Back End” of the Nuclear Fuel Cycle

In the nuclear fuel cycle, most of the radioactive wastes are generated during the reprocessing of
the spent fuel, i.e. at the back end of the fuel cycle. This irradiated spent fuel contains long-lived
alpha emitting transuranic elements (principally Np, Pu, Am and Cm), which are formed in
uranium fuelled reactors by neutron capture of ***U followed by a sequence of beta emission and
neutron capture reaction of the daughter products alongwith large amounts of beta/gamma

emitting fission products [6].

Table 1.1: Major contributors to the radioactivity in spent fuel after a cooling period of 50 days

Nuclides Half life Nuclides Half life
°H 123y Bl 8.05d
SKr 108y B7cs 300y
¥Sr 50.6d 14°Ba 12.8d
28y 288y 0La 402y
0y 68.4 h e 3244d
oy 58.8d 43pp 13.6d
»7r 65d Hce 285.0d
*Nb 35d 144py 17.3 m
®Ru 39.6d “Nb 11.1d
10%Ru 367d “Tpm 262y
129mme 34d




Although nearly 200 radionuclides are produced during irradiation of the fuel, a great
majority of those are relatively short lived and decay to low radioactivity level within a few
decades and the long lived isotopes are of major concern. Short cooled spent fuel contains
significantly large numbers of radionuclide. The major contributors to the fission product activity
after a cooling period of 50 days are listed in Table 1.1. After cooling the spent fuel for about
one year, only 106Ru, 106Rh, 90Sr, 90Y, 144Ce, 144Pr, 134Cs, B37Cs and "Pm contribute significantly
to the radioactivity [6]. One of the challenges at the back end of the nuclear fuel cycle lies in the

safe management of the radioactive wastes.

1.2 CLASSIFICATION OF THE RADIOACTIVE WASTE

The radioactive wastes from the back-end of the nuclear fuel cycle can be classified
based on their physical state, as well as the type of radiation field (alpha, beta or gamma
radiation) being produced or the radioactivity present in the waste stream. Worldwide, the

nuclear waste is categorized depending on the radioactivity level of the wastes.

1.2.1 Low level waste

When the total radioactivity of the waste is less than millicurie / litre, it is referred to as
low level waste (LLW). It is generated as liquid from the decontamination of equipments,
radioactive laboratories, and hospitals using radiopharmaceuticals as well as from the nuclear
fuel cycle. The LLW comprises of about 90% of the total volume of the radioactive wastes
generated, but only < 1% radioactivity of all the wastes. To reduce the volume of solid LLW, it

is often incinerated and compressed before disposal. Usually it is buried in shallow landfill sites.



1.2.2 Intermediate level waste

When the radioactivity of the waste ranges from millicurie to curie / litre, the waste is
referred to as intermediate level waste (ILW). It typically comprises of resins, chemical sludges,
reactor components as well as reprocessing equipments. The ILW comprises of about 7% of the
total volume of the radioactive wastes, while it contains < 4% radioactivity of all the radioactive

wastes.

1.2.3 High level waste

When the radioactivity of the waste is greater than curie / liter, the radioactive waste is
referred to as high level waste (HLW). The HLW is the waste emanating from the reprocessing
of spent fuel. While HLW comprises of only about 3% of the total volume of all the radioactive
wastes, it contains more than 95% of the total radioactivity generated in the nuclear fuel cycle.
This waste includes uranium, plutonium and other highly radioactive elements made up of
fission products and alpha emitting minor actinides. Composition of Pressurized Heavy Water

Reactor Simulated High Level Waste is summarized in Table 1.2.



Table 1.2: Composition of Pressurized Heavy Water Reactor Simulated High Level Waste,
HNOj; concentration: 3—4 M.

Metal ions Concentration (g/L) Metal ions ~ Concentration (g/L)
Na 5.5 Mo 0.137
K 0.224 Y 0.06
Sr 0.03 La 0.18
Ba 0.064 Cs 0.32
Fe 0.72 U 0.64
Cr 0.119 Ce 0.06
Ni 0.107 Pr 0.09
Mn* 0.426 Nd 0.12
Zr 0.004 Sm 0.085

Note: * taken as surrogate of Tc

The challenge for the final disposal of HLW is largely due to the radiotoxicity associated
with the minor actinides which have half lives ranging from a few hundred to millions of years
[7]. Efforts are being made by researchers to meet the challenges of radioactive waste
management by developing efficient and environmentally benign processes for the separation of
various radionuclides from HLW solution. This would minimize the volumes of radioactive
wastes and costs of their final disposal. At present, the typical contents of spent fuel being stored

along with the suggested approaches for disposals around the world are presented in Table 1.3.



Table 1.3: Typical percentages of components making up spent nuclear fuel along with

suggested approaches for disposal [8]

Percentage

Component

Disposition

85.6

0.3

0.1

0.9

0.1

Uranium

Stable or short - lived fission

products

Major fission products

Long - lived fission products

Plutonium

Long - lived minor actinides

Recycled and disposed of as low level waste
Decays in a short time resulting in no
significant disposal problem

Cesium and Strontium are the primary heat
sources in HLW: decays in a few centuries
Primarily iodine and technitium can be stored
or removed and transmuted

Can be recovered and recycled as fuel

Primarily Np, Am and Cm: can be searated and

fissoned using fast reactors

1.3 IMPACT OF RADIOACTIVE WATE ON THE ENVIRONMENT

The annual accumulation of high level waste (HLW) with an average accumulation rate

worldwide is approximately 850 cubic meters per year [3]. This HLW, generated during spent

nuclear fuel reprocessing, contains un-extracted U, Pu, minor actinides (such as Am, Np, Cm),

lanthanides, fission product elements (such as Tc, Pd, Zr, I, Cs, and Sr), transition elements

including Fe, Ni, Co, Zr, and some salts of Al, and Na. At present, the most accepted approach

for the management of HLW is to vitrify the waste in a glass matrix followed by interim storage

for ~200 years to allow the decay of heat-dissipating nuclides such as *’Cs and *°Sr and its

9



subsequent disposal in deep geological repositories [9]. The half-lives of a few minor actinides

and some fission product elements range between a few hundreds to millions of years. Therefore,

storing vitrified blocks for such a long period is not favorable from an economic, as well as an

environmental safety point of view. There is also the possible risk of the migration of long-lived

a-emitting minor actinides from the repository to the aquatic environment, as in the past, more

than three million liters of highly radioactive waste leaked into the surrounding soil of the

Columbia Basin [10]. As shown in Fig. 1.5, if the actinides are not removed from the spent fuel,

it will require millions of years to reduce its radiotoxicity to the level of natural uranium ore.
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(a) The radiotoxicity per element of the actinides in spent UO2 fuel. (GWae is a measure

of electricity produced and 1 GWae equals about two times the annual production of the

Borssele nuclear power plant); (b) the radiotoxicity of the actinides and fission products

in spent fuel relative to the uranium ore needed to manufacture the fuel. The storage time

needed to reach a radiotoxicity level of uranium ore is about 200,000 years [11].
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1.4 CHEMISTRY OF ACTINIDES

A brief survey of the chemistry of actinide elements is considered relevant to understand
its extraction and complexation behavior. The fourteen 5/ electrons enter the actinide elements
beginning formally with Th (Z=90) and ending with Lr (Z=103). These fourteen elements
following Ac are placed in the 7th row of the periodic table separately analogous to the
lanthanides. Intensive chemical studies have revealed many similarities between the lanthanides
and actinides. The ground state electronic configuration of lanthanides and actinides is shown in
Table 1.4. Though there is over all similarity between the two groups of elements, some
important differences also exist mainly because the 5f and 6d shells are of similar energy in
actinides and J5f electrons are not so well shielded as the 4f electrons in lanthanides [12]. The
lighter actinides (Ac to Np) show greater tendency to retain the 6d electrons due to smaller
energy differences between the 6d and the 5f orbitals relative to that between the 5d and the 4f
orbitals of the lanthanides. In case of the transition series, the relative energy of the orbitals
undergoing the filling process becomes lower as the successive electrons are added. In case of
the actinides, the 5f orbitals of plutonium and subsequent elements are of lower energy than the
6d orbitals and, therefore, the subsequent electrons are filled in the 5f orbitals with no electrons

in the 6d orbital.

11



Table 1.4: Ground state electronic configuration of lanthanides and actinides

Lanthanides Actinides
Elements  Atomic Electronic Elements Aromic Electronic
numbers  configurations numbers configurations

La 57 5d' 65 Ac 89 6d" 7s”
Ce 58 4! 5d" 657 Th 90 6d° 75
Pr 59 4f° 6s° Pa 91 577 6d 7s°
Nd 60 41?657 U 92 52 6d’ 7s°
Pm 61 4f° 657 Np 93 s 6d' 75
Sm 62 4f° 65° Pu 04 5F° 757
Eu 63 4" 65 Am 05 sf7 75
Gd 64 4f” 5d 65° Cm 96 sf7 6d 75’
Tb 65 4’ 6s° Bk 97 57 75
Dy 66 47" 65° cf 08 5710 757
Ho 67 411! 657 Es 99 s 7s?
Er 68 4 65° Fm 100 5112 75
Tm 69 47 65° Md 101 st 75’
Yb 70 41 65° No 102 5 757
Lu 71 41 5d’ 65° Lr 103 s 6d' 75

1.4.1 Solution chemistry of actinides

As the processes of separation and purification of actinides on a large scale are essentially
based on hydrometallurgical techniques, the study of solution chemistry of actinides has received
considerable attention. The actinide elements exist in multiple oxidation states and most of their
separation processes are based on the effective exploitation of these properties. It is, therefore,

desirable to understand the various oxidation states of actinide ions in solution.

12



1.4.1.1 Oxidation states

The trivalent state is the most stable oxidation state for all lanthanides. However, this is
not so at least in the case of earlier members of the actinide series. The 5f electrons of actinides
are subjected to a lesser attraction from the nuclear charge than the corresponding 4f electrons of
the lanthanides. The greater stability of the tetra positive ions of the early actinides is attributed
to the smaller values of the fourth ionization potential for the 5f electrons compared to the 4f
electrons of lanthanides, an effect which has been observed experimentally in the case of Th and
Ce [13]. Thus, thorium exists in aqueous phase only as Th(IV) while the oxidation state of 3+
becomes dominant only for transplutonium elements. The different oxidation states of the
actinide ions are listed in Table 1.5, where the most stable oxidation states are under lined [12].
All the oxidation states are well known except for the 7+ states for Np and Pu which exist only in
alkaline solution [14]. Penta and hexavalent actinide ions exist in acid solution as oxygenated

cations, viz. MO," and MO,>".

Table 1.5: Oxidation states of different actinides

8 9 91 92 93 94 95 9 97 98 99 100 101 102 103

Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md Ne Lr

2) 2) 2 2
3 3 & 3 3 3 3 3 3 3 3 3 3 3 3
4 4 4 4 4 4 4 4
5 5 5 5 3
6 6 6 6
7 7

* Those underlined are the most stable oxidation states in aqueous solution; those in
parentheses refer fo oxidation states which are not known in solutions.
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1.4.1.2 Disproportionation reactions

“Disproportionation” is referred to as simultaneous self oxidation and reduction
reactions. For disproportionation reaction to occur an element must have at least three oxidation
states and these ions must be able to co-exist in solutions, which depend on the closeness of the
electrode potentials of redox couples involved. In case of Pu, these values are so close that the
four oxidation states, viz. III, IV, V and VI are in equilibrium with each other. The
disproportionation reactions of U, Pu, Np and Am have been well studied [12]. In general,

disproportionation reactions of MO, (M = U, Pu or Np) ions can be represented as follows,

2MO;" +4H" & M*" + MO,*" + H,0 (1.2)

It is clearly demonstrated from the equilibrium reaction that the presence of hydrogen ion and
complexing ions like F~ and SO,*, which complex strongly with M*" and MO,*" ions, have

pronounced effect on the disproportionation reactions (Table 1.6).
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Table 1.6:

Disproportionation reactions in actinides

Element

Oxidation

Reaction logK

Numbers (25°C)
U V=IV+VI 2U0," +4H™ © U¥ + U0, + 2H,0 9.30
Np V=IV+VI 2NpO;, +4H < Np© +NpO,” +2H,0  -6.72
Pu V=IV+VI 2Pu0,” +4H < Pu*" + Pu0,** + 2H,0 4.29
V=TI + VI 3PuO,” + 4H" & Pu’™ + 2Pu0y”” + 2H,0 5.40
IV+V=II+VI pu** +Pu0," & P’ + Pu0,*” 1.11
IV =II+VI 3Pu*” + 2H,0 < 2P’ + PuOy’ H4H" -2.08
Am IV+V=II+VI Am* +AmMO," & Am’T + Amo,”” 12.5
IV =II + VI 3AmM* + 2H,0 < 2Am° + AmO,” HHT 325
IV=II1+V 2Aam* + 2H,0 & Am*" + AmO,” +4H" 19.5

1.4.1.3 Hydrolysis and polymerization

The penta and hexavalent states are prone to very significant hydrolysis as compared to
the lower oxidation states. The metal ions in these oxidation states exist as partially hydrolyzed
actinyl ions, vizMO," and MO,*" and can get further hydrolyzed under high pH conditions. The
degree of hydrolysis for actinide ions decreases in the order: An* > AnOz2+ > An®" > AnO,"

which is similar to their complex formation abilities. In general, the hydrolysis of the actinide ion

(M™) can be represented as follows,

M(H,0)™" <> M(OH),"™" + xH"

15
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For U*" and Pu*’, the metal ion hydrolyzes first in a simple monomeric reaction followed by a
slow irreversible polymerization of the hydrolyzed products. For Th*, however, various
polymeric species exist even in very dilute solutions. Whereas the polymer formation of Pu*" is
irreversible, that of Th*" is reversible. The hydrolysis of some of the trivalent actinides such as
Am’", Cm’" and CF" is well studied which revealed the higher hydrolysis constant values for
trivalent actinides as compared to their lanthanides homologs [12].

Though the polynuclear species of all actinide ions are of great interest, the polymers of
Pu*" have attracted particular attention because of practical considerations. Pu*" polymers with
varying molecular weights ranging from a few thousands to as high as 10'* have been observed
[15]. In dilute HNO; or HCI solutions, Pu*" polymer exists as a bright green colour with a
characteristic spectrum different from that of monomeric Pu(IV) in these solutions. The rate of
polymerization depends on acidity, temperature, Pu(IV) concentration as well as the nature of
ions present in the solution [16, 17]. Polymerization rate for Pu(IV) is higher when the ratio of
acid to Pu(IV) concentration is low. Thus, the polymerization can occur even at higher acidities
if Pu(IV) concentration is raised. Depolymerization of Pu(IV) is best accomplished by heating
the Pu solution in 6-10 M HNOs;. Strong complexing agents such as fluoride and sulphate ions as
well as oxidizing agents such as permanganate and dichromate promote depolymerization of

plutonium.

1.4.1.4 Complexation of actinides
The property of actinides to exhibit strong tendency to form complexes is widely
exploited in devising methods for their separation and purification. The complexing strength of

actinide ions in different oxidation states follows the order: M*" > MO,*" > M*" > MO," which

16



can be explained on the basis of their decreasing trend in the ionic potential values. For a given
oxidation state, the complexing ability increases with the atomic number due to increase in the
ionic potential as a result of the ‘actinide contraction’ [12]. However, there are large number of
instances where, hybridization involving 5f orbitals, steric effects and hydration of metal ions
affect the tendency of complexation. For anions the tendency to form complex with the given
actinide ion generally vary in the same manner as their abilities to bind with hydrogen ion [18].
For monovalent ligands the complexing tendency decreases in the order: F > CH;COO™ > SCN”
> NO;3 > CI' > Br > I > ClO4. The divalent anions usually from stronger complexes than the
monovalent anions and their complexing ability decrease in the order: CO32' > 8032' > C2042' >
SO4*. The complexing ability of some of the organic ligands with Th(IV) varies as: ethelene
diamine tetra acetic acid (EDTA) > citrate > oxalate > HIBA > lactate > acetate. On the basis of
Pearson’s [19] hard — soft acid base principle, actinide ions being “hard acids” are expected to
interact strongly with hard bases such as ‘O’ or ‘F’ rather than soft donor atoms like ‘N’, ‘S’ or
‘P’. However, as compared to lanthanides they show marked preference for the soft donors.
When the primary hydration shell is broken during complex formation, the resultant complex is
referred to as ‘inner sphere complex’. In contrast, ‘outer sphere complexes’ do not require
breaking of the primary hydration shell. The actinide ions interact with soft bases in organic
solvents of low solvating power, but not in aqueous solutions where the soft bases would have to
replace the inner sphere water molecules which are a hard base. Thus, depending on the nature of

ligand and medium actinide cations form inner or outer sphere complexes.
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1.4.1.5 Spectroscopy of actinides

The absorption/ emission spectra of actinides 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 [12]. In f~f transitions, the electronic transition occurs
between the two 5/-5f orbitals of different angular momentum 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 5/-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 orbitals of different azimuthal quantum number 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 5/ orbitals of actinide ions
and the ligand orbitals. 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.

1.5 SEPARATION OF METAL IONS

Several methods are adopted for the separation of the metal ions of interest from the
associated impurities. Solvent extraction, solid phase extraction, liquid membrane, precipitation
are some of the commonly used techniques for metal ion separation. Out of these, solvent

extraction technique is simple and efficient.
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1.5.1 Solvent extraction

Solvent extraction or liquid-liquid extraction is based on the principle that a solute can
distribute itself in a certain ratio between the two immiscible solvents, one of which is usually
water and the other an organic solvent. The liquid-liquid extraction systems can be

thermodynamically explained with the help of phase rule [20], which is usually expressed as,

P+V=C+2 (1.4)

where, P, V and C denote the number of phases, variances and components, respectively. In
general, a binary liquid-liquid distribution system has two phases (P =2) and contains three or
more components (two solvents and one or more solutes). when molecular species of the solute
is same in the two phases, its concentration in one phase is related to that in the other phase (the

Nernst’s distribution law). Consider following equilibrium reaction,

Maq <> Morg (1.5)

Where, the species with the subscripts ‘aq’ and ‘org’ represent those in the aqueous and the

organic phases, respectively. According to the distribution law, the distribution coefficient (Ky),

also referred to as partition coefficient, is represented as,

Ka=[M]org/ [M]aq (1.6)
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and refers to a particular chemical species. However, it has been observed that, in most cases, the
molecular species of metal ions are not the same in both the phases. Therefore, the term
“distribution ratio (D)” is used in the solvent extraction which is defined as the ratio of total
metal ion concentration in the organic phase ([M]iotarorg) to that in the aqueous phase ([M]iotat,aq)

and can be expressed as

D= [M]total,org/ [M]total,aq (17)

Another relevant term is the % extraction (% E), which is given by the following equation

% E = 100D/ (D + Vag/Vorg) (1.8)

If ratio of the organic phase volume (Vo) to the aqueous phase volume (V,q) is kept as 1, then

Eq (1.8) simplifies to

% E = 100D/ (D + 1) (1.9)

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
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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.

1.5.1.1 Solvation mechanism

The extraction of metal ions by neutral ligands usually follows the solvation mechanism,
where, the water molecules from the inner co-ordination sphere of the metal ions are replaced by
basic donor atoms of the ligand molecules. The extraction of U(VI) by tri-n-butyl phosphate
(TBP) from nitric acid medium [21] is an example of the solvation mechanism and is represented

as follows:

1.5.1.2 Chelation mechanism
In this case, ligands having more than one donor sites (e.g. B diketones) can coordinate
simultaneously to form 5-6 member stable rings. The example of this is the extraction of Pu(IV)

by 2-thenoyltrifluoroacetone (HTTA) in benzene [22].

Pu*’,q + 4HTTAorg < [Pu(TTA)slorg + 4H o (1.11)

1.5.1.3 lon-pair extraction mechanism
This type of extraction proceeds with the formation of neutral ion-pair species between
the cationic metal bearing species and anionic bulky counter anion or anionic metal bearing

species and an organic cation, for example protonated form of an amine. Acidic ligands such as
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sulphonic acids, carboxylic acids and organophosphoric acids provide anions by liberating
protons which then complexed with the metal cation to form ion-pair. On the other hand, basic
ligands provide cations which complex with aqueous anion metal complex to form ion-pair. The
best examples of basic extractants are quaternary ammonium salts such as Aliquat 336 which
extracts metal ions such as UO,*" from hydrochloric acid medium as given by the following

equation.

UO,*" 4+ 3Clag + (R)3R” NClorg <> (R)3R” N) " (UO2Cl3) org + Clag (1.12)

1.5.1.4 Synergistic extraction

Synergism refers to the phenomenon where the extraction of metal ions in the presence
of two or more extractants is more than that expected from the sum of the extraction employing
the individual extractants. Well known example of synergistic extraction is the extraction of
Pu(IV) from nitric acid medium by a mixture of HTTA and tri-n-octyl phosphine oxide (TOPO)

in benzene [23].

1.5.2 Chromatographic techniques

Ion exchange and extraction chromatographic techniques are also adopted for the
separation of metal ions. Though, high separation efficiency and generation of lesser amounts of
organic liquid waste make these techniques attractive, slow rate of separation limits the
chromatography based techniques. Ion-exchange materials, normally in the form of beads, are
made from water insoluble polymers. The surface of the polymer beads has suitably developed

pores with specific structure in which the extractant or the binder can be encapsulated. The
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extractant / binder have exchange sites where the metal ions are exchanged with the cations
(such as H' ions) or their anionic complexes with the anions in the resin and hence the technique
is named as ion-exchange. Column properties are influenced by the particle size of the ion
exchanger. In extraction chromatographic resins, the extractant molecules are trapped inside the
polymer matrix by chemical or physical means. Extraction chromatographic techniques are
generally much more selective than the ion exchange techniques as it also imparts the selectivity

due to the presence of specific extractants.

1.5.3 Criteria for selection of extractants
The factors respossible for selecting or designing a particular extractant for the separation of
metal ions for industrial applications are as follows [24]
1. High solubility in paraffinic solvents (non-polar solvents)
2. Low solubility in the aqueous phase
3. Non-volatility, non-toxicity and non-inflammability
4. High complexation ability with the metal ions of interest
5. High solubility of the metal-ligand complex in the organic phase, i.e. high metal loading
capacity in the organic phase
6. Ease of stripping of metal ions from the organic phase
7. Reasonably high selectivity for the metal ion of interest over the other unwanted metal
ions present in the aqueous solution
8. Optimum viscosity for ease of flow and optimum interfacial tension (IFT) to enable a
faster rate of phase disengagement

9. Ease of regeneration of the extractant for recycling
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10. High resistance to radiolytic and chemical degradation during operation

11. Ease of synthesis / availability at a reasonable cost

1.6 REPROCESSING OF SPENT NUCLEAR FUEL

Reprocessing of the spent nuclear fuel is mandatory for not only to restrict radio-toxic
effects of the fission / activation products, but also for the recovery of valuable fissile materials
to sustain the future nuclear energy programme. During the reprocessing of the spent nuclear
fuel, the unutilized uranium and the plutonium generated through activation are recovered in the
hydrometallurgical process leaving behind highly radioactive liquid waste solution known as the
high level waste (HLW). A brief mention about the reprocessing of the spent fuel by PUREX

process is presented here.

1.6.1 PUREX process

The Plutonium Uranium Reduction Extraction (PUREX) process is employed for the
reprocessing of the spent nuclear fuel throughout the world [25]. It involves the selective co-
extraction of the hexavalent uranyl ion and the tetravalent plutonium ion from the spend fuel
dissolved in 3-4 M HNOs; using 30% tri-n-butyl phosphate (TBP) in n-dodecane. 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. The challenges remain in managing the highly radio toxic effluent containing trivalent

(Am and Cm) and pentavalent (Np) minor actinides along with the fission products.
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1.6.2 Partitioning and transmutation
Several countries worldwide are currently exploring the strategy of P&T (Partitioning

and Transmutation), which aims to reduce the radiotoxicity of the waste by the co-extraction of
minor actinides and lanthanides (Partitioning) from HLW solution (concentrated form of the
effluent generated from the PUREX process) followed by transmutation of the minor actinides in
dedicated facilities yielding shorter-lived or more stable elements. A typical schematic view of
the partitioning of waste by solvent extraction is presented in Fig. 1.6, where U, Pu, and Np are
partitioned in the PUREX process. In the DIAMEX (DIAMide EXtraction) process, actinides
and lanthanides are co-extracted from the bulk of the HLW containing corrosion and fission
products. Finally, the actinides and lanthanides are mutually separated in the SANEX (Selective
ActiNide EXtraction) process.

The actinides and lanthanides are f - block elements and found to possess similar chemical
and physical properties [26 - 28]

I.  Both are considered as hard acids as per the Pearson classification [29].Their interactions
with inorganic and organic ligands are, therefore, predominantly determined by
electrostatic and steric factors.

II.  The trivalent cations have the same electronic configuration within each group (apart
from the filling of the f'shell) and almost similar ionic radii.
III.  Both exist predominantly in their trivalent oxidation states in aqueous acidic solutions.

IV.  Both have a similar hydration number.
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Fig. 1.6: Schematic view of the partitioning of waste by solvent extraction

1.6.3 Actinide/lanthanide separation

Although both actinides and lanthanides are considered to be hard acids according to
Pearson’s HSAB theory, the higher spatial expansion of the 5/ orbitals of the actinides with
respect to the 4f orbitals of the lanthanide opens up possibilities to discriminate them through
their relative hardness. It has been postulated that an increased covalent nature in the interaction
of An®" with soft donor atoms and/or changes in coordination geometries account for these
effects [30-32]. Therefore, ligands containig soft donor atoms (e.g. S, N) may allow subtle
discrimination between An(III) and Ln(IIl) via differences in the metal-ligand complex
coordination, such as differences in binding, stoichiometry, affinity and structure.

Due to the large concentration of the lanthanides present in the spent fuel and their high
neutron absorption cross section, the actinides must be separated from the lanthanides for

subsequent transmutation in a dedicated facility. Until now there is no process known that can
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selectively separate individual actinides from spent fuel directly. In the processes developed over
the recent years the lanthanides and actinides are co-extracted followed by their mutual group
separations. The separation of An’" can be achieved either by selective extraction into the
organic phase or by selective complexation in the aqueous phase. Most of the processes
described in the literature extract the An(IIl) + Ln(III) containing solution issued from a first step
process, which has separated the An(III) + Ln(III) fraction from a highly active PUREX [33]
raffinate. The examples of such first step processes are TRUEX [34, 35] (TRans Uraniun
EXtraction), TRPO [36] (TRialkylPhosphine Oxide), DIAMEX [37] (DIAMide EXtraction) and
DIDPA [38] (DilsoDecyl Phosphoric Acid). The second step processes are SANEX (Selective
ActiNide EXtraction), ALINA [39] (Actinide-Lanthanide INtergroup separation from Acidic
media), and some processes involving nitrogen containing polydentate ligands. The separation of
actinides by complexing in the aqueous phase is achieved by processes like TALSPEAK [40]
(Trivalent Actinide Lanthanide Separations by Phosphorus-reagent Extraction from Aqueous

Komplexes) and Innovative SANEX [41].

1.6.3.1 Organophosphorus ligands

Trialkylphosphine oxides have been used for the removal of transuranic elements (TRU)
from the radioactive waste. Based on trialkylphosphine oxides, the TRPO process was developed
in China [36]. The bidentate carbamoyl phosphonates were for the first time described for the
extraction of actinides and lanthanides in the 1960s [42,43]. Several derivatives of CH,-bridged
organophosphorus ligands, e.g the bidentate neutral organophosphorus compounds (BNOPCs)
[44,45] diphenyl(diisobutylcarbamoylmethyl)phosphine oxide (Ph,'Bu,-CMPO) [46,47] and
octyl(phenyl)-N, N-diisobutylcarbamoylmethyl phosphine oxide (OPhiBu2CMPO) (Fig.1.7)
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[48,49] have been extensively studied for the extraction of various actinides and lanthanides. The
TRUEX process was developed in the 1980s, which used a mixture of CMPO and TBP [50-51]
allowing all minor actinides and lanthanides to be extracted from moderate concentrations of

HNO:;.

g 9 0 o©
ngo E,Rz R' = Bu, Ph Q/P N7 cquf'g\)LN’\(

4., R*=Bu,Ph =
R'TTRE =12 <

Ph,Bu,-CMPO OPh'Bu,CMPO
Fig.1.7: Structural formulae of different organo-phosphorus ligands

1.6.3.2 Malonamides

The malonamides, which are bidentate oxygen donor ligands, are used for the extraction
of An’®" and Ln’" from the HLW since the 1980s [52]. These extractants are completely
incinerable and the amount of secondary waste produced can be significantly reduced compared
to phosphorus-containing ligands. Extensive studies involving structural modifications [53-57]
led to the DIAMEX process. Initially, N,N' -dimethyl-N,N' -dibutyltetradecylmalonamide
(DMDBTDMA) was considered to be the best malonamide for the DIAMEX process.
Subsequently, N,N' -dimethyl-N,N’ -dioctyl-2-(2-hexyloxyethyl)malonamide (DMDOHEMA)
was found to be a superior extractant than DMDBTDMA (Fig.1.8). The extraction efficiency of
Eu’" using bicyclic malonamides was found to increase 10’ times than that of the linear

homologue [58].
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Fig.1.8: Structural furmulae of different malonamide ligands

1.6.3.3 Diglycolamides

Since malonamides have a weak binding efficiency towards actinide/lanthanide metal
ions, relatively high extractant concentrations are required. During the late 1990s, Sasaki and
Choppin showed that diglycolamides have better extraction properties towards actinides from
acidic waste solutions than malonamides [59, 60]. Extensive extraction studies have been carried
out in the last two decades using this class of extractants [61-64]. Diglycolamide (DGA)
derivatives with varying chain lengths on the amidic nitrogen have been synthesized and
N,N,N’,N -tetraoctyl diglycolamide (TODGA) (Fig. 1.9(a)) was found to be the most suitable
extractants in terms of extraction, solubility in aliphatic solvents, and stability. The nature of the
N-substituents of diglycolamide (DGA) compounds plays an important role in the metal ion
extraction.

The polarity of the organic diluents plays an important role in the extraction using DGAs.
The Dy values decrease in the order n-octanol ~n-dodecane > dichloromethane > toluene >
chloroform, persumably because the oxygen donor atoms of the DGAs interact with aromatic
and halogenated diluents [65,66]. TODGA has a tendency to form a third phase in aliphatic

solvents such as n-dodecane, particularly at high metal and HNO3 concentrations [66].
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Fig. 1.9: Structural formulae of DGA based ligands

Bis diglycolamides (Fig. 1.9(b)) bearing various substituents on the nitrogen atoms of

diglycolamides (Fig. 1.9(c)) , showed to be very efficient extractants for Am®"
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diglycolamides showed a decrease in the D value compared to the simple DGAs [67]. However,
the SFgyam values were generally higher for bisdiglycolamides compared to the simple
diglycolamides. DGA on the trityl platform (trityl DGA) has a better separation factor for Eu*"

over Am’". The DGA functional groups preorganized at the C-pivot tripodal platform tripodal

and Eu’" with up



to five times higher relative extraction ability for Eu®" [68]. TODGA has been preorganized on
the triphenoxymethane (also referred to as trityl) platform (trityl diglycolamides) (Fig. 1.9(d))
[69,70]. Four TODGA molecules appended on a calix[4]arene (C4DGA) platform (Fig. 1.9(e))

was also reported to extract Am’* and Eu’" very efficiently [71].

1.7 APPLICATION OF RTILS IN NUCLEAR FUEL CYCLE
In the recent past, room temperature ionic liquids (RTIL) have been receiving increasing
attention for possible applications in the area of nuclear fuel reprocessing and waste management
[72-74]. RTILs are compounds composed fully of dissociated ions and melt at temperatures
lower than 373K [75,76]. Typical examples of cation-anion combinations for making RTILs are
shown in Fig. 1.10. The RTILs have many attractive properties such as insignificant vapor
pressure, ability to dissolve a wide range of organic and inorganic compounds, wide
electrochemical window, and tunability of properties by suitable combination of cation and
anion, etc. Consequently, there has been a significant increase in the studies related to the use of
RTILs in aqueous and non-aqueous reprocessing applications. Essentially, RTILs are
investigated as possible substitute to the molecular diluent in solvent extraction procedures and
as an alternative to high temperature molten salts in non-aqueous reprocessing applications.
Some of the striking features of RTILs that make them promising for even nuclear fuel cycle

application are listed below.

I.  The selectivity of the target metal ion can be easily manipulated by the change of cation-
anion combinations of RTIL diluent, rather than redesigning the structure of the

extractant.

31



II.  Presence of ionic diluent in organic phase facilitates a new mode of recovery of metals by
direct electrodeposition from the extracted phase.
III.  Ionic liquids can be functionalized with organic moieties for task specific applications.
IV. RTILs can be designed to be completely incinerable, which would simplify the
management of spent organic waste.
V.  Due to negligible vapor pressure of RTILs, the fire hazards are significantly reduced.

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 three types

a. RTIL as diluents

b. Functionalized or Task specific ionic liquids (TSIL)

c. RTILs with strongly co-ordinating ions.

1.7.1 RTILs as diluents

A systematic study on the extraction of UO,*" from nitric acid medium by a solution of
TBP in [C4mimPF¢] or [C4mim][NTf;] was reported by Giridhar et al. [77,78] and a comparison
was made with molecular diluents like n-dodecane. For RTILs, an initial decrease in Dy with
increase in the concentration of nitric acid was attributed to the predominance of a cation
exchange mechanism in the lower acidity range followed by predominance of a solvation
mechanism in the higher acidity range (Fig 1.11). The extraction of Pu®" from nitric acid
medium by CMPO in [Csmim][PFs] was proposed to be the cation exchange of

[Pu(NO;)(CMPO),] ™ ion with [Cgmim]" ion of ionic liquid phase [79].
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RTIL diluents
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Fig. 1.10: Structural formulae of different room temperature ionic liquids
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Similarly, the extraction of Pu(IV) in DC18C6 in [Csmim][PF¢] (or [Ceémim][PF¢]) was
also dominated by cation exchange mechanism involving Pu(CE)(NO;),>" species [80]. A
preliminary investigation on extraction of f-block elements using 0.1 M CMPO + 1.0 M TBP in
[C4smim][PF4] was reported by Visser et al. [81]. The distribution ratios of Am®", Pu*", Th*" and
U022+ were found to be an order higher in RTIL than those obtained in n-dodecane under similar
conditions. Nakashima et al. [82] have subsequently studied the extraction of trivalent
lanthanides by the solvent containing CMPO in [Csmim][PF¢]. The liquid-liquid extraction of
lanthanides (Ln*") from aqueous medium by a solution of TODGA in [C,mim][NT£] (n = 2.4.6)
was investigated by several groups [83, 84]. Dai et al. [85] and subsequently Visser et al. [86]
attempted to separate Cs™ and Sr*" ions from aqueous medium using a solution of crown ether in

imidazolium based ionic liquids

[UO(TBP),1%" [UO(TBP),1%" _
Aqueous phase /‘7 \ \ 2 NO,
IL phase k <I/ 4/
- N/w UO,(NO,),(TBP),

high [HNO,]

low [HNO,]

Fig. 1.11: Schematic of extraction mechanism during UO,>" extraction by TBP

1.7.2 Functionalized / Task specific ionic liquids (TSIL)
The cationic or anionic part of the room temperature ionic liquid tethered covalently with

organic functionalities, which can perform specific applications are known as functionalized
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ionic liquids (FILs) or task specific ionic liquids (TSILs). Due to the presence of the functional
group, the resultant TSIL is expected to show the properties of both ionic liquid and organic
functionality. The extraction behavior of Hg*" and Cd*" using thio-urea functionalized ionic
liquids as a function of various parameters was one of the earliest work reported in the literature
by Visser et al. [87] while the synthesis of 2-hydroxybenzylamine TSIL and the extraction of
Am’" from aqueous medium was reported by Ouadi et al. [88, 89]. Luo et al. [90] reported the
synthesis of imidazolium based ionic liquids functionalized with monoaza-crown ether for the
extraction of Cs™ and Sr*" from aqueous solutions. CMPO functionalized TSIL impregnated on
polymer supports also showed good extraction of Pu*’, Am*", Eu’" and UO,*" from HNO;

medium [91].

1.7.3 RTILs with strongly coordinating anions

Recently, ionic liquids with strongly coordinating anions [92] are becoming popular in
addition to the TSILs. Usually, the conjugate base of the acids such as phosphate, phosphonate,
diketonate, etc., act as anions. The advantages of such ionic liquids over TSILs are simple
method of preparation, higher loading of metals, and miscibility with non-polar diluents such as
toluene, etc. These properties are very useful for some types of applications. Sun et al. [93]
studied the solvent extraction of Eu’" using a bi-functional ionic liquid extractant associated with
phosphonate, phosphinate, or carboxylate as the anion and [A336]" as cation.

Employing RTILs in place of the inorganic chloride media for non aqueous reprocessing
would lead to the operation of the entire process at near ambient conditions. Furthermore, the
cation and anion combination of organic salt can be tuned to obtain a completely incinerable

electrolyte, which makes the management of spent electrolyte easy.
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1.8 Objectives

Unlike conventional ligands like CMPO, DMDBTDMA etc., where the extraction
efficiency of different oxidation states of the actinides depend on their ionic potential, the
formation of reverse miceller aggrigates by four TODGA molecules in molecular diluents like
dodecane is reported to be responsible for the extra ordinarily high extraction efficiency of
trivalent actinides over tetravalent and hexavalent actinides. Therefore four diglycolamide
moieties appended on a molecular platform, Calix[4] arene can show some interesting extraction
behavior of actinides. As we have mentioned earlier that the formation of aggregates highly
depends on the nature of the medium, ionic liquid will be an interesting choice of organic media

for the extraction studies.

On view of the above fact, it is clear that a combination of diglycolamide functionalized
ligands in RTILs would be interesting for extraction of actinides. The main objectives of the
present study are

I.  Conventional extractants in RTILs reported by show very high extraction efficiency and
separation behavior of target metal ions as compared to that in molecular diluents.
Therefore, it is thought to be interesting to study the extraction / separation behavior of
actinides by using newly synthesized multiple — DGA-functionalized ligands in RTILs. It
was also thought of our intersect to study the extraction efficiency of different oxidation
states of actinides and their separation behavior between themselves and with respect to
long lived fission products in terms of separation factors. Changes in diluents from
molecular solvents like dodecane to RTILs can lead to change in extraction mechanism
of metal ion. So it was also thought of interest to understand the mechanism of metal ion

extraction whether it is ‘lon exchange’ or ‘solvation’. Stripping of metal ion form RTILs
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is one of the challenges faced by separation chemist, so, it was also thought to study the
back extraction of actinides from loaded RTIL phase.

To design a successful separation procedure, it is essential to understand the inside of the
complexation, kinetics and thermodynamics associated with the extraction procedure. In
this context, it is very interesting to study the metal — ligand stoichiometry, nature of
bonding, amount of covalence between metal — ligand bond, symmetry of the complex,
perturbation of actinide — oxygen bond on complexation of actinyl ion etc. Whether a
complex is inner sphere / outer sphere; conformational changes of the ligands due to
complexation (which is of significance when macromolecules are used), spontaneity of a
separation process etc. keep signature on the thermodynamic parameters like change in
Gibb’s free energy, change in enthalpy, change in entropy etc. Therefore, it was also
thought of interest to evaluate the thermodynamic parameters associated with the
extraction.

Task specific ionic liquids or functionalized ionic liquids (TSILs) and have many
advantages over the solvent systems containing an extractant in an IL. Apart from the
compatibility of extractants and diluents molecules, the functional groups appended onto
RTIL can impart a particular reactivity pattern, enhancing its capacity for interaction with
specific metal ions, thereby improving the selectivity enormously. Therefore, it was
thought of our interest to study the extraction behavior, selectivity, extraction mechanism,
and bonding, nature and symmetry in metal — ligand complex etc of DGA based TSILs.
Finally, the central idea of developing a solvent system for ‘actinide partitioning’ is its
successful application in preferentially extraction of target metal ions from HLW

solution. It is also required to know the extraction behavior of the concomitatnt metal
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ions present in HLW solution. For the long term application of the solvent system for
actinide extraction, one needs to understand the radiolytic degradation behaviour which
can answer queries on the sustainability and recycling possibilities. It is also very
interesting to identify the radicals and the products generated during the irradiation of the
solvent systems and responsible for detoriation of the performance of the solvent
systems.

%S (Tyj2 ~ 28.5 years) is one of the most important fission products present in high-level
waste (HLW) solution generated during the reprocessing of spent nuclear fuel. The
separation of long-lived *°Sr from HLW prior to vitrification is helpful not only in
reducing the volume of the disposable waste but also in reducing the risk of matrix
deformation caused by the generated heat. So it is required to develop RTIL based

solvent system for selective separation of Sr*"
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Experimental







2.1 MATERIALS
2.1.1. Radiotracers

The radiotracers, **' Am, Pu (mainly **’Pu), and ?*U tracers were used from laboratory
stock solutions and BRIT after purification prior to their use by ion-exchange methods as
reported earlier [94]. 2*’Np was obtained by irradiating natural U in a nuclear reactor at a neutron
flux of 10" n/cm*/s followed by separation according to a method reported previously [95].
8589Gr, 1¥7Cs and "**!**Eu tracer were procured from Board of Radiation and Isotope Technology
(BRIT), Mumbai, and their radiochemical purity was assured by gamma spectrometry employing
high resolution HPGe detector. The experiments were carried out with <1% counting statistics

CITOor1S.

2.1.2. Ionic liquids

Room temperature ionic liquid (RTIL) such as 1-butyl-3-methyl-imidazolium
hexafluorophosphate ([Csmim][PFs]), 1-hexyl-3-methyl-imidazolium hexafluorophosphate
([Cemim][PF¢]) and 1-octyl-3-methyl-imidazolium hexafluoro phosphate ([Csmim][PF¢]); 1-
butyl-3-methylimidazolium bis[(trifluoromethyl)sulphonyl] imide ([Csmim][NTf,]), 1-hexyl-3-
methyl-imidazolium bis[(trifluoromethyl)-sulphonyl] imide ([Comim][NTf;]) and 1-octyl-3-
methyl-imidazolium bis[(trifluoromethyl)sulphonyl] imide([Csmim][NTf;]) with purities > 99%

were procured from lolitec, Germany and were used as obtained.

2.1.3. Solvents and materials
Chloroform (Merck, Germany), n-dodecane (Lancaster, UK), 1-octanol (Fluka,

Switzerland), 2- nitrophenyloctylether (NPOE) (Aldrich, USA), methylisobutyl ketone (MIBK,
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Merck, Germany) and nitrobenzene (Fluka, Switzerland) were procured at > 99% purity, and
were used as obtained. Phenyltrifluoromethylsulphone (PTMS, also known as FS-13 [96]) was
synthesized as reported previously [97]. All other reagents used in this study were of AR grade
and were used as received. Suprapur nitric acid (Merck, Germany) was used for preparing the
aqueous feed solutions for the solvent extraction studies and the final strength of the dilute acid
solutions was determined by acid-base titration using standard NaOH solution and
phenolphthalein (Merck) as indicator. EDTA (ethylenediamine- N,N,N',N'-tetraacetic acid),
DTPA (diethylenetriamine-N,N,N' ,N" ,N"-pentaacetic acid), and guanidine carbonate were
obtained from Alfa Aeser, USA, while formic acid, hydrazine hydrate, and citric acid were

procured from SD Fine Chem, Mumbai. All other reagents used in this study were of AR grade.

2.1.4. Extractants
2.1.4.1 TODGA

TODGA (N,N,N' N'-tetraoctyl diglycolamide ) was obtained from Thermax Ltd, Pune,
India. The extractant was characterized by NMR, HPLC and GC-MS while all other novel
extractants like C4DGAs (diglycolamide-functionalized calix[4]arenes), T-DGA (tripodal
diglycolamide), DGA-TSILs (diglycolamide-functionalized task specific ionic liquids) and
CMPO-TSIL (carbamoylmethyl phosphine oxide-functionalized task specific ionic liquids) were

synthesized at University of Twente, The Netherlands.
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2.1.4.2 CADGAs
2.1.4.2.1 Lower rim functionalized C4DGA

The brief scheme for the synthesis of C4DGAs with different spacer length is
summarized in Fig 2.1. Two tetra-DGA-calixarenes, with a C2 and C3 spacer between the
calixarene  platform and the DGA, were prepared by reaction of cone
tetrakis(aminoalkoxy)calix[4]arenes with p-nitrophenol-activated DGA. The detailed synthetic
steps, experimental conditions etc. are described elsewhere [71]. The compounds were
characterized by NMR and mass spectroscopy. The purity of the compounds was checked by

standard physicochemical methods.
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Oct, Oct \ Oct

N QN N N
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Oct EtsN, CHCI3 reflux

2d

Fig. 2.1: Synthesis scheme for the preparation of C4DGA with different spacer length

It was anticipated that the introduction of alkyl group at the amide nitrogen atom close to
the calixarene platform would force the amide oxygens to point inwards to avoid steric
crowding, thereby, preorganizing the molecule and consequently influencing its extraction

efficiency. Therefore, three different Calix-DGAs were prepared with n-propyl, 3-pentyl and »-
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octyl groups, respectively, introduced at the amide nitrogen atom (Fig 2.2). The starting
tetrakis(alkylaminoalkoxy)calix[4]arenes were prepared by the reaction of cone
tetrakis(aminoalkoxy)calix[4]arenes with propionyl and octanoyl chloride, respectively followed
by reduction of the amide carbonyl groups with LiAlH,4. The corresponding 3-pentyl-substituted
derivative was synthesized by reductive amination. Tetrakis(aminopropoxy)calixarene was
reacted with 3-pentanone in THF using ti(iso-propoxide) as a catalyst, followed by in situ
reduction of the formed imine by NaBH4. In a manner similar to that described above, they were
further reacted with p-nitrophenol-activated DGA to convert them into the tetra-DGA-
calix[4]arenes. Electrospray mass spectroscopy (ESI-MS) and NMR spectroscopy were used to

characterize the ligands. The detailed synthesis procedure is described elsewhere [71].
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Fig. 2.2: Synthesis scheme for the preparation of C4DGA with different alkyl substituent
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2.1.4.2.2 Both rim functionalized C4DGA

Ligands bearing DGA moieties on both rims of the calix[4]arene scaffold was
synthesized using a two-step procedure involving first cleavage of the phthalimide groups by
hydrazine followed by reduction of the nitro moieties, using Raney Ni, as a catalyst and was
further reacted with p-nitrophenol-activated DGA to yield both rim functionalized C4DGA

(Fig. 2.3). The detailed synthesis procedure is described elsewhere [71].
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Fig. 2.3: Synthesis scheme for the preparation of both rim functionalized C4DGA

2.1.4.2.3 Upper rim functionalized C4DGA

Upper rim C4DGA was prepared by the reaction of tetrabutoxycalix[4]arene tetraamine
with p-nitrophenol-activated DGA (Fig 2.4). The ESI-MS and 'H NMR spectrum confirmed the
preparation of the target molecules i.e. upper rim functionalized C4DGA. The detail synthesis

procedure has been described elsewhere [71].
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Fig. 2.4: Synthesis scheme for the preparation of upper rim C4DGA

2.1.43 T-DGA

The detailed synthetic scheme of the tripodal diglycolamide T-DGA was reported by
Jan'czewsk et al. [68]. A brief description is given as follows (Fig 2.5). A mixture of
p-nitrophenol activated DGA and triethylamine in chloroform was refluxed for 2 days. The crude
reaction mixture was successively washed with 2 M NaOH solution, 1 M HCI, and water. The
organic layer was concentrated under reduced pressure and the crude product was purified by

column chromatography to afford T-DGA as oil.
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Fig. 2.5: Synthesis scheme for the preparation of T-DGA (tripodal diglycolamide)

2.1.4.4 DGA-TSIL

Commercially available 3-(1H-imidazol- 1-yl)propan-1-amine (1) was treated with the
known 2-(2-(dioctylamino)-2-oxoethoxy)acetic acid (2) in chloroform using N,N-
dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole (HOBT) as coupling agent to get
imidazole-diglycolamide 3. Compound 3 was further reacted with n-butyl bromide in acetonitrile
for 2.5 days to give ionic liquid 4 having bromide as the counter-anion. The bromide counter-
anion of 4 was exchanged with either hexafluorophosphate or bis(trifluoromethane)sulfonamide
by treating with the corresponding sodium and lithium salts, to give TSILs S and 6, respectively
(Fig 2.6). The products obtained in each step were characterized by NMR and high resolution

electro spray mass spectrometry.
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Fig. 2.6: Synthesis scheme for the preparation of DGA-TSILs

2.1.4.5 CMPO-TSIL

CMPO-TSILs were synthesized in two steps by reaction of diphenyl phosphite with ethyl
bromoacetate and subsequent reaction of the formed product with 3-(1H-imidazol- 1-yl)propan-
1-amine, was reacted with n-dodecyl bromide in refluxing acetonitrile to afford ionic liquid. The
bromide counter-anion in was exchanged with either hexafluorophosphate or
bis(trifluoromethane)sulfonamide by treating with the corresponding sodium and lithium salts, to
give CMPO-TSILs (Fig 2.7). 'H NMR spectra and the high resolution ESI-MS were used to

characterize the CMPO-TSILs.
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Fig. 2.7: Synthetic scheme for the preparation of CMPO-TSIL

2.1.4.6 Substituted crown ether
Dicyclohexano-18-crown-6 (DCHI18C6) and 4, 4' (5')-di-tert-butyldicyclohexano-18-crown-6

(DTBCH18C6) were procured from Fulka, Switzerland with > 97% purity and used as such.

2.2 METHODS AND INSTRUMENTS
2.2.1 Distribution studies

The distribution studies were carried out by equilibrating 1 mL of the organic phase
solution with an equal volume of the requisite aqueous phase containing the radiotracers at a
particular concentration of HNOj in Pyrex tubes in a thermostated water bath at 25 £ 0.1 °C for
about 3 h, which was optimized by an experiment with varying equilibration time. For the
temperature variation studies, the tubes were equilibrated at varying temperatures in the range of
20 — 40 °C. The distribution ratio of the metal ions (Dy) was defined as the ratio of the activity

per unit volume in the ionic liquid phase to that in the aqueous phase. As the ionic liquid phases
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were of reasonably higher viscosity than the aqueous phases, sampling errors may be significant.
Therefore, the Dy values in the ionic liquid phase were determined by the difference of the initial
and final counts in the aqueous phase as follows:

Dm = (Ci-Cr) / (Cy) (2.1)
where, C; and C; are the initial and final concentrations of the metal ion, respectively. All
experiments were carried out in duplicate and the precision of the experimental data points was

within £5%.

2.2.2 Stripping studies

Stripping studies were carried out in a manner similar to the forward extraction studies
with the difference that the activity loaded organic phases were equilibrated with an equal
volume of the aqueous phase containing either 0.05 M DTPA/EDTA in 1 M guanidine carbonate

or a buffer mixture containing 0.1 M citric acid + 0.4 M formic acid + 0.4 M hydrazine hydrate.

2.2.3 Actinide tracer solutions

The studies involving Am, U, and Pu were carried out using about 107,107, and 10° M
concentrations of the respective metal ions, while the concentration of Np was at the tracer level
(<10™'° M). After equilibration, the tubes were centrifuged followed by phase separation and
assayed radiometrically. The valency of Pu was adjusted to the +4 state by using a few drops of 1
X 10 M NaNO», which was checked by the TTA extraction method [98]. On the other hand, Pu
was oxidized to the +6 state by the use of AgO followed by mild warming under an IR lamp. The
Np valency state was adjusted to the +4 state by ferrous sulphamate and hydroxylamine

hydrochloride, while NpO,** was prepared using potassium dichromate [99].
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2.2.4 Inductively coupled plasma atomic emission spectroscopic (ICP-AES) studies

Standard solutions for rare earth and other common impurity elements were prepared
from CertiPUR® ICP multi standard solutions (E-Merck, Darmstadt, Germany) after dilution
with 0.5 M HNOs. Suprapur HNOs and quartz double distilled water were used for making 0.5 M
HNOs;. Multi-point standardization was carried out using 0.5 M HNO; as lower standard and
0.05 -1000 pg/mL of the corresponding elemental standard as higher standards for each line after
proper peak search. Thus, the calibration curves obtained for the best analytical lines of each

analytes were used for the determination of the analytes in the samples.

2.2.5 Thermostated water bath used for maintaining constant temperature
All the solvent extraction experiments were carried out in a thermostated water bath (Fig

2.8) with temperature control. Generally, all the experiments were carried out at 30 + 1°C.

Fig. 2.8: Photograph of the thermostated water bath used in the present study
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2.2.6 Liquid scintillation counter

Liquid scintillation counter is the most widely used detector for quantitative analysis of o
and P emitters. Nearly 100% detection efficiency of this detector for a emission is of great
advantage and as low as few Bq of alpha activity can be assayed with good precision. A
scintillator is a material that luminesces in a suitable wavelength region when ionizing radiation
interacts with it. Interaction of charged particles with the scintillator results in the emission of
photons and the intensity of the emitted light is a quantitative measure of the incident radiation.
The photomultiplier tube (PMT) which produces signal representative of primary radiation then
collects the light emitted from scintillator. In cases where scintillator emits photons in the UV
region, a wavelength shifter is added to the scintillator to shift emitted light wavelength to visible
region. Liquid scintillation counter is used to get gross alpha or beta activity in a given
radioactive sample.

Radionuclides such as *’Pu and **U were assayed by liquid scintillation counting
(Hidex, Finland) using Ultima Gold scintillator cocktail (Sisco Research Laboratory, Mumbai).
Each sample was counted for sufficient time to get around 10,000 counts to restrict the statistical

CITOoT.

2.2.7 Nal (T scintillation counter

In the present work, a 3°’x 3”” well type Nal (TI) detector coupled with a multi-channel analyzer
has been used for gamma ray counting (Fig. 2.9). Nearly 100% efficiency for moderate energy
photons in a well type detector is a key feature of this detector. Sodium iodide doped with 0.1-
0.2% of thallium, is the most widely used inorganic scintillator for quantitative analysis of the y
ray emitting radionuclides. Nal is an attractive material of choice because the high atomic
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number (Z=53) of iodine ensures that photoelectric absorption will be an important interaction
process. The band gap of Nal crystal is 5-6 eV. When ionizing radiation falls on the detector, its
energy is used up for the excitation of electrons from the valance band either to the conduction
band or for ionization of atom. Generally, the de-excitation leads to the emission of photons in
the UV region, as the band gap is large. To shift the emitted photon in the visible region, an
activator impurity Tl (having intermediate level conduction band) is doped in the Nal crystal. It
is enclosed in Al, which also acts as an internal reflector. The resolution of Nal (T1) detector is
about 7% at 662KeV.

A suitable aliquot of the desired analyte solution taken in a glass counting tube (1 cm dia)
was placed in the sample holder port of the detector coupled with PMT and associated
electronics. Each sample was counted for sufficient time to get around 10000 counts to restrict

statistical counting error.
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Fig. 2.9: Close view of the sample holder port of Nal(T1) scintillation counter
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2.2.8 Inductively coupled plasma atomic emission spectrometer
The analytical experiments were carried out using computer controlled, high resolution,
simultaneous atomic emission spectrometer (Spectro Arcos, Germany) with ICP and DC Arc as

excitation sources and a charged coupled device (CCD) as detector.
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Fig. 2.10: Cross sectional view of the array of pixels in CCD based detector

The instrumental specification and experimental parameters are summarized in
Table 2.1. The detector system, consisting of linear arrays of CCD detectors (3648 pixels/array),
thermally stabilized together with an optical system, provides the ability to choose the alternate

analytical lines. Fig. 2.10 is showing the cross sectional view of the detector.
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Table 2.1: Specifications and operating conditions of ICP-AES

Instrumental specification

Optical design
Focal length
Grating

Groove density
Wave length range
Entrance slit width
Resolution (FWHM)
Thermal regulation
Frequency

Pump

Detector
Nebulizer

ICP-torch

Paschen-Runge mounting, Circular design

750 mm

Holographic

1800 grooves/mm (1), 3600 grooves/mm (2)
130-800 nm

15 microns

0.01 nm from 130-450nm, 0.02 nm from 450-800nm
Controlled to 30 £ 1°C

27.12 MHz

Dual channel peristaltic pump

Linear arrays of CCD (3648 pixels/array)
Concentric nebulizer with cyclonic spray chamber

Demountable, radial viewing

Operating condition

Coolant flow

Auxiliary flow

Total time of measurement
Pump speed

RF power out put

Input power

6 L/min

0.6 L/min
28's

30 Rpm
0.8-1.5kW

230 VAC
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2.2.9 EPR Studies
EPR studies were carried out using a Bruker-EMX (EMM1843) spectrometer (Fig 2.11)
at X-band frequency operated at 9.5 GHz with 100 kHz field modulation (instrumental
parameters are given in ESI). The ‘g’ values were evaluated relative to a small single crystal of
BDPA (1,3-bisdiphenylene—2-phenylallyl) with g = 2.0028 and a line width of 0.63 G. BDPA is
an ideal sample for calibrating the phase and the field modulation amplitude of the single
channel of the spectrometer. The viscous samples were transferred to a quartz tube. The sample
tubes were degassed to remove O, and N, and then the sample tubes were sealed. These tubes
were irradiated at liquid nitrogen temperature (77 K) to quench all the radicals generated during
irradiation. The various ESR parameters for the different radicals were determined precisely
from the calculated spectra by simulation using the Bruker SIMFONIA program based on the
perturbation theory.
The theoretical ESR signals were calculated using the spin Hamiltonian parameter
(H) as per the following equation:

H = BH;S;g; (2.1)

where, j is the component along one of the axes x, y, or z, H is the applied field, S is the total
spin of the electron, g is the g factor, and g is the Bohr magneton. In the SBO samples, EPR
signals were simulated by generating 9000 random orientations of the magnetic field and by
summing the corresponding 9000 absorption signals. The final signal was obtained by
performing a convolution (Gaussian or Lorentzian line shape) of each transition line adding all
contributions and calculating the first derivative of the signal. The line width of each component

was optimized in order to obtain a best fit between the simulated and the experimental data.
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Temperature variation studies were done on a Bruker variable temperature accessory Eurotherm

BVT-2000.

Fig. 2.11: Photograph of the EPR spectrometer used in the present study

2.2.10 Luminescence studies

Emission and excitation spectra were recorded on an Edinburgh F-900 fluorescence
spectrometer (Fig 2.12) in the 200-750 nm region 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. Sample was taken in a quartz tube and kept inside the sample holder for

measurement.
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Fig. 2.12: Photograph of the fluorescence spectrometer used in the present study

Fluorescence spectroscopy is primarily concerned with electronic and vibrational states.
Generally, the species being examined has a ground electronic state (a low energy state) of
interest, and an excited electronic state of higher energy. Within each of these electronic states
there are various vibrational states. In fluorescence spectroscopy, the species is first excited, by
absorbing a photon, from its ground electronic state to one of the various vibrational states in the
excited electronic state. Collisions with other molecules cause the excited molecule to lose
vibrational energy until it reaches the lowest vibrational state of the excited electronic state.

The molecule then drops down to one of the various vibrational levels of the ground
electronic state again, emitting a photon in the process. As molecules may drop down into any of
several vibrational levels in the ground state, the emitted photons will have different energies,
and thus frequencies. Therefore, by analysing the different frequencies of light emitted in
fluorescent spectroscopy, along with their relative intensities, the structure of the different
vibrational levels can be determined. For atomic species, the process is similar; however, since
atomic species do not have vibrational energy levels, the emitted photons are often at the same

wavelength as the incident radiation. This process of re-emitting the absorbed photon is
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"resonance fluorescence" and while it is characteristic of atomic fluorescence, is seen in

molecular fluorescence as well.

2.2.11 Radiolytic degradation studies

The radiolytic degradation studies were carried out by irradiating the solvent used for the
extraction/ separation studies by a “°Co gamma irradiator (Fig. 2.13) with a dose rate of 2.4
kGy/h. For EPR measurements, the irradiation studies were carried out in a continuous manner
and the tube containing the solvent was frozen in order to retain the free radicals for detection by

EPR spectroscopy.

Fig. 2.13: Photograph of the gamma irradiator with ’Co source used in the present study
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CHAPTER - 3

Evaluations of  diglycolamide
based systems In room
temperature ionic liquid for
extraction of actinides







Extractants such as CMPO (carbamoyl methyl phosphine oxide), malonamide, TRPO
(trialkyl phosphine oxide), DIDPA (diisodecyl phosphoric acid) and DGA (diglycolamide) are
well known for the extraction of trivalent actinides from moderately acidic medium [36,37,66,
100,101]. Use of CMPO leads to the generation of large amounts of secondary waste, while
malonamide-based extractants are prone to third phase formation [102]. In this context
diglycolamide-based extractants are found to be environmentally benign and do not form third
phase under suitable conditions. Among the diglycolamide-based extractants, TODGA
(N,N,N’",N'-tetraoctyl diglycolamide) was found to be one of the most promising extractants for
the separation of trivalent actinides from moderately acidic aqueous feed [58,103] Further, a
recent study has indicated that a mixture of CyMesBTP (2,6-bis(5,5,8,8-tetramethyl-5,6,7,8-
tetrahydrobenzo[1,2,4]triazin-3-yl) pyridine) and TODGA can be used for direct extraction of
the trivalent actinides which is termed as 1-cycle SANEX (selective actinide extraction) process
[104].

It has been reported that the extraction mechanism with TODGA involves reverse micelle
formation with four TODGA molecules [105], which results in unusually high distribution
coefficients for trivalent actinide ions such as Am(III) and Cm(III) as compared to the tetra- and
hexavalent actinide ions [103]. The usual trend of extraction for actinide ions with analogous
extractants such as CMPO, malonamides, etc., is that tetravalent ions are more extracted than the
hexavalent ions, which in turn are more extracted than the trivalent actinide ions. On the other
hand, the trend observed in case of TODGA is M*" > M*" >> MO,*". As diluents have a very
important role in the formation of reverse micelles, the extraction trends and also the species
extracted vary significantly with the nature of the diluent. To exclude the effect of the diluent,

the ligating sites can be appended onto a molecular platform. Since four diglycolamide
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molecules are required for the reverse micelle formation, calix[4]arene is considered as the ideal
platform or scaffold. It is known that calixarenes appended with actinide specific ligating sites
such as CMPO give rise to more efficient metal ion binding and extraction based on a co-
operative complexation mechanism [106]. Similarly, diglycolamide functional groups
preorganized at the C-pivot and trialkylphenyl platforms showed good extraction efficiencies of
Eu’" and Am’" [68]. In addition, the performance of a tripodal diglycolamide in solvent
extraction and supported liquid membrane studies was evaluated for actinide ion extraction
[107]. However, very little work has been reported thus far dealing with the diglycolamide-
functionalized calixarenes.

Room temperature ionic liquids (RTILs) have generated increasing interest as alternative
diluent medium in synthesis [108—111], separation [81,112—115] and electrochemistry [116,117]
as a result of their unique chemical and physical properties [118-122]. These solvents exhibit
several properties that make them attractive as a potential basis for ‘green’ separation processes
which include negligible vapour pressure, a wide liquid range, non flammable nature, tunable
viscosity and miscibility and good thermal and radiation stability. Even minor structural
variations, either in cationic or anionic moieties, can produce significant changes in their
physicochemical properties [123]. This tunability is obviously offering vast opportunities for the
design of ionic liquid-based separation systems, and also poses formidable challenges to
separation scientists. Significant studies have been reported on the extraction of Sr** from acidic
nitrate media by dicyclohexano-18-crown-6 [124], uranyl ion by a CMPO-TBP (tri-n-butyl
phosphate) mixture [125], Ag™ by calix[4]arenes [126] and Eu’" by 2-thenoyltrifluoroacetone
(TTA) from a perchlorate acid medium [127] by various water immiscible N,N'-dialkyl

imidazolium- based ionic liquids. Odinets et al. synthesized a novel class of functionalized ionic
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liquids with grafted CMPO moieties for the recovery of actinides and rare earth elements [91].
Attempts were also made to understand the mechanism of metal ion transfer and complexation of
metal ions in ionic liquids [73,74,128]. Recent reports deal with the use of TODGA for the
extraction of alkali metal, alkaline earth metal and lanthanide ions with room temperature ionic

liquids as the diluents [129,130]. The structures of the ligands used in this Chapter are as

follows.
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3.1. Evaluation of multiple diglycolamide-functionalized ligands in room temperature ionic
liquid for extraction of actinides

The present work deals with the extraction of Am(III) from acidic feeds using TODGA in
three commercially available room temperature ionic liquids, viz. [Csmim][PF¢], [Cemim][PFg]
and [Cgmim][PFs] (Comim™ = 1-alkyl-3-methylimidazolium). Extraction of Am (III) was also
carried out using a calix[4]arene-tetradiglycolamide ligand (abbreviated hence forth as C4ADGA)
in [Csmim][PF¢], which displayed a reasonably good solubility of the extractant, favourable
kinetics of extraction and reasonably high distribution ratio values. The stoichiometry of the
complexes was determined for both the TODGA—-RTIL as well as the C4DGA—RTIL extraction
systems. The thermodynamic parameters, such as the change in enthalpy, entropy and Gibb’s
free energy during the extraction of the complexes, were also calculated for both the ligands.
Finally, selective extraction of Am’" from UO,”" and Pu*" was observed when the C4DGA—
RTIL extraction system was used leading to possible separation of Am from radioactive wastes

containing U, Pu and Am for possible applications in neutron sources, smoke detectors, etc.

3.1.1 Extraction efficiency of Am®" using TODGA-RTIL solvent system

The room temperature ionic liquids used in the present study did not extract Am(III) in
the absence of TODGA (Table 3.1). Similar behaviour was reported by Shimojo et al. [129] in
their studies on lanthanide extraction using a different set of ionic liquids. In the presence of
TODGA as the extractant, however, a sharp increase in the Dy-values was observed. The
distribution ratio values obtained with 0.01 M TODGA in RTILs are significantly higher than
those obtained with TODGA in n-dodecane as the organic phase (< 0.1). Similar enhancements

in the distribution ratio values were reported with RTILs for Sr(II) extraction using crown ethers
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[85,86], for Cs(I) extraction using calix-crown ligands [130-132] and for actinide extraction
using a CMPO and TBP mixture. The extractability of Am(III) in the ionic liquids with TODGA
as the extractant was found to be [Csmim][PF¢] > [Csmim][PF¢] > [Cemim][PFg]. Shimojo et al.,
on the other hand, have shown that the extraction of Eu(Ill) with TODGA decreased with
increase of the alkyl chain length [129]. They have also reported that 10~* M TODGA is capable
of extracting Eu(Ill), a trivalent lanthanide ion of comparable ionic radius as Am(III), when the
aqueous phase acidity was 0.01 M. In the present study, a distribution ratio value of ~2500 was
obtained for Am(III) with 0.01 M TODGA in [Csmim][PFs] from a feed containing 0.01 M
HNOs3, which is significantly lower than that reported by Shimojo et al. for Eu(Ill). Higher
extraction of Eu(IIl) as compared to Am(III) has been reported previously using TODGA as the

extractant [62,103].

Table 3.1: Dap, values without and with 0.01 M TODGA, time to attain equilibrium Dy, values,

and physical parameters of the ionic liquids

Equilibrium Dap, Time to attain Dynamic
equilibrium viscosity Density
RTIL No TODGA  0.01 M TODGA (min) (mPa. s) (gecm™)
[C4smim][PF] <0.01 102 60 250.9 1.37
[Cemim][PF] <0.01 34 60 308.5 1.29
[Csmim][PF] <0.01 74 180 694.2 1.235
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3.1.2 Extraction Kinetics

In order to get information on the attainment of the extraction equilibrium, the extraction
kinetics was investigated. The kinetics of Am(III) extraction was reported to be fast when
TODGA in n-dodecane was used as the solvent system [103]. In the present study, the Am(III)
extraction kinetics was studied from a 3 M HNOs; feed solution using 0.01 M TODGA in
[Comim][PFg] with an organic to aqueous volume ratio of 1. The ligand concentration was kept
at 1 x 102 M, which is about 10 times lower than the usual concentration employed for actinide
ion extraction in the n-dodecane system. Fig. 3.2(a) represents the extraction kinetics of
americium with TODGA into [C,mim][PF¢]. In case of [Csmim][PFs], a sharp increase in the
Dam values was observed up to 60 min, beyond which a plateau was observed with a distribution
ratio of ~ 100. Similar observations were made in case of [Csmim][PF¢] where the Day, value
increased with the equilibration time followed by a plateau beyond 60 min with a consistent
Dam-value of ~ 35. On the other hand, for [Cgmim][PFs], the Da, value increased gradually up to
180 min, followed by a plateau with a Dap, value of ~ 70 showing the slowest kinetics among the
three RTILs. The observed slower kinetics in all the cases as compared to conventional diluents
like n-dodecane can be attributed to the high viscosity of the ionic liquids. Table 3.1 lists the
dynamic viscosity data which indicates that [Cgmim][PFs] is almost as viscous as the other two
RTILs. As a consequence, [Csmim][PF¢] showed the slowest kinetics among the three RTILs
investigated, though the butyl and the hexyl derivatives exhibited nearly similar extraction
kinetics. The Am(III) extraction kinetics was also studied using 1.0 x 10° M C4DGA in
[Csmim][PFg] (Fig. 3.2(b)) under identical feed conditions. The concentration of C4DGA was
kept 10 times lower than that employed with TODGA as the extractant due to the fact that four

diglycolamide moieties are present in C4DGA to make it a superior extractant than TODGA.
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The distribution ratio of Am(III) increased sharply up to 180 minutes with a D4y, value of about
700 followed by a plateau. Though the viscosity of the resulting organic phase is comparable
with that used with TODGA, the slower kinetics may also be due to the conformational rigidity
of the C4ADGA ligand. Extraction of lanthanides (including Eu’") by TODGA in RTIL was also

extensively studied by Shimojo et al [83].
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Fig. 3.2: Extraction kinetics of americium from 3 M HNOjs feed into (a) 1.0 x 10> M TODGA

in [Comim][PF¢] (n=4, 6, 8) and (b) 1.0 x 10~ M C4DGA in [Csmim][PF]

3.1.3 Effect of the number of ligating sites and a substituent on the calix[4]arene
The effect of the number of ligating sites and a substituent on the calix[4]arene extractant
was also investigated using [Csmim][PF¢] as the diluent. For comparison purpose, the

concentration of the calix-2DGA (abbreviated as C2DGA and C2DGA-Bu [133]) ligands was

64



taken as 5 x 10°* M and the results of Am(III) extraction from 3 M HNOs feed solutions are
listed in Table 3.2. The equilibration time was fixed at 3 h, similar to that used for the C4ADGA
as mentioned above. The results showed a significantly lower extraction of Am(IIl) with the
C2DGA compounds, clearly indicating that the C4DGA is far more effective for metal ion
extraction. This is in line with observations reported on the extraction behaviour of the three

calix[4]arene DGA compounds in n-dodecane as the organic diluents [133].

Table 3.2: Extraction of Am(IIl) with the diglycolamide-functionalized calix[4]arenes from

3 M HNOj; using 5 x 10 M extractant in [Csmim][PFe]

Extractant Dam
C4DGA 194 +2
C2DGA 0.69 +£0.02

C2DGA-Bu 0.23 +£0.06

3.1.4 Effect of the feed acidity

Fig. 3.3(a) shows the dependence of the distribution ratio values of Am(III) using 0.01 M
TODGA with the change in the feed nitric acid concentration. For all the RTILs, an increase in
the feed nitric acid concentration led to a decrease in the Am(III) distribution ratio values.
Though a sharp fall was observed in the lower acidity region, plateau like profiles were noticed
at higher acidities (beyond 3 M HNOs3). Similar to the trend mentioned above, the highest Dap,
value (~2500) was obtained at 0.01 M HNO; with [C4mim][PF¢] as the diluent, while the lowest
Dam value (~1100) was obtained under identical conditions with [Cemim][PF¢] as the diluent. A

drastic decrease in the Day-value was observed in the latter case by changing the feed acidity
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from 1.0 x 10> M HNO;3; (Dam = 1100) to 2 M HNO3 (Dam = 58) followed by a moderate
decrease in the Day, value with a further increase of the feed acidity. A similar trend was noticed
in case of [Csmim][PF] as the diluent, where the Dap, value decreased from ~2090 (1.0 x 102 M
HNO:s3) to 240 (1.0 M HNO:»), followed by a moderate decrease upon further increase of the feed
acidity. The variation of the Dy values with the feed acidity was studied using 7 x 107 M
C4DGA in [Csmim][PF¢] as the organic phase with a phase ratio of 1 : 1. The equilibration time
was kept at 3 h to ensure complete attainment of equilibrium. Also in this case, the Day, values
decreased with increasing aqueous phase acidity (Fig. 3.3(b)). The Dan, value was found to be >
1800 at 1.0x 10> M HNOs3, which decreased drastically up to 1.0 M HNO3 with a Day, value of

~340 with much lower subsequent decrease upon further increase in the aqueous phase acid

concentration.
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Fig. 3.3: Extraction behavior of americium from different feed acidities into (a) 1.0 x 10~ M
TODGA in [C;mim][PFe] (n =4, 6, 8) and (b) 7 x 10* M C4DGA in [Csmim][PFq]
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The decrease in the Dan, values with increasing feed acidity is entirely opposite to the
trend observed with the extraction of actinides with diglycolamide extractants such as TODGA
in diluents like n-dodecane. The extraction profiles obtained in the present study indicate that the
extraction mechanism is not ion-pair type as in case of the conventional diluents such as n-
dodecane. On the contrary, an ion-exchange mechanism is responsible for the extraction of
Am(IIT) from nitric acid feed to the ionic liquid phase. At higher acidity, the H™ ions compete
with the metal ions in the ion-exchange process resulting in substantially lower Da,, values.
Extraction of nitric acid was investigated by equilibrating the ionic liquid solutions with 3 M
HNO; and the results suggested 7.3%, 8.1% and 8.6% extraction of the acid using the n-butyl, n-

hexyl and n-octyl derivatives of the ionic liquids using 1.0 x 10> M TODGA as the extractant.

3.1.5 Effect of the DGA ligand concentration

The extraction of Am(III) with varying TODGA concentration was also investigated in
the three RTILs and the results are presented in Fig. 3.4(a). An increase in Am(III) extraction
with increasing TODGA concentration in the ionic liquids was observed. This indicates that the
extracted species contains one or more TODGA molecule(s). A similar increase in Am(III)
extraction was observed with C4ADGA in [Cgmim][PF¢] as the diluent (Fig. 3.4(b)). Shimojo et
al. reported a similar trend in the extraction of lanthanide ions with TODGA in ionic liquids
[129]. It was of interest to understand the nature of the extracted species and the number of
TODGA molecules associated with this.

In view of the above observations, the extraction of Am(III) using TODGA in ionic

liquids can be best represented by an ion exchange mechanism as per the following equation,
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Am**,; + nTODGAy. + 3C,mim ;= Am (TODGA), > + 3C,mim”,, (3.1

where, species with the subscripts ‘aq’ and ‘IL’ refer to those in the aqueous and the ionic liquid
phases, respectively. A strong influence of hydrogen ion on Am(III) extraction can be explained

on the basis of a competing equilibrium reaction as follows:

H',q + TODGAy + Cymim'. = H. TODGA 1. + Cymim g (3.2)
100 4
100 b
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Fig. 3.4: Dan at varying (a) TODGA concentrations from 3 M HNO; feed into [C,mim][PF¢]

(n=4, 6, 8) and (b) CADGA concentrations from 3 M HNOj feed into [Cgsmim][PFs]

Formation of adducts of TODGA with nitric acid is well reported [103] and could be

attributed to be the reason for a sharp decrease in the Dap, values with increasing acidity. In case
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of molecular diluents like n-dodecane, though HNO;- TODGA adduct also gets extracted, the
effect of decreasing Da,, with acidity leading to a plateau is seen only at higher acidities [103].
On the other hand, the increasing extraction with increasing acidity seen at lower acidities is due
to increasing nitrate ion concentration (nitrate ion is part of the extracted species).

In case of room temperature ionic liquids, the decrease in Da, with increasing acid
concentration is seen in the entire range of acidity (Fig. 3.4) which corroborates the fact that the
extracted species does not contain nitrate ion and the ion-exchange mechanism as indicated
above is prevailing. A similar ion-exchange extraction mechanism was reported for the
extraction of lanthanide ions using TODGA [131]. If Dan is the distribution ratio, Pcpmim+
represents the partition coefficient of the ionic liquid and Kan, the equilibrium constant for the

extraction of Am(III), then it can be written that

Kam = ([Am(TODGA),’ i [CamimTog’) / ([Am’ g [TODGA]" [Comim ') (3.3)
Or, substituting Dap, for the term [Am(TODGA),> i /[Am’ +]aq one obtains
Kam = Dam/ ([TODGA]"L . Pcomim+ (3.4)
Taking the logarithm and rearranging:
log Dam = log Kam + 10g Pcomim+ + n log [TODGA] (3.5

A plot of log Dam vs. the concentration of TODGA or C4DGA should result in straight
lines with a slope ‘n’, i.e. the number of TODGA or C4DGA molecules associated with the
complex formed during the extraction and the intercept represents log Kam + 102 Peamim+. On the

basis of eqn (3.5), a slope analysis was conducted as a function of the equilibrium concentration
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of a ligand in [C,mim][PFs] (n =4, 6, 8) and used to determine the fundamental stoichiometry of
the Am(III) — diglycolamide complex formed in 3 M HNOs; feed. Fig. 3.4(a) represents the
variation in the log Da, value with the TODGA concentration. The straight line plots of log Dam
vs log [TODGA] have slope values of 2.23 + 0.07, 2.29 £ 0.06 and 2.02 £ 0.07 where
[C4amim][PFs], [Cemim][PF¢] and [Csmim][PF¢] were used as diluents, respectively. Fractional
slope values (Fig. 3.4(a)) indicated extraction of mixed species of 1 : 2 as well as 1 : 3 M: L
compositions. Extraction of mixed species has previously been reported in case of molecular
diluents [62,103]. However, Shimojo et al., reported extracted species with 1 : 3 stoichiometry
for lanthanide ion extraction using [Cymim][NTf;] as the ionic liquid medium [129]. The

extraction of Am(III) with TODGA can thus be expressed as

Am*,; + XTODGA. + 3C,mim . = Am[TODGA] 1 + 3C,mim (3.6)

A similar study was carried out to determine the stoichiometry of the complex formed by
americium with C4DGA in [Cgmim][PF¢]. The log Dam vs. log[C4ADGA] plot (Fig. 3.4(b))
yielded a slope value of 1.8 indicating the extraction both ML and ML, type of species from 3
M HNOs; with the latter being present predominantly in the ionic liquid phase. However, this is
rather unusual in view of the large coordination number feasible with the 1:2 (M:L) species with
24 coordinating atoms present around the metal ion. Earlier studies involving a tripodal
diglycolamide ligand has also shown complexes with rather high coordination number [107].
The extraction of Am (III) with C4DGA can be represented by the following equilibrium

reaction as:

Am®’ g + 2C4DGA . + 3C,mim ‘. = Am[C4DGATL,’ ‘1 + 3C,mim (3.7)
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For a particular range of ligand concentration the ratio [Comim' ]y / [Cymim ],q can be regarded
as constant (the aqueous phase is saturated with [Cymim][PF¢] salt) and, therefore, the

conditional extraction constant K',, can be given as:

K'am = [Am: Ly> Ty / [AmM® g [L]i? (3.8)

where, L represents the extractant (TODGA or C4DGA when the two ligand molecules are
assumed to be present in the extracted species). Substituting Dan,, for the term [Am~L23+]IL /

[Am®*],,, one obtains

K'am = Dam / [L]i. (3.9)

log Dam =log K'am + 2 log[L]iL (3.10)

The K'sm value is calculated from the intercept of a plot of log D vs. log [TODGA];. at a
constant nitric acid concentration. K'am was calculated for Am(II) extraction by TODGA in
[Comim][PFg] (n =4, 6, 8) and by C4DGA in [Csmim][PF¢]. The complex formation equilibrium

in an ionic liquid can be described by the following equations.

Am’ L+ 2L =[Am - L] (3.11)
Kfom =[Am - Ly> T / [Am* ] [L]i? (3.12)
Kiorm = K'am [Am* Taq / [Am> 1. (3.13)
Kform = K'am / Pam (3.14)

where Papn, is the partition coefficient of Am®” in ionic liquids defined as the ratio of [Am’ ]y, to

[Am3+]aq. Table 3.3 lists the extraction constants (K'apn) of Am(III) with TODGA as well as
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C4DGA in [Cymim][PFs]. As indicated in Table 3.1, the P4, values are <0.01 suggesting that
the Ksorm values are approximately two orders of magnitude higher as compared to the extraction
constants. The acid uptake for TODGA and C4DGA in [Csmim][NTf;] was found to be 7% and
11%, respectively. The extraction of HNOs by pure RTIL, TBP-RTIL and other RTIL based

solvent systems was reported in the literature [78, 141, 154]

Table 3.3: Extraction (K'am) constants of Am(III) from 3 M HNOs at 298 K

Ligand Diluent Log K'am
[Csmim][PF] 6.45+0.18

1x 102 M TODGA [Cemim][PF] 6.24+0.13
[Csmim][PFs] 5.92+0.17

5x 10" M C4DGA [Csmim][PFg] 8.26+£0.15

3.1.6 Determination of thermodynamic parameters

The effect of temperature on the extraction of americium from 3 M HNO; by 1.0 x 107
M TODGA or 5 x 10* M C4DGA into [Cgmim][PFs] was studied as this RTIL gave reasonably
high distribution coefficient values with faster extraction kinetics. The distribution ratio of
Am(IIT) either with TODGA (Fig. 3.5(a)) or with CADGA (Fig. 3.5(b)) was found to decrease
with increasing temperature, indicating the extraction process to be exothermic. The change in

enthalpy (AH) during the complexation can be calculated by using the Van’t Hoff equation:

AH =-2303 R Alog D/ A(1/T) (3.15)
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A plot of log D vs. 1/T gives a straight line with a slope of —AH/2.303 R, while the

change in Gibb’s free energy (AG) can be calculated from the following equation

AG = -2.303 RT log K'am (3.16)

The change in entropy (AS) at a particular temperature can be calculated using the equation

AG = AH- TAS (3.17)

The thermodynamic parameters calculated for the two extraction systems are summarized
in Table 3.4. The AH values, calculated from the slope of the log D vs. 1/T plot, are —=71.61 kJ
mol™' and —86.93 kJ mol ', respectively, for TODGA and C4DGA using [Csmim][PF¢] as the
diluent. The overall enthalpy change during extraction (AH) is a sum of the contribution due to
dehydration of the metal ion (AH;), formation of the complex (AH>), and the partitioning of the
complex species into the organic phase (AH3). The favourable AH in C4DGA over TODGA can
be mainly attributed to the contributions from AH, and AHs. Due to the pre-organized structure
and higher lypophilicity of C4DGA, AH, and AHj; values for C4DGA complexes are suggested
to be larger than those of respective TODGA complexes.

The AG calculated from eqn (3.17) shows that the extraction of Am(III) by C4DGA (AG
=—46.53 kJ mol ") is thermodynamically more favoured than that by TODGA (AG = —34.63 kJ
mol "), which is also reflected in their Doy values. On the other hand, the negative entropy
change in case of TODGA (AS = —123 J mol ') as well as C4ADGA (AS = —135 J mol™") can be

attributed to the loss of rotational entropy of the ligands during complexation.
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Table 3.4: Thermodynamic parameters (AG, AH and AS) of americium extraction from 3 M

HNO; using TODGA/C4DGA in [Cgmim][PF¢] at 300 K

AG AH AS
Ligand (kJ mol ™) (kJ mol ™) (Jmol ' K™

1.0 x 10> M TODGA —34.64 ~71.61 -123

5.0x 10 M C4DGA —46.53 ~86.93 -135

3.1.7 Extraction of actinides

Solvent extraction studies of several other actinide ions such as U022+, Np4+, Pu4+, and
Pqu2+ were carried out and the results are listed in Table 3.5. As most radioactive wastes
consist of long lived fission product nuclides such as gy (ti2: 28.5 y) and B7cs (tiz: 30.1 y),
distribution data of Sr (II) and Cs (I) obtained using 1 x 10° M TODGA and 5 x 10* M C4DGA
in [Csmim][PF¢] from 3 M HNO; feed solutions are also included in Table 3.5. It is interesting
to note that the D values for Am(III), Np(IV), and Pu(IV) are significantly higher compared to
those obtained with other metal ions, viz. Pu022+, U022+, Cs" and Sr2+, indicating the

effectiveness of TODGA in RTIL for selective actinide ion extraction.
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Table 3.5: Distribution data of actinides and fission products from 3 M HNO; feed solutions

using TODGA and C4DGA as the extractant in [Csmim][PF¢] as the diluents

Distribution coefficient values using DGA extractants

Metal ion TODGA C4DGA
Am’" 75 194
Pu* 30.7 20.6

PuO,* 1.19 0.64
uo,™ 0.52 0.19
Np** 3.92 7.46
Sr** 0.024 0.017
Cs" 0.12 0.15

Interestingly, the Dan values with C4ADGA are much higher than those obtained with
TODGA, while the D values for U(VI) and Pu(VI) are significantly lower with C4ADGA than
with TODGA. The low extraction of U and Pu in the hexavalent oxidation state though not very
surprising, may be based on the unusual coordination geometry of the actinyl ion and the strain
associated with complex formation using the ligand. The separation factor values (defined as the
ratio of the distribution ratio values of the concerned metal ions) were determined for the metal
ions Am—U and Am—Pu in both extractants, viz. TODGA and C4DGA, in [Csmim][PF¢] as well
as n-dodecane (the conventional diluents used for metal ion separations, especially actinide

separations) and the results are listed in Table 3.6. It was interesting to note that the ionic liquid
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medium showed an unusually high enhancement in the separation factor values of the metal ions
as compared to n-dodecane. Moreover, CADGA was found to be a superior extractant from the
actinide separation point of view as well. Finally, the combination of C4DGA in [Csmim][PF¢]

results in a highly efficient separation system for Am(III) extraction (Table 3.6).

Table 3.6: Comparative separation behaviour in the ionic liquid ([Cgmim][PFs]) and

conventional diluent with TODGA and C4DGA

SFAmU SFAmPu
Solvent system (Dam/Du) (Dam/Dpy)
TODGA — n-dodecane® 132 25
TODGA — [Csmim][PFs]* 144 63
C4DGA — n-dodecane® 45 173
C4DGA — [Csmim][PF¢]° 1021 303

Note: 1.0 x 1072 M TODGA was used. °5.0 x 10 * M C4DGA was used.

3.1.8 Selective Am(III) extraction from waste

These results are encouraging and can be applied for the selective extraction of Am from
radioactive wastes containing Am, U and Pu (usually present in high level radioactive wastes or
PUREX process raffinates). A synthetic sample containing U (**U tracer was used as a surrogate
due to the very long half life of natural U), Pu and Am in 3 M HNO3 was subjected to treatment
with AgO, followed by extraction with 5 x 10* M C4DGA in [Csmim][PF¢]. The alpha spectra
of the aqueous phase before and after the extraction are presented in Fig. 3.6. Complete

extraction of Am with almost no uptake of U and Pu is clearly demonstrated by this study
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suggesting that selective Am recovery from high level waste can be performed using C4DGA in

RTIL. This is of interest due to its use as a neutron source (Am-Be source) or in smoke

detectors.
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Fig. 3.6: Alpha spectra of the aqueous feed solution (3 M HNOs): (a) before and (b) after

extraction using 5 x 10™* M C4DGA in [Csmim][PFg]
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3.2. Extraction of Am(III) using novel solvent systems containing a tripodal diglycolamide
ligand in room temperature ionic liquids

Diglycolamide extractants, such as N,N,N',N'-tetra-n-octyl diglycolamide (TODGA) have
been found to be significantly more effective for minor actinide partitioning as compared to
CMPO and several counter-current test runs have been carried out using ‘hot’ radioactive waste
solutions [134,135]. On the other hand, functionalized diglycolamides were found to be more
efficient than TODGA and a tripodal diglycolamide (T-DGA) has shown unique actinide
extraction properties [68,107]. Usually, the dielectric constant of the diluent decides the number
of extractant molecules being associated in the extracted species [62,136]. With TODGA as the
extractant, the number of extractant molecules in the extracted species vary from 2 for
nitrobenzene (dielectric constant of 35.6 [137]) to 4 for n-dodecane (dielectric constant of 2.012
[137]) for Am (II) bearing extracted species [62,136]. The objective of using the tripodal
diglycolamide extractant is to discount this diluent dependent metal ion extraction and to enable
the formation of large organophilic complexes with high distribution ratio values in any diluent
system. Furthermore, in view of the improved extraction and separation behaviour of room
temperature ionic liquids, it was of interest to carry out actinide extractions using T-DGA in
ionic liquids.

The present work deals with the extraction of Am(III) from acidic feed solutions using a
tripodal diglycolamide (T-DGA) in three commercially available room temperature ionic liquids,
viz. [C4mim][NTH;], [Comim][NTH;] and [Csmim][NTT;]. The extraction data are compared with
those obtained with TODGA which has been used in several process test runs. In addition to the
effects of equilibration time and feed acidity, the stoichiometry of the complexes, the

thermodynamic parameters, and the radiolytic stability are also studied.
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Though no extraction of Am(II) was noticed with RTIL alone (Dan < 0.01), in the
absence of the extractants TODGA or T-DGA, a sharp increase in the Dy values was observed
when a small amount (about 1.0 x 10~ M) of the extractant was added to the ionic liquid phase.
With comparable concentrations of the extractants, the Dy values obtained with RTILs were
significantly higher than those obtained with molecular diluents in the organic phase [107]. This
is in line with the observations made by Nakashima et al. [82], during their studies on lanthanide
extraction using CMPO dissolved in RTILs.

They have also reported that ionic liquids with NTf,” counter anions extracted the metal
ions more efficiently as compared to those with PFs counter anions. The extraction data for
Am(III) are listed in Table 3.7 with the three ionic liquids, viz. [Csmim][NTf;], [Cemim][NTT;]
and [Csmim][NTf,] and 1.0 x 10> M concentration of both the extractants. For comparison
purposes, Dan values in molecular diluents, viz. n-dodecane and an n-dodecane/iso-decanol
mixture (95% n-dodecane + 5% iso-decanol) are also included in Table 3.7. As reported in the
literature, T-DGA has limited solubility in n-dodecane alone and is fairly soluble in the diluent
mixture, n-dodecane and iso-decanol (95% n-dodecane + 5% iso-decanol) [107]. The observed
trend of Am(IIT) extraction in T-DGA is [C4qmim][NTf;] > [Cemim][NTf,] > [Csmim][NTH;],
which is similar to that reported in several systems such as the extraction of Am’" and UO,*
using CMPO and TODGA as the extractants, respectively [138,139]. Apparently, the relatively
higher aqueous solubility of the butyl form of the ionic liquid was responsible for the higher

metal ion extraction as will be discussed below.
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3.2.1 Extraction Kinetics

Though extraction kinetics is an important parameter in all liquid-liquid extraction
studies, it requires great significance in studies involving ionic liquids as these diluents
invariably have higher viscosities as compared to the molecular diluents. The extraction kinetics
of Am(III) was studied from a feed solution containing 1.0 x 10° M T-DGA in [C,mim][NT£].
Fig. 3.7 represents the extraction kinetics data up to a period of 4 h, within which, complete
attainment of the equilibrium was seen for all the three RTILs. The rate of attainment of
equilibrium follows the trend: [CsmimNTHt;] > [Cemim][NTf;] ~ [Csmim][NTT;], suggesting that
while 1 h is sufficient for the butyl derivative, 2 h are required for both the n-hexyl and n-octyl
derivatives of the ionic liquids. The observed slower kinetics in all cases as compared to the
conventional diluents like n-dodecane can be attributed to the high viscosity of the ionic liquids.
The attainment of the equilibrium was the slowest with [Cgmim][NTf,], while the extraction
kinetics was much faster with [C4smim][NTf,]. Though the attainment of the equilibrium with
[Comim][NTf;] as the diluent should be in between those observed with [Cymim][NTf;] and
[Csmim][NTf,], the results indicated an Am(III) extraction kinetics with [Cemim][NTT;] similar

to that of [Csmim][NTT;].
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Fig. 3.7: Extraction kinetics of Am from 0.5 M HNO; feed into 1.0 x 10° M T-DGA in

[Camim][NT£] (n = 4, 6, 8)

3.2.2 Relative extraction and separation behaviour

Apart from the Am** ion, the extraction of several actinide ions viz., UO,*" and Pu*" was
also investigated using 0.5 M HNOj as the aqueous feed and 1.0 x 10° M T-DGA in the ionic
liquids as the extractant; the results are listed in Table 3.8. Distribution ratio data for some
important fission product elements were also determined under identical experimental
conditions. The results are included in the table for comparison purposes, the extraction trend
being Eu’" > Am®" > Pu*" > UO,*" ~ Sr*" > Cs”. The extractability trend for the elements is
similar to that reported with the T-DGA-n-dodecane—iso-decanol system [107]. The relative
extraction behaviour of Am®" vis-a'-vis that of Sr*" and UO,*" is interesting when compared to
those observed with the analogous TODGA-n-dodecane system [140].
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Table 3.8: Comparative extraction data of actinides and fission product elements using

1.0 x 10> M T-DGA in different ionic liquids. Feed: 0.5 M HNO;

Metal ion [Camim][NTH1;] [Comim][NTE,] [Csmim][NTf;]
Am(IIT) 91.1 32.6 3.1
Pu(1V) 30 16.9 1.4
UVl 0.24 0.23 0.06

Cs(I) 0.12 0.04 0.01
Sr(1D) 0.27 0.12 0.02
Eu(IlI) 219 64.0 12.7

The separation factor values are listed in Table 3.9. Though Sr* extraction with
TODGA- n-dodecane system was about 50%, the S.F. (separation factor is defined as Dapn/Ds;)
value was as high as 302 (Table 3.9). On the other hand, the Dg; (0.02) as well as the S.F. (1.08 x
10*) values were reported to be favourable for Sr decontamination in T-DGA in n-dodecane—iso-
decanol. It is clearly seen from Table 3.9 that U decontamination is significantly higher with T-
DGA as the extractant, while ionic liquids are less effective than the molecular diluents (n-
dodecane—iso-decanol mixture). On the other hand, a higher U decontamination was observed in
T-DGA + 1onic liquid solvent systems as compared to the TODGA in n-dodecane system. This
indicates that the decontamination is due to T-DGA and not due to the ionic liquid, which is the
opposite of the trend shown with the C4DGA extractant. For Pu and Eu decontamination, the

results are not very favourable and hence are not discussed here (Table 3.9).
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Table 3.9:  Separation factors of Am(III) with respect to other actinides and fission products using

T-DGA (1.0 x 10 M) in various room temperature ionic liquids. Feed: 0.5 M HNOs

Separation factors

Extraction system Am(II)/U(VD)  Am(II)/Pu(1V) Am(II)/Eu(Ill) Am(III)/Sr(I1)
T-DGA in [C4mim][NTf] 380 3.04 0.42 337
T-DGA in [Csmim][NTf] 142 1.93 0.51 272
T-DGA in [Cgmim][NTH;] 51.7 2.21 0.24 155

TODGA in n-dodecane 28.9 -- 1.04 302

T-DGA in n-dodecane +

iso-decanol 895 1.48 - 1.0x 10*

3.2.3 Effect of the feed acidity
Usually, for solvating type extractants, such as TBP, CMPO and TODGA, the extraction
of the metal ion increases with increasing the feed acidity, which is based on an increase in the

counter anion concentration which helps in the formation of neutral extractable species as per

eqn (3.18):

M"™ +nNO;" + mL() <> M(NO3), . mL(,) (3.18)

where, species with the subscript ‘(0)’ indicate those present in the organic phase, while those

without any subscript indicate species in the aqueous phase. Though this trend has invariably
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been observed in molecular diluents such as n-dodecane [68], an entirely different trend, i.e.,
decrease in the metal ion extraction with increasing aqueous feed acidity has been reported in
ionic liquids as the diluent due to a ion-exchange mechanism [141], as indicated in eqn (3.19)

(subscript “‘IL’’> means species in ionic liquidphase):

Am’" + nT-DGAIL + 3C,mim |, < [Am (T-DGA),] *"1. + 3C,mim” (3.19)
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Fig. 3.8: Extraction behavior of Am from different feed acidities into 1.0 x 10° M T-DGA in

[Comim][NTf;] (n =4, 6, 8) after 3 h of equilibration

As discussed above, eqn (3.19) suggests that a higher solubility of the [C,mim ] part of
the ionic liquid will result in higher metal ion extraction. Fig. 3.8 shows the dependence of the
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distribution ratio of Am(III) with the change in the feed nitric acid concentration for the ionic
liquid solvents containing 1.0 x 10° M T-DGA. It is clear that an increase in the feed nitric acid
concentration led to a decrease in the Dy values in the acidity range of 0.01 to 3 M, beyond
which a slight increase was noticed. The decrease was less significant for [Cemim][NTf,] and
[Csmim][NTf,] where the Dap, values decreased by about 600 — 700 times as compared to about
2700 times when [Cysmim][PF4] was used as the ionic liquid (Fig. 3.8). The extraction profiles
obtained in the present study indicate that the extraction mechanism is not the same as that in the
case of conventional molecular diluents such as n-dodecane and an ion-exchange mechanism is
responsible for the extraction of Am(III) to the ionic liquid phase. The ion-exchange mechanism
also gets credence from the fact that the extraction of Am(III) increased with decreasing carbon
chain length of the RTIL. The decrease in Day, values with n values (solubility of C,mim" in
aqueous phase decreases with increase in n values due to more hydrophobic nature) and with the
addition of C;mim" in aqueous phase confirmed the ‘cation exchange’ mechanism is operating in
the extraction [49, 73]. As shown in Fig. 3.8, there is a marginal increase in the Dx,, values for
all the three ionic liquids beyond 3 M HNOs. This can be attributed to a solvation mechanism
with nitrate ion participation as described previously for a crown ether based extraction system

[118].

3.2.4 Effect of T-DGA concentration

In order to get an idea on the nature of the extracted species, the extraction of Am(III)
with varying T-DGA concentrations was investigated using all the three RTILs from the aqueous
feed solutions (0.1 M HNOs). The results, presented in Fig. 3.9, show an increase in Am(III)

extraction with increasing T-DGA concentration for all the three ionic liquids. The slope values
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of the plots are close to 1 (1.17 £ 0.05 for [Csmim][NTTf;]; 1.13 £ 0.02 for [Cemim][NTf;]; and
1.05 £ 0.04 for [Csmim][NTTf;]) suggesting that one T-DGA unit is present in the extracted
species, which is in sharp contrast to the extracted species found in the molecular diluents
containing 95% n-dodecane + 5% iso-decanol mixture [107]. It is well known that a lower
number of ligands may be present in the extracted species with the increasing dielectric constant
of the diluents [137]. On the other hand, higher metal ion extraction has been reported with
diluents of high dielectric constant even though lesser number of ligand molecules are associated
in the extracted complexed species as compared to those with low dielectric constant diluents. In
view of this, it is expected that the relatively high dielectric constant of the ionic liquids [142] as
compared to the molecular solvents used, would prevent the participation of a second T-DGA

unit, which would otherwise lead to ‘stereochemical crowding’.
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Fig.3.9: Dependence of Am(III) extraction on varying T-DGA concentrations from
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0.5 M HNO; feed into [Cymim][NT£] (n =4, 6, 8)

3.2.5 Stripping studies

With room temperature ionic liquids, the stripping of the metal ions from the ionic liquid
phase is one of the major challenges. Usually, with studies involving diglycolamide extractants
such as TODGA, the extraction is carried out at higher acidity (3—-6 M HNOs3), while the
stripping is done at lower acidity (pH - 2.0). However, with ionic liquids as the diluent the D
values at pH - 2.0 are very high, which do not decrease significantly with increasing the aqueous
phase acidity resulting in ineffective stripping. Nakashima et al. [82], have employed 0.05 M
DTPA + 1 M guanidine carbonate, 0.05 M EDTA + 1 M guanidine carbonate and a buffer
mixture comprising of 0.1 M citric acid + 0.4 M formic acid + 0.4 M hydrazine hydrate for the
effective stripping of rare earth metal ions from ionic liquid extracts. These solutions were
employed in the present study for the stripping of Am (III) from the T-DGA in [Csmim][NTT;]

extracts.
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The results are shown in Fig. 3.10, which suggest that EDTA and DTPA solutions in 1 M
guanidine carbonate are effective as strippant where close to 80% stripping of Am was observed
in a single stage. On the other hand, the buffer mixture was not very effective as a strippant as
only < 10% stripping was obtained in a single step. The results are encouraging as > 99%

stripping of Am(III) is possible using the complexing agents in three stages.

3.2.6 Determination of thermodynamic parameters

With T-DGA as the extractant, significant stereochemical ordering is required during the
complexation reaction. The thermodynamic parameters were determined to throw light on the
nature of the complexation. Temperature variation studies on Am(III) extraction were carried out
from 0.5 M HNOs using 1.0 x 10° M T-DGA in the three RTILs being studied. The Van’t Hoff
plots (Van’t Hoff equation (3.15)) for the distribution ratio data as a function of temperature are
presented in Fig. 3.11. The change in enthalpy (AH) during the complexation was calculated by
using the Van’t Hoff equation. The slope (AH/2.303 R) values of the log D vs. 1/T plots are
listed in Table 3.10. The Gibb’s free energy (AG) and the entropy change (AS) at a particular
temperature were calculated and the thermodynamic parameters are listed in Table 3.10. The AH
values are similar in all the three ionic liquids. Furthermore, the extraction reactions were found
to be exothermic in nature. This is possibly due to the large amount of heat required to remove
the inner-sphere water molecules of the hydrated metal ion, which is nearly compensated by the
strong complexation with the polydentate T-DGA ligand. The complete removal of the inner-
sphere water molecules is understood from the very high positive entropy values. Overall, the
reactions are spontaneous with large AG values. It is quite clear that larger distribution

coefficient values in the RTIL system as compared to the molecular diluents resulted in higher
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extraction constants (log K¢, Table 3.10) which are responsible for the large negative AG

values.

Table 3.10: Extraction data and thermodynamic parameters (AG, AH and AS) of Am(III)
extraction from 0.5 M HNO; using T-DGA in various room temperature ionic liquids

at 300 K

Extractant  Ionic liquid  Dam LogKex AG (kJ mol™)  AH (kJ mol™) AS (J mol' K™

[C;mim][NTG] 91 5.56 31.9 20.6 550
T-DGA  [Cemim][NTf;] 32  5.27 -30.3 20.5 450
[Cemim][NT] 3 4.66 226.8 20.5 440
100 3
g L
o 107

O [C,mim][NTf]
14 A [Cmim][NT]
] [C,mim][NTf]

1 T T T T T T T T T
3.15 3.20 3.25 3.30 3.35 3.40 3.45

1000/T(K)

Fig. 3.11: Variation in distribution ratio of Am(III) at different temperatures from 0.5 M HNO;

feed using 1.0 x 10° M T-DGA in [C,mim][NTf;] (n =4, 6, 8) after 3 h equilibration.
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3.2.7 Radiolytic degradation

A recycling option in process applications for radioactive waste treatment requires that
the solvent system should have adequate radiation stability. Fig. 3.12 shows the changes in the
Dam values as a function of the absorbed radiation dose (gamma ray) up to a maximum of 1000
kGy. Interestingly, the decrease in the Dan, values was insignificant when the solvents were
exposed to a 500 kGy dose for all the three ionic liquids. However, an appreciable decrease in
the Dam, values was seen when the solvents were exposed to a 1000 kGy radiation dose. It was
interesting to note that the Da, value of 91.2 with 1.0 x 10°M T-DGA in [Csmim][NTT;]
decreased to 37 when the solvent was irradiated up to a 1000 kGy dose. This decrease is little
over 60%, which means that T-DGA is far more stable than a Cs-selective calix-crown extractant
containing the same ionic liquid ([Csmim][NTf,]) where the decrease was > 95% even for an
absorbed dose of 550 kGy [143]. Though the very poor irradiation stability of the Cs-selective
solvent system was attributed to the degradation of the ionic liquid leading to acidic products, a
similar effect might have affected the Da,, values in the present system as well, which is shown
by the sharp dependence of the Am(IIIl) extraction on the aqueous phase acidity. On the other
hand, Allen et al. [144], have reported that the radiation stability of the ionic liquids is higher
than that of diluents like n-dodecane, due to the presence of aromatic groups such as the
imidazolium group. The radiation stability of solutions of T-DGA in ionic liquids is far higher
compared to that of TODGA in a molecular solvent, where the degradation was > 95% for an
absorbed dose of 1000 kGy [145]. The amazingly high stability of the solvent system containing
T-DGA [Csmim][NTf;] may be attributed to the high viscosity of the ionic liquid system
(leading to recombination of the free radicals) as compared to the TODGA in n-dodecane solvent

system. Similar high radiolytic stability of T2ZEHDGA (a branched homolog of TODGA) was
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seen when undiluted extractant was irradiated, which can also be attributed to the recombination
of the radicals in a viscous medium. These results, together with the very high extraction and
effective stripping, suggest that the solvent containing T-DGA in [C4smim][NTf,] may be used as
a possible ‘green’ alternative for actinide partitioning instead of TODGA-n-dodecane based

solvents.

1
100 3 2 1-0kGy
] 2 - 500 kGy
3 1, 3 - 1000 kGy
3
10
1
E 2
=)
3
1
0.1

[IC4mi'm][l\lle2]' [Cﬁlmim'][NTflz] I[C8n|1im][ll\|Tf2]

Fig.3.12:  Effect of absorbed dose on the extraction of Am(IIl) from 0.5 M HNOs; using

1.0 x 10 M T-DGA solutions in [Comim][NTf,] (n=4, 6, 8)

3.2.8 Laser induced fluorescence studies
Though the nature of the extracted species was determined by slope analysis from T-

DGA concentration variation studies, further evidence was obtained by time resolved laser
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fluorescence spectroscopy (TRLFS) using the Eu’® — T-DGA complexes. In view of the
similarities in the chemical properties of the trivalent actinides and lanthanides, Eu®" was taken
as the surrogate of Am®" and the results of the Eu®" luminescence studies can be extended for the
Am’" system as well. Luminescence spectroscopic investigations on the Eu’" aqueous complex
and Eu>" — T-DGA complex (both containing 1.0 x 10 M Eu’") showed interesting behaviour as
the intensity of the characteristics peaks at 617 nm (°Dy — 'F, hyper sensitive transition, electric
dipole), 592 nm (°Dy — 'F, transition, magnetic dipole), and at 690 nm (°Dy — 'E4 transition,
electric dipole, sensitive to Eu®" environment) increased significantly (the former by more than
100 times) when T-DGA was added in an acetonitrile—water mixture as the solvating medium
(Fig. 3.13). The acetonitrile — water mixture (5: 1) contained dilute nitric acid to prevent
hydrolysis of Eu®". Further, an extract containing the Eu>" — T-DGA complex in [Csmim][NTf]
also showed a similar increase in the emission intensities suggesting similarity between the
complexes in both the acetonitrile — water mixture and the ionic liquid medium. The mode of
complexation was studied by TRLFS, where the presence of inner - sphere water molecules or
the lack of them would be reflected in the lifetime of the *Dy emitting level of the Eu’" — T-DGA
complex. It is well known that the luminescence lifetime depends on several radiative
(independent of the environment) and non-radiative decay processes and that the number of
inner-sphere water molecules is determined by the lifetime of the Dy emitting level of Eu®* [146,
147]. Un-complexed Eu’" has nine water molecules in its primary co-ordination sphere. In the
presence of nitric acid in the aqueous phase, some nitrate complexation is expected, which can
decrease the number of water molecules in the inner hydration sphere, which is also reflected by
an increase of the emission lifetime. Furthermore, with a decreasing number of water molecules

in the primary hydration sphere, which results in the addition of the T-DGA ligand, the lifetime
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should show an increasing trend. The fluorescence decay profiles of Eu’" and Eu®" — T-DGA
both in the acetonitrile — water mixture and the extract containing the Eu®" — T-DGA complex in
[Csmim][NTHf,] point to the presence of a single complexed species with 1 : 1 stoichiometry in all
cases. The lifetime data are presented in Table 3.11. The number of water molecules was

calculated from the lifetime (1) using equation 3.20 [148].

Nmo =(1.06/1)-0.19 (3.20)

The lifetime of Eu®" in the absence of T-DGA was found to be 0.155 ms, which increased
to about 2.5 ms in the presence of the complexing extractant. It has been reported that the Eu®"
aqueous ion has a lifetime of 114 ms, which increases in the presence of nitric acid, apparently
due to the replacement of some inner-sphere water molecules by the nitrate ions [149]. The
appearance of an additional peak at 617 nm indicates a strong interaction with the DGA moieties
of T-DGA similar to that observed with the C4DGA ligands which will be discussed in a
subsequent Chapter. In case of the extract containing the Eu’* — T-DGA complex in
[Csmim][NTHf;], a similar pattern was observed with a lifetime of 2.5 ms. However, the intensity
of the split lines at 617 nm was found to change significantly indicating very strong complex
formation with the DGA moieties of T-DGA with practically no inner-sphere water molecules.
Comparable lifetimes for extracts made from both 0.01 M and 0.5 M HNOj suggested extraction
of similar ‘inclusion’ complex species, in which all the water molecules are replaced by the

coordinating sites of the DGA groups.
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Table 3.11:  Time resolved laser induced fluorescence spectroscopy data for Eu®" (1.0 x 107 M)

under varying experimental conditions in the absence and presence of T-DGA

Sample

Lifetime (ms)

Inference

Eu in ACN-3 M HNO;

Eu— T-DGA complex in ACN-3 M HNO;3

Eu — T-DGA complex in [Cymim][NTf;], feed
acidity 0.5 M HNO;

Eu — T-DGA complex in [Cymim][NTf;], feed

acidity 0.01 M HNO;

0.15

2.28

2.25

2.25

6 water; 3 nitrate

No inner-sphere water

No inner-sphere water

No inner-sphere water
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3.3 Electrochemical studies on the complexation of Eu(III) with TODGA in [CsmimBr]
Stripping of the metal ion from the ionic liquid phase is one of the major challenges which
can be addressed by carrying out electro deposition of metal ion from the ionic liquid phase.
Therefore, it is of relevance to study the redox behavior of Eu in ionic liquid. Besides use of
ionic liquid as the medium in electrochemical studies, is of interest because of their properties
such as, large potential window, wide liquid range, high degree of solubility of different organic
and inorganic moieties etc. Therefore, an attempt was made to understand the electro chemical
behavior of Eu®" in RTIL. The kinetics and the thermodynamics of Eu’"/Eu*" redox behaviour
were investigated in the present study. Since cyclic voltametry can probe the local environment
around metal ion, efforts were put to understand the complexation of Eu’" with TODGA in
RTIL. TODGA being one of the promising extractants for actinide partitioning, it was of interest
to understand its complexation behaviour with Eu®". In the present study, cyclic voltametry was
used as a tool to determine the stoichiometry of the Eu’*-TODGA complex, kinetics of the

complexation and the formation constant of the complex.

3.3.1 Electrochemical window of [C¢mim][Br]

The cyclic voltammogram (CV) of the bare RTIL ([Cemim][Br]) suggested that the
electrochemical window is ~ 2.0V with the cathodic limit at -1.45 V and the anodic limit at 0.55
V (vs. Ag/AgCl as given above). The presence of water is known to shorten the electrochemical
window. Accordingly, the RTIL was vacuum dried to get the window to the miximum extent.
These limits are almost comparable to those reported for an analogous system, e.g. [Csmim][Cl]

[150].
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3.3.2 Determination of diffusion coefficient of Eu(Ill)

The cyclic voltamogram (CV) of Eu(Ill) at temperature 298 K, at a scan rate of 0.1 V/sec.
consists of a cathodic wave occurring at a peak potential of -0.362 V (vs. Ag/AgCl) which can be
attributed to the reduction of Eu(IIl) to Eu(Il). It can be seen that unlike in an earlier report,
which employed [Csmim][CI] [150], there was no pre-wave / post wave for Eu(IIl) which ruled
out any adsorption current. Fig. 3.14 shows the CV of Eu(Ill) at different temperatures.
Table 3.12 lists the cathodic peak potential (E,") along with anodic peak potential (E,") and the
formal potentials (E,"+E,")/2 at various temperature. The formal potentials were comparable to

those obtained in similar systems [150].
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— 293K
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E
Fig.3.14: Cyclic voltamogram of Eu’" at different temperatures obtained with a scan rate of

0.1 V/s in [Cemim][Br]



Table 3.12:  Cathodic, anodic and formal potentials for Eu’" at different temperatures along

with diffusion coefficients and activation energies in [Cemim][Br]

Metalion T(K) Ej(V) ES(V)  E’=(E,4+E,»/2(V) D, x10%cm’s" E.(kJ mol™)
Eu 293 -0213 -0.362  -0.287 2.99 39.34

303 -0.201 0358  -0.279 3.08

308 -0.196 -0.354  -0.275 6.40

313 -0.193 -0.35 -0.271 8.40

318 -0.181 -0.347  -0.264 10.3

Fig. 3.15 gives the cyclic voltammograms for Eu(IIT) (100 mM) as a function of scan rate

at T = 298 K. A general trend was found at all temperatures. The cathodic and anodic peak

potentials show a marginal shift with the scan rate. The peak shifts at low scan rates (0.025 - 0.15

V/s) (Fig. 3.16 shows the extent of shifts in the cathodic peak potentials) suggested that the

redox processes of these metal ions were quasi-reversible or involved irreversible charge

transfer. Thus, assuming that these processes in the RTIL are controlled by both diffusion and

charge transfer kinetics, the appropriate relationship between the cathodic diffusion peak current

[(ip") gifr] and scan rate for a irreversible / quasi-reversible system [150] can be given below.

(ip) gifr = 0.496 nFAC, VD, (an,Fv/RT)"?

100

(3.21)



where,

A = Electrode area in cm” (= 1.68 cm?)

C, = The concentration of the corresponding metal ion in mol.cm™
DO* = The diffusion coefficient in cm’s™

F = Faraday constant

n = The number of exchanged electrons (1 for Eu)

v = Potential sweep rate in Vs~

o = The charge transfer coefficient

ny, = The number of electron transferred in the rate determining step

T = Absolute temperature in K

4.0x10™

2.0x10 1

0.0+

-2.0x10" 1

-4.0x10™ 1

-6.0x10" 1

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1

Fig. 3.15: Cyclic voltamograms of Eu’" as a function of the scan rates at 298 K

101



-0.32-
-0.34 -
-0.36—-

o -0.38—- -
-o.4o-
-o.42- )

-0.44 )

0.1
log v

Fig.3.16: Dependencies of cathodic peak potentials on scan rate for the reduction of Eu’" in

[Cemim][Br]

2

If this relation was valid, cathodic peak current (i, )aist Vs v'”? should give a straight line

with a slope value of 0.496 nFAC, VDo (an,F/RT)"2. The diffusion coefficient (D, ) can be

calculated from the slope value with the o, obtained from the following equation

E,-EyS12 = 1.857RT/ angF (3.22)

Fig 3.17 shows the straight line plots of v'"?

vs. i,° for Eu(Ill) indicating that the equation (3.21)
is valid in the present system. The non-zero intercepts of the straight line plots can be attributed

to non - Faradaic current. The D, values computed from the slopes at different temperatures are

listed in Table 3.12. The increase in the diffusion coefficient with increasing temperature is
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attributed to the apparent decrease in the viscosities of the medium at higher temperatures.
Table 3.13 gives a comparison of D, values obtained in the present case for Eu’" ion with those

reported in the literature and found to be in the same range.

11 4

308K

> O

Fig. 3.17: Plots of v'"* vs. i,° of Eu’" at different temperatures
The cyclic voltammograms of Eu at varying concentrations of the metal ion, recorded at

298 K were represented in Fig. 3.18 which indicated increase in diffusion peak current (i°)aise

with increasing metal ion concentration.
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Fig. 3.18: Cyclic voltammograms of Eu’" as a function of metal ion concentration at 300 K
and scan rate 0.1 Vs™'
Table 3.13: Comparison of distribution coefficients (Do*) and activation energies (E,)
in literature by cyclic voltametry
Metal ion Medium T(K) D, x10%/cm?s™ E.(kJmol™) Reference
[Cemim][Br] 318 103x 107 393 present work
3+ 2+
Eu™ JEU™ pMpy|[NTH] 323 53x10° 29.5 Ref[151]
[Csmim][Cl] 343 49x10° 54.5 Ref [150]
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3.3.3 Determination of activation energy and thermodynamic parameters
The activation energy for the diffusion of the metal ion can be related to the diffusion
coefficient through the Arrhenius equation,

D, = A exp (-E/RT) (3.23)

where, A is pre-exponential factor and E, is the corresponding activation energy. Therefore, a
plot of In D, vs 1/T should give a straight line as shown in Fig. 3.19 with a slope of (-E./R)
from which E, for the diffusion of metal ion is deduced and listed in Table 3.13. The activation
energies of the diffusion of Eu’" was found to be 39.3 kJ/mol while Jagadeeswara Rao et al.

[150] reported the same for the diffusion of Eu’" as 54.5 kJ/mol in [C4mim][Cl].
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In DEu
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-15.40

-15.45

T T T T T T T T T T T T
0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340

UT (K)

Fig. 3.19: Arrhenius plot for the diffusion of Eu®" in [Cemim][Br]
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The trivalent lanthanide ion undergoes reduction in [Cemim][Br] according to the
following equation
2FuBr; — 2EuBr, + Br» (3.24)
The cathodic and anodic peak potentials are related to the apparent standard potential, EO*OX/red

by the following equations

E, =E” oured - 1.11 RT/nF — RT/nF In(NDoy/ \Dieq) (3.25)
Es =E” gyrea + 1.11 RT/nF — RT/nF In(VDoy/ VDyeq) (3.26)
where, EO*OX/red =E% e + RT/0F In (Yox/ Yred) (3.27)

where, Eoreq and y represent the standard potential and activity coefficient, respectively. The
reduction reaction involves ‘n’ electron transfer, the apparent standard potential, EO*OX/red
determined using the equation (3.28) is plotted against T in Fig. 3.20. It is observed that E* geq

increases with an increase in the temperature.

E” oxred = (Ey+E,9) 2 + RT/NF In(VDiy/ VDreg) (3.28)

From the linear regression of the experimental data, the Eo*ox/red values are related to the

temperature by the following expression

E” bz = -0.5534 + 9 x 104 T (3.29)
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The standard Gibb’s energy for the reactions can be determined using equation (10) with the

assumption that the solution is dilute and the activity coefficients are unity.

AG" = -nF E” srea (3.30)

where, Eo*ox/red is the apparent standard potential of the metal ion oxidation. The expression for

standard Gibb’s energy of the reactions (AG") as a function of temperature can be expressed as

AG" (EuBr3) =-106.82 +0.175 T (3.31)

-0.265 4

-0.270 4

-0.2754

-0.280

-0.285

-0.290 T T T T T T T T T T T
290 295 300 305 310 315 320

T(K)

Fig. 3.20: Plot of E** vs T(K) for the reduction of Eu>” — Eu*" using 100 mM in [Cemim][Br]
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Comparing equations (3.31) and (3.32) the enthalpy and the entropy of the redox reactions
can be evaluated.

AG" = AH" - TAS® (3.32)

Since AH’ values are all negative, the reactions can be considered as exothermic, and AS?
values too are negative indicating that the reactions involved a decrease in the entropy chage.
Bromine being a gas having higher disorder reacts with the other reactants leading to the

formation of a less disordered bromide compound.

3.3.4 Complexation with TODGA

By the addition of appropriate aliquots of 100 mM TODGA the i,” was found to decrease
and followed a time profile [Fig.3.21]. Thus, the rate of change of i,° can be indicative of the
kinetics of complexation. It was found to follow an exponential decay characteristic of first order
reaction. The slow kinetics of the complexation can be attributed to the high viscosity coefficient
of the medium. The kinetics of the complexation of Eu’’ by TODGA in [Cemim][Br] after fitting
the data, can be expressed by the following equation

ip’ =0.669 + 0.218 exp (-1/30.083) (3.33)

The pseudo-first order rate constant for the complexation reaction (= 1/30.083) was
determined as 5.5 x 10 s, The i,° was also found to decrease with subsequent addition of
TODGA into the electrochemical cell. A plot of i," vs volume of added TODGA was plotted
[Fig. 3.22] wherein the inflection point represents the complete formation of the Eu(Ill) -

TODGA complex and the stoichiometry of the complex was calculated from the inflection point
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and was found to be 1:1. The complex formation constant of the metal ligand complex was

calculated from the following equation [152]

(iy% — ip%) / i,° = K¢ [TODGA] (3.34)

where, K¢ = formation constant of Eu*"- TODGA complex, i,% = oxidation current of Eu’" in the
absence of TODGA, i, = oxidation current of Eu’' in the presence of TODGA, [TODGA] =

concentration of added TODGA 1n solution.
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0.75

p
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o6 4p— o — p — - - -
0 20 40 60 80 100 120
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Fig. 3.21: Eu’"-TODGA complexation kinetics in [Comim][Br]; Scan rate: 0.1 V/s; Temp: 25°C.

The ‘conditional’ formation constant was determined to be 3.31 x 10° M. In another
similar study, Pathak et al. [149] reported log K¢ for the 1:3 complex as 14.6 in ethanol and water
medium by time resolved fluorescence spectroscopy (TRFES). In another study [74] using the

analogous TMDGA (tetramethyl diglycolamide) as complexing agent, the log K¢ for Nd(III) 1:1
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complex formation was reproted as 2.84. Interaction of diluents with ligand molecule and the
interaction of metal ion with the ligand molecule are responsible for the observed stoichiometry
of the metal ligand complex in a particular medium. In ionic liquid, due to more interaction of
the ligand molecule with ionic liquid diluent, chances of ligand agreegation is less and as a
result, less number of ligand molecules were found to be involved in complex formation with a

stoichiometry of 1:1.
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Fig. 3.22:  Plot of reduction peak current (ip") vs. volume of TODGA added, at 25° C and scan
rate 0.1 V/s Determination of stoichiometry of Eu’-TODGA complex in
[Cemim][Br] for the determination of stoichiometry of Eu’"-TODGA complex in

[Cemim][Br]
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3.4 Summary

From the above studies, it can be concluded that extraction of Am(IIl) can be
considerably enhanced when diglycolamide (DGA) extractants such as TODGA or C4DGA are
used. in room temperature ionic liquids instead of the conventional n-dodecane as the diluent.
The unusually high extraction of Am(III) can be attributed to the unique ion-exchange extraction
mechanism in the RTIL medium, while the high viscosity of the RTILs is responsible for the
slower extraction kinetics. Am(III) can be selectively extracted from a mixture containing U(VI),
Pu(IV) and Pu(VI), and Am(III) by adjusting the oxidation state of Pu to +6. The large negative
entropy changes observed during the thermodynamic studies, point to the formation of ordered
extracted complexes with both TODGA as well as C4DGA, possibly without the liberation of the
inner-sphere water molecules, indicating outer sphere interactions. The analytical significance of
this work lies in the exceptionally high separation factors obtained and this can be applied for the
selective extraction of Am(III) from acidic waste samples. Moreover, Am(III) can be selectively
recovered from high level waste and can find application.

The solvent extraction studies of Am(IIl) using T-DGA in various room temperature ionic
liquids clearly demonstrated that the ionic liquid medium extracts the metal ions more efficiently
as compared to the molecular diluents such as n-dodecane. Furthermore, the tripodal
diglycolamide T-DGA is a far superior extractant as compared to TODGA. It extracts Am(III)
from acidic feed solutions with the butyl derivative being the most efficient ionic liquid. The
extracted species follow an ion-exchange mechanism at lower acidities and possibly by a
solvation mechanism at higher acidities. Though the extraction of the tetravalent actinide ion was
lower as compared to the trivalent lanthanide and actinide ions (both Eu(IIl) and Am(IIl) were

highly extracted), the extraction of the hexavalent actinyl ion was rather insignificant. The
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extracted species was a 1 : lcomplex formed between Am(III) and T-DGA with no inner —
sphere water molecules, which was confirmed by the TRLFS studies using the analogous Eu (III)
complexes. The stripping results were very encouraging with the possibility of > 99% stripping
after three stages when a complexing agent such as EDTA or DTPA was used in guanidine
carbonate. The thermodynamics of the extraction indicated a highly entropy driven reaction,
suggesting the removal of a large number of water molecules from the inner-coordination sphere.
Radiolytic stability studies showed a significantly higher stability of the ionic liquid solvent
systems as compared to those reported previously in the literature, which may lead to possible
long term recycling options. This also makes the proposed solvent system a viable ‘green’
alternative to the TODGA based solvent systems with molecular diluents.

Cyclic voltammogram of Eu(IIl) was recorded in a hydrophilic RTIL, [Cemim][Br]
which has a moderately large electrochemical window of ~1.8 V. The aqueous reference
electrode, Ag/AgCl gave reproducible results. The diffusion coefficient for Eu was found to be
3.08 x 10® cm’s™ at 303 K while the activation energy for the conversion of Eu’*— Eu®" was
39.3 kJ mol” and quasi-reversible in nature. In addition, thermodynamic parameters such as
Gibbs free energy, enthalpy and entropy and activation energies of the redox reactions were
computed. A systematic study was carried out to understand the complexation Eu’" with
TODGA in [Cemim][Br] which showed slow first order kinetics. The slower kinetics can be
attributed to the high viscosity of the medium. Eu’™ forms 1:1 complex with TODGA in
[Csmim][Br] with a formation constant of 3.31 x 10° M while the rate constant of the

complexation was evaluated as 5.5 x 10 s™!
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CHAPTER - 4

Studies on the effect of
ligand structure of CADGA
on actinide ion extraction
Into RTIL







In Chapter-3, a diglycolamide functionalized calixarene (C4DGA) has been used for actinide ion
extraction into ionic liquid medium. It was needed to understand the role of the nature of the
substituents in the C4ADGA molecules on the general extraction/separation behavior of actinides.
Apart from this, the extraction mechanism, species involved for extraction, their kinetics and
thermodynamic parameters involved are likely to vary in ionic liquid media which may play
significant role in the extraction and the separation properties of metal ions. Finally, on the basis
of these studies the C4DGA based solvent systems in ionic liquids are evaluated for nuclear
waste remediation using simulated high level waste. The structures of different CADGA ligands

used in this Chapter are shown below.
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Fig. 4.1: Structures of the C4DGA ligands used in Chapter-4
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4.1 Extraction profile of Americium at different feed acidities

A systematic study was carried out to understand the extraction behavior of americium at
different feed acidities using the diglycolamide-functionalized calixarenes, L-I-L-IV, in
[Csmim][NTf,]. As shown in (Figure 4.2(a)), the Da,, values decrease sharply with HNO3
concentration up to 0.5 M HNOs; followed by a moderate decrease. Similar to diglycolamide
extractants like TODGA, the C4DGAs can form an adduct of the type C4DGA-HNOs at higher
acidities, suggesting that the H' ion competes with the metal ion, and hence Am(III) extraction
decreased with increasing feed acidity, suggesting an ion exchange mechanism given by
equation (4.1)

Am’*,q + nC4DGAy + 3Cymim . = Am[C4DGA], 1 + 3Csmim g 4.1

where, the species with the subscripts ‘aq’ and ‘IL’ refer to those in the aqueous phase and in the
RTIL phases, respectively. A strong influence of H' ion on the Am(III) extraction can be
explained on the basis of a competing equilibrium reaction given as follows:

H'yq + C4DGAy + Cymim 1, = H.C4DGA "1 + Cymim g (4.2)

Other than the influence of equation (4.2) on lowering the Am(IIl) extraction with
increased acidity, nitrate ion complexation can also play a significant role, especially at higher
nitric acid concentrations, leading to the formation of neutral salvation type complexes which
can lead to increase metal ion extraction. At 0.01 M HNOj the distribution ratios of Am(III) for
C4DGA ligands follow the order, L-IV(12400) > L-III (8850) > L-II (650) > L-I (290), while at
0.5 M HNOs; the order becomes L-IV (750) > L-I (10) > L-III (0.40) ~ L-II (0.50). L-IV with a

spacer chain containing two carbon atoms is a better extractant in comparison to L-V with a
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longer spacer chain (3 C atoms). On the other hand, an opposite trend was observed with
molecular diluents as has been reported previously [71]. A plausible explanation for this
behavior may be based on the preorganized structure of the ligands. It seems that the ligands
with lower spacer length can impart certain amount of rigidity to the pendent arms (due to lower
flexibility) leading to a relatively more preorganized structure. Therefore, L-V, with longer
spacer length can give rise to a pre-organized structure which explains its lower complexation
tendency in ionic liquid medium. It is expected that at lower feed acidity (0.01 M HNOs), the
ligating ability of the carbonyl oxygen will be enhanced if the adjacent amidic nitrogen atom
contains any group having a +I (inductive) effect. Since the +I effect of the substituents follow
the trend, 3-pentyl > n-octyl > n-propyl, the electron density on the concerning amidic nitrogen
atoms will follow the same order. As a consequence, the extraction efficiencies follow the same
order, namely, L-III > L-IT > L-I. This trend changes at comparatively higher feed acidities
where the amidic nitrogen is protonated and becomes pyramidal and only steric factors are of
interest. As a consequence, at 0.5 M HNOs, the least sterically crowded ligand (L-I) was the
most efficient of the four C4DGAs, while L-III, containing four 3-pentyl groups showed the least
complexing ability. Since at 0.5 M HNOs, L-I and L-IV showed good extraction efficiencies for
Am(III), this condition and these ligands were used for further studies.

Studies on the extraction profiles of Am(III) with different rim functionalized C4DGA
revealed that remarkable acidity independent high extraction efficiency was observed for both-
rim DGA functionalized calix[4]arene (L-VI) ligand in ionic liquid medium. Comparative
extraction data for Am(III) were obtained with the three CADGA extractants and the results are
shown in Fig. 4.2(b). The Day, values at 0.01 M HNOs were nearly comparable for L-VI and L-

V, while that with L-VII was about 3 orders of magnitude lower. This can be attributed to higher
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stereochemical strain arising during the complexation of the wide rim-functionalized C4DGA
with the metal ion. Furthermore, the shorter spacer length in L-VII could lead to less effective
metal ion complexing, which was also observed with narrow rim functionalized ligands with a
spacer length of 2 as compared to those with a spacer length of 3 [71]. It was further of interest
that, while there was a sharp fall in the Day, value with increasing acidity with both L-V and L-
VII, an opposite trend was seen in case of L-VI. This is in sharp contrast to the reported behavior
in molecular diluents where the Day, value with L-V was higher as compared to that with L-VI
[71]. This is of great significance as an entirely different mechanism appeared to be responsible
for the extraction of metal ions with L-VI. Though the presence of DGA groups on both rims of
L-VI makes it a strong complexing agent, it is difficult to visualize how the metal ion can
possibly coordinate with all the donor atoms at the same time with a coordination number of 16
or 24 (if the etheric ‘O’ atom is to coordinate). On the other hand, it may be suggested that the
metal ion binds to the DGA groups attached to only one side of the calix[4]arene, while the other
side is either uncoordinated or complexed with the hydrogen ion. Complexes of hydrogen ion
with macrocyclic ligands are not uncommon [153]. The insignificant change in the extractability
of the metal ion in the entire acidity range in case of L-VI is of utmost importance, as the metal
ion can be extracted from almost any acidity doing away with the feed adjustment step, which is
one of the prerequisites in many separation processes. Such exceptional extraction properties of
an extractant in ionic liquid medium are reported for the first time. The extraction profiles of
Am’" using L-I, L-II, L-V, L-VI and L-VII in [Cgmim][NT£,] from SHLW (at varying HNO;
concentration) showed similar trend as seen with tracer studies involving Am(III) but with

decrease in Dap, values (Fig. 4.2(c)).
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4.2 Extraction Kinetics of Am(III)

Extraction kinetics studies were carried out using the above mentioned C4DGA ligands
in ionic liquid. In view of the high viscosity of the RTILs, it was expected that the mass transfer
rate will be slower and consequently, the equilibrium would be attained at a relatively longer
time than those observed with common molecular diluents. The distribution ratios of americium
in [Csmim][NTT;] increased with increasing equilibration time up to 120 min, while a plateau
was observed afterwards (Fig. 4.3). A similar observation of slow extraction kinetics was also
found for the extraction of Am(III) into [Csmim][NTf;] by T-DGA (Chapter III). Although L-IV
and L-V have different spacer lengths, the time required to attain equilibrium is nearly the same
in both cases. This suggested that the re-orientation during complexation from the free ligand
structure has a minimum barrier. The slow attainment of equilibrium is mainly attributed to the
viscosity effect of the diluents, which is responsible for the slow mass transfer rates. The
extraction kinetics of Am(III) was studied from a feed solution containing 0.5 M HNO; and
using 5.0 x 10* M concentrations of L-I — L-VI in [Csmim][NTf,]. On the other hand, the
extraction kinetics of L-VII was studied at 0.01 M HNOs3, due to the low Day, values in 0.5 M
HNO:s. Fig. 4.3(a) gives data on the extraction kinetics of Am(III) using structurally modified
C4DGAs, while Fig. 4.3(b) presented the same using different rim functionalized C4DGAs in
[Csmim][NTf;]. As shown in Fig 4.3(c), the time required to attain equilibrium was about 60 -
180 minutes for the extraction of Am(III) from SHLW at different temperatures using L-1, L-II,
L-V, L-VI and L-VII in [Csmim][NTf;]. It was observed that for different C4ADGAs, the time
required to attain equilibrium at a particular temperature is comparable to those with the SHLW
feeds. This suggests that the nature of diluent is responsible for the slow attaininment of
equilibrium.
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Fig. 4.3: Extraction kinetics for Am(III) (a) using structurally modified C4DGAs; (b) using

different rim functionalized C4DGAs; (¢) from SHLW using different C4DGAs.

Ligand concentration: 5 x10* M. Diluent: [Csmim][NTf,]. Feed acidity: 0.5 M

HNO:; for L-I - L-VI, 0.01 M HNOs for L-VII.
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It was decided to carry out the kinetics of extraction studies at 60°C (most HLW solutions
are at 40-60°C due to the decay heat of the radio-nuclides) and it was interesting to observe
lesser time was needed to attain equilibrium at higher temperature. This may be attributed to
lower viscosity of the solvent systems (Table 4.1). Apparently, this will help the extraction of

minor actinides while dealing with actual high level wastes.

Table 4.1:  Correlation of the time to attain equilibrium Da,, values with temperature and viscosity
for Am(IIT) using different C4DGAs from SHLW. Ligand concentration: 5.0 x 10™ M.

Diluent: [Csmim][NTT;]

Dynamic viscosity Time needed for attaining
Ligand Dam T (K) (mPa.s) equilibrium (min)
225 300 73 180
L-V 113 333 16" 60
6.5 300 73 180
L-I 2.2 333 16" 50
0.21 300 73 200
L-IT 0.1 333 16" 60
0.31 300 73 180
L-VII 0.19 333 16° 60
1105 300 73 200
L-VI 603 333 16" 120

Note: *Data taken from ref. 1541
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4. 3 Extraction of actinides, fission products and other elements co-extracted from SHLW
Apart from the Am®" ion, the extraction of other actinide ions (UO,*", Pu*’, Pu0,*),
important fission products (Cs”, St*") and other elements co-extracted from SHLW were also
investigated using 5.0 x 10" M C4DGAs in [Cgmim][NTf,]. The results showed the trend: Eu®"
> Am’" > Pu*" > U0, *" > Sr*" > Cs" (Table 4.2), which was found to be similar to that reported
for the T-DGA in both n-dodecane - iso-decanol system [107] as well as in ionic liquids (Chapter
3). The higher extraction efficiency for the trivalent lanthanide ion, Eu’", in comparison to the
trivalent actinide ion, Am3+, can be attributed to the hard-hard interaction of the former metal ion
with the oxygen atoms of the extractant molecules. It is interesting to note that L-I has higher
relative extraction of Eu’" vs Am®" than L-IV, which can be utilized for lanthanide-actinide
separation, a relevant step in the high level waste remediation through the “Partitioning and
Transmutation™ strategy [26,106]. The lower distribution ratio values of hexa- and tetravalent
actinide ions, as compared to the trivalent ones, are in line with previous studies with analogous
ligands [62]. The separation factor (SF) values for Am(III) with respect to UO,>", Cs(I), Sr(Il),
Pu(IV), and PuO,”" are 130, 1040, 470, 3.2, and 90, respectively with L-I in [Csmim][NTT;],
which increased enormously to 4670, 13120, 4990, 130, and 4160, respectively, for L-IV in
[Csmim][NTf,]. It can be inferred that L-IV is not only a better ligand with respect to the higher
extraction efficiency of americium; it also shows a significantly favorable separation behavior.
This may have applications in the separation of actinides from high level waste. Typically, the
HLW solution contains about 10~ M Am, implying the solvent system should contain about 10~
M C4DGA ligand. The ligand inventory can, therefore, be significantly lower than the other
reported solvent systems for actinide partitioning making the C4DGA based separations not only

cost-effective but also holds promise for significant reduction in the secondary waste volumes.
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On the other hand, the distribution ratio values of the trivalent actinide / lanthanide ions are
about 2 orders of magnitude higher with L-VI in the RTIL medium, suggesting interesting
separation possibilities. This enhancement can be attributed to the preorganization effect of the
DGA-functionalized calix[4]arenes. This effect resulted in very high Dy values for Am(III) and
Sr(Il) and partly for Pu(IV) (in case of L-VI), while an opposite trend was seen with the
remaining metal ions, viz. U(VI), Pu(VI), and Cs(I). In literature [155], a S.F.(Am/Sr) value of
about 100 was reported when 0.1 M TODGA in n-dodecane was used in the acidity range of 1-2
M HNOs;. However, it increased remarkably to >3000 in ionic liquid medium. The very high
separation factors can lead to effective decontamination of the trivalent minor actinide (Am and
Cm) products from the accompanying metal ions.

An attempt was made to understand the extraction behavior of the other metal ions
present in high level waste (HLW) using these ionic liquid based solvent systems. The aqueous
phases after extraction experiments were analyzed by ICP-AES technique. The analytical data
revealed that Na, K, Pd, Fe, Sr, Mn, Pd, Ce, Ru and Ba remain un-extracted by all the systems.
Y, La, Sm, Y, Pr, Nd, Zr and Mo were found to be extracted into the organic phase. All other
metal ions were found to be extracted partially and to different extent by different CADGA —
RTIL systems. On the basis of the analytical data, L-V and L-I were found to have better

performance towards actinide partitioning. The analytical results are listed in Table 4.3.
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Table 4.3: Analytical results obtained by ICP-AES technique after single contact of SHLW (0.5

M HNO3) by different CADGASs into [Csmim][NTf;]

Metal ion  SHLW (gL™)  L-l1(gL™) L-11 (gL ™) L-V (gL L-VI (gL ™) L-VII (gL ™

Na 5.9 +0.07 5.8 £ 0.05 5.6 + 0.06 5.4 +0.01 5.9 +0.01 5.5 +0.09

K 0.20 £ 0.01 0.17+0.02 0.12 + 0.007 0.073+0.005  0.11+0.003 0.120 + 0.0001
Cr 0.13+0.01 0.09 +0.01 0.035 + 0.0004 0.075+0.001  0.036+0.0001  0.081 + 0.0002
Mn 0.50+0.02  0.45+0.06 0.48 + 0.0005 0.5 +0.06 0.47£0.0004  0.047 +0.0001
Fe 0.86 +0.03 0.84+0.04  0.8+0.0007 0.89 + 0.008 0.86+0.0001  0.87 +0.0003
Sr 0.03+0.001  0.021+0.001 0.022 + 0.0006 0.029+0.002  0.029 +0.0004  0.030 + 0.0002
Ru 0.03+0.003  0.026+0.001 0.025 + 0.0001 0.022+0.001  0.022+0.0001  0.027 + 0.0003
Pd 0.01+0.002 0.01+0.001  0.01+0.003 0.011+0.001  0.01+0.002 0.020 + 0.0002
Mo 0.16 +0.02 0.007 +£0.001  0.009 + 0.0001 0.008 +0.0004  0.009 +0.0004  0.005 + 0.0002
Ba 0.06+0.001  0.054+0.001 0.057 + 0.0001 0.05 + 0.006 0.058 + 0.0001  0.06 + 0.0005
Y 0.06+0.002  0.001+0.003 0.016 + 0.0004 0.004 +0.0007  0.008 + 0.0005 0.002 + 0.0003
La 0.08 +0.02 0.02+0.003  0.028 £0.0007 0.016 £ 0.0001  0.019 +0.0002  0.019+ 0.0001
Zr 0.07+0.003  0.032+0.002 0.021 + 0.0004 0.070+0.007  0.011+0.0004  0.052 + 0.0001
Nd 0.11+0.003 0.03+0.001  0.031 + 0.0005 0.039 £ 0.0004  0.035+0.0001  0.023 + 0.0002
Sm 0.08+0.005 0.041+0.003 0.042 + 0.0001 0.048 +£0.0001  0.044 +0.0001  0.034 + 0.001
Ce 0.06£0.003  0.051+0.002 0.052 + 0.0003 0.053+0.004  0.052+0.0001  0.054 + 0.0003
Pr 0.09+0.002  0.039+0.001 0.042 + 0.0002 0.027 £0.0001  0.028 +0.0001  0.035 + 0.0001
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4. 4 Ligand concentration variation studies

The nature of the extracted species, from available literature on analogous extraction
systems, has been indicated in equation (4. 1). However, the number of C4DGA molecules
involved in the metal ion extraction can be easily found out by slope analysis method by carrying
out Am (III) extraction studies at varying C4DGA concentrations at a fixed HNO3 concentration.

From equation (4.1), the two-phase extraction equilibrium constant (K.x) can be expressed as

Kex = ([AM(C4DGA),> 1] [Csmim )/ ([AmM® o[ C4DGAT" [Csmim ) (4.3)
Kex = (Dam[Cymim T’,)/([C4DGA]"1 [Csmim]’yy) (4.4)

(Kex.[Csmim 1L )/[Csmim TP aq = Dan/[CADGA]" 1L =K'x (4.5)
q

where K' is the conditional extraction constant. Taking the logarithm and rearranging, one

obtains

log Dam = log K'ex + n log [C4DGA] 1L (4.6)

The ligand concentration variation studies were carried out using L-I — L-VII in
[Csmim][NTf,] from aqueous feed solutions of 0.5 M HNO; for L-I, L-IV, L-V and L-VI, 0.1 M
HNO; for L-II and L-IIT and 0.01 M HNOs for L-VII, while the equilibration time was kept as 2
h. The lower acidity for L-II, L-III and L-VII was required to obtain measurable D4, values. The
log Dam vs log [C4DGA], plots presented in Fig. 4.4(a) & (b), showed linear increase in Am(III)
extraction with increasing C4DGA concentrations. As per equation (4.6), the log Dam vs log

[CADGA]L plots should give a straight line with a slope value of n, the number of ligand
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molecules associated with the metal ion, and the intercept as log K'cx. The slope values were
found to be very close to 1 for all C4ADGA extractants indicating the stoichiometry of the
extracted complex as 1:1. The slopes of the log D vs log[C4DGA] plots and the conditional
extraction constant values are listed in Table 4.4. The complex formation equilibrium in the

ionic liquid medium can be presented by the following equations

Am’*, + C4DGA = Am [C4DGA]* "1 (4.7)

The complex formation constant (Ksm) can be expressed as

Kfom= [Am(C4DGA)* |1/[Am’ i [C4DGA] i (4.8)
Krorm = (K'ex[Am* To)/[Am* T (4.9)
Kform = K'ex/ PAm (4 1 0)

where, Pan, 1s the partition coefficient of Am’" defined as the ratio of the Am®" concentration in
the ionic liquid phase to that in the aqueous phase, which was determined to be 1.09 x 102 The
Ksorm values are calculated from equation (4.10) and are listed in Table 4.4 along with the K’
values. Kamr values were found to be nearly comparable for L-VI and L-V, indicating an almost
similar mode of complex formation (Table 4.4). The Kany value of L-VII is 2 orders of
magnitude lower, which is reflected in the lower extraction constant. This also supports our

assumption that similar to L-V, only four DGA moieties of L-VI may be binding with Am>".
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structurally modified C4DGAs; (b) different rim functionalized C4DGAs. Aqueous
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Table 4.4: Formation constants (Kamr ) and conditional extraction constants (K¢x) for Am(III)

with C4DGA ligands

Ligand Aq. Phase slope intercept K'o Ksorm
L-I 0.5 M HNO; 0.94 4.11 1.29 x 10° 1.18 x 10’
L-II 0.1 M HNO; 0.89 3.92 8.32x 10° 7.63 x 10°
L-111 0.1 M HNO; 1.13 4.74 5.50 x 10* 5.04x 10
LIV 0.5 M HNO; 0.95 5.94 8.71x 10° 7.99 x 10°
L-V 0.5 M HNO; 1.02 7.17+0.12 1.48 x 107 1.35x 10°
L-VI 0.5 M HNO; 0.97 6.74 + 0.07 5.50 x 10° 5.01x 10
L-VII 0.01 M HNO;s 0.89 427+0.10 1.86 x 10° 1.70 x 10°

Note: Equilibration time: 3 h. Diluent: [Csmim][NTf;]. Partition coefficient of Am’" in
[Csmim][NT£]: 1.09 x 1072

4.5 Effect of Eu loading on extraction efficiency

The above results have indicated that the rare earth ions present in SHLW are favourably
extracted by the solvent systems containing L-I, L-II and L-V. However, it was required to
understand the loading effects by their presence taking a single rare earth element (such as
Eu(Ill)) as a surrogate which is required for quantification purpose. Therefore, a systematic study
was carried out to understand the effect of Eu loading on the extraction efficiency of Eu(Ill) (by
measuring the partitioning of '**!**Eu radiotracer). As shown in Fig 4.5, maximum Dg, values
were obtained for tracer concentration for all the C4ADGA ligands. For L-1, the distribution ratio

values decrease gradually with Eu loading in aqueous phase throughout the observed
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concentration range of Eu. For L-II to L-V, a gradual decrease of Dg, was observed up to 10
pg/mL of Eu while a more drastic decrease in Dg, values was seen at Eu carrier concentrations
larger than 10 pg/mL. The decrease in the Dg, values is attributed to the loading effect which
implies that with increase in the metal ion concentration in the aqueous phase, the free ligand
concentration in the ionic liquid phase decreases. Consequently, the distribution ratio values

were found to decrease.
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Fig. 4.5: Effect of Eu loading on extraction efficiency of Eu’". Equilibration time 3 h,

Feed: 0.5 M HNO;, T=300 K
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4.6 Determination of thermodynamic parameters

In C4DGA ligands, diglycolamide moieties are anchored on a calix[4]arene molecular
platform to create a pre-organized structure to favor complexation with trivalent lanthanides and
actinides. The stereo-chemical configuration of the calixarenes may also play a role in the
complexation. C4ADGAs may lead to a disordered ‘flip out’ structure due to repulsions between
the electron cloud of the ‘O’ atoms present in the DGA moieties. Therefore, a great deal of
stereochemical ordering may be required upon metal ion complexation. As the conformational
changes upon metal ion complex formation are linked to entropy changes, thermodynamic
studies were carried out. The metal ion extraction data at varying temperatures were used to
calculate the thermodynamic parameters, which were subsequently used to understand the
complexation of americium with the C4DGAs in [Csmim][NTf;] (Table 4.5). The Dan, values
decreased with increasing temperature (Fig. 4.6(a) & (b)), indicating the complexation to be
exothermic in nature. The change in the Gibb’s free energy for the complexation of Am®* with
L-IV in [Csmim][NTf;] is more negative than that observed for L-I, L-II, and L-III, which
reveals that the complex formation of L-IV is thermodynamically more favorable than that of the
other ligands. These are in the same line as the K¢, data reported in Table 4.4. The overall
enthalpy change during the extraction of Am’" by a C4DGA in [Cgmim][NTf] is the sum of
three main factors: i) change of enthalpy due to the dehydration of the metal ion (AH,),
i1) change in enthalpy due to the complex formation (AH,), and iii) partitioning of the metal
ligand complex into the RTIL phase (AH3). In the present study, the contributions of AH; and
AH,; are identical as it primarily involves the interaction of Am (III) with the amidic carbonyl
oxygen. The longer spacer length and the n-propyl group on the amidic nitrogen atom make the

L-I metal complex more lipophilic than that of L-IV and hence more energy will be released
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during the dissolution of the Am(III) - L-I complex into the RTIL phase than in case of the
Am(III) - L-IV complex, which is reflected in the overall enthalpy change (AH) of the extraction.
The enthalpy changes for L-I, L-II, and L-III are nearly comparable, while that of L-IV is less
negative, suggesting a relatively weaker interaction with this ligand. The overall entropy change
for the extraction is negative for all the four extractants, although more negative for L-III and
less negative for L-IV. The net entropy changes can be attributed to conformational changes
taking place during complexation. Since the spacer of L-I is longer than that of L-IV, the C—C
bond rotation will be more restricted for L-I, which is reflected in the entropy changes upon
complexation.

Fig. 4.6(c) presented the variation of D, from SHLW as a function of temperature using
C4DGAs in [Cgmim][NTf,]. AH values for different C4DGAs were found to follow the order L-I
(-28.91 kimol™") > L-II (-18.38 kJmol™") > L-V (-17.62 kJmol™") > L-VI (-15.70 kJmol™") > L-VII
(-12.06 kimol™"). It was interesting to note that the enthalpy changes are far less negative as
compared to those with feeds containing only dilute HNOs. In case of SHLW solutions, the
presence of large number of cations and anions decrease the water activity significantly and it is
expected that the metal ion dehydration could be more facile suggesting less positive AH values
for the dehydration reaction. This should be reflected in more negative AH values. However, less
negative AH values [Table 4.5] suggest factors other than this, such as competitive complexation
with other metal ions may be contributing to result in the significantly less negative enthalpy

change values.
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Table 4.5: Thermodynamic parameters for the extraction of Am®” using C4DGAs in RTIL

Ligand AG (kJmol™) AH(kJmol ™) AS(Jmol'K™)
L-I -23.6 -84.1 (-28.9) -201
L-II -22.5 -95.7 (-18.4) -244
L-1II -27.2 -89.3 -388

L-IV -34.1 -67.2 -110
L-V -40.9 -123 (-17.6) -274
L-VI -38.5 -93.3 (-15.7) -202
L-VII -24.4 -62.2 (-12.1) -126

Note: Data inside the parenthesis is for Am’" extraction from SHLW. Aqueous phase: 0.5 M
HNO; (for L-I L-1V, L-V, L-VI), 0.1 M HNOs; (for L-II and L-III) and 0.01 M HNOs (for L-

VII); organic phase: 5.0 x 10 * M C4DGA in [Csmim][NTf,]; equilibration time: 2 h.

4.7 Stripping Studies

Stripping of a metal ion from an ionic liquid phase has always been a challenging task
because of the very high distribution ratio values at lower acidities and reasonably good
extraction at higher acidities. Though the back extraction of the metal ion is possible at higher
acidities, such as 3 M HNOs with two of the ligands (L-II and L-III), it may be difficult for the
other two (L-I and L-IV). Therefore, complexing agents were employed for this purpose with
amazingly good results [82,156] In the present study, the stripping of Am’" was performed by
employing three strippants, namely, (i) 0.05 M DTPA + 1 M guanidine carbonate, (i1) 0.05 M

EDTA + 1 M guanidine carbonate, and (iii) a buffer mixture containing 0.4 M formic acid + 0.4
133



M hydrazine hydrate + 0.2 M citric acid; the results are summarized in Table 4.6. The results
indicated that though near quantitative stripping took place with both complexing agents in a
single contact (at a volume ratio of 1:1), the buffer mixture was not quite efficient. The stripping
data are quite encouraging and suggest that the solvent system can be regenerated and reused for
further metal ion extraction. Chemical degradation of the ligands were found to be negligible,
though long-term use can have transfer of the ionic liquid into the aqueous phase requiring
development of alternative diglycolamide-functionalized ionic liquids. The results suggested that
from L-VI, which showed acid independent remarkably high extraction values for Am®" in ionic

liquids, quantitative stripping of trivalent actinide was possible.
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Table 4.6: Stripping of Am(III) from C4DGAs in RTIL

% stripping in single

Ligand Strippant contact

L-I Guanidine carbonate + EDTA 99.3
Guanidine carbonate + DTPA 99.6

citric acid + formic acid+ hydrazine hydrate 78.3

L-IV Guanidine carbonate + EDTA 99.2
Guanidine carbonate + DTPA 98.9

citric acid + formic acid+ hydrazine hydrate 99.3

L-V Guanidine carbonate + EDTA 99.6
Guanidine carbonate + DTPA 99.3

citric acid + formic acid+ hydrazine hydrate 46.6

L-VI Guanidine carbonate + EDTA 99.6
Guanidine carbonate + DTPA 99.8

citric acid + formic acid+ hydrazine hydrate 73.6

Note: Ligand concentration: 5 x 10* M, Diluent: [Cgmim][NT£], Feed acidity : 0.5 M HNO;, T:
300 K, Equilibration time: 30 min, EDTA/ DTPA: 0.05 M, Guanidine carbonate: 1 M, Formic

acid / Hydrazine hydrate: 0.4 M, Citric acid: 0.2 M
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4.8 Radiolytic stability of the solvent systems

Though the C4DGA ligands are highly promising for actinide ion extraction, their actual
use for actinide ion separation requires their prolonged reusability, which means their good
radiolytic stability. This is because all actinide ions emit high LET (linear energy transfer) alpha
particles, which can cause significant radiolytic damage. However, as exposure to the equivalent
dose of y radiation can show similar effect, it was decided to carry out the radiolytic degradation
studies using a ®°Co irradiator (vide supra). A systematic study, carried out to investigate the
radiolytic stability of the C4ADGAs in [Csmim][NTf;], indicated that after exposing the organic
phase to 500 kGy of the absorbed gamma dose, the extraction efficiency becomes 72%, 49%,
69%, and 72% of the original Day, values (with the unirradiated ligand solution) with L-I, L-II,
L-II1, and L-IV, respectively, which after exposure to 1000 kGy decreased to 50%, 35%, 50%,
and 46%, respectively of the original values (Fig. 4.7(a)). However, the degradation was most
pronounced with L-VII. L-VI exhibited a significantly high resistance to radiolytic degradation
as only 7% lowering in Dan, value was noticed after exposure to 500 kGy, which, however,
sharply dropped to 37% upon an absorbed dose of 1000 kGy. On the other hand, L-V showed a
medium stability against radiolytic damage. The results shown in Fig. 4.7(b) suggest that L-VI
has a great potential for the extraction of actinides from radioactive waste streams as it can be
easily recycled and even after exposure to a significantly large radiation dose, the solvent can be
recycled for a long time thereby reducing the process costs. The present results are very
significant, since several solvent systems in ionic liquid medium are reported to have poor
radiation stability [157,158]. Also, in view of the relatively large Day, values obtained with the
solvent systems in ionic liquids, the % extraction data is not significantly affected even after

exposure up to 1000 kGy.
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HNO; (for L-1T and L-IIT) and 0.01 M HNOs (for L-VII); equilibration time: 2 h.
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4.9 Studies on the complexation of Eu(Ill) with C4DGA ligands by luminescence
spectroscopy

The structure of the metal-ligand complexes needs to be analyzed to understand the
nature of the bonding in the ionic liquid-based solvents. However, in view of the difficulty in
obtaining single crystals, as an alternative, spectroscopic technique is applied. This study deals
with the characterization of Eu*-C4DGA complexes in the ionic liquid [Csmim][NTT;] using
time resolved laser induced fluorescence spectroscopy (TRLES). Eu’’, with luminescence
properties, has been used as a surrogate of Am’" to study the complexation with the different
C4DGA ligands.

In addition to the effect of the medium, the role of structural modification of the C4ADGA
ligands, viz. alkyl substituents at the amidic nitrogen atom, spacer length (between the
calix[4]arene platform and the ligating sites) and different rim functionalized C4DGAs, on the
luminescence properties of Eu’" and the complexation nature were also investigated. Judd -
Ofelt parameters, i1.e. ,, 4, which indicate the measure of covalency of the bond between the
metal ion and the ligating atoms in a metal-ligand complex and the long range effect,
respectively [159-164], were calculated for all complexes and correlated with the steric
hindrance around the ligating sites. The radiative and non-radiative lifetimes, branching ratios,
the number of water molecules in the primary coordination sphere of the Eu’" ion, and the
probabilities of the observed transitions were also calculated. For comparison purpose, similar

studies were also carried out using TODGA and T-DGA (Chapter 3).

138



4.9.1 Local environment around Eu’" jon

Emission spectroscopy is one of the important tools to probe the local environment
around metal ions. The emission profiles of all the Eu’"-C4DGA complexes in [Csmim][NTf]
appear to be similar with one peak at 593 nm (assigned to the Dy—'F, transition), two peaks at
614 and 619 nm (due to the *Dy—’F, transitions), three peaks at 686, 698, and 701.5 nm
(attributed to the *Dy—'F4 transitions) (Fig. 4.8(a) and (b)). The high intensity of the peaks due
to the 5D0—>7F2 transitions revealed that there is low symmetry around the Eu’" ion. The
asymmetric factor, which is the signature of asymmetry around the Eu’" ion with respect to

inversion, was calculated using the following equation: [165]

A=1(Dy — 'F,) / I(’Dy — 'F)) (4.11)

where, A is termed as the asymmetry factor, I[’Dy — 'F,) and I(’Dy — F;) being the intensities
of the corresponding transitions. *Dy—'F; transitions being magnetic-dipole transitions,
I°Do—'F)) is independent of the ligand field. The *Dy—F, transition being a hypersensitive
electric-dipole transition, its intensity is hypersensitive to the ligand field. The asymmetric factor
values for the ligands follow the trend: L-VII > L-V > L-VI > T-DGA > L-IV > L-II > TODGA
> L-I > L-III for the complexes in [Csmim][NTf;] (Table 4.7), while the trend in the 5:1
acetonitrile-water mixture follows the order: L-II > L-I > L-V ~ L-1II > T-DGA (Table 4.7). In
general, relatively higher asymmetry factors were obtained for the metal-ligand complexes in the
5:1 acetonitrile-water mixture than in [Cgmim][NTf,]. A comparative study was carried out to
understand the effect of medium on the photo physical properties of the complex. Fig 4.8(c)

represented the emission spectra of different Eu — C4DGA complexes in a mixture of water:
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acetonitrile (1:5). The complexes in [Cgmim][NTf;] are more symmetric with respect to the
inversion symmetry. The increase in intensity upon complexation may be due to the relaxation of
the selection rule originating from the overlap of the metal ion orbital with that of the ligand.
Number of water molecules present in the primary co-ordination sphere of the Eu’™ was

calculated from the lifetime (t) using equation (4.12) [166].

Nino = (1.06/7) - 0.19 (4.12)

The results suggested absence of inner sphere water molecules in the complexes except
for the Eu*"- L-VII complex which contained five water molecules. Life times beyond 1.2 ms
suggested that there is no non-radiative transition through the OH group, while the variation in
the life times indicated that some other route is responsible for the non-radioactive decay. The
life times of the Eu’" complex having C4DGA ligands with an NH group (L-V and L-IV) are
smaller than those of the ligands with alkyl-substituted nitrogen atoms (L-I, L-II, and L-III) in
case of the Eu’" complexes in ionic liquid, indicating that in the first case there are some
additional non-radiative pathways to depopulate the *Dy level.

Fig. 4.9 represents a schematic route for the determination of the symmetry point group
around Eu’™ from the splitting of the transitions [167]. Four sets of peaks due to the *Dy—Fo,
5D0—>7F1, 5D0—>7F2, and 5DO—>7F4 transitions for the Eu’" - L-I complex are shown in
Fig. 4.10(a). Though the 5D0—>7Fo, 5D0—>7F2 and 5D0—>7F4 transitions with the expected single
peak at 579 nm, two peaks at 613 nm and 618 nm, and four peaks at 686 nm, 696 nm, 698 nm
and 701.5 nm, respectively are easily identified, the peaks from °Dy—F, transitions are not
clearly identified as they are merged. A careful Gaussian deconvolution of the bands gives the

’Dy—'F, bands with two lines. The spectral assignments for the other complex systems are
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shown in Fig.s 4.10(b)-4.10(j). The above number of peaks corresponding to the specified
transitions indicates that in all cases, the local symmetry around Eu’" is C4v (Fig. 4.10). A
similar observation was found for all analogous complexes in the acetonitrile-water (5:1)
mixture. In C4yv symmetry, the C4 axis will pass through Eu®* and the point where two diagonals
of the molecular plane intersect. Out of four oys, two will cut the molecular plane without
touching the carbonyl group, while the other two will cut the carbonyls. Both sets of o,s will
contain the C, axis. The strain generated due to the pre-organization of four DGA units to
achieve C4y geometry will be compensated by the formation of eight coordinated bonds (two
carbonyl oxygen atoms from each DGA moiety) from the carbonyl oxygen to Eu’". The
coordination number of Eu’" in such a complex should be eight (from C4GDA), which is similar
to the complex of Am’" with TODGA in n-dodecane as Am(TODGA)s*" [103]. From the
splitting pattern, the symmetry around Eu®* was found to be C,y for the Eu’"-T-DGA complex in
both [Csmim][NTf,] and the acetonitrile — water (5:1) mixture, whereas the local symmetry of
Eu’"-TODGA complex in [Cymim][NTf;] was found to be Cgy. The splitting pattern of the

emission spectra of Eu’"-L-VII suggested the symmetry to be C;, Cs, or Cs.

141



3+
A /“ \ Eu - LA A Eu™-L-VII in [C,mim][NTF]
Eu* - LIV
_J\_,k N Eu™-L-Vlin [C, mlm]%
------- ..M EU3+ - L-M
. Eu®-T-DGA in ACN- M
s Bu” -L1 A_
Eu™-T-DGAin [C,mim][NTf]
A\ ’L\ Eu* - LV
n r\ Eu3+ -aq Eu*-TODGA i in [C,mim][NTf

é

?

éé

I
550 600 650 700 750 600 630 660 690 720
Wavelength (nm) Wavelength (nm)
(a) (b)
_ "\
JJLE” A
’ \ Eu’"-L-I
__—A

580 600 620 640 660 680 700 720
Wavelength ())
(©
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4.9.2 Line broadening effect

Since all experiments were carried out in solution, broadening of the spectra was observed,
which points to the continuous motion of the complexes in the medium. With increase in the
viscosity of the medium, the motion gets restricted and the emission profile becomes sharper. In
the present case, a marginal sharpening in the line width of the Eu’"-C4DGA complexes in
[Csmim][NTf,] (which has relatively higher viscosity value) was observed compared to that in

the acetonitrile —water (5:1) mixture (Fig. 4.12).
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4.9.3 Calculation of J-O parameters

Judd—-Ofelt intensity parameters are essential indicators in judging the radiative potential
of rare earth ions complexed in a host, which are usually derived from the absorption spectrum.
However, owing to the special energy level structure of Eu’, they can be calculated from the
emission spectrum. The transitions of Eu’" from °Dy to 'F, (J = 2, 4, 6) are electronic-dipole
allowed and the spontaneous emission probability A.q from initial manifold y to terminal

manifold y' is given by equation (4.13): [82,156]

Acd = 641°e*V n(n +2)2/ (3h(2J + 1)) 9) T Oy, [<y|[UY [y’ >] (4.13)
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where, & is the Planck constant, e is the electron charge, n is the refractive index, J is the total
angular momentum of the excited state, and v is the wavenumber of a transition. Q, are the
Judd—Ofelt parameters. The term |<y|[U"[y’>|* is the square of the matrix elements of the tensor
operator, which connects y to the final state y’ and is considered to be independent of the host
matrix.

The *Dy—'F; of Eu’" ions is a magnetic-dipole transition and the spontaneous emission

probability of the magnetic-dipole transition Amg [82,156] is given as

Ama = 641 V'’ Sa / 30 (2J+1) (4.14)

where, Snq 1s the magnetic-dipole line strength (constant and independent of the medium). Due
to selection rules and the unique nature of the transition intensities of Eu®" ions, each of the
[<y||U*|lw’>]* values decide the intensities of the transitions, since the remaining two are zero.
Thus, the O, value can be determined from the ratios of the intensities of Do—"F, 4, ¢ transitions

to those of the *Do—F; transitions as follows:

[ W)V Lna(v) dv = Ay/Amg = 641 V/31(2J+1) x n(0*+2)%/9Ama Oy |<y|[UMly’>]>  (4.15)

The derived Q, and 4 parameters are listed in Table 4.8. The Q¢ intensity parameter
was not determined, because the ’Dy—F¢ emission in this system could not be detected and
recorded. Judd—Ofelt intensity parameters reflect the local structure and bonding in the vicinity

of the rare earth ions [156]. For example, €, exhibits the dependence on the covalency between
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the Eu’" ion and the ligand donor atoms and gives information about the asymmetry of its local
environment. In [Csmim][NT#£], the Q, values follow the order Eu**-L-V > Eu*"-L-IV > Eu*"-L-
I1I > Eu’"-L-I > Eu’"-L-II and as a consequence, the covalency of the metal-ligand bond follows
the same trend. As a matter of fact, the bond distance will show an increasing trend which can be
attributed to the steric hindrance at the amidic N atoms. In case of ligands L-I, L-III, and L-II, the
size of the substituents on N increases from n-propyl to iso-pentyl to n-octyl, and as a result, the
approach of the metal ion towards the ligating sites is hindered. Hence, the bond length between
the Eu’" ion and the ligand increases leading to a decrease in the covalency of the bond and a
concomitant decrease in €. The Q; of L-IV is smaller than that of L-V, probably because of its
shorter spacer length (2 vs 3 carbon atoms) causing steric hindrance of the calix[4]arene ring. In
the acetonitrile-water (5:1) mixture, a similar order of the ), values indicates no significant
difference in the covalent character of the Eu’*-C4DGA bonds and the bond lengths are also of
the same order. The very low Q, value of Eu**-aquo ion suggests its higher ionic nature than the
Eu’" complexes. Q4, which is a measure of long range ordering, was found to be similar for all
Eu’-C4DGA complexes in [Cgmim][NTf;], while those in the acetonitrile-water (5:1) mixture
are higher and follow the trend: Eu’"-L-IIl > Eu’"-L-1> Eu’"-L-II > Eu*"-L-V.

Comparison of different rim functionalized C4DGAs with different DGA functionalized
ligands in RTIL revealed that the Q, (Table 4.8) values followed the trend, L-VII (in
[Csmim][NTf;]) > L-VI (in [Csmim][NTf;]) > T-DGA (in ACN-H,O) > TODGA (in
[C4smim][NT£,]) > T-DGA (in [C4mim][NT£]) > Eu** aq- The variation of €, reflected by the
hypersensitivity of the *Dy—F, transition can be related to the variation in covalency of Eu’"-O

bond. The large value of Q, for Eu>"-C4DGA complex suggests an enhanced covalency and

158



strengthening of Eu’"-O bond i.e., higher bond energy and shorter bond length. The lowest value
of Q, for Eu3+aq system can be attributed to lowest covalence of Eu’"-O bond. Due to the pre-
organized structure of C4DGAs (L-VI and L-VII) compared to TODGA, the bond length is
shorter for the complexes of L-VI and L-VII while two bulky T-DGA ligands in Eu’"-T-DGA
complex in ionic liquid restricts the bond length between Eu’" and oxygen atom.

For all the complexes, the values of €, are found to be less than that of (4, which is a
measure of long range ordering and found to follow the trend: L-VII ([Cgmim][NTf,]) > > L-VI
([Csmim][NTf;]) > T-DGA (ACN-H,O mixture) > T-DGA ([Csmim][NTf;]) > TODGA >

3+
Eu’ 4.

4.9.4 Radiative properties of Eu>'-C4DGA complexes

The Judd—Ofelt parameters were used to calculate important radiative properties such as
transition probabilities, branching ratios, and lifetimes for the excited states of the Eu’" ions in
the Eu’"-C4DGA complexes in both [Csmim][NTf,] and in the acetonitrile-water (5:1) mixture.
The radiative transition probability 4 for a transition yJ— y'J was calculated from equation

(4.16): [82,156]

A, ') = Acat Amd (4.16)

The predicted radiative lifetime 1,,4 of an excited state in terms of A, the total radiative transition

probability of an excited state, is given by

Trad(YJ) = /A1 (yJ) (4.17)
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Table 4.8: Determination of J.O. parameters for Eu’" - DGA complexes

System Q, (x 10* Q4(x 107 Ref No
Eu’'- CDGA L-I in [Csmim][NT#] 4.09 4.95 Present study
Eu’"- CDGA L-II in [Csmim][NTf] 4.03 5.11 Present study
Eu’’- CDGA L-III in [Csmim][NTf,] 4.12 5.06 Present study
Eu’'- CDGA L-IV in [Csmim][NTf] 4.42 5.04 Present study
Eu’'- CDGA L-V in [Csmim][NTf] 4.48 5.07 Present study
Eu’'- L-VI in [Csmim][NT£] 4.32 5.49 Present study
Eu’'- L-VII in [Csmim][NT£] 5.58 9.09 Present study
Eu’-TODGA in [C4mim][NTf] 4.13 5.23 Present study
Eu’™-T-DGA in [C4smim][NTf,] 3.97 5.35 Present study
Eu’'- CDGA L-V in ACN-H,0 4.38 5.36 Present study
Eu’"- CDGA L-I in ACN-H,O 4.32 5.67 Present study
Eu’’- CDGA L-II in ACN-H,0 4.43 5.57 Present study
Eu’™- CDGA L-V in ACN-H,0 4.34 5.76 Present study
Eu’’-T-DGA in ACN-H,0 4.30 5.44 Present study
Eu’" (aquo) 1.62 3.87 [168]
Eu’'- Dipicolinic acid (1:1) 3.35 4.83 [168]
Eu(TTA);phen 13.87 0.33 [169]
Eu(TTA);phen(0.10)-PMO 24.81 0.83 [169]
Euphen(0.10)-PMO 7.09 0.37 [169]
Eu-DBM 10.97 1.47 [170]
Eu-DBM-Si 14.11 2.17 [170]
Eu(TTA),(Phen)(H,0) 14.7 1.46 [171]
Eu(TTA)(Phen)(AA) 14.5 0.87 [171]
Eu(TTA),(Phen)(MA) 13.7 0.83 [171]
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The branching ratio 3 corresponding to the emission from an excited level to its lower levels is

described as

BCw)) = A(yl, "Iy Ar(yJ) (4.18)

The spontaneous transition probability of the electric-dipole transition A.q and the
magnetic-dipole transition 4,4, the total transition probability A, the emission branching ratio 3,
the radiative and non-radiative lifetime Taq and Tponrag, and the quantum efficiency (n) of the
Eu’"-C4DGA complexes are presented in Tables 4.7. The branching ratio follows the order B, >
B4 > Pi. Neither structural modifications of the C4DGA ligands nor the medium in which the
Eu’"-C4DGA complexes are formed, have a significant effect on the branching ratio values. The
probability of the electric-dipole transitions are higher than the magnetic-dipole transitions for all
Eu*"-C4DGA complexes both in [Cgmim][NTf,] and in the acetonitrile-water (5:1) mixture. In
general, both transition probabilities (Amg, Azed, Aseq) are higher in [Cgmim][NTf;] than in the
acetonitrile-H,O (5:1) mixtures indicating more mixing of the metal orbital (f) with that of the
ligand. The transition probability of the electric-dipole transition of >Dy—F, is three times more
than the magnetic-dipole transition probability and twice that of the electric-dipole transition of
5 Do—>7F4. It was also noticed that substituents on the amidic nitrogen atoms increase the quantum
efficiency as it decreases the additional non-radiative path for de-excitation.

Comparison of different rim functionalized C4DGA ligands with different DGA
functionalized ligands in RTILs revealed that the non radiative transition life time (tnr) was
found to follow the trend for the ligands L-VII in [Cgmim][NTf;] > L-VI in [Csmim][NTf;] >

TODGA > T-DGA in [Csmim][NTf;] > T-DGA in ACN-H,O mixture, while an opposite trend
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was observed for their quantum efficiency values (). Presence of H,O molecules in the primary
co-ordination sphere of Eu’*-L-VII complex provides additional pathways of non radiative
transitions while other europium complexes with no water molecules in their primary co-
ordination spheres differed significantly with respect to their non-radiative lifetime suggesting
the influence of other parameters in their lifetime. Medium can also play significant role (as seen
in the case of Eu’"-T-DGA complex) in determining the non radiative lifetime even though
medium is not directly present in primary coordination sphere of Eu’". For all the complexes, the
magnetic and electric dipole transitions probabilities behaved in the fashion of Ajeq > Aded > Ama.
Though there are significant differences in the electric dipole transition values from complex to
complex, the constancy of magnetic dipole transitions established the fact that there is no
perturbation of magnetic dipole transitions by the crystal field. The radiative and non-radiative
life times, branching ratio of different transitions, quantum efficiency, probability of electric

dipole and magnetic dipole transition etc. are summarized in Table 4.7.

4.10 Understanding the role of organic diluent on actinide ion extraction using a both rim
functionalized C4DGA (L-VI)

Zhu et al. [64], have reported unusual size selective extraction of main group elements
with TODGA in n-dodecane as the extracting solvent which was attributed to the size selective
extraction of metal ions with ionic size of about 100 pm for the divalent ions while for the tri-
and tetravalent ions exceptionally high D values were seen for the metal ions with ionic sizes of
87—113 and 83-94 pm, respectively. Jensen et al. [105] carried out small angle neutron scattering
(SANS) studies with TODGA solutions equilibrated with varying concentrations of nitric acid to
suggest that the size selective extraction behaviour could be due to a reverse micelle formation at
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nitric acid concentrations beyond 0.7 M and aggregates containing four TODGA molecules were
reported at 3 M HNOs;. Subsequent studies on actinide ion extraction in the presence of phase
modifiers such as DHOA [103] (dihexyloctanamide) or iso-decanol [172] indicated lowering of
the D values which was attributed to the instability of the aggregates in a solvent system of
higher polarity. These observations indicate that the diluents play a very significant role in the
extraction of metal ions; especially the actinide ions using DGA based extractants. Several
studies were carried out to understand the role of organic diluents on metal ion extraction using
DGA extractants. Sasaki et al. [62] studied the extraction of Am®" and Eu*" using 0.1 M TODGA
in about 11 diluents from 1 M HNO; and observed very high extraction of the metal ions (D
values >500) in polar diluents such as nitrobenzene, 1-octanol and ethyl acetate. However,
similar high D values were also observed with hexane and n-dodecane. They have observed
much lower metal ion extraction with aromatic or halogenated solvents which was attributed to
their tendency to react with the donor oxygen of diglycolamide thereby reducing the effective
ligand concentration drastically. Similar observations were made by Ansari et al. [103] and Panja
et al. [136] in subsequent studies.

In a series of separate studies involving ionic liquids as the diluent, we observed that the
both-rim DGA-functionalized calix[4]arene showed unusual acid concentration independent
actinide extraction while showing unprecedented high extractability of Am®". This prompted us
to investigate thoroughly the both-rim DGA-functionalized calix[4]arene (L-VI) for actinide ion
extraction. It was also decided to carry out such studies with different diluents to see the possible
effects of the solvent medium on the metal ion extraction. Studies were also carried out as a
function of the aqueous phase nitric acid concentration. The nature of the extracted species in

different diluents was ascertained from slope analysis method by carrying out solvent extraction
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studies at varying concentrations of the C4DGA ligand (L-VI). Finally, temperature variation

studies were also carried out at a fixed ligand concentration and fixed aqueous phase acidity.

4.10.1 Effect of organic diluent media on americium extraction

The extraction of metal ions into the organic phase is basically a net result of three
independent steps, viz. a) partitioning of the extractant from the organic phase to the aqueous
phase, b) complex formation between the metal ion and the extractant in the aqueous phase, c)
partitioning of the complex from the aqueous phase in to the organic phase. Out of these, steps a)
and c) involve the properties of diluent and hence any enhancement in the extraction should be
linked to the diluent characteristics. Interaction of the diluents with the ligating atoms of the
extractant decides the availability of free ligand for complexation of the metal ion and is the
reason given by Sasaki et al., for the poor extraction of Am*" by TODGA in chloro or aromatic
solvents [62]. Compared to TODGA, C4DGA ligands (both L-VI and L-VII) have rather
complex architecture of the pendent arms and the complexation and de-complexation reactions
may involve significant reorientation / configurational changes in the pendent arms to position
the coordinating atoms in an ‘endo’ configuration to bond with the metal ion. This may lead to
significant slow kinetics of extraction of the metal ions. Another factor, though of lesser
significance is the viscosity of the diluent medium which decides the mass transfer rates. The
results of the kinetics of extraction of Am®" using the L-VI ligand in various diluents such as,
chloroform, n-dodecane, /-octanol, 2-ntrophenyloctyl ether (NPOE), FS-13 (phenyl
trifluoromethylsulphone), hexone or methyl iso-butyl ketone (MIBK) and nitrobenzene are

presented in Fig. 4.13. The extraction rates were slower as anticipated and about 15-20 minutes
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were needed to attain equilibrium while only 5 minutes were needed to reach equilibrium with

TODGA (in n-dodecane).
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Fig. 4.13: Extraction kinetics data using 1.0 x 10° M C4DGA (L-VI). Aqueous phase: 3 M
HNO:;

It is generally believed that charge neutralized complexes will be stabilized in a non-polar
diluent while a charge separated complex will be stabilized in a polar diluent. This has been the
reason for the use of polar diluents for the extraction of metal ions which follow an ion-pair
mechanism. Table 4.9 lists the Day, values using L-VI as the extractant in several diluents. For
comparison purpose, the distribution ratio data obtained with TODGA and L-V are also listed in
the table. At 3 M HNOs; the distribution ratio data of Am(III) in a given diluent were found to

follow the trend: n-Dodecane > MIBK > FS-13 > Nitrobenzene > NPOE > 1-Octanol >
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Chloroform. Surprisingly, while nitrobenzene as the diluent yielded significantly higher Dap
values as compared to n-dodecane for both TODGA and L-V, an opposite trend was seen with L-
VI. While TODGA in 1-octanol extracted Am(III) by about 2.5 times higher as compared to the
case where n-dodecane was used as the diluent, the later diluent resulted in > 6 times higher
Am(III) extraction as compared to 1-octanol in the present study. We have tried to correlate the
Dam values with the dielectric constant of the medium (Fig. 4.14) which showed a rough linear
correlation with four of the seven diluents used in the present study. While MIBK and 1-octanol

deviated from the straight-line plot marginally, n-dodecane was significantly above the line.

Table 4.9: Extraction of Am®" in various diluents using TODGA, L-V and L-VI

Diluent Dielectric constant® Dam
TODGA” L-V¢ L-VI¢

n-Dodecane 2.00 30 9.83 61°
Chloroform 4.81 0.12 1.87 1.04
1-Octanol 10.3 81 -- 9.6
NPOE 23.1 -- 5.78 10.1
FS-13 34 -- -- 15.2
MIBK 13.1 - 8.52 18.6
Nitrobenzene 34.8 220 252 13.9

Note: *: Data taken from ref. [173]; *: Data taken from ref. [62], aq. phase: 1 M HNOs, org.
phase: 0.1 M TODGA; : Data taken from ref. [174], aq. phase: 3 M HNO3, org. phase: 1.1x107
M L-V; % Present work, aq. phase: 3 M HNOs; org. phase:1.0x10~ M L-VI ; e: 5% iso-Decanol

was added as the phase modifier
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Shmidt and coworkers introduced the empirical diluent parameter (DP) as a "universal
constant" characterizing the diluent and can be expressed by the empirical correlation formula

[175,176]

Log D = K+ a.DP (4.19)

where, D is the distribution ratio of the metal ion while ‘K’ and ‘a’ are constants characteristic of
the extraction system. DP was obtained from distribution measurements of trace amounts of
ZnCl, extracted from aqueous 0.16 M hydrochloric acid using 0.047 M tri-n-octylamine

hydrochloride in the diluent, relative to the value with benzene.

DP =1log D - log D (in benzene) (4.20)

Fig. 4.15 represents the plot of log D vs DP (calculated for some of the common diluents
by Shimdt and available in the literature) showing similar correlation as expected by equation
(4.19). Data for PTMS is not included in the figure as the DP value for the diluent is not
available. However, for NPOE, we have included the DP value of analogous ether diluents [175].
Chloroform is found to be an exception of the above study as indicated by Schmidt et al. [176].
Marcus [175] also attempted to correlate the diluents parameter with the Hildebrand’s solubility

parameter through an empirical relation as given below:

DP =- (10.61 % 0.93) + (0.241 + 0.026) Er + (0.217 £ 0.077) 6 (4.21)
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Fig. 4.14: Correlation of D values of americium with the dielectric constants of the diluents

using 1.0 x 10° M concentration of L-VI

where, Er represents the polarity (it combines in some manner the Lewis acid and Lewis base
properties) while & is Hildebrand's solubility parameter which describes the cohesiveness of a
solvent. Using the DP value obtained by Marcus from the above correlation (eq.(4.21)), log D
was plotted as a function of DP (Fig. 4.15). It also revealed linear correlation as the D values

decreased with increasing DP, while chloroform did not fall in the line as indicated above.
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Fig. 4.15: Correlation of Day, values with the diluent parameter reported by Schmidt and those

calculated by Marcus (ref. [175]) using 1.0 x 10> M L-VI

The mechanism of extraction has been difficult to predict based on several competing
factors. The high D values obtained with TODGA (Table 4.9) can be attributed to the extra
hydrophobicity of the complex in a reverse micellar extraction mechanism [62]. However, in
view of very low concentration of the DGA-functionalized calixarene ligand used for Am®*
extraction (in the present study and as reported in ref [177]), such mechanism may be ruled out.
One possibility could be the favourable orientation of the DGA moieties present in the L-V or L-
VI ligands in the medium of low polarity which can facilitate higher extraction of the metal ion.

The lowest D, in chloroform can be attributed to the ligand - diluent interaction through
hydrogen bonding [178,179]. There could also be interaction of 1-octanol with the donor groups

of the L-VI ligand possibly through H-bonding which is manifested in the lowering of the
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expected Dan, value. However, in view of the high polarity of the diluent [180], the Day, values
are seen to be higher than the expected lowering on the basis of the H-bonding interactions. In
case of NPOE, due to the proximity of the electron withdrawing nitro group (-I and —R effect), it
is likely to develop 6+ charge on etheric oxygen which may interact with the diglycolamide
molecules to decrease the availability of ligand molecules for metal ion interaction. The above
fact was seen by the decrease in the Day, value in NPOE compared to that in FS-13 and

nitrobenzene.

4.10.2 Separation behaviour

The diglycolamide extractants have the unique feature of poor extraction of UO,*" and
Sr**, two of the important constituents of the high level waste (HLW), making these ligands
achieve good decontamination factors (DF) for Am’" separation. With DGA-functionalized
calix[4]arenes, the DF values have been reported to be higher due to large enhancement in the
Dam values with almost no change in the Dy and Dg; values as compared to those obtained with
TODGA [69]. The distribution ratio values of Am®*, UO,*" and Sr*" were determined from feed
acidity 3 M HNOs; and 0.01 M HNOs; using L-VI as the extractant in different diluents and the
results are listed in Table 4.10. At 0.01 M HNO;, the distribution ratio of all the three metal ions
in all the diluents were found to be very low which can be attributed to the lower concentration
of nitrate ion for the formation of metal DGA nitrate complex. The separation factor (S.F.)
values, defined as the ratio of Day, and Dy (where M = U or Sr) are also listed in the table. The
distribution ratio values for U (Dy) in the diluents followed the trend: n-dodecane > FS-13 >

MIBK > 1-octanol > chloroform > nitrobenzene > NPOE.
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Table 4.10: Separation data for Am®*, UO,”" and Sr*” from nitric acid feeds using 1.0 x 10> M

L-VI in different organic diluents

Feed acidity S.F. S.F.
Medium (M) Dam Dy (Dam/Du) Ds; (Dam/Ds;)

3 1.04 0.48 2 0.01 100
Chloroform 0.01 0.005 0.01 0.45 <0.0001 >39
95% n-Dodecane + 5% iso- 3 60.96 8.27 7 2 30
decanol 0.01 0.15 0.05 3 0.003 48
3 9.60 1.21 8 0.4 24
1-Octanol 0.01 0.02 0.01 1 0.002 9

3 10.12 0.04 236 0.005 2024

NPOE 0.01 0.02 0.01 4 <0.0001 >204
3 15.22 3.08 5 0.4 38

FS-13 0.01 0.06 0.03 2 <0.0001 >649
3 18.57 2.47 8 0.3 62

MIBK 0.01 0.02 0.02 1 <0.0001 >210

3 13.94 0.28 50 0.05 279

Nitrobenzene 0.01 0.20 0.002 113 0.001 202

Though distribution ratio of americium is highest in n-dodecane — iso-decanol mixture,

the distribution ratios of uranium as well as Sr*" are also high. So, n-dodecane can be used for

the simultaneous extraction of these three metal ions. On the other hand, most efficient
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decontamination from U was observed from 3 M HNO; with NPOE as the diluent while
nitrobenzene can be an effective diluent for 1.0 x 102 M HNO:; as the feed. The distribution ratio
values of Sr*” in the diluents followed the trend: n-dodecane > FS-13 ~ 1-octanol ~ MIBK while
practically there was no extraction of Sr** into the organic phase when chloroform, nitrobenzene
and NPOE were used as diluents. For Am — Sr separation also, NPOE is found to be the most
efficient diluent with S.F. values in excess of 2000. Other diluents like FS-13 and nitrobenzene

can also be used for effective separation of Sr* from Am®".

4.10.3 Extraction of Am at different feed acidities

The solvation mechanism, operative for the extraction of actinide ions using neutral
extractants, suggests an increase in metal ion extraction with increasing nitric acid concentration
till interaction of ligand molecules with the acid affect the D values. The Da,, values were found
to increase with increasing feed acidity up to 3 M HNO; beyond which a plateau was observed
(Fig. 4.16). Up to 3 M HNOs;, with increasing nitric acid concentration, a resultant increase in
nitrate ion concentration occurs which favours the formation of americium — L-VI complex in
different media as indicated by equation (4.22), where ‘n’ is the number of ligand molecules

associated with the Am(III) ion.
Am’* g + 1 L-Vyg + 3NO3 g €> Am(L-VI),3NO3 org (4.22)

where, the subscripts, ‘aq’ and ‘org’ refer to the species in the aqueous and the organic phases,
respectively. The plateau beyond 3 M HNOs; is attributed to a concomitant increase in the
concentration of hydrogen ion which competes for the ligating sites (as per eq. (4.23)), thereby

affecting the metal ion distribution ratio values from any further increase.
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H',q + m L-VIgg + NO3 g > HNO3'm L-VIoyg (4.23)

where, ‘m’ is the number of extractant molecules associated in the ligand — acid adduct. In
equations (4.22) and (4.23), though more than one extractant molecules (n > 1; m > 1) are
theoretically possible to be present in the extracted species, the large number of DGA moieties
present in the L-VI molecule prompted us to believe that not more than one unit of extractant

may be present in the extracted species.
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Fig 4.16: Extraction profiles of americium using 1.0 x 10° M L-VI in different media from

4.10.4 Nature of the extracted species
Fig. 4.17 gives the log — log plots of Dam vs [L-VI] which are straight lines with the slope

values close to 1 indicating that one molecule of L-VI is associated in the extracted species. The
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conditional extraction constant (K %) can be calculated from the intercept which follow the order,
K '« (n-dodecane) > K ox (MIBK) > K % (1-octanol) > K% (FS-13) > K (nitrobenzene) > K o«
(NPOE) >> K« (chloroform) (Table 4.11). These results are in the same line as those observed
for C4DGA ligands (L-VI) for most of the diluents [177]. The possibility of 1:2 complexes is

ruled out in view of very high stereochemical constraints with L-VI containing eight DGA

moieties.
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Fig. 4.17: Effect of ligand concentration on the distribution ratio of americium
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Table 4.11: Determination of extraction constants from slope ratio method

Medium Slope Log Kex
Chloroform 0.87+0.011 0.46
n-Dodecane — iso-decanol 1.07 £ 0.004 95.49

mixture

1-Octanol 0.97 £ 0.003 7.08
NPOE 0.88 = 0.005 4.36
FS-13 0.92 £ 0.001 6.92
MIBK 0.92 +0.003 11.22
Nitrobenzene 0.91 +0.084 6.76

In order to obtain the thermodynamic parameters, the distribution ratio values were
measured at varying temperatures. The distribution ratio values of Am®" obtained at different
diluent media were found to decrease with increasing temperature indicating that the extraction
process is exothermic in nature (Fig. 4.18). The thermodynamic parameters are listed in Table
4.12 which suggest that the extraction of Am®" by L-VI in all the diluents appears to be
spontaneous. The change in enthalpy of the metal ion extraction in different diluents followed
the order, nitrobenzene > n-dodecane > FS-13 > MIBK > chloroform > NPOE > octanol while
the change in entropy followed the order, n-dodecane >> MIBK > octanol > NPOE > FS-13 >

chloroform > nitrobenzene.
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Fig. 4.18: Effect of temperature on Am(III) extraction. Aqueous phase: 3 M HNOs; Organic

phase: 1 x 10° M L-VI in the given diluents

As previously mentioned, the overall change in the enthalpy is dependent on three main
factors, viz. 1) enthalpy required to dehydrate the metal ion (AH;), ii) enthalpy released during
formation of the metal — ligand complex (AH>) and iii) partitioning of the metal-ligand complex
into the diluents phase (AH3) which in many cases involves the destruction of an ordered diluent
structure. In the present case, the first two factors will be same for all the cases. The properties of
the diluents only contribute significantly in case of AHj;. Increase in entropy due to the
extraction can be explained based on an increased disorder due to the release of the solvent
molecules during complexation while in case of chloroform and nitrobenzene the overall entropy
decreases. Large positive entropy values obtained in case of l-octanol and NPOE may be
attributed to the complexation reaction resulting in breaking of an highly ordered H-bonded

structure of the solvent systems.
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Table 4.12: Thermodynamic parameters experimentally determined from the Am(III) extraction

studies carried out using L-VI (1.0 x 10 M) in different diluents at varying temperature

Medium AG (kJ/mol) AH (kJ/mol)  AS (J/K/mol)
Chloroform -15.3 -21.6 -21.0
n-Dodecane — iso-Decanol -28.6 -43.9 -51.1
1-Octanol -22.1 -4.79 57.6
NPOE -20.9 -12.5 28.3
FS-13 -22.1 -39.1 -56.9
MIBK -23.3 -23.0 0.94
Nitrobenzene -22.0 - 66.6 -149

4.11 Summary

The above studies involving the diglycolamide-functionalized calix[4]arenes in
[Csmim][NTf,] lead to the following important conclusions. A decrease in the distribution ratio
of americium with increasing aqueous phase acidity was attributed to an ion exchange
mechanism in all cases. A remarkable acid concentration independent Am(III) extraction was
observed using L-VI in RTIL. Because of the higher viscosity of the ionic liquid in comparison
to the molecular diluents [142, 181], 2 h were required to reach equilibrium D values. The ligand
with a short spacer was found to be a better extractant in comparison to its analog with a longer
spacer probably because of the better pre-organization of the diglycolamide moieties on the

calixarene platform as a result of restricted C—C single bond rotation. At lower feed acidity, the
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coordinating ability of the carbonyl oxygen was enhanced because of the electron density on the
amidic nitrogen atom to which a group with a +I effect is attached, while at comparatively higher
feed acidity the steric crowding around the coordinating group plays a significant role. Both
ligands form complexes with 1:1 stoichiometry. A time-resolved fluorescence study confirmed
the strong interaction of the metal ion with the C4DGA ligands in [Csmim][NTf;] as single
species without inner sphere water molecules. Radiolytic stability studies indicated that the
extraction efficiencies of L-I and L-IV are not significantly affected up to 500 kGy of absorbed
dose. The the extraction efficiency of the C4DGAs in [Csmim][NTf;] was found to follow the
trend: Eu’” > Am’" > Pu*" > PuO,”" > UO,*" > St*" > Cs". And finally, metal - C4DGA complex
formation is thermodynamically favorable and the overall extraction process is exothermic in
nature with a decrease in the overall entropy of the system.

Diluents play a very important in the extraction of the metal ions not only with simple
DGA ligands such as TODGA, but also with complex molecules such as L-VI. n-Dodecane has
shown favourable extraction of not only Am(III), but also metal ions such as UO,*" and Sr(II).
The separation factor values were found to be favourable in NPOE as the diluent. The acid
concentration dependence of metal ion extraction was mainly due to nitrate ion concentration in
the aqueous phase while the saturation in the D values was due to competing extraction by the
hydronium ion. The extracted species has shown extraction of 1:1 species into the organic phase
and the reaction has been found to be spontaneous. The exceptional extraction behaviour of the
L-VI ligand as seen in room temperature ionic liquids was not to be seen in the molecular

diluents.
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CHAPTER- 5

Studies  involving  Task

specific tonic liquid (TSIL)

for the separation of actinides







Due to their negligible vapour pressure, high thermal stability, and high ionic
conductivity, room temperature ionic liquids (ILs) have been evaluated as future ‘green’
alternatives to the molecular diluents [111-114]. The applications of ionic liquid based solvent
systems for actinide extraction have been reviewed recently [154,182-183]. Out of the ILs, those
appended with specific extractant functional groups have been termed as Task Specific lonic
Liquids (TSILs) or functionalized ionic liquids (FILs) and have many advantages over the
solvent systems containing the analogous extractant in an IL [184,185]. One of the major
advantages of TSILs includes alleviation of problems associated with finding extractant
molecules that remain exclusively in the IL phase under all process conditions. Furthermore, the
functional groups appended onto the IL can impart a particular reactivity pattern to the IL,
enhancing its capacity for interaction with specific metal ions, thereby improving the selectivity
enormously. Some of the recent reports involve TSILs containing ligands specific for actinide
ion extractions, especially from acidic feed conditions, which have potential applications in
radioactive waste remediation [88,89]. Out of the various TSILs tested for actinide ion
extraction, there are very few reports on CMPO-functionalized IL [91]. To the best of our
knowledge, there is no report dealing with DGA (diglycolamide)-based TSIL. As solvents
containing CMPO in ionic liquids were found to be much inferior extractants [138,186] as
compared to those containing DGA extractants in IL [136,139], it was of interest to evaluate
diglycolamide-based task specific ionic liquids (DGA-TSILs) for actinide extraction. The present
study deals with their synthesis and extraction behavior from acidic feed solutions. Their
extraction behaviour towards actinide ions such as Am’", Pu*", Np**, and UO,*" and fission
product ions such as Eu’", Sr*’, and Cs™ was compared with that of TODGA, a widely studied

DGA-based extractant [134,187], in both molecular diluent and analogous IL diluents. In order
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to have insight into the extraction mechanism, the nature of the extracted species was determined
from by the conventional analysis method and also by time resolved laser induced fluorescence
studies. Stripping and radiolytic degradation studies were carried out for possible applications of
these DGA-TSILs in ‘actinide partitioning” with recycling options. A comparative study was
also carried out to understand the extraction behavior of Np(IV) and Np(VI) with CMPO-
functionalized ionic liquid as well as DGA-TSIL in a more detailed manner. Structures of the

TSILs used in this chapter are as follows
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Fig. 5.1: Structures of TSILs used in Chapter-5

5.1 The Kkinetics for the extraction of Am®" with [DGA-TSIL][X] (where, X = NTf, and PF)

The time required to attain equilibrium D values was found to be much higher (about 6 h,
Fig. 5.1) in case of the two DGA-TSILs as compared to the TODGA-IL solvent systems
(Chapter 3), which can be attributed to the very high viscosity of the TSILs [142,181]. In order to
discount the effect of the viscosity with the neat TSILs, solutions of [DGA-TSIL][NTf,] and
[DGA-TSIL][PFs] were used after appropriate dilution in [Csmim][NTf;] and [Csmim][PFs],
respectively for the extraction kinetics studies. The results are included in Fig. 5.2 which indicate

a sharp decrease in the time required to attain equilibrium Day, values (from > 6 h in case of
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undiluted TSILs to about 1 h with the diluted TSILs) corroborating the viscosity effect as the
reason for the slow extraction kinetics with neat TSILs as suggested above. Similar examples of
diluting a TSIL in IL diluents have been reported in the literature [184]. In view of the lower
viscosity of [Csmim][PFs] and [Cymim][NTf,] as compared to [Cgmim][PFs] and

[Csmim][NTf,], the butyl derivatives of the ionic liquids were used for making the dilutions

[188].
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Fig. 5.2: Am’" extraction profiles as a function of equilibration time for the [DGA-
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5.2 Effects of feed acidity on the extraction properties of metal ions

Fig 5.3(a) showed the extraction profiles of Am®" with [DGA-TSIL][NTf,] and [DGA-
TSIL][PF¢]. The decreasing trend of Da,, with increasing feed acidity suggested predominance
of cation exchange mechanism. With pure [DGA-TSIL][NTf;] and [DGA-TSIL][PF¢], as
Cymim’ is a part of the complexing entity, there is no chance of it getting partitioned into the
aqueous phase, because of the much increased lipophilicity due to the presence of two octyl
groups. Hence, the possible extraction mechanism can be given as:

Am*4q + n[DGA-TSIL] ' <> [Am (DGA-TSIL),]* ™"y, >
q

Further, with DGA-TSIL in an ionic liquid ([Csmim][X]) as the diluent, the extraction
mechanism can be presented as:

Am’",, + 3Cymim . + n[DGA-TSIL] 1. <> Am (DGA-TSIL),® ™" + 3C4mim*,, (5.2)

The distribution ratio values of the actinide metal ions in different oxidation states (such
as +3, +4 and +6) were also found to follow similar trend with feed acidity (Fig. 5.3(b)). It was
also observed that Zr(IV), Pd(I), Y(III), La(IIl), Ce(I1V), Pr(III), Nd(III), and Sm(III) were co-
extracted along with minor actinides like americium. Except for Zr, prevalence of the cation
exchange mechanism was also observed for these metal ions (Fig. 5.3(c)). Furthermore, there
was acid transfer into the ionic liquid phase during the extraction of metal ions [Fig. 5.3(d)]. As
a consequence, at higher feed acidity there is a competition between metal ions and H' ions for
extraction into the organic phase, which is reflected in the decreasing trend of the Dy values at
higher feed acidity.

H',q + m[DGA-TSIL] . + C4ymim 1 = H [DGA-TSIL]™ " . + Cymim g (5.3)
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5.3 Effect of Eu loading in the aqueous phase on its distribution ratio value

Most of the literature on the extraction of actinide ions deals with the distribution ratio
values of the metal ions obtained with the radiotracers only. However, due to the higher
concentration of the analytes and the presence of other concomitant metal ions in actual
solutions, these data are not very relevant. Therefore, it is essential to study the effect of different
metal ion concentrations in the aqueous phase on its distribution ratio. The distribution ratio of
Eu’" was found to decrease with increasing Eu loading in the aqueous phase, which can be
attributed to the decrease in availability of free ligand for extraction [Fig. 5.4(a)].

The distribution ratio of Eu at tracer level was 470, which decreased to 200 when the feed
was changed to SHLW, in which the total rare earth concentration (equivalent to Eu’") is about
500 pg/mL. It further decreased to 160 when the Eu concentration in the aqueous feed was 1000
ng/mL. The plot of log Dg, vs log [Eu*'] can be fitted by a polynomial equation [Fig. 5.4(b)].
Using eq. (5.4) the distribution ratio of Eu*" can be calculated for any concentration of Eu®" from

3 M HNO:s feed into the ionic liquid phase containing the DGA-TSIL.

Log Dg, = 2.593 — 0.084 log [Eu] — 0.012 (log [Eu])> (5.4)
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5.4 Determination of the nature of complexes formed by task specific ionic liquids

The relative extractability of the actinide ions also depends on the nature of the extracted
species and its overall organophilicity, which depends in turn on factors such as the number of
extractant molecules and the number of associated water molecules (both inner- sphere and
outer-sphere). In order to determine the metal-ligand stoichiometry in the complex, slope
analysis experiments were carried out. An increase in the Dy values upon increasing the ligand
concentration primarily suggests that the ligand molecule is directly taking part in the extraction
process (Fig. 5.4). The extraction constant (K¢x) of the separation process can be expressed as

follows:

Kex = ((IM(TSIL) ™" 1 [Camim "aq) / ([M™ g [TSIL]™1 [Camim ") (5.5)

Substituting the value of Dy in Eq. (5.6) one obtains

Kex = (Dm[Camim 1) / ( [TSIL]™w [C4smim ") (5.6)

The conditional extraction constant (K's) can be obtained from the equation as follows:

Kex([Csmim' T/ [Camim]"q) = Da/ [TSIL]™iL = K'ex (5.7)

Taking the logarithm one obtains

log Dy = log K'ex + n log [TSIL]i (5.8)

A plot of log Dy vs log [TSIL];. should yield a straight line with a slope of ‘n’, the number of
ligand molecule associated with the metal ion, and the intercept of log K'.<. The complex

formation equilibria in an ionic liquid can be described by the following equation:
186



M" L+ TSIL;, = M [TSIL]" "1 (5.9)

The complex formation constant (Ksm) can be expressed as

Korm = [M(TSIL)" Jir/ ((M™ T [TSIL]11) (5.10)
Kform = K'ex[Mn+]aq/ [Mrﬁ]lL (5 1 1)
Kform = K'ex / Pm (5 12)

where, Py is the partition coefficient of the particular actinide ion (M"") defined as the ratio of
the metal ion (M"") concentration in the ionic liquid phase to that in the aqueous phase. It may be
noted further that the Py values refer to the extraction of metal ions into the pure RTILs in the
absence of the TSIL. Changes of distribution ratio values of metal ions as a function of [DGA-
TSIL] concentration are shown in Fig. 5.5. Am®" was found to form 1:2 complexes with pure
[DGA-TSIL][NTHT;] or [DGA-TSIL][PFs] while the actinide ions were found to form 1:1 metal-
ligand stoichiometric complexes with diluted [DGA-TSIL][NTf;] and [CMPO-TSIL][NTT;].
From the slope analysis method, La, Nd, Pr, Sm and Zr were found to be associated with two
[DGA- TSIL][NTf;] molecules in the ionic liquid, while Ce and Pd are associated with one
ligand molecule. It is interesting to note that Y* extraction involves three ligand molecules,
which may increase the lipophilicity of the complex manifested in high Dy values It is also
possible that nitrate ions can be part of the extracted species. This was confirmed by carrying out
studies as a function of the nitrate ion concentration in the aqueous phase. While no change in
the Dam value was seen in the TODGA-IL extraction system, an increase in the Day, values was
observed in case of the DGA-TSILs. A slope value close to 1 for the log Dam Vs anos. plots

(Fig. 5.6) suggested the presence of one NOs™ in the extracted species.
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The K¢ values, calculated from Eq. (5.12) are also listed in Table 5.1(a) along with the
K'cx values and the partition coefficient data. The formation constants (Kgm) of the actinides
follow the order: Am®" > Pu*" > Np*" > NpO,*" > UO,*" > PuO,*" similar to that of the
conditional extraction constants (K'cx). The above trend can be explained in a similar manner as
described for Dy. The extraction constants and the formation constants were found to be 10
times more in case of Np(IV) complex compared to Np(VI) complex and the constants were
found to decrease with increase the chain length of the alkyl substituent on methylimidazolium
ring i.e. [C4mim][NTf;] > [Comim][NTt;] > [Csmim][NTf;]. The K'ex and Kyorm for a particular
diluent was found to follow the trend Np(IV) - [CMPO-TSIL][NTf;] complex > Np(IV) - [DGA-
TSIL][NTf;] complex > Np(VI) — [CMPO-TSIL][NTf,] complex > Np(VI) — [DGA-
TSIL][NTf;] complex. These facts reflect the more complexing ability of [CMPO-TSIL][NTf;]
with tetra and hexa valent Np over [DGA-TSIL][NTf;] in [Csmim][NTf;] medium
(Table 5.1(a)). The conditional extraction constant values of the different metal ions follow the
order: Y (III) > Sm(IIT) > Ce(IV) ~ Nd(IIT) > Pr(IIl) > Zr(IV) > La(Ill) > Pd(II) (Table 5.1(b)).
The extraction constant values indicate that except for Pd**, all other metal ions are extracted to a

very significant extent.
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PFs) in [Csmim][NTf;] and [Csmim][PFs]. Aqueous phase: 3 M HNOs; (b) Variation of
Dy with ligand concentration for different oxidation states of actinides. Aqueous phase:
0.5 M HNOs; (¢) Variation of Dy, (Np*" and NpO,*") with [CMPO-TSIL][NTf]
concentration in [C,mim][NTf;] (n =4, 6, 8). Aqueous phase: 3 M HNOs; (d) Variation
of Dy (Np4+ and Np022+) with [DGA-TSIL][NTf;] concentration in [C,mim][NTf,] (n
=4, 6, 8). Aqueous phase: 0.5 M HNOs; (e) Variation of Dy with concentration of
[DGA-TSIL][NTf;] in [Csmim][NTf,] for the metal ions extracted from SHLW.

Aqueous phase: 0.5 M HNO:s.
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Table 5.1(b): Stoichiometry of the metal-[DGA-TSIL][NTf;] complexes and conditional

extraction constants (with SHLW with 0.5 M HNOj; as the feed)

Metal ion  Slope Metal-ligand stiochiometry Log K'ex

Ce*" 1.16 +0.05 1:1 2.52+0.11
La** 1.97 £ 0.06 1:2 1.81+0.07
Nd** 1.90 +0.12 1:2 2.51+0.15
Pd** 1.00 + 0.1 1:1 0.40+ 0.02
pr’ 1.88 +0.22 1:2 2.48+0.17
Sm** 1.93+0.07 1:2 3.39+0.11
Y 2.98+0.23 1:3 4.59 +0.30
Zr* 1.90 £ 0.07 1:2 2.38+0.09

5.5 Determination of thermodynamic parameters

As mentioned above, the extractability of the metal ions is dependent on the number of
water molecules present in the extracted species which imparts the hydrophilicity. This is apart
from the number of the organophilic extractant molecules present in the extracted species which
impart lipophilicity. This can be quantified from the thermodynamic parameters such as entropy
which takes the total number of reacting and product species into consideration. As the
complexation / extraction reaction often involves replacement of inner-sphere water molecules,
this will be reflected in the thermodynamic parameters. The Van’t Hoff plots for different

actinides from a 0.5 M HNO; feed solution using 3.6 x 102 M [DGA-TSIL][NTf;] in
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[Csmim][NTf;] are presented in Fig. 5.7(a), while Fig. 5.7(b), Fig. 5.7(c) and Fig. 5.7(d)
presented the Van’t Hoff plots for Np(IV) and Np(VI) using 0.01 M [CMPO-TSIL][NTf;] in
[Camim][NTf] (n = 4, 6, 8); Np(IV) and Np(VI) using 3.6 x 10> M [DGA-TSIL][NTf,] in
[C,mim][NT£;] (n = 4, 6, 8) and metal ion extracted from SHLW using 3.6 x 10> M [DGA-
TSIL][NTf;] in [Csmim][NTf;], respectively. The change in enthalpy (AH) during the
complexation can be calculated from the slope (-AH/2.303 R) of the log D vs 1/T plots using the
Van’t Hoff equation (Chapter 3). The Gibb’s free energy (AG) and the entropy change (AS) at a
particular temperature were also calculated. The thermodynamic parameters for all the actinides
were listed in Table 5.2 (a), while that for other metal ions co-extracted from SHLW were
summarized in Table 5.2(b). For all the actinides ions investigated, the Dy values decreased
with temperature, indicating that the extraction processes are exothermic in nature. The change
in enthalpy (AH) followed the trend Np*™ > Am®* > NpO,*" > Pu*" > UO,*" > PuO,*", while the
AG values followed a trend similar to that of the distribution ratios. The extraction of Am®" is the
most favourable amongst the actinide ions investigated in the present study, while that of PuO,*"
is the least favourable. The entropy change decreased during the extraction process suggesting
the loss of rotational and vibrational entropy of the ligand during complexation.

The change in enthalpy values were found to increase with the chain length of alkyl
substituent of ionic liquid diluents for all the Np — TSIL systems, except Np(IV) - [DGA-
TSIL][NTH;] in [C4mim][NTf,] where the AH value changes marginally. The AG values for Np-
TSIL systems were found to follow the order Np(IV) -[CMPO-TSIL][NTf;] > Np(IV) — [DGA-
TSIL][NTf:] > Np(VI) — [CMPO-TSIL][NTf,] > Np(VI) — [DGA-TSIL][NTf,] i.e., Np(IV) and
Np(VI) have preference for [CMPO-TSIL][NTf,] over [DGA-TSIL][NTf;] in ionic liquid

medium.
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Table 5.2 (a): Thermodynamic parameters obtained using the Van’t Hoff equation from the

distribution ratio data obtained at varying temperatures for different oxidation states of

actinides
Metal Diluent Ligand Feed AH AG AS
ion acidity  (kJ/mol) (kJ/mol)  (J/mol/K)

Am(III) [Cymim][NTf;] [DGA-TSIL][NTf;] 0.5M -50.4 -18.7 -230

U(VD)  [Csmim][NTf] [DGA-TSIL][NTf;] 0.5M -12.0 1.5 -65

Pu(VD) [Csmim][NTf;] [DGA-TSIL][NTf;] 0.5M -7.6 -6.2 -45
Pu(IV) [Csmim][NTf;] [DGA-TSIL][NTf;] 0.5M -27.8 -14.7 -141
Np(IV) [Csmim][NTf;] [CMPO-TSIL][NTf] 3M -13.6 -18.6 -16.7
[Comim][NTH;] -15.1 -17.7 -8.5
[Csmim][NTH;] -48.4 -16.2 107
[C4mim][NTH;] [DGA-TSIL][NTf;] 0.5M -58.1 -13.7 -148
[Cemim][NTH;] -52.2 -12.1 -134
[Csmim][NTH;] -50.7 -10.9 -133
Np(VD) [Csmim][NTf;] [CMPO-TSIL][NTf] 3M -23.5 -12.2 -37.7
[Cemim][NTH;] -43.3 -10.8 -108
[Csmim][NTH;] -45.6 -10.7 -116
[C4mim][NTf;] [DGA-TSIL][NTf;] 05M -38.8 -8.2 -102
[Cemim][NTH;] -66.1 -3.3 -209
[Csmim][NTf;] -85.9 -1.3 -282

196



Table 5.2 (b): Thermodynamic parameters for the extraction of various metal ions present in the
SHLW with 3.6 x 10> M DGA-TSIL in [C;mim][NTf,] (data obtained by ICP-

AES)

Metal ion AH (kJ/mol) AG (kJ/mol) AS (kJ/mol/K)

Pd(II) -62.8 23 201.6
La(Il) 273 -10.43 -56.3
Nd(IID) -18.1 -20.03 6.3
Pr(I1I) 12,9 -14.23 4.5
Ce(IV) -19.4 -14.5 -16.6
Zr(IV) 31.7 13.7 -60.1
Sm(III) 373 -19.5 -59.6
Y(III) -27.9 26.4 5.2

The change in entropy values for Np(IV) complexes were found to more positive with
increase in the length of alkyl substituent while the reverse trend was observed in case of Np(VI)
complexes (both either with [CMPO-TSIL][NTf,] or [DGA-TSIL][NTf;]) in ionic liquid
medium. The change in enthalpy for the other metal ions extracted from SHLW using 3.6 x 10
M [DGA-TSIL][NTf;] in [C4mim][NTf;] followed the trend: |AH (Pd)| > |AH (Sm)| > |AH (Zr)| >
|AH (Y)| ~ |AH (La)| > |AH (Ce)| > |AH (Nd)| > |AH (Pr)|, while the change in Gibbs’ free energy
showed the following trend: Y (III) > Nd(III) ~ Sm(III) > Pr(Ill) ~ Ce(IV) > Zr(IV) > La(Ill) >
Pd(II). For Nd(III) and Pr(III), the extraction process was found to be entropy driven, while for

the other metal ions, the entropy change decreased with extraction.
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5.6 Unique separation behavior of actinides and fission products

Preferential extraction of Eu’" over Am®" has been reported with DGA-based ligands,
such as TODGA, T-DGA, and calix- DGA, in n-dodecane [189]. The task specific ionic liquids
[DGA-TSIL][PFs] and [DGA-TSIL][NTHf;] display unique separation behavior and the data are
presented in Table 5.3. The SFg, /am values were in the range of 1.5 — 3.5 for TODGA in n-
dodecane, [Cysmim][PF¢] and [Cymim][NTf;], which almost doubled for [DGA-TSIL][PFs],
though a value of 4.88 was observed for [DGA-TSIL][NTf;] (Table 5.3). While Am(III) / Sr(IT)
separation factor (Dam/Ds;) values were 350, 140, and 150 for TODGA in n-dodecane,
[C4mim][PF¢], and [Csmim][NTf;], respectively [190], they increased substantially to 3.6 x 10°
and 4.8 x 10° for [DGA-TSIL][PFs] and [DGA-TSIL][NTf], respectively. This has a great
relevance in getting better decontaminated minor actinide products and no special feed
adjustment is required contrary to a previous report where the feed was adjusted to 6 M HNO;
for achieving better decontamination from Sr [88]. High level waste solutions contain large
amounts of U (in the range of 6 — 20 g/L) due to losses in the PUREX cycle. Am / U separation
factor values are in the range of 10 - 26 for TODGA systems, which indicates the presence of
significant concentrations of U in the minor actinide fraction, showing that a U recovery step is
mandatory prior to the ‘actinide partitioning’ step [89]. The SFamu increased by one order of
magnitude to 128 and 180 for the TSILs [DGA-TSIL][PFs] and [DGA-TSIL][NTf;],
respectively, (Table 5.3) making U removal prior to minor actinide extraction redundant.
Interestingly, the SF values of Am/Pu(IV) and Am/Np(IV) are in the same range. Furthermore,
although [DGA-TSIL][PFs] gave more favourable SF values for Eu / Am separation than
[DGA-TSIL][NTHf;,], an opposite trend was observed for the separation of the remaining elements

investigated with respect to Am.
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Table 5.3: Separation factor values for various actinide and fission product elements at 3 M
HNO:; feed conditions. No dilution was made for TSILs, while 1.0 x 10”2 M solutions

were used for other solven

Ligand SFewam  SFamssr SFam/cs SFam/uvi SFampuav)  SFammpav)
[DGA-TSII][PF¢] 8.88 3.6x10° 72x10° 128 3.07 7.63
[DGA-TSIL][NT£] 489 48x10° 85x10° 181 3.9 11.9
TODGA in

[Comim][PFy] 1.65 140 280 26.3 1.75 4
TODGA in

[C,mim][NT£] 3.56 150 170 10.3 1.61 2.7
TODGA in

n-dodecane 1.94 350 280 15.6 2.37 4.12

Note: SF is defined as the ratio of D values of the metal ions of interest

These results also suggest that [DGA-TSIL][NTf,] has great potential from the
separation point of view as well. Literature reports indicate that the nature of the organic diluent
has a significant influence on the SF values. For instance, Sasaki et al. [62] reported SF values of
~1 and ~8.5 with ethyl acetate and n-dodecane, respectively, which increased to as high as 15 in
case of n-hexane. Similar observations were made when DGA extractants were used in ionic
liquids. The exceptionally high separation factor values obtained with the TSILs definitely make

the DGA-functionalized ionic liquids excellent alternatives to TODGA, which has been proposed
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as one of the front runners to be used for the ‘actinide partitioning’ for the high level waste

remediation.

5.7 Emission spectroscopic studies on the Eu* complexes

Though the solvent extraction data indicate that the trivalent metal ions (Am®" and Eu’")
are highly favoured to be extracted from the aqueous phase into the ionic liquid phase, it gives no
information on the nature of the extracted species, i.e., whether the complexes are free from
inner-sphere water molecules or not. Therefore, time resolved laser fluorescence spectroscopy
(TRLFS) studies were carried out, using Eu’" as a surrogate for the trivalent actinide ions. To
determine the number of inner-sphere water molecules, an empirical formula was used (Chapter
4) [146,147]. The fluorescence spectrum of the Eu’" aquo complex (containing 1.0 x 10~ M Eu’"
in 5:1 acetonitrile and 3 M HNOs) is presented in Fig. 5.8, which was compared with the
emission spectra of the extracted complexes obtained with [DGA-TSIL][PFs] and [DGA-
TSIL][NTTf;]. Compared to the literature lifetime of 0.11 ms for the Eu’’ complex with nine
water molecules, it is logical to assume the presence of 7-8 water molecules along with 1-2
nitrate ions in the inner coordination sphere of it in 5:1 acetonitrile and 3 M HNOs as the
medium, for which a lifetime of 0.155 ms was measured (Table 5.4). Fig. 5.8 also includes the
emission spectra of the Eu®" extracts (from 3 M HNO; feed solutions) obtained with pure [DGA-
TSIL][PFs] and [DGA-TSIL][NTf,]. As shown in the Fig. 5.8, huge enhancements in the
intensity of the emission spectra suggest strong complexation with both TSILs. The emission
lifetime decay profile points to the existence of a single extracted species. Furthermore, the

lifetime values of 1.564 ms for the Eu’" extract with both the DGA-TSILs suggested complete
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removal of the inner-sphere water molecules. This is in sharp contrast to the lifetime value of

0.155 ms mentioned above.

Fig. 5.8:

" ©
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Time resolved laser fluorescence spectroscopy studies. (a) 1.0 x 10° M Eu’* in 5:1
acetonitrile-3 M HNO; mixture; (b) Eu(Ill) — extract using TODGA in [C4smim][NTf,];
(¢) Eu(Ill)-extract using 3.6 x 102 M [DGA-TSIL][NTf,] in [Csmim][NTf]; (d)
Eu(Ill)—extract obtained from [DGA-TSIL][PF¢]; (e) Eu(Ill) extract obtained from

[DGA-TSIL][NT£]
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Fig. 5.9(a):  Splitting pattern of different transitions in Eu’"-[DGA-TSIL][NTf,] complex, A —
5Do—>7F1 transition — 2 peaks, B - 5D0—>7F2 transition — 3 peaks, C — 5Do—>7F4

transition — 4 peaks, S4 symmetry
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Fig. 5.9(b):  Splitting pattern of different transitions in Eu’"-[DGA-TSIL][PFq] complex, A —
5D0—>7F1 transition — 2 peaks, B - 5D0—>7F2 transition — 3 peaks, C — 5D0—>7F4

transition — 4 peaks, S symmetry
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Table 5.4: Fluorescence spectroscopic data obtained for the different complexes / extracts of

Eu*’
Asymmetry Expected number of
System Transition Peak positions factor Life time (ms) water molecules
5 7
Do—'F 592
Eu®* -Aquo 5 0_)7 :
i Dy—'F 617
Coinp!te’?lm_ 0—'F2 1.649 0.155 8-9
acetonitriie 5]:)0_)71:3 651
water
"Do—F4 695, 700
5D0—>7F1 593
Eu’" -extract 5 7
with TODGA in D0 12 614, 615 1.985 2.172 0
[C4smim][NTf;]  ’Do—'F; 650
°Do—'Fy4 687, 698
Do—'F, 593
3+ 5 7
EITJSI_L][E)(;?_ Do=F, 614, 619 1.953 1.564 0
6 °Do—F3 654
5D0—>7F4 698
Do—'F, 594
3+ 5 7
E#SIL'][[I]\?%‘AE' Do=F; 615, 617 1.774 1.564 0
2 5D0—>7F3 65 1
°Do—'Fy4 699
5D0—>7F1 593
Eu’" - [DGA- s 7
TSILJNT6]in 20 12 614,619 1.734 1.332 0
[C4smim][NTf;]  ’Do—'F; 653
°Do—'Fy4 699
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The small lifetime can be attributed to non-radiative relaxations due to the coordinated
water molecules [191]. The emission spectrum of the 10 times diluted extract (in the solvent
system containing [DGA-TSIL][NTf;] diluted with [Csmim][NTf;]) is also included in Fig. 5.8.
The spectral pattern is not significantly different, and the lifetime data indicated that the
extracted complex did not contain any inner-sphere water molecules. Consequently, there is no
difference in the results obtained with pure [DGA-TSIL][NTT;]. The splitting patterns of each
transition was correlated to local symmetry around the Eu’" ion was found to be S4 [Fig. 5.9(a),
5.9(b)].

Judd—-Ofelt intensity parameters were calculated and the €, values followed the trend:
Eu’’- [DGA-TSIL][NTf,] > Eu’"- [DGA-TSIL][PFs] > Eu’"- TODGA ([C4mim][NTf,]) >
Eu3+aq. The variation of Q, reflected by the hypersensitivity of the 5D0—>7F2 transition can be
related to the variation in covalence of the Eu’"-O bond. The large value of €, for the Eu’' -
DGA-TSIL complex suggests an enhanced covalency and strengthening the Eu**-O bond, i.e. a
high bond energy short bond length. The lowest value of Q, for the Eu3+aq system can be
attributed to the low covalence of the Eu’"-O bond. For all the complexes, the Q, values are less
than those of Q4. Q4 a measure of the long range ordering, follows the order: Eu’"-[DGA-
TSIL][NTf;] > Eu’*-[DGA-TSIL][PFs] > Eu’"-TODGA > Eu’",,. The non-radiative transition
lifetime (tngr) follows the trend: [DGA-TSIL][PF¢] ~ [DGA-TSIL][NTf,] > TODGA > Eu3+aq,
while a reverse trend was observed for their quantum efficiency values (1)). In Eu>-DGA-TSIL
complexes, where the anions are different, i.e., PFs" and NTf,, the anions did not play any role to
be distinguished by their tnyg values. The branching ratio (B, n = 2, 4, 6) follows the order 3, >
B4 > B, which revealed that Eu®" resides in the asymmetric environment for all complexes. In all

cases, the magnetic- and electric-dipole transition probabilities follow the order: Ajeq > Aseq >
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Amd (Where Aqq and Ay are the electric- and magnetic-dipole radiative transition probabilities,
respectively). Though there are significant differences in the electric-dipole transition values
from complex to complex, the constancy of the magnetic-dipole transitions establishes the fact
that there is no perturbation of the magnetic-dipole transitions by the crystal field. The radiative
and non- radiative lifetime, the branching ratio of different transitions, the quantum efficiency,
the probability of the electric-dipole and magnetic-dipole transitions, etc, are summarized in

Table 5.5.
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Table 5.5: Radiative parameters for Eu’" - DGA complexes

Eu’-TODGA in

Eu’-DGA-[DGA-

system [C4mim][NTf] TSIL][PFs] Eu’"-[DGA-TSIL][NTf,]
Q, 4.13x 107 426 x 10 575 x 10
Q 523 x10%° 4.49 x 107 5.90x 10°
Tr (s€C) 2.24 x 107 240 x 10° 242 x 10°
g (se€c) 2.80 x 10 4.00 x 10 3.98 x 107
n 0.44 0.37 0.38
A 1.98 1.95 1.77
Lifetime (ms) 2.17 1.56 1.56
Nh20 0 0 0
Niigand 2 2 2
B 0.19 0.18 0.18
B, 0.48 0.46 0.48
Bs 0.30 0.31 0.31
Amd 42.59 42.60 42.41
Ased 107.14 110.01 114.85
A 67.01 73.70 75.35
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5.8 Stripping studies

As mentioned earlier, it is required to understand the stripping behavior of the
extracted metal ions from the TSIL based solvent systems. The acid concentration variation data
suggest that the very high Dap, values obtained with both [DGA-TSIL][NTf,;] and [DGA-
TSIL][PF¢] in the entire acidity range studied makes it rather difficult to effect satisfactory metal
ion stripping. Therefore, it is known that metal ion stripping can be accomplished by the use of
complexing agents such as 0.05 M EDTA or DTPA in 1 M guanidine carbonate [82,156] and
about 50% stripping of Am’" was seen from the extract in [DGA-TSIL][NTf,] when a 4 times
diluted solution in [Csmim][NTf;] was used. Summary of the stripping results are given in Table
5.6. It is possible to get quantitative stripping of the metal ion in about eight stages. On the other
hand, > 90% stripping of the metal ion was possible in a single stage using 3.6 x 10% M [DGA-
TSIL][NTT;] in [Csmim][NTf,], which clearly shows that quantitative stripping is possible in two
stages. The diluted TSIL extracts were checked for acid uptake, which was found to be
negligible suggesting no pre-treatment of the metal ion loaded phase is required for the
complexing agents to work effectively (valid for the lower stripping seen with the 4 times diluted
solvent). Along with the exceptionally high Am(III) extraction, the stripping results demonstrate
that the DGA-functionalized ionic liquids can be used for the extraction of ‘minor actinides’
from high level wastes, thereby addressing one of the most important issues involved in
radioactive waste remediation.

A systematic study was also carried out to understand the stripping behavior of
actinides in different oxidation states from the organic phase containing 3.6 x 10” M [DGA-
TSIL][NTf;]. 1 M Na,CO; was found to be highly efficient for the quantitative recovery of

hexavalent actinides (% stripping U(VI) = 99.3%, Pu(VI) = 98.9%, Np(VI) = 98.4%), whereas
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0.5 M oxalic acid is fairly good for the stripping of tetravalent actinides with stripping
percentages of 58.7% for Pu(IV) and 85.6% for Np(IV) in a single contact. It was also found
that 0.5 M oxalic acid for Np(IV) and 1 M Na,CO; for Np(VI) are suitable for quantitative
stripping of loaded Np from [CMPO-TSIL][NTf;] in [Cymim][NTf;] (n — 4, 6, 8). Fig 5.10(a)
shows the % strippinig of actinide ions in different oxidation states from ionic liquid phase in a
single contact while Fig. 5.10(b) and Fig. 5.10(c) give similar data for Np(IV) and Np(VI) from
[CMPO-TSIL][NTf;] and [DGA-TSIL][NTHf;], respectively in [Comim][NTf;] (where, n = 4, 6,

and 8)

Table 5.6: Stripping data obtained with the Am®" extract made with the [DGA-TSIL][NTf]

Organic phase Stripping solution % stripping

1 M Guanidine carbonate + 0.05 M EDTA 49.9
[DGA-TSIL][NT] 4 1 M Guanidine carbonate + 0.05 M DTPA 52.9
times diluted in 0.1 M Citric acid + 0.4 M Formic acid + 0.4 M
[Camim][NTT;] Hydrazine hydrate 1.2

1 M Guanidine carbonate + 0.05 M EDTA 90.9
[DGA-TSIL][NTf;]10 1 M Guanidine carbonate + 0.05 M DTPA 90.3
times diluted in 0.1 M Citric acid + 0.4 M Formic acid + 0.4 M
[Camim][NT1;] Hydrazine hydrate 1.54
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Fig. 5.10: Stripping data for (a) actinide ions in different oxidation states from 3.6 x 10> M [DGA-
TSIL][INTf;] in [Csmim][NTf;]; (b) Np(IV) and Np(VI) from 0.01 M [CMPO-
TSIL][NTf;] in [Comim][NTf;] (n = 4, 6, 8); (¢) Np(IV) and Np(VI) from 3.6 x 102 M

[DGA-TSIL][NT£] in [Comim][NT£] (n = 4, 6, 8).
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5.9 Radiolytic degradation and recycling possibilities

Radiolytic degradation studies were carried out by irradiating the DGA-TSIL based
solvents to 1000 kGy gamma ray dose. The Am(I1I) extraction data obtained with the irradiated
solvents are presented in Fig. 5.11, which clearly shows the relatively insignificant lowering in
the Dam Vvalues in case of [DGA-TSIL][NTf,]. Although the radiolytic stability of [DGA-
TSIL][PFe] is less than that of [DGA-TSIL][NTf,], it is still far superior to that of several ionic
liquids based solvent systems reported in the literature [143,144]. This demonstrates that the
DGA-TSILs are much more suitable for long term applications in radioactive waste processing
as compared to other ionic liquid based solvents. Diglycolamides in n-dodecane show a very
high radiolytic degradation (>95% with 1000 kGy (100 MRad) absorbed dose) [134,192]. That
means that the DGA-TSILs are the most suitable solvents for ‘actinide partitioning’ from the
recycling point of view as well, thus, making them ‘green solvents’ of very high potential for

radioactive waste remediation applications.

2500 T T T T T T T T T T T T T

[DGA-TSIL][PF]
[DGA-TSIL][NTf,]

2000

1500 -

200 400 600 . 800 1000

Absorbed dose (kGy) ——
Fig. 5.11: Effect of absorbed gamma ray dose on Am(I11) extraction. Aqg. phase: 3 M HNOs.
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Though the radiation stability of the solvent system is reasonably good, an attempt was
made to identify the degradation products. Since gamma radiation generally produces radicals,
electron paramagnetic spectroscopic investigations of the 1000 kGy irradiated organic phase may
lead to the identification of the radical species. EPR spectroscopic analysis of the spectra of the
irradiated solvent system yielded a broad signal at g = 2.004 with a line width of 61 Gauss. From
a deconvolution and simulation study, it was concluded that the EPR peak was a combination of
two signals viz. of the methyl and the butylimidazolium radical [Fig. 5.12(a)]. Shkrob et al.
[193] reported similar radicals upon the radiolysis of [C;omim][NTf;]. Since the concentration of
[DGA-TSIL][NTf,] is 3.6 x 102 M, it is likely that the radiolytic products mainly originate from
the diluent. The butylimidazolium radical is responsible for the broad peak at ~2.004 with a line
width of 61 Gauss, while the CHj- radical is responsible for four signals, each separated by 17
Gauss with an intensity pattern of 1:3:3:1. From the integrated spectra, it was noticed that the
overall intensity of the butylimidazolium radical is 5 times more intensive than that of the methyl
radical.

EPR investigation was also carried out with pure [DGA-TSIL][NTf,] and [DGA-
TSIL][PF¢]. The major paramagnetic species reported to be obtained upon irradiation of NTT;
anion are CF,SO,NTTf (with a triplet EPR signal having a relative intensity of 1:3:1) and CF;
(with a quartet EPR signal with a 1:3:3:1 relative intensity) radicals [194]. Shkrob et al. reported
a plausible fragmentation mechanism of the NTf,” anion in [Comim][NTf,] [195]. The relative
yields of 'CF; and ‘CF,SO,NTf as compared to Comim" derived radicals are similar. Because of
the large coupling constants due to "°F nuclei (‘°F, I = 1/2, 100% abundance), the above two
radicals have a relatively small overlap with the central signal that originates from

methylimidazolium ring/ C-H based radicals. Scanning of the EPR signal from 2870 to 3870 G
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revealed no signal from any fluorinated paramagnetic species. Variation of the temperature from
150 to 200 K, clearly indicated a triplet with g ~2.0038 G, wide shoulders separated by a large
isotropic hyperfine coupling constant of 98 G and a smaller doublet with g ~2.0042 and a
hyperfine coupling constant of ~28 G. These signals can be tentatively assigned to Q,H,™ and
Q:H- [Fig. 5.12(b)], respectively [196]. Q,H- is generated due to the electron attachment on the

cation, while a plausible way for the formation of the former cation radical can be expressed as

Q:H- + H" = QH," (5.13)

On increasing the temperature to ~225 K an unresolved quartet at g ~2.0019 was observed with

A ~18 G. This signal may be attributed to the methyl radical, as known from literature [194].
Beyond 250 K, the only signal persists with g ~2.0001 is attributed to the stable E’' centered
radical formed due to the irradiation of the quartz tube (Table 5.7) [197]. Reactive organic
radicals being present in a liquid can diffuse easily and radical — radical recombination becomes
more feasible upon increasing temperatures. The E;”  centered radical, generated due to glass
container irradiation, is sufficiently stable even at 250 K where other signals have washed out.
Similar EPR spectra were also observed for irradiated [DGA-TSIL][PFs]. The total intensity of
the signal, which is a measure of the amount of paramagnetic species present in the system, can
be obtained by integration of the first derivative EPR signals. Thus, the obtained relative ratio of

paramagnetic species was found to be 4:11 for [DGA-TSIL][NTf;] : [DGA-TSIL][PFg].
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Table 5.7: Spin Hamiltonian parameters of the radicals obtained upon irradiation of

[DGA-TSIL][NTf,] at 77 K

Radical Nature g A(G)
Q.H," t, 1:2:1 2.0038 50
Q.H: d, 1:1 2.0042 27
CH3: q, 1:3:1 2.0019 20

//\ Simulated spectra of CH, radical

A

J\ simulated spectra of C mim radical
experimental spectra

ffffffff simulated spectra after decnvolution

f T T T T T T T T T 1
2800 3000 3200 3400 3600 3800

H (Gauss) — -

(@)
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Fig. 5.12: EPR spectra of irradiated (a) 3.6 x 102 M [DGA-TSIL][NTf;] in [Csmim][NT];

(b) pure [DGA-TSIL][NTTf,] at various temperature
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5.10 UV-Vis spectroscopic investigations
5.10.1 Studies on UO,*" - [DGA-TSIL][Br]| complex

A systematic study was carried out to understand the complexation of uranyl ion with
[DGA-TSIL][Br] in room temperature ionic liquid. A series of peaks (426.406 nm, 439.218 nm,
460.867 nm, 476.881 nm, 491.903 nm) for U in dilute HNO; (0.1 M) and (431.923 nm, 445.459
nm, 462.965 nm, and 478.815 nm) for UO,”" - DGA-TSIL complex in ionic liquid were
observed [Fig. 5.13]. A significant change in the peak positions as well as the spectral pattern
suggested that the nature of the species differ from each other. An enhancement in the relative
intensity at 478.815 nm for the UO,*" - [DGA-TSIL][Br] complex in [Csmim][Br] can be
attributed to the ability of the imidazolium cation to form hydrogen bond with NOj; of
UO2(NOs),.[DGA-TSIL][Br] species. Sornein et al. [198] and Deetlefts et al. [199] also reprted
similar enhancements at the low energy end of the spectra of the UO,Cly® complexes in
[Csmim][NTH;]. The enhancement in the intensities of the peaks of the U02C142' was attributed to
the hydrogen bonding of uranyl tetrachloro complex to a hydrogen donor atom [200]. The
vibronic spacing of approximately 780.52 cm’ can be attributed to the symmetric stretching
vibration (vs) of UO,*" in the ground state while in uranyl-[DGA-TSIL][Br] complex it becomes
739.04 cm’ suggesting decrease in the U-O bond energy upon complexation leading to
weakening of the bonds (O=U=0) and increase in the bond lengths. The gorund state frequency
of v of UO,Cl~ in [Ciomim][Br] was found to be approximately 750 cm™ while that of
UO,CLy* in [C4mim][NTf,] was reported as 825 cm™ or 832 cm™ from FT Raman spectral

analysis of UO,Cl4* in 40:60 AICI; — [Comim][C1] [200].
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Fig. 5.13: UV-Vis specta of (a) UO,*" in dilute HNO; and (b) UO,*" - [DGA-TSIL][Br] complex

5.10.2 Studies on Np(IV) - TSIL complexes in [C4qmim][NTf;]

The spectra of the naked ions of Np®" and Np** showed many different overlapping bands
and peak, primarily in the visual range, whereas the absorption of the neptunyl ions NpO," and
NpO,*" have rather isolated strong absorption peaks [Fig 5.14]. The most significant peak in
Np(IV) is at 700 nm which was found to be shifted towards higher wave length, ~735 nm for all
the complexes of Np(IV). Similar shifts of 735 nm shoulder of Np(IV) in 3 M HNO; towards
higher wavelength, ~762 nm was observed. All Np(IV) - CMPO complexes (in n-dodecane, in
[Camim][NTf,] and [CMPO-TSIL][NTf;] in [Csmim][NTf;]) showed same amount of
wavelength shifts for the two peaks mentioned above while for the peak at ~802 nm (in 3 M
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HNO:s), the wave length shifts of Np(IV) - CMPO n-dodecane system is higher than that of
Np(IV)-CMPO systems in the ionic liquid (CMPO and [CMPO-TSIL][NTf]). The overall shifts
in wave length positions of Np(IV) and change in the structure of spectra revealed that the
Np(IV) - CMPO complexes are entirely different from Np(IV) nitrate complex in 3 M HNOs. It
also revealed that out of these three systems, Np(IV)-CMPO complex in n-dodecane is entirely
different than other two complexes. For Np(IV) — DGA complex, a drastic change in spectral
characteristic was observed in UV-Vis spectra compared to Np(IV) in 3 M HNO;. Though a
shifts of ~30 nm towards higher wavelength was observed for ~700 nm peak of Np(IV) in HNO;3,
an additional shoulder was observed for all Np(IV)-DGA complexes at lower wavelength values.
The original shoulder at ~ 735 nm becomes less prominent on complexation of Np(IV) with all
the diglycolamide moieties. The spectral characteristics of Np(IV)-TODGA in n-dodecane is
entirely different from all other spectra whereas Np(IV)-TODGA complex in [Csmim][NTf;] and
Np(IV) - [DGA-TSIL][NTf;] complex in [C4mim][NTt;] showed considerable difference in their
spectral characteristics. The spectra suggests that Np(IV)-TODGA complex in n-dodecane is
entirely different than Np(IV)-DGA complexes in ionic liquid whereas significant difference is
also observed in case of Np(IV)-TODGA complex in [Cymim][NTf,] and Np(IV)- [DGA-

TSIL][NTT;] complex in [C4mim][NTH;].
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Fig 5.14: UV-vis spectra of Np(IV) in complexes with (a) CMPO based ligands; (b) DGA based

ligands
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5.11 Cyclic voltammetric studies
5.11.1 Studies on UO,>* - [DGA-TSIL][Br] complex in [Csmim][Br]

Cyclic voltammetry is a sensitive technique to detect the electronic changes in local
environment of the metal ions under study. Since complexation leads to the significant changes
in the electronic environment of a given metal ion, cyclic votammogram of the complexed metal
ion differs distinctly from that of the bare metal ion [201,202]. In the present case, a
comparative study was carried out to understand the changes in the cyclic voltammogram due to
the complexation of uranyl ion with [DGA-TSIL][Br] in [Cgmim][Br] (Fig. 5.15). The cathodic
peak at -1.236 V for the bare uranyl ion in [Cgmim][Br], attributed to the reduction of U(VI) to
U(IV), was found to be shifted towards more positive potential (E,” = -1.101 V) on complexation
of the uranyl ion with [DGA-TSIL][Br]. On complexation, the overall charge density on the
uranyl ion is decreased and less energy is required for the reduction of the UO,”" ion which is
reflected in shifting of the reduction potential towards a less negative side. On the contrary, the
reason behind the marginal shift of anodic peak potential on complexation (Table 5.8) is not

clearly understood.

Table 5.8: Comparison of peak potentials and diffusion coefficient of bare uranyl ion and

UO,*" - [DGA-TSIL][Br] complex in [Csmim][Br]

System UO,*" in [Csmim][Br] UO,"" -[DGA-TSIL][Br] complex in
[Csmim][Br]
E,° (V) -1.236 -1.101
E,(V) -0.178 -0.188
D (cm’s™) 439x 107" 5.40 x 107"
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Fig. 5.15: Cyclic voltammogram of (a) bare UO,*" in [Cgmim][Br] and (b) UO,*" -
g

[DGA-TSIL][Br] in [Cgmim][Br ]

The general relationship between the cathodic diffusion peak current [(i,°) giff] and scan rate for a

soluble- soluble irreversible / quasi-reversible system can be given as [151]

(i) aitr = 0.496 nFAC, Dy (an,Fv/RT)"? (5.14)

where, A is the electrode area in cm? (= 1.68 cm?), Cy is the concentration of the corresponding
metal ion in mol.cm™, Dy is the diffusion coefficient in cm”s™, F is the faraday constant, n is the
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number of exchanged electrons (= 2 for U), v is potential sweep rate in Vs, o is the charge
transfer coefficient, n, is the number of electrons transferred in the rate determining step, T is the
value of absolute temperature in K. If this relation was valid, cathodic peak current (ipc) diff VS.
v should give a straight line whose slope was 0.496 nFAC, VD, (anF/RT)"%. In this term, the
only unknown product, an,, obtainable from the equation below is substituted in the value of

slope given above to yield the diffusion coefficient, Dy.

EpC-Ep°1/2 = 1.857RT/ anyF (5.15)
5.10 -
5.05
g' 5.00
]
g 4954
o
—i
X 4.90
N
o
o
*—  4.85-
4.80
T T T T T T T T T T
0.20 0.25 0.30 0.35 0.40 0.45
1/2
v

Fig 5.16: Variation of cathodic peak current with the square root of scan rate at 303 K for UO,*"

- [DGA-TSIL][Br] in [Csmim][Br]
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A plot of iy vs v gave a straight line (Fig 5.16) and from the slope value the diffusion
coefficient of the U022+-DGA—TSIL was calculated at 303 K. The diffusion coefficient of the
uranyl complex (5.40 x 10" cm?s™) was found to be 10 times more than that of the bare uranyl
ion (4.39 x 10"° cm?s™) in [Csmim][Br] as reported earlier [203]. This increase in the diffusion
coefficient on complexation can be attributed to the increase in the size of the uranyl — [DGA-

TSIL][Br] complex as compared to the bare uranyl ion in [Csmim][Br].

5.11.1.1 Kinetics of complexation

Due to the addition of the [DGA-TSIL][Br] in [Csmim][Br] containing uranyl ion, the
peak current was found to decrease due to complexation of uranyl ion with [DGA-TSIL][Br].
The decrease in the peak current which is a measure of complexation was found to follow a time

profile (Fig.5.17(a)) and can be expressed by the following equation

i,° = (2.474 + 0.008) + (0.448 + 0.012) exp[-t/(34.77 + 2.75)] (5.16)

suggesting that the complexation follows slower kinetics and is ‘first order reaction’ with a rate
constant of 4.8x10* s”'. This compares very well with the of Eu’" - TODGA complex in
[Csmim][Br] which was found to be 5.5 x 10* s™. Fig. 5.17(a) revealed that iy’ decreases
drastically upto 120 min. followed by a marginal decrease. It can be concluded that ~120 min is
required to achieve complete complexation of uranyl ion with diglycolamide functionalized task
specific ionic liquid. Time profile saturating near 120 minutes was also observed during liquid-
liquid extraction of uranyl ion from 3 M HNO; to the organic phase containing [DGA-
TSIL][NTT;] in [Cgmim][NTf,] (Fig. 5.17(b)). Due to the hydrophilic nature of bromide form of

the DGA-TSIL, the hydrophobic [DGA-TSIL][NTf,] was used. Similar observation was made
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during the liquid — liquid extraction of actinides in different ionic liquids using multiple
diglycolamide-functionalized ligands and relatively slower kinetics of complexation was
attributed to the high viscosity coefficient of the ionic liquids compared to the conventional
molecular solvents. In viscous medium, due to high diffusion coefficient of the reacting species,
their approach towards each other for the formation of the complex requires longer time which

was reflected in their complexation kinetics.

30
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®
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Fig. 5.17: Studies on time profiles of (a) cathodic peak current (i,") during the titration of 200 mM
UO,*" in [Csmim][Br] by 1 mM [DGA-TSIL][Br] in [Csmim][Br] at 300K with scan
rate 1vs™; (b) during the extraction of uranyl ion into 0.4 M [DGA-TSIL][NTf] in

[Csmim][NTH] at 303 K
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5.11.1.2 Determination of the stoichiometry of the complex

To understand the complexation, the preliminary step is to determine the stoichiometry of
the metal — ligand complex. In the present study, an attempt was made to determine the
stoichiometry of the uranyl — DGA-TSIL complex by the electrochemical as well as the liquid-
liquid extraction method. Both the methods were used to calculate the formation constants of the
complex.

The amperometric titration curve for uranyl ion with [DGA-TSIL][Br] in [Csmim][Br] is
shown in Fig.5.18. It was observed that a steady decrease in uranyl ion oxidation current after
addition of each aliquots of the ligand into the electrochemical cell. The inflection point was
used to calculate the stoichiometry of the metal — ligand complex. The conditional formation

constant of the complex can be obtained from the following equation [73,152]

iy’ = (-Ky) (ipo -ip’) / [DGA-TSIL] + i, *- [DGA-TSIL] (5.17)

where, Ky is formation constant of the complex, i, is oxidation current of U in the absence of
[DGA-TSIL][Br], i, is oxidation current of U in the presence of [DGA-TSIL][Br]. From the
slope of the plot of ip2 Vs (ipoz-ipz) (Fig. 5.18) the ‘conditional formation constant (Ky)’ was
determined as 1.01 x 10> M. Solvent extraction data also indicated the formation of 1:1 metal-

ligand stoichiometric complex with the formation constant (Ky) of 1.05 x 10° M,

225



12

1.2x10"
i - 1.0x10" 1
10 8.0x10°
’ 6.0x10° -
N a 4
8 - 4.0x10°
) ]
E ’ 2.0x10°
~— a |
o 6 0.04
o
= e, — T T T T T T T T T T T
T 0.0 3.0x10° 6.0x10° 9.0x10° 1.2x10°
.2 .2
4 4 (I po B Ip )
] A
/=
2

r - 1 111 1T T 1T T 1 "1
0O 200 400 600 800 1000 1200 1400 1600 1800 2000

Vol of [DGA-TSIL][Br] added (uL)

Fig. 5.18: Amperometric titration curves of uranyl ion by [DGA-TSIL][Br] in [Csmim][Br] at
303 K. Inset: Plot of i,” vs (ipo'-ip’) to determine the formation constant of Uranyl —

[DGA-TSIL][Br] complex in [Cgmim][Br]

226



5.11.2 Studies on Np(IV) complexes with [DGA-TSIL][NTf;] and [CMPO-TSIL][NTf;] in
[Csmim][NTf,]

It was of interest to understand the effect of the nature of TSIL on the redox behavior of
Np. Fig. 5.19(a) gives the cyclic voltammograms (CV) for Np(IV) extracts of TODGA and
[DGA-TSIL][NTf;] in [Csmim][NTf,] while Fig. 5.19(b) gives that for Np(IV) extracts of
CMPO and [CMPO-TSIL][NTf;] in [Csmim][NTf;]. The CVs for the blank solutions, i.e.
aqueous nitric acid, TODGA, CMPO, and the respective TSIL solutions in [C4mim][NTf,] did
not give any peaks in the scanned voltage range except a reduction peak at ~ -0.4 V which was
originally found in the bare [Csmim][NTf;]. From both the figures, it is seen that the cathodic
part of the potential window for the organic solutions is extended much more as compared to that
in nitric acid medium. The CVs are characterized by their cathodic (E,°) and anodic (E,") peak
potentials and corresponding peak currents (i, ip’). Each peak signifies an electron transfer
reaction. In both the figures, the AE, = |E,*-E,"| > 0.059 V, theoretically predicted for one
electron redox reaction which shows that the reaction is not reversible but could be quasi-
reversible or irreversible. Furthermore, the ratio of the currents (i,/i,’) was found to be < 1
indicating the partial adsorption of the species. From Fig. 5.19, CV of Np in aqueous nitric acid
(Fig.5.19(a)), the reduction peak potentials for Np(VI) / Np(V) occur at ~ 1.17 V, and for
Np(V)/Np(IV) at ~0.56 V. A shoulder seen at ~ -0.13 was attributed to the Np(IV) to Np(III)
[197]. On the reverse side, oxidation peak potentials noted for Np(III)/Np(IV) occur at ~ 0.086
V, for Np(IV)/Np(V) at ~1.0 V and the peak at ~1.26 V was attributed to the oxidation of Np(V)
to Np(VI). These potentials are somewhat close to those reported previously [204-206]. The
differences could be partly due to the fact that the reference electrode used in the previous

studies, was Ag/AgCl, whereas Pt was used as the pseudo reference electrode in the present

227



work.

Table 5.9: E,*, E,” and formal potential E” values for Np in all the systems studied.

System ES, V E,*, V (Np(IIL)/Np(IV)) E” =
(Np(IV)/Np(III)) (B,S + B, /2
Aqueous HNO; -0.14 0.086 -0.027
0.01 M TODGA in -1.0 -0.66 -0.83
[C4mim][NTL]
0.1 M [CMPO- -0.78 0.23 -0.28

TSIL][NTf] in

0.1 M CMPO in -0.82 -0.083 -0.45

Since, the oxidation state of Np was adjusted to IV just before the extraction by the
ligands, a clear reduction peak at ~ -0.82 V and oxidation peak at -0.66 V were attributed to the
conversion of Np(IV) to Np(Ill) and Np(Ill) to Np(IV), respectively, for the Np-TODGA
complexes in RTIL. Similarly, in the case of [DGA-TSIL][NTT;], the oxidation peak occurred at
-0.37 V and the reduction peak at -0.78 V. In the case of [CMPO-TSIL][NTf;] or CMPO in
RTIL, a similar situation was seen. The reduction peaks for Np(IV)/Np(IlI) were seen at -0.58 V
and -0.92 V for [CMPO-TSIL][NTf,] and CMPO in RTIL, respectively, whereas the oxidation
peaks are at 0.23 and at -0.083 V for the same order of ligands. These potentials were tabulated
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in Table 5.9. An empirical correlation can be made between the formal potentials (E”) and the
distribution ratio value (D) of the trivalent metal ion. More negative E*, implied higher D values
implying more stability for the +3 state in the organic medium which is aptly illustrated with

Am(III) as an example (Table 5.9).
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Fig 5.19: (a) CV for Np in aqueous nitric acid and Np extracted into 0.1 M TODGA ,

0.1 M [DGA-TSIL][NTf;] in [Csmim][NTf;], T — 298 K, scan= 0.1 V/s;
(b) CV for Np in aqueous nitric acid and Np extracted into 0.1 M CMPO, 0.1

M [CMPO-TSIL][NT£] in [C4smim][NT£], T — 298 K, scan - 0.1 V/s
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5.12 Theoretical studies

It was of interest to understand the structures of the actinide ion complexes with the
DGA-TSIL. All the bare ligand and metal-ligand complex structures have been optimized
considering the DGA-TSIL ligand as tri-dentate one. The M-O bond length values have been
found to be almost comparable in case of [Am(DGA-TSIL),]>" and [Eu(DGA-TSIL),]’", and five
membered rings were formed during the complexation with DGA-TSIL ligand [Fig. 5.20].
However, metal-oxygen bond lengths have been found to be smaller when carbonyl oxygen
atoms were involved in the bonding, in the cases of both the complexes and the americium-
oxygen bond length values were smaller as compared to the corresponding Eu-O bond lengths in
[Am(DGA-TSIL),]>" and [Eu(DGA-TSIL),]>" complexes, respectively. It can be rationalized
from the fact that each of the carbonyl groups are attached with the less hard nitrogen atom,
which in turn affected the bonding of the carbonyl oxygen atoms with the metal ions with a
slightly smaller value of Am-O bond lengths. On the other hand, the metal-oxygen bond lengths
were higher for the Eu’" complexes when ether oxygen was involved in the bonding. Both the
gas phase and solvent phase complexation energies support this trend. According to the gas
phase complexation energy results, the Eu(Ill) complexes have been found to be more stable
than the complexes with Am(IIl). However, solvent phase complexation energy trend was just
opposite. The reason was suggested as the high dehydration energy requirement for Eu’’
complexation as compared to that of Am®" due to smaller ionic radius of Eu®", and ligand has no
role in controlling the selectivity. Therefore, the calculated complexation energy values obtained
using COSMO approach always favour Am®" complex to be more stable as compared to the Eu®"

complex for both of the ligands.
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Fig. 5.20: Optimized structures of the [DGA-TSIL]" bare ligand and its complexes with Eu’”.
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5.13 Summary

The extraction of several actinide ions in different oxidation states was investigated from
nitric acid solutions using diglycolamide functionalized task specific ionic liquids. The trivalent
actinide ions were extracted most favourably followed by the tetravalent actinide ions, while the
hexavalent actinides were least extracted. Ligand concentration variation studies and slope
analysis methods indicated the extraction of 1:1 species for all actinide ions. The solvent
extraction studies indicated that a cation-exchange extraction mechanism was operative.
Luminescence studies indicated the presence of single species in Eu®" — DGA-TSIL extracts with
no inner-sphere water molecules. Furthermore, it revealed that Eu’" resides in a highly
asymmetric environment with S4 local symmetry. Stripping studies indicated that complexing
agents such as EDTA and DTPA in guanidine carbonate are effective strippants for the trivalent
actinide ions, while sodium carbonate and oxalic acid are effective strippants for the hexa and the
tetravalent actinide ions, respectively. The thermodynamics studies indicated that the hexavalent
actinides are less favourably extracted due to less effective interaction between the metal ions
and the ligand, while the trivalent ions were instantaneously extracted due to large negative AG
values, which were less negative for the tetravalent ions. DGA-TSILs appear to be a very
promising extractant for actinide separations from high level waste solutions. Extraction studies
involving simulated high level waste revealed that Zr(IV), Pd(IT), Y (IIT), La(I1I), Ce(IV), Pr(III),

Nd(IIT), and Sm(IIT) were co-extracted along with the minor actinides
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CHAPTER- 6

Extraction of radio strontium

from nuclear waste solution
using crown ethers in room

temperature ionic liquids







%St (Ty» = 28.5 years) is one of the most important fission products present in high-level
waste (HLW) solution generated during the reprocessing of spent nuclear fuel. The separation of
long-lived *°Sr from HLW prior to the vitrification of the latter is helpful not only in reducing the
volume of the disposable waste but also in reducing the risk of matrix deformation caused by the
generated heat [207]. In addition, the separated radionuclide has many applications, viz. as a
power source for thermoelectric and thermo-mechanical power generators. For the separation of
radio strontium from nitric acid feed solutions (HLW usually contains 1 — 3 M nitric acid),
several methods such as precipitation, ion exchange and solvent extraction have been reported
[208]. Out of these, solvent extraction methods with crown ether ligands are particularly
interesting due to the ease of operation of the separation technique and high specificity of the
extractants [209]. Dicyclohexano-18-crown-6 (DCHI18C6) has been reported to be quite
effective for Sr** extraction from nitric acid medium [210], whereas the more organophilic 4, 4'
(58")-di-tert-butyldicyclohexano-18-crown-6 (DTBCHI18C6) has shown significantly improved
extraction properties [211]. Horwitz et al. [211,212] had developed the strontium extraction
(SREX) process using DTBCH18C6 in 1-octanol as the diluent. The SREX process, though
found promising, the use of large volumes of solvents is one of the major disadvantages and can
add to the volatile organic compound (VOC) burden. Therefore, there is a need to search for
alternative extraction systems with low VOC inventory.

There are several literature reports on the extraction of Sr*" using RTILs [85,86,213-215].
Dai et al. [85] reported unusually high D, values (>10*) using DCH18C6 in ionic liquids such as
[Comim][NTf,] from weakly acidic aqueous nitrate solutions. Using similar concentrations of the
crown ether in CHCIl3 and 1-octanol, the Ds; values were reported to be less than 1 and 0.01,

respectively. Visser et al. [86], however, had indicated that the Ds,; values were much lower (<
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10) with the same crown ether when RTIL counter anion was changed to PFs . DTBCHI18C6 is
reported to be a superior extractant than DCH18C6 in the ionic liquid medium as well, and a 10 -
fold increase in the Ds; value was reported with the former extractant using [Csmim][PFg] as the
diluent [86]. Luo et al. [213] had used DCH18C6 in an imidazolium-based RTIL for Sr**
extraction and had observed that the presence of Na’ ions suppressed Sr’" extraction
significantly. Though there are several literature reports on Sr°" extraction using crown ethers
and RTILs, a detailed investigation with reference to the separation from HLW is lacking.
Furthermore, though there are several reports on the radiolytic stability of the crown ethers in
jonic liquid medium [216-218], it is of interest to make a comparative study of the Sr**
extraction using both DCH18C6 and DTBCHI18C6 in C,mimPFg as well as [C,mim][NTT;] as
the ionic liquid medium under identical experimental conditions. The present study deals with
the evaluation of several RTILs, [Comim][PFs] and [C,mim][NTf;], where n = 4, 6 or 8 as the
diluents while DCH18C6 and DTBCHI18C6 were used as the extractants for the extraction of
radio strontium from nitric acid solutions. The structures of DCH18C6 and DTBCHI18C6 are

given below.

[ [
e L

DCH18C6 DTBCH18Cé6

Fig. 6.1: Structures of the ligands used in Chapter-6
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6.1 Evaluation of the RTILs containing DTBCH18C6

Extraction of Sr*” was carried out using the six RTILs, viz. [C4mim][PF¢], [Csmim][PFs],
[Csmim][PFs], [Camim][NTf;], [Cemim][NTf,] and [Cgmim][NTf,] containing the two crown
ethers, viz. DCH18C6 and DTBCH18C6. Studies carried out with no extractant from aqueous
feed solution of 3 M HNOj; indicated negligible extraction of Sr*" with all the ionic liquids
(Table 6.1). The solubility of the crown ether was also studied with the RTILs. The crown ethers
were relatively easily dissolved in the ionic liquids and the distribution ratio values for Sr*" were
obtained with 0.01 M DTBCHI18C6 in all the six ionic liquids from 3 M HNO; as the feed
solution (Table 6.1). The table also lists the Dg; values for DCH18C6 under identical conditions
for comparison purposes. The Ds; values indicated that the extraction efficiency decreased with
increasing alkyl group size in the ionic liquids. As indicated in Table 6.1, the butyl-substituted
ionic liquids displayed more favourable extraction of Sr** than the others, while ionic liquids
with PFs anions showed higher Sr** extraction compared to that with the ionic liquids with NTf,"
as the counter anion. A distribution coefficient value of 2.05 was obtained with 0.01 M
DTBCH18C6 in [C4ymim][PFs] from 3 M HNO; (Table 6.1). Chun et al. [219] had carried out a
systematic investigation on the role of alkyl chain length in imidazolium-based RTILs and
observed that the extraction efficiency decreased with increasing alkyl chain length. They had
also reported that though the extraction properties were far superior with the RTILs such as
[Csmim][PFs] than with [Csmim][PF], the former is about 10 times more soluble in the aqueous
phase leading to significant solvent loss during the extraction process. The superior extraction
properties of [C4smim][PFs] and [Csmim][NTf,] were explained on the basis of the solubility of
the ionic liquid into the aqueous phase as per the following extraction equilibrium as suggested

by Dietz et al. [220]:
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St**4q + nCEy. + 2C,mim ™y = Sr [CE], > + 2C,mim (6.1)

Table 6.1: Distribution ratio values of Sr** with pure RTILs and with 0.01 M crown ether in

RTIL. Aqueous phase: 3 M HNO;.

Ds; in the presence of 0.01 M

Dg; in the absence of crown ethers Dynamic viscosity (mPa.s)
Diluent crown ethers DTBCH18C6  DCHI18C6 of ionic liquid
[C4smim][PFs] 1.5x 107 2.05+0.01 0.97 +£0.02 250.16
[Cemim][PFs] 3.0x 107 1.31+ 0.01 0.71 £ 0.01 308.56
[Csmim][PFs] 3.1x107° 1.20 +0.03 0.53 £0.01 694.25
[C4mim][NTf;] 1.8x 107 1.02 £0.01 0.47 +£0.01 46.408
[Cemim][NTH;] 1.6x 107 0.62 £0.01 0.35+0.01 52.022
[Csmim][NTf;] 1.9x 107 0.49 £ 0.01 0.23 +0.01 72.639

The cation exchange extraction mechanism suggests appreciable solubility of the cationic
part of the ionic liquid into the aqueous phase as indicated in equation (6.1). The C4mim" ion has
higher solubility in the aqueous phase compared to the Csmim™ and Cgmim" ions and hence is
responsible for higher extraction of Sr*". Literature reports have indicated DTBCH18C6 to be a
far superior extractant for Sr*" than the analogous DCH18C6 [220]. This was attributed to the
aggregation of DCHI18C6 which decreased the Sr*" extraction at higher crown ether

concentrations, leading to a plateau in the extraction profile. Therefore, most of the following
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studies involved Sr*” extraction using DTBCH18C6 in the six ionic liquids mentioned above. In

certain cases, Sr*” extraction using DCH18C6 was carried out for comparison purposes.

6.2. Time of equilibration

The equilibration time has a significant role on the extraction by RTILs. In view of high
viscosity of the RTILs, it is expected that the rate of mass transfer will be slower and,
consequently, the equilibrium will be attained at a relatively longer time than those observed
with common molecular diluents. Fig. 6.2 gives the profiles of Sr* extraction from 3 M HNOs
feeds using 0.01 M DTBCH18C6 in the six RTILs. Compared to the PF¢" based ionic liquids, the
NTT; based ionic liquids facilitated faster mass transfer and hence the time to attain equilibrium

was lower.
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Fig. 6.2: Effect of time of equilibration on Sr*" extraction using 0.01 M DTBCH18C6. Aqueous

phase: 3 M HNO;
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About 60 minutes were needed for obtaining steady Ds; values with all the three ionic liquids
with NTf,” counter anions. However, the PF¢ based ionic liquids required significantly larger
time to attain equilibrium, and more than 4 h were required when [Csmim][PF¢] was used as the
diluents (Fig. 6.2). On the other hand, about 2 h were required to obtain equilibrium Ds; values
when both [Csmim][PFg] and [Cemim][PFs] were used as the diluents. In view of the relatively
faster attainment of equilibrium and higher distribution coefficient values, [C4mim][PF¢] and
[C4mim][NTf,] were used as the diluents in subsequent studies. In other cases, wherever
required, all the solvent systems consisting of both the crown ethers in all the six ionic liquids

were investigated.

6.3 Effect of HNO3 concentration on Sr?" extraction

Extraction of Sr*" from nitric acid feed conditions has significance from the radioactive
waste management point of view. Moreover, HLW can have wide ranging acidities and can
contain from 1 to 4 M nitric acid. Therefore, it was of interest to understand the effect of nitric
acid concentration on the extraction of Sr*” using 0.05 M DCHI18C6 or DTBCHI18C6 in
[Csmim][PFg] as well as in [C4mim][NTH;] as the organic diluents. The Ds; values decreased
continuously with increasing acidity (Fig. 6.3) from 0.01 to 3 M HNOs;, beyond which an
increase in Sr** extraction was noticed. As per equation (6.1), which shows an cation-exchange
mechanism, the extraction of Sr*" is independent of nitric acid concentration. Therefore, the
observed trend in Sr*" extraction can be attributed to the extraction of nitric acid by the crown

ethers as per the following extraction mechanism:

H',q + nCEy + Cymim', = H™ n[CE]j. + Cymim” 5 (6.2)
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Extraction of nitric acid by the crown ether can lead to a decrease in the effective ligand
concentration in the ionic liquid phase, thereby decreasing Sr°* extraction. The extraction of
nitric acid was verified by titration of the ionic liquid phase, which indicated significant amounts
of acid uptake by the ionic liquid phase (Table 6.2). Table 6.2 also indicates that the acid uptake
of the solvent containing DTBCH18C6 is slightly higher than that containing DCH18C6, and no
significant variation was seen when changing the alkyl group of the ionic liquids. The upward
trend in the extraction profiles suggests a possible change in the extraction mechanism. Dietz et
al. [220] had suggested the possibility of both cation-exchange and ion-pair extraction
mechanism in RTIL based solvent systems depending on the experimental conditions. The latter

mechanism involves the participation of nitrate anion as follows:

Sr*4q + CErL + 2NO37yq = St - (CE),™" .(NO3 o (6.3)

This suggests that the increase in the Sr*" extraction at higher acidities (Fig. 6.3) could be
attributed to the ion-pair extraction mechanism presented in Equation (6.3). Furthermore, the
decrease in Sr’" extraction with increasing acidity was noticed to be much sharper in
[C4smim][NTf,] than that observed in [Cymim][PFs] . This is rather intriguing and could be one of
the reasons for proposing the NTf, as a better medium of extraction than the PF¢” medium, as the
extraction and stripping of the metal ion may be possible by suitably tuning the acidity of the

aqueous phase.

239



100 +

10 4

DSr

—0—0.05 M DCH18C6 in [C,mim][PF ]
14 —2—0.05M DCH18C6 in [C,mim][NTF ]

0.05 M DTBCH18C6 in [C,mim][NTf ]
—0—0.05 M DTBCH18C6 18C6 in [C,mim][PF ]

0.01 I Oll I 1
HNO, (M)

Fig. 6.3: Effect of aqueous feed acidity on the extraction of Sr*" using DCH18C6 and

DTBCHI18C6 in [C4smim][PFs] and [C4mim][NT£]
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Table 6.2: Sr and nitric acid extraction data with the two crown ethers in the six RTILs. Crown

ether concentration: 0.01 M; aqueous phase: 3 M HNOs. The error in the % E data is

less than 2%

Ligand Diluent % Sr*" extraction % Acid extraction
DCH18C6 [C4smim][PF¢] 49.2 (32.0) 12.7(12.7)
DCHI18C6 [Cemim][PF¢] 41.5(25.9) 13.6 (11.5)
DCHI18C6 [Csmim][PFg] 34.6 (18.7) 13.7(11.4)

DTBCHI18C6 [C4smim][PF¢] 67.2 (51.7) 14.8 (13.7)
DTBCHI18C6 [Cemim][PFg] 56.7 (38.3) 14.4 (13.3)
DTBCHI18C6 [Csmim][PFg] 54.5 (32.9) 13.6 (12.5)

Note: The values inside the parentheses are for NTf, analog of the RTILs

6.4. Effect of crown ether concentration on Sr** extraction

Sr** extraction was also studied as a function of DTBCH18C6 concentrations at a fixed
nitric acid concentration using all the six RTILs. The log—log plots of the Ds; versus crown ether
concentration are shown in Fig. 6.4, and the slope values of the linear graphs are listed in
Table 6.3. As indicated in the table, the dependence of the ligand concentration on Sr**

extraction is very close to 1, and hence Equation (6.1) can be presented as

Sr*,q + CErL + 2C,mim "y = Sr** CEy + 2C,mim (6.4)
The two phase extraction equilibrium constant of Sr** for the above equilibrium reactions can be

gives as follows:
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Kex = ([S©*" - CElw [CamimTag®) / ([ST* Jaq [CE]i [Camim]r?) (6.5)

The Dg; 1s the ratio of the concentration of Sr*" in the IL phase to the total concentration of the
metal ion in the aqueous phase. In the above equation, as the values of [C,mim'],, and
[Camim ] do not change significantly, these two terms may be taken as constant. Therefore,

equation (6.5) can be modified as

Ksr . Penmim+ = Dsr/ [CE]IL =K'« (66)

here K'cx is the conditional extraction constant and Pcymim+ 1S the partition coefficient of the alkyl

methylimidazolium cation. Taking logarithm one can obtain:

log Ds; = log K'sx + log [CE]iL (6.7)

K'« 1s calculated from the intercept of the log Ds; versus log [CE] i plots at a constant nitric acid
concentration. log K'sx values were calculated for both DCH18C6 and DTBCH18C6 in all the
six ionic liquids and are listed in Table 6.3. For comparison purpose, the log K’ values for
analogous extraction systems with DCH18C6 as the extractant are also included in Table 6.3. As
expected, the extraction constants are significantly lower with DCH18C6 than those obtained
with DTBCH18C6, which may be attributed to the difference in their organophilicity and
aggregation tendencies [211]. The complex formation equilibrium in an ionic liquid can be
described by the following equations.
Sr**|L + CEp. = Sr*™ CEy. (6.8)
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The complex formation constants (Ksm) can be given by the following equation.

Korm = [S*".CE] 1./ ([St* T [CE]wL) (6.9)
Ko = K'ex [ST Tag / [S T (6.10)
Kform = K'ex/ Ps: (61 1)

where, Pg; is the partition coefficient of Sr?* defined as the ratio of Sr** concentration in the ionic
liquid phase to that in the aqueous phase. The Ps; values for different ionic liquids are listed in

Table 6.1.

[C.mim][NTf ]
> [C,mim][NTf]

[C,mim][PF ]
[C,mim][PF ]
[C,mim][PF ]
<& [C,mim][NTH ]

> O

[DTBCH18C6], M

Fig. 6.4: Effect of crown ether (DTBCH18C6) concentration on Sr** extraction using all the six

ionic liquids as the diluents. Aqueous phase: 3 M HNO:s.

The log Kform values were calculated from equation (6.11) and are listed in Table 6.3. For

comparison purpose, the log Ksm values for DCH18C6 are also included in the table. The
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formation constants in IL media were found to be higher with DTBCH18C6 than those obtained
with DCH18C6. A literature report [220] showed that the complex formation constant for Sr**
with DCH18C6 in a polar medium such as MeOH to be around 5 (log K), which is more or less
comparable to the values reported in the polar ionic liquid medium as reported in this study.
Furthermore, it was interesting to observe that the log K¢, values were higher in PF¢ based IL

than in the NTf, based ILs (Table 6.3).

Table 6.3: Slopes and intercept values of the log Ds; — log [DTBCH18C6] plots

Diluent Slope Intercept Log K'ex Log Kfom

[Csmim][PFs]  0.99+0.01 230+0.02 2.30+0.02(1.98+0.03) 5.14+0.03(4.81 +£0.01)
[Comim][PFs]  0.90+0.01 1.92+0.01 1.924+0.01(1.85+0.04) 4.44+0.04(4.37+0.03)
[Csmim][PFs]  0.94+0.03 191+0.04 1.91+0.04(1.74+0.01) 4.42+0.04(4.25+0.02)
[Csmim][NTf,] 1.01+0.03 2.04+0.06 2.04+0.06(1.66+0.02) 4.77+0.06(4.40+0.01)

[Comim][NTf,]  1.06+0.04 1.90+0.07 1.90+0.07(1.54+0.03) 4.71 £0.03(4.34 +0.02)

[Csmim][NTf,] 1.030+0.018 1.75+0.03 1.75+0.03(1.42+0.04) 4.41+ 0.04(4.14 +0.05)

Notes: The conditional extraction constant (K'sx) and formation constant (Kg,y,) are also listed in

the table. Values in parentheses refer to the data for DCH18C6 as the extractant

6.5. Extraction from simulated high-level waste
The application of the Sr** extraction studies can be made in the recovery of radio
strontium (*°Sr) from actual HLWs. However, such attempts require elaborate safety

arrangements including a hot cell facility. It was thus decided to use simulated high-level waste
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(SHLW) the composition of which is given in Chapter 4. The Ds; values with SHLW as the feed
are shown in Fig. 6.5. For comparison purpose, Ds; values with 3 M HNOj as the feed are also
shown in the figure. The figure indicates that with SHLW as the feed, the Dg; values are about 30
—40% lower than the values observed with 3 M HNOj; as the feed. Secondly, the Ds; values were
nearly double with the PF¢ based ionic liquids as compared to those obtained with the NTf,
based ionic liquids when 3 M HNO; was used as the feed, whereas the values were more
favourable with the former solvent when SHLW was used as the aqueous phase. It was
noteworthy, however, that the Dg; values were still significantly higher for effecting quantitative
Sr extraction using counter-current extraction. The major hurdle in such studies is the slow

extraction kinetics.
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[C,mim][PF ]

[C,mim][PF]

[C,mim][NTf,] [C,mim][PF ]

Sr

[C,mim][NTf,]

[C,mim][NTf ]

L] L]
SHLW SHLW | SHLW

3M HNO, 3Mm HNO, 3M HNO, 3m HNO, 3M HNO, 3M HNO,

Aqueous phase

Fig. 6.5: Comparative evaluation of Sr*" extraction from 3 M HNO; and SHLW using 0.025 M

DTBCH18C6 in [C4smim][PFs] and [C4smim][NTH]

6.6. Radiolytic degradation studies

Radiolytic degradation studies were carried out by using irradiated solvents containing
both the crown ethers, viz. DCH18C6 and DTBCHI8C6, in all the six ionic liquids. The
absorbed dose was limited to 1000 kGy in line with the standard practice [216]. The plots of Dg;

with varying absorbed dose (500 and 1000 kGy) are shown in Fig. 6.6(a) and 6.6(b),
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respectively, for 0.05 M solutions of DCH18C6 and DTBCH18C6 in all the six ionic liquids. For
comparison purpose, Dg; values with unirradiated solvents are also included in the figures. It was
interesting to note that though DTBCHI18C6 was a superior extractant than DCH18C6, its
radiolytic stability was significantly poorer than that of the latter extractant. Yuan et al. had
investigated the radiolytic degradation of DCHI8C6 in [Csmim][PF¢] and reported similar
decrease in Sr** extraction with the irradiated solvents up to 550 kGy [217-218]. This could have
serious consequences on the long-term usage of the ionic liquid based solvent systems. The
solvent system can be recycled after simple washing with distilled water. Skrob et al. [216] had
carried out a detailed investigation on the radiolytic degradation of crown ethers in ionic liquids
by Electron Paramagnetic Resonance (EPR). Their results indicated generation of acid due to the
radiolysis of the solvents which adversely affected the extraction of the metal ions especially at
higher absorbed dose values. This usually influences the extraction (to a much larger extent the
back extraction) behaviour of the metal ion. The influence of the radiolytic degradation products
on Sr*" extraction has been to a varying extent depending on the medium of extraction. Takagi et
al. [221] reported the significant role of the nature of the diluents on metal ion extraction. They
have reported that the Ds; values even increased with increasing absorbed dose in certain
diluents. This study, however, has shown lowering of the Dg; values with increased absorbed
dose. The highly viscous nature of the solvent system has led to high-local degradation of the
solvent (as the free radical scavenging may be lower), which was reflected in the sharp fall in the

Dg; values.
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Fig. 6.6: Effect of absorbed irradiation dose on Sr*” extraction using (a) 0.05M DCH18C6 and

(b) DTBCH18C6. Aqueous phase: 3M HNOs.
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6.7 Summary

This study suggests that extraction of *’Sr from the nitric acid medium can be carried out
effectively employing crown ethers as the extractant with various commercially available RTILs,
which can be a viable alternative to the toxic and volatile molecular diluents. The extraction of
the metal ion was significantly higher with ionic liquids as the diluents, particularly in the lower
actinides than with the molecular diluents such as 1-octanol. Studies on the extraction of Sr**
from SHLW waste have yielded promising results and suggested that the ionic liquid-based
solvent system can be used for radio-strontium extraction from radioactive waste solutions. The
studies on the nature of the extracted species indicated extraction of 1:1 metal-ligand complexed
species with an ion-exchange extraction mechanismin at HNOs concentrations < 3 M. The
formation constants were also calculated and found to be comparable to those obtained in a polar
medium. The changes in either cationic or anionic part of the ionic liquid which is responsible
for changing the overall viscosity coefficient of the media was found to affect the extraction
kinetics of Sr*” into room temperature ionic liquid. Radiolytic degradation studies were also
carried out and indicated decrease in Sr’" extraction with increase in the absorbed dose.
Furthermore, though DTBCHI18C6 is a superior extractant than DCHI8C6, the radiolytic
stability of the former is relatively poor as compared to the latter extractant, suggesting that the
recovery of *’Sr from radioactive wastes should be more effective using DCHI18C6 as the

extractant rather than DTBCH18C6.
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CHAPTER- 7

Summary & Conclusions







The main objectives of the Thesis include investigations on the extraction/ separation
behavior of actinides in different oxidation states using several newly synthesized diglycolamide
functionalized calix[4]arenes, tripodal diglycolamides in ionic liquids and also to evaluate
several task specific ionic liquids. This was primarily due to the fact that the conventional
molecular diluents are volatile, inflammable and very often toxic. On the other hand, ionic
liquids promise to be ‘green’ alternatives to the molecular diluents. Performance of
diglycolamide functionalized ionic liquid was compared with CMPO functionalized ionic liquid
in selected cases. The studies also include the mechanism of extraction, nature of the species
involved in extraction including stiochiometry, inner/outer sphere complex, covalecy in metal-
ligand bond, and the kinetics and thermodynamics studies associated in the extraction process.
Electrochemical studies were also carried out to understand the redox possibilities, which may
help in metal ion stripping. Studies were also carried out to determine the complex formation
constants and diffusivities. Substituted crown ether based ligands in RTIL were also investigated
for the extraction of *°Sr, which is one of the long lived fission products in high level nuclear
waste solution. The results of the experimental work carried out as a part of this Thesis have

been briefly summarized in this Chapter.

1. Tripodal diglycolamide (T-DGA): The solvent extraction studies of Am(III) using T-
DGA in various room temperature ionic liquids clearly demonstrate that the ionic liquid
medium extracts the metal ions more efficiently as compared to molecular diluents such
as n-dodecane. Furthermore, the tripodal diglycolamide (T-DGA) is a far superior
extractant as compared to TODGA. It extracts Am(IIl) from acidic feed solutions with

[C4amim][NTHf;] as the ionic liquid.
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The metal ion extracts followed a cation-exchange mechanism at lower acidity
and a solvation mechanism at higher acidities. Though the extraction of the
tetravalent actinide ion was much lower as compared to the trivalent lanthanide
and actinide ions (both Eu(IIl) and Am(IIT) were better extracted), the extraction
of the hexavalent actinyl ion was insignificant.

The extracted species was a 1: 1 complex formed between Am(IIl) and T-DGA
with no inner-sphere water molecules, which was confirmed by the TRLFS
studies using the analogous Eu’" complexes. The stripping results were
encouraging with the possibility of > 99% stripping after three stages using
complexing agents such as EDTA or DTPA in guanidine carbonate.

The thermodynamics of extraction indicated a highly entropy driven reaction,
suggesting the removal of a large number of water molecules from the inner-
coordination sphere. Radiolytic stability studies showed a significantly higher
stability of the ionic liquid solvent systems as compared to those reported
previously in the literature, which may lead to possible long term recycling

options making it one of the promising ‘green’ solvents.

2. Diglycolamide functionalized calix[4] arenes (C4DGA): A series of diglycolamide-

functionalized calix[4]arenes (L-I — L-VI) in RTIL ([Csmim][NTf,]) were evaluated for

actinide extraction.

Slower kinetics was observed for the extraction of actinides using all the C4ADGA
ligands in [Cgmim][NTf,] as compared to the molecular diluents. This fact can be
attributed to higher viscosity coefficient of the ionic liquid. Almost 2 h were

required to reach the equilibrium distribution ratio values.
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Unlike the molecular diluents, a decrease in the distribution ratio of americium
with increasing aqueous phase acidity was observed for all the C4ADGA — RTIL
systems (except for L-VI) which can be attributed to the predominance of cation-
exchange mechanism during metal ion extraction. However, remarkable acidity
independent actinide extraction was observed with a both-rim diglycolamide-
functionalized calix[4]arene (L-VI) in [Cgmim][NTf;].

In the series of C4DGA ligands studied, L-I and L-IV were found to be the most
promising extractants. The ligand with a short spacer was found to be a better
extractant in comparison to its analog with a longer spacer probably because of
the better pre-organization of the diglycolamide moieties on the calixarene
platform as a result of restricted C—C single bond rotation.

At lower feed acidity, the coordinating ability of the carbonyl oxygen is enhanced
because of the electron density on the amidic nitrogen atom to which a group with
a +I effect is attached, while at comparatively higher feed acidity the steric
crowding around the coordinating group plays a significant role.

In case of both rim functionalized DGA molecule (L-VI), the metal ion binds to
the DGA groups attached to one side of the calix[4]arene, while the other side is
either uncoordinated or complexed with hydronium ion (H;0").

Am’" was found to form complex with 1:1 stoichiometry with all the C4DGA
ligands in [Csmim][NTT;].

Metal - CADGA complexes in ionic liquid were found to be thermodynamically
favorable. The overall extraction process was exothermic in nature with a

decrease in the overall entropy of the system.
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The trend of the extraction efficiency of the C4DGAs in [Cgmim][NTf,] was
found to be Eu’" > Am*™ > Pu*" > Pu0O,*"™> UO,*" > Sr*" > Cs". The separation
factors (SF) for Am®" with respect to UO,>", Cs”, Sr*", Pu*’, and PuO,*" are 130,
1040, 470, 3.2, and 90, respectively with L-I in [Csmim][NTf;], which increased
enormously to 4670, 13120, 4990, 130, and 4160, respectively, for L-IV in
[Csmim][NTf;]. It can be inferred that L-IV is not only a better ligand with
respect to the higher extraction efficiency of americium; it also shows a
significantly favorable separation behavior.

A radiolytic stability study indicated that L-I and LIV can be used for actinide
partitioning up to a 500 kGy dose, without significant decrease of the extraction
efficiency.

Similar to the T-DGA based solvent system complexing agents were used for
quantitative back extraction of actinides from ionic liquid phase.

The extraction of Am(IIl), Pu(IV), Np(IV), U(VI) and Pu(VI) was studied from
simulated high-level waste (SHLW) solutions using several Calix-DGA ligands in
RTIL (L-I, L-II, L-V, L-VI and L-VII). The trend of extraction of the actinides
was found out to be Am(II) > Pu(IV) > Np(IV) > U(VI) ~ Pu(VI).

Reasonably, good extraction of Am(III) was obtained with 5.0 x 10™* M ligand
solutions suggesting that higher concentrations of the ligand can be used for a
higher loading of the metal ions. Studies on the extraction of other metal ions
revealed that Na, K, Pd, Fe, Sr, Mn, Pd, Ce, Ru and Ba remained un-extracted by
all the systems while Y, La, Sm, Y, Pr, Nd, Zr and Mo were found to be extracted

into the organic phase alongwith the actinides.
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e Extraction of Am®" was carried out using a both-rim diglycolamide-functionalized
calix[4]arene with eight DGA pendent arms (L-VI) in several organic diluents and
the observed extraction trend was: nitrobenzene > n-dodecane (with 5% iso-
decanol as phase modifier) > phenyltrifluoromethylsulphone (PTMS) > hexone >
2-nitrophenyloctylether > 1-octanol > chloroform at 0.1 M HNO3, which changed
at higher acidities (3 M) showing crossovers between the nitrobenzene — n-
dodecane and the PTMS-hexone pairs. The extraction behaviour was correlated
with various parameters such as Schmidt’s diluent parameter, dielectric constant.

e The extraction was found to be a spontaneous process giving 1:1 species. The
observed exceptional extraction behaviour of the L-VI ligand in room temperature
ionic liquid does not take place in the molecular diluents studied.

e Fluorescence spectroscopy was employed to get insights into the Eu’"
complexation of a series of C4DGA ligands in ionic liquid. Lifetime data of the
Eu’"—C4DGA complexes revealed the presence of single species and the absence
of inner sphere water molecules except for Eu’™- L-VII complex (with 5 water
molecules). The high intensity *Dy—'F, transition suggested that the local
environment around the Eu’" ion is highly asymmetric with respect to the
inversion symmetry, while the splitting pattern of the different transitions
exhibited that all the Eu’" - CADGA complexes exhibit C4y symmetry except for
Eu’™ - L-VII, which was found to exhibit either C;, C,, or Cs symmetry. The
transition strength of the *Dy—F, line was found to be proportional to the crystal
field parameter, while that of the ’Do—F, line was insensitive to the crystal field

parameter. The “Dy-'F, splitting varied linearly with the energy of the “Dy—'Fy
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transition. Similarly, a linear relationship between the energy of the Dy—'F,
transition and that of the Dy—'F transition was observed.

e The branching ratio (B,; n=2, 4, 6) follows the trend B, > B4 > Bi, which reveals
that Eu’" resides in an asymmetric environment in case of all complexes. In all the
cases, the magnetic- and electric-dipole transition probabilities behave in the
fashion of Ajzeq > Asged™> Amd. Judd and Offelt parameters (€2,, {4) were calculated
for all the samples. Steric crowding around ligating site decrease the proximity of
metal ion with carbonyl oxygen as a result the bond length increases and the
covalency decreases which was signature by decrease in Q, value while 4 value
signifies the long range ordering.

3. TSILs: Two new diglycolamide based task-specific ionic liquids (DGA-TSILs) were
evaluated for the extraction of actinides and lanthanides from acidic feed solutions and
the performance of [DGA-TSIL][NTT;] was compared with that of [CMPO-TSIL][NTf;]
for Np extraction.

e Dy values that were obtained with the trivalent actinide (Am’") and lanthanide
ions (Eu’") by using the DGA-TSILs were unusually high compared to analogous
solvent systems, whereas the hexavalent uranyl ion and the Cs™ and Sr** ions were
practically unextracted. The distribution- ratio values follow the trend Eu’" >
Am’" >> Pu*" > Np*" >> UO,*" >> Sr*'~ Cs”, which suggests that the DGA-
TSILs also formed reverse micelles similar to TODGA/n-dodecane system.

e The kinetics of extraction was rather slow and about 6 h were required to attain

equilibrium Day, value using pure DGA-TSILs, dilution in [Csmim][NTf;]
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afforded reasonably faster mass transfer due to decrease in viscosity which
improved the extraction kinetics.

The distribution ratio values for different actinides were found to decrease with
increase in feed acidity indicating the predominance of the cation-exchange
mechanism.

Slope ratio method revealed that though Am’" formed 1:2 complex with pure
DGA-TSILs alongwith the incorporation of one NOs™ ion in the complex, on
dilution with [Cymim][NTf;], [DGA-TSIL][NTf;] formed 1:1 complex with
different oxidation states actinides.

The radiolytic stability of [DGA-TSIL][NTf;] was found to be much better than
[DGA-TSIL][PFs]. EPR spectral analysis revealed the formation of methyl
radical and methylimidazolium based radicals on exposure of 1000 kGy gamma
dose on DGA-TSILs.

Buffered complexing agents such as EDTA and DTPA can be effectively used as
strippants.

The emission lifetime decay profile of luminescence spectra of Eu’" - DGA-TSIL
complexes pointed to the existence of single extracted species. Furthermore, the
lifetime values of 1.564 ms for the Eu’" extract with both the DGA-TSILs
suggest complete removal of the water molecules from the inner coordination
sphere. This is in sharp contrast to the lifetime value of 0.155 ms mentioned
above.

The Q, follows the trend of Eu’*- [DGA-TSIL][NTf,] > Eu**- [DGA-TSIL][PF]

> Eu’’- TODGA ([C4mim][NT£,]) > Eu3+aq. The variation of €, reflected by the
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4.

hyper-sensitivity of the *Dy—'F, transition can be related to the variation in
covalence of the Eu’"-O bond. The splitting patterns of each transition were
correlated to local symmetry around the Eu*" ion was found to be Sy.

e The thermodynamics studies indicated that the hexavalent actinides are less
favourably extracted due to less effective interaction between the metal ions and
the ligand, while the trivalent ions were instantaneously extracted due to large
negative AG values, which were less negative for the tetravalent ions. All the
extraction processes were found to be exothermic with overall decrease in
entropy value.

e The selectivity of the extraction of trivalent lanthanides and actinides over other
elements was studied in SHLW which revealed that Zr(IV), Pd(II), Y(III),
La(III), Ce(1V), Pr(III), Nd(III), and Sm(III) were co-extracted along with minor
actinides. At 0.01 M HNOs as the feed, the distribution ratio of the metal ions
follows the trend: Dy > Dce> Dng > Dsm > Dpr > D1y > Dpg >Dy,.

Sr** - Substituted crown ether: Extraction of radiostrontium from dilute nitric acid
solutions was studied using two Sr’" selective crown ethers, viz. dicyclohexano-18-
crown-6 and 4.,4'(5')-di-tert-butyl-dicyclohexano-18-crown-6, in several room
temperature ionic liquids(|C,mim][X], where, n =4, 6, 8 and X = PFs and NTf,).

e The study suggested that the extraction of °°Sr from the nitric acid medium can
be carried out effectively employing crown ethers as the extractant with various
commercially available RTILs, which can be a viable alternative to the toxic and
volatile molecular organic diluents. The extraction of the metal ion was

significantly higher with ionic liquids as the diluent than that with the molecular
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diluents such 1-octanol. Studies on the extraction of Sr** from SHLW waste have
shown promising results and suggest that the ionic liquid-based solvent system
can be used for radio-strontium extraction from radioactive waste solutions.

The studies on the nature of extracted species indicated extraction of 1:1 metal—
ligand complexed species with a cation-exchange extraction mechanism. The
formation constants were also calculated and found to be comparable to those
obtained in polar medium.

Radiolytic degradation studies were also carried out and indicated decrease in Sr**
extraction with increase in absorbed dose. Furthermore, though DTBCH18C6 is a
superior extractant than DCHI18C6, the radiolytic stability of the former is
relatively poor as compared to the latter extractant, suggesting that the Sr
recovery from radioactive wastes should be carried out using DCH18C6 as the

extractant rather than DTBCH18C6.
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Future perspectives
The Thesis demonstrated the highly favourable extraction trivalent lanthanides and actinides
using multiple diglicolamide functionalized ligands in room temperature ionic liquids, which are
considered as alternative diluent to the commonly used volatile organic diluents. The extraction
mechanism, kinetics, thermodynamics and the nature of the species involved in extraction were
also investigated. DGA functionalized ionic liquids were also studied. The following can be part
of the future studies.

1. The major challenge in recovery of minor actinides and fission products from high level
waste would be the radiation degradation of the RTIL based solvent systems. We have
seen the degradation after 1000 kGy of radiation dose. It is required process actual high
level wate for actinide partitioning using these solvent systems.

2. More theoretical modeling study is required for detailed investigation of the mechanism
of the extraction of actinides into ionic liquid phase. Theoretical approach is also required
to understand the favourable configurations of ligands and their mode of ligation.

3. Stripping from ionic liquid phase is one of the challenging jobs. Though we have used
complexing agents which were found to be suitable for quantitative stripping of actinides
from ionic liquid phase, electro-deposition can be cleaner option for stripping. Significant
efforts are required in this direction also.

4. One of the problems in using ionic liquids for the extraction of actinides is the rather high
solubility of its cations/ anions during cation exchange mechanism. R & D efforts are
required to synthesize ionic liquids with lower aqueous solubilization. Similar thoughts

were also found in the literature by Dietz et al [220].
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5. Viscosity of ionic liquids makes the mass transfer slower during the extraction of metal
ions. So appropriate cation and anion combinations are required to achieve desired
physico-chemical properties of RTILs to be used in plant scale.

6. More detailed studies are required to justify the real ‘greenness’ of the ionic liquid
solvents.

7. Efforts are needed in the synthetic schemes of RTILs, so that the costs of the RTILs
decrease making the solvents more viable for plant scale applications rather than its only

lab scale uses.
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