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Synopsis

1. Introduction

The demand for energy is steadily increasing with ever increasing population and
rapid industrialization all over the world. Huge consumption of natural energy resources,
such as oil and gas, and the uncertainty in the development of renewable resources, makes
nuclear option inevitable for the future energy demand. Nuclear reactors employ natural or
enriched uranium as the fuel [1]. The spent nuclear fuel discharged from the nuclear
reactor contains fissile elements such as plutonium and depleted uranium and several other
elements formed by fission reaction, known as fission products. The spent nuclear fuel is
therefore reprocessed to recover these fissile elements for the fabrication and further use to
fuel reactors.

There are two different technologically viable methods available for reprocessing
of spent nuclear fuel discharged from nuclear reactor. They are (i) Aqueous reprocessing,
i) Non aqueous reprocessing [2,3]. The first one is industrially well-established, PUREX
(Plutonium Uranium Recovery by Extraction) process [2]. This process involves the
following major steps: a) Fuel decladding, b) extraction of uranium and plutonium from
aqueous phase, c¢) partitioning of plutonium from uranium and d) stripping of uranium.
Dissolution is carried out by chop-leach method in which the spent nuclear fuel is cut into
small pieces followed by treatment with nitric acid at 373 K in presence of air. The
extraction of Pu(IV) and U(VI) from 3.0 M to 4.0 M nitric acid medium is then carried out
by a solution of 1.1 M tri-n-butylphosphate (TBP) in n-dodecane (DD). During
partitioning, the loaded organic is contacted with an aqueous solution containing uranous
nitrate, to reduce Pu(lV) to inextractable Pu(lll). U(VI) present in organic phase is later
stripped with dilute nitric acid. The uranium and plutonium present in the strip are
converted, after several complex processes, into respective oxides for feeding back into
the reactor. The raffinate rejected after the extraction is known as “High-Level Liquid
Waste” (HLLW), which contains all the radiotoxic fission products, trivalent actinides etc.
in 3 —4 M nitric acid medium.

There are two options available for the safe management of HLLW. The first one
is the immobilization of HLLW in to glass or ceramic form followed by disposing them in
deep geological repositories. The second options is partitioning of minor actinides and
long lived fission products from HLLW and transmuting them in to short lived or stable

nuclides. The first option is quite expensive and the presence of long lived radiotoxic
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elements necessitates the need for long-term surveillance for thousands of years. In
contrast to this, the second option is economical, less time consuming and viable for the
safe management of HLLW. In this method, the Ln(l11) and An(lll) are coextracted from
HLLW followed by the mutual separation of lanthanides from actinides or vice versa.
Several processes such as TRUEX, TRPO, DIDPA and DIAMEX have been studied for
the co-extraction of trivalents from HLLW [4]. Similarly, TALSPEAK, SETFIC etc.[5]
have been reported for the separation of lanthanides from actinides and vice versa.
However, the undesirable limitation of the above processes are i) the chemical and
radiolytic degradation of the solvent system and the generation of secondary aqueous
wastes, ii) flash point of hydrocarbon diluents (e.g., the flash point of n dodecane is ~ 343
K), iii) difficulties in the Ln — An separation, iv) third phase formation etc.[6].

In the recent past, the room temperature ionic liquids have been receiving
increased attention for possible applications in the area of nuclear fuel reprocessing and
waste management [7-10]. Room temperature ionic liquids (RTIL) are compounds
composed fully of dissociated ions and melt at temperatures lower than 373 K [11]. The
RTILs have many attractive properties such as insignificant vapour 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
reprocessing applications. Some of the striking features of RTILs that make them
promising candidate for nuclear fuel cycle application are i) the selectivity of target metal
ion can be easily manipulated by the change of cation-anion combinations of RTIL
diluent, rather than redesigning the structure of extractant ii) presence of ionic liquid
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 vapour pressure of RTILs, the fire hazard is almost insignificant. In addition,
unusual extraction of metal ions has been observed when traditional extractants are used in
conjunction with RTIL diluents. Thus, RTILs provide excellent challenges and
opportunities to researchers and also exhibit potential for technological applications
through manipulation of their versatile properties.

The cationic or anionic part of the room temperature ionic liquid tethered

covalently with organic functionalities, which can perform specific applications are known
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task specific ionic liquids (TSILs) [12]. Due to the presence of functional group, the
resultant FIL is expected to show the properties of both ionic liquid and organic
functionality. The earliest work on the synthesis of FILs was reported by Visser et al [13]
which describes the extraction behavior of metal ions using several functionalized ionic
liquids. Several authors have reported the application of TSILs (or FILs) for the recovery
of metal ions of nuclear interest [14 - 17]. In the recent past, another class of IL extractants
called ionic liquids with strongly coordinating anions [18,19] are becoming popular in
addition to the functionalized ionic liquids. Usually, the conjugate base of the acids such
as phosphate, diketonate etc, act as anions. The advantages [18] of such ionic liquids over
functionalized ionic liquids are simple method of preparation, higher loading of metals,
miscibility with molecular diluents such as toluene, xylene etc. These properties are very
useful for some type of applications.

2. Organization of the thesis

The thesis is divided into seven chapters. The first chapter deals with a brief
introduction to reprocessing of spent nuclear fuel, an introduction to room temperature
ionic liquids, literature survey on RTILs, TSILs and ILs with strongly coordinating anions.
The scope of the present study namely the recovery of actinides and fission products using
ionic liquid as solvent medium is described in this chapter. Chapter 2 describes the
materials, synthesis and characterization of ionic liquids, the details of instrumentation,
analytical procedure and the experimental part of each study. Chapter 3 deals with the use
of room temperature ionic liquids as diluents for the extraction of actinides (Pu(IV), U(VI)
and Am(II1)). Chapter 4 deals with the extraction — third phase formation behavior of
Eu(lll) in ionic liquid medium. This chapter also details the mutual separation of Eu(lll)
from Am(III) in ionic liquid medium. Chapter 5 describes the unusual separation of
Pu(lV) from other actinides and fission products using couple of task specific ionic
liquids. Chapter 6 deals with the application of some ionic liquids with strongly
coordinating anions for the extraction of Pu(IV) from other metal ions. Chapter 7 provides
the conclusions of the study.

Chapter 1 begins with a brief introduction to reprocessing of the spent nuclear fuel
by PUREX process. The inherent advantages and the limitations were discussed. The
introduction to the room temperature ionic liquids and their application for the separation
of actinides, fission products are reported. A brief discussion on the task specific ionic
liquids and ionic liquids with strongly coordinating anions are presented. The scope for the

present study that deals with the application of RTILs for the separation and recovery of
XV



actinides and fission products from the nitric acid medium by solvent extraction procedure

has been described.

Chapter 2 deals with the various chemicals and reagents used, synthesis and
characterization of room temperature ionic liquids, task specific ionic liquids and ionic
liquids containing strongly coordinating anions. Brief description of various experimental
tools used for characterization of ionic liquid such as UV-visible, FT-IR, NMR, Mass
Spectra is presented. The description of methods used for the measurement of radioactivity
such as a-scintillation counting, Nal(TI) detector, HpGe detector is presented. In addition,
the other instrumental techniques used in the present study are also reported in this
chapter. General experimental procedures adopted for the measurement of viscosity,
density, water content, temperature effect and preparation of various solutions used in the
study are described in detail. The experimental systematic adopted for the measurement of
distribution ratio is reported.

Chapter 3 deals with a systematic study on the extraction of americium (I11) from
nitric acid medium by a solution of tri-n-butylphosphate (TBP) and n-octyl(phenyl)-N,N-
diisobutylcarbamoylmethylphosphine oxide (CMPQO) in room temperature ionic liquid, 1-
butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (CsmimNTf,). The results
were compared with that obtained with CMPO-TBP in n-dodecane (n-DD). The
distribution ratio of **Am(l11) in TBP-CMPO/C,mimNTf, was measured as a function of
various parameters such as concentrations of nitric acid, CMPO, C;mimNO3;, NaNO3 and
TBP and temperature. Remarkably large distribution ratios were observed for the
extraction of americium(I1l) when C,mimNTf, acted as diluent and the extraction was
insignificant in the absence of CMPO. Extraordinary extraction of americium was
facilitated by the presence of RTIL. The solvent phase required only 0.05 M CMPO in
RTIL medium instead of 0.2 M CMPO employed in TRUEX solution to obtain
comparable extraction behavior. The stoichiometry of metal-solvate in organic phase was
determined by the slope analysis of extraction data and it indicated the formation of 1:3
(Am : CMPO) complex in organic phase. However, the study showed that ion exchange
mechanism for the extraction of americium (I11) could not be excluded. The extraction of
americium (I11) by RTIL solution was accompanied by the release of energy and the
exothermicity decreased with increase in nitric acid concentration. The stripping of
Am(I11) from the ionic liquid phase was carried out using various complexing agents such
as diethylenetriaminepentaacetic acid (DTPA), citric acid, acetohydroxamic acid (AHA)

etc. Maximum stripping was observed using 0.03 M DTPA.
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This chapter also describes the extraction behavior of U(VI), Pu(IV) and Am(I1I)
from nitric acid medium by a solution of N,N-dimethyl-N,N-dioctyl-2,(2-
hexyloxyethyl)malonamide (DMDOHEMA) in the room temperature ionic liquid, 1-
butyl-3-methylimidazolium  bis(trifluoromethanesulfonyl)imide  (CymimNTf,).  The
distribution ratio of actinides in DMDOHEMA/C4mimNTf, was measured as a function of
various parameters such as the concentration of nitric acid, DMDOHEMA, C;mimNQO3,
NaNOs, NTf,, alkyl chain length of ionic liquid and temperature. The extraction of
actinides in the absence of DMDOHEMA was insignificant and the distribution ratio
achieved in conjunction with C;amimNTf,, was remarkable. The extractant DMDOHEMA
showed excellent selectivity for U(VI) and Pu(IV) in ionic liquid diluent, whereas in n-
DD, Am(I1I) was also co-extracted. Above 4 M nitric acid, the primary mode of Pu(lV)
transfer in ionic liquid phase was found to be anion exchange and below 4 M nitric acid
the investigations indicate that the most plausible mechanism of actinides transfer in ionic
liquid phase was cation exchange of metal — solvate complex with C;mim" cation
exchange of ionic liquid. The distribution ratio of actinides decreased with increase of
alkyl chain length of C,mimNTf,. The enthalpy change accompanied by the extraction of
uranium(V1) and viscosity of the solvents were also measured. In both the above cases ,

the extraction stoichiometry was obtained from the slope analysis.

Chapter 4 deals with the extraction and third phase formation behavior of Eu(ll) in
CMPO - TBP extractants present in room temperature ionic liquid, CsmimNTf, at 303 K.
The distribution ratio (Dg,) of Eu(lll) in CMPO —TBP/C,mimNTf;, (n = 4, 6 and 8) was
measured as a function of various parameters such as the concentrations of nitric acid,
europium, CMPO, TBP, NaNO; and temperature. The distribution ratio of europium
increased with the increase in the concentration of nitric acid reached a maximum value
around 1 M followed by decrease. Loading of europium in CMPO-TBP/C;mimNTf,
increased with the increase in Eu(lll) concentration without leading to the formation of
third phase. The third phase formation is usually observed in conventional diluents at the
limiting organic concentration of 9 mg/mL. However, nearly ~ 40 mg/mL could be loaded
in 0.2 M CMPO-1.2 M TBP/CymimNTf, phase. In the absence of TBP i.e., 0.2M
CMPO/CymimNTf,) the extraction of Eu(Ill) resulted in a “crud-type precipitate” at the
interphase. However the crud disappeared upon adding of TBP to the extent of 0.2 M. The
stoichiometry of metal-solvate in organic phase was found to vary from 1: 3 (Eu: CMPO)

at trace levels to 1:1 at higher europium loadings. The extraction of europium(lil) by RTIL
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solution was accompanied by the release of energy and the exothermicity decreased with
increase in nitric acid concentration.

This chapter also describes the mutual separation of Eu(l11) from Am(I11) using the
solution of bis(2-ethylhexyl)phosphoric acid (D2EHPA) or bis(2-ethylhexyl)diglycolamic
acid (HDEHDGA) in the room temperature ionic liquid, 1-octyl-3-methylimidazolium
bis(trifluoromethanesulphonyl)imide (CgsmimNTf,). The effect of various parameters such
as the concentrations of nitric acid, D2EHPA, HDEHDGA and
diethylenetriaminepentaacetic acid (DTPA) on the extraction behavior of Am(lIl) and
Eu(lll) was also described. The differential complexing ability of the extractant in ionic
liquid phase and DTPA in aqueous phase was exploited to optimize the conditions needed
for effective separation of trivalent lanthanides from actinides. Among the extractants
studied HDEHDGA was found to be superior to D2EHPA for such applications. At pH 3
and using 0.005 M DTPA, D2EHPA gave in a SF of ~35, however, HDEHDGA required
only 10* M DTPA for achieving a SF of ~150. Excellent separation factors achieved with
the use of the ionic liquid diluent indicates the feasibility of separating lanthanides from
actinides present in high-level liquid waste (HLLW).

Chapter 5 describes the extraction behavior of plutonium (IV) from U(VI), Am(l1I)
and other fission products using novel task specific ionic liquids (TSIL) such as diethyl-2-
(3-methylimidazolium)ethylphosphonate bis(trifluoromethane sulfonyl)imide (IMPNTf,)
and  N,N-dioctyl-2-(3-methyl  imidazolium) bis(trifluoromethane  sulfonyl)imide
(DOAIMNTT,). The effect of aqueous phase acidity, TSIL concentrations, temperature and
different additives (C;mim*, NOs™ and NTf,) on the separation of plutonium from other
metal ions was studied. Dy and Damaiy Were insignificant and were of the order of 107
-10"*in 0.4M IMPNTf,/C4mimNTf; (or in 0.3 M DOAIMNTf,/C,mimNTf,). In contrast to
this, Dpyav) Was quite high and it decreased with increase in the concentration of aqueous
nitric acid, reached a minimum at 4 -5M followed by the increase. The separation factor
achieved for Pu(lV) over U(VI) using these TSILs were much higher than the values
obtained for traditional neutral extractants. Similarly, the separation factors of Pu(IV) from
U(VI) are 1 -2. SF of Pu(IV) over Am(lll) is of the order of 10 -10° depending upon the
concentration of nitric acid. The slope of 3 was obtained for Pu(IV) extraction in 0.4M
IMPNTT, (or 0.3M DOAIMNTT,)/CsmimNTf, from nitric acid suggesting three molecules
of TSILs involved in the extraction process. The extraction of Pu(lV) was found to be
exothermic in nature. The stripping of Pu(lV) from TSIL phase was achieved using

complexing agents such as DTPA, AHA and citric acid.
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Chapter 6 deals with the extraction behavior of Pu(lV) using some ionic liquids
containing  strongly  coordinating  anions  (B-diketonate  ions) such  as
alkylquaternaryammonium  thenoyltrifluoroacetonate  (R;NTTA), and 1-alkyl-3-
methylimidazolium thenoyltrifluoroacetonate (C,mimTTA), with methyl, butyl, hexyl,
heptyl and octyl moieties. The unique property of p-diketonate ionic liquids, namely, the
miscibility in molecular diluents, was exploited to elucidate the mechanism of Pu(lV)
extraction in these ionic liquids. The distribution ratio of plutonium (IV) in a solution of
tri-n-octylmethylammonium thenoyltrifluoroacetonate (TOMATTA) present in tri-n-
octylmethylammonium bis(trifluoromethylsulfonyl)imide (TOMANTT,) (or xylene) and
ComimTTA present in C,mimNTf, was studied as a function of various parameters. The
mechanism of Pu (IV) extraction in ammonium based and imidazolium based B-diketonate
ionic liquids was elucidated. The study revealed that extraction was essentially controlled
by the constituents of TOMATTA namely TOMAN, and HTTA, which could form upon
nitric acid extraction. In addition, unlike alkylquaternary ammonium —TTA ionic liquids,
the extraction of Pu(lV) in C,mimTTA ionic liquid was essentially governed by the
component HTTA at lower nitric acid concentrations (<2 M), and by the anion exchange
of C,mimNTf, at higher nitric acid concentrations. The excellent separation factors of
Pu(IV) over other actinides (U(V1) and Am(111)) using these ionic liquids were reported in
this chapter.

Similarly, this chapter also describes the miscibility of aliquot-336 based ionic
liquid with phosphate, [A336][P204] and diglycolamate, [A336] [DGA] in the paraffinic
diluents such as n-DD and its higher homologue. The extraction behavior of europium
(11) in a solution of these ionic liquids present in different molecular diluents was studied
as a function of various parameters such as pH, nature of diluent, concentration of ionic
liquid. The data obtained were compared with those obtained in a solution composed of
the precursors of ionic liquid. The extraction of europium (II1) in [A336]'[P204] and
[A336]'[DGA] ionic liquids showed a strong dependence on the nature of molecular
diluent used. The distribution ratio of Eu(ll) increased with increase of pH; at pH > 2, the
distribution ratios obtained in ionic liquids were much higher than their precursors.
Eventhough the ionic liquid extracted Eu(lll) and Am(lll) to the same extent from the
aqueous phase, it was possible to separate Eu(lll) from Am(lIl) by adding DTPA to the
aqueous phase. The distribution ratio and the SF achieved with the use of [DGA] based
ionic liquid were higher than [P204] ionic liquid under similar conditions. Superior

extraction of the target metals and excellent separation factors achieved with the use of
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these ionic liquids in conventional diluents indicates the feasibility of separating
lanthanides from actinides. These ionic liquids seems to extract the trivalents as neutral
metal (I11) nitrate complex. Since the ionic liquid was converted to its precursor during
equilibration with HNOs, the study recommends the reconversion by the washing the ionic
liquid phase with dilute acid before recycling.

The summary and conclusions of the present investigation were given in Chapter 7.
Several ionic liquids containing organic moieties and strongly coordinating anions were
synthesized and characterized by various analytical methods. The extraction behavior of
some actinides and fission products in ionic liquid medium was studied as a function of
various parameters. The ionic liquids in these studies acted either as diluent or as
extractant. The results revealed that the extraction of metal ion was remarkable when ionic
liquids were used in conjunction either with customary extractant or the diluent. Unusual
extraction and selectivity of the target metal was generally observed when ionic liquid was
used as solvent medium. In most cases, the stoichiometry of the metal-solvate was similar
to the conventional system. However, the mechanism of extraction generally differed from
those observed in molecular diluents, which requires deeper understanding. Use of RTIL
diluent in place of n-DD in TRUEX solvent prevented the undesirable third phase
formation during the extraction of trivalent actinides. It was possible to achieve high
separation factor for the mutual separation of lanthanides from actinides using ionic liquid
as the medium. The amide and phophonate functionalized ionic liquids offered huge scope
of separating plutonium(lV) from other actinides and fission products. The ionic liquids
containing strongly coordinating anions such as 1,3-diketonate, alkyl phosphate and
diglycolamate were miscible in non-polar molecular diluents. The solubility in molecular
diluents was exploited to determine the mechanism of metal ion extraction in ionic liquid
phase.

3. Importance of the present work

The present study was aimed at exploring the feasibility of using room temperature
ionic liquids, as diluents and extractants, for the separation of actinides and fission
products from nitric acid medium. These studies were carried out for the first time. Several
ionic liquids ranging from imidazolium to quaternary ammonium salts, amide and
phosphonate functionalized ionic liquids and ionic liquids containing 1,3-diketonate,
alkylphophate and diglycolamate anions have been synthesized and studied for the
extraction. The studies indicate that extraordinary extraction of metal ions can be

achieved, and the undesirable third phase formation can be avoided using ionic liquids as

XX



medium during solvent extraction procedure. Excellent separation of Eu(l11) from Am(lII)
opens avenues for studying the Ln-An separation from high level liquid waste using ionic
liquids. The task specific ionic liquids offer a new prospect of separating Pu(lV) from
other actinides and fission products. The miscibility of ionic liquids containing
coordinating anions in molecular diluents opens a new means of studying the mechanistic
aspects of metal ion extraction in ionic liquid medium.

4. Future work

The results obtained in the present study on the separation of actinides and fission
products using room temperature ionic liquid as a medium are encouraging. While, these
new results show great promise, the physical and chemical properties of the ionic liquid
need to be tuned to suit the ionic liquid for robust applications in reprocessing and waste
management. This could be realized through further investigations on the physicochemical
properties of room temperature ionic liquids. The fundamental properties of ionic liquids
that govern solubility in aqueous phase, hydrophobicity, viscosity etc. need more
understanding to enable the design of RTIL/FILs having the required properties for
hydrometallurgical applications. Since the customary extractants in ionic liquid offer
extraordinary selectivity of the target metal, the extraction behavior of the target can be
studied using the existing extractants in a suitable ionic liquid. In addition, several ionic
liquids can be functionalized with organic moieties and studied for the task specific
applications.
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CHAPTER -1

1.1 Nuclear energy

The economic growth of the world is directly proportional to the availability and
consumption of electricity. Presently, the electric power is being produced from the
natural energy resources such as coal, oil and gas etc. However, these resources are
rapidly depleting. The impact of greenhouse gas emissions into the atmosphere, and the
uncertainty in the development of renewable resources, nuclear option seems to be
inevitable for meeting the future energy demand. Nuclear energy contributes about 6 % of
the world’s energy and about 14% of the world’s total electricity. As of 2012, about 432
commercial nuclear reactors are producing about 366 GWe (gigawatts of electrical energy)
all over the world [1] in operation in 30 countries and 65 plants with an installed capacity
of 65 GW in 16 countries are under construction [2]. The estimated total energy demand
of India by 2052 is around 1344 GWe and the current installed capacity of electricity
generation is ~ 160 GWe [3]. By 2050, it is targeted to increase the electricity contributed
from the nuclear energy from 3% to nearly 25% to satisfy our country’s energy
requirement.
1.1.1 Nuclear power programme in India

A three-stage programme based on a closed nuclear fuel cycle has been envisaged
and implemented in India by Dr. Homi J. Bhaba in early 50s for the effective utilization of
these natural resources for the production of energy [4]. This was based on the limited
uranium reserves (around 78,000 tonnes which is about 0.8% of that of the world) and
availability of vast thorium resources (estimated to be around 3,60,000 tonnes which is about
32% of the world's reserves). The first stage deals with the production of power through
natural uranium fuelled pressurised heavy water reactors (PHWR). Presently, there are
two boiling water reactors (BWR) and fifteen PHWRs built at various locations of India
are in operation and producing a total of around 4120 MWe [5].

The second stage involves the use of the depleted uranium and plutonium
recovered from the spent fuels of PHWR as fuels for fast breeder reactors (FBR) to
generate electricity as well as to breed 23U from thorium which is used as blanket.
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40 MWith Fast Breader Test Reactor (FBTR) is being operated successfully in Kalppakm
for more than two decades [6]. 500 MWe Prototype Fast Breeder Reactor (PFBR) is in an
advanced stage of construction at Kalpakkam. FBRs are capable of breeding of fuel than
what they consume. Third stage is proposed to use ?2Th — 23U as fuel as there are plenty
of thorium resources in India. A 300 MWe Advanced Heavy Water Reactor (AHWR) [7]
planned to be constructed soon, will use thorium-uranium and thorium- plutonium mixed
oxides.

Nuclear fuel cycle encompasses uranium mining, uranium enrichment (if required),
fuel fabrication, reactor operation, spent fuel reprocessing, vitrification, and waste
disposal. Two types of nuclear fuel cycles have been proposed, namely (i) open fuel cycle,
and (ii) closed fuel cycle. In open fuel cycle, the spent nuclear fuel after power generation
is not reprocessed, but cooled and stored in a repository. This scheme is not suitable for
India [8]. In closed fuel cycle, the spent fuel is reprocessed to recover unused uranium and
plutonium, for utilization in fast breeder reactors.

1.1.2 Spent Fuel Reprocessing

A nuclear fuel cycle enabling the extraction of maximum energy in a safe manner
and reducing the amounts of nuclear waste would always be preferable [9]. In this context,
only closed nuclear fuel cycle can serve these requirements and lead to the sustainable
energy production [10,11]. Hence, the reprocessing and recycling of spent nuclear fuel
becomes an inevitable option in the back end of the nuclear fuel cycle. Two different
technologically viable methods are available for the reprocessing of spent nuclear fuel
coming out of the reactor. i) Aqueous reprocessing, ii) hon aqueous reprocessing [12, 13].
The first one is the industrially well-established, PUREX process [12]. Plutonium
Uranium Recovery by Extraction is known as PUREX process that involves the following
major steps: a) Head end step, which includes fuel decladding, dissolution and feed
preparation, b) extraction of uranium and plutonium from aqueous phase and c)
partitioning of plutonium from uranium and stripping of uranium. Head end step is carried
out by chop-leach method in which the spent nuclear fuel is cut into small pieces followed
by dissolution of the fuel in nitric acid at 373 K in the presence of air. Extraction of Pu(IV)
and U(VI) from 3.0 M to 4.0 M nitric acid medium is carried out by a solution of 1.1 M
tri-n-butylphosphate (TBP) in n-dodecane (n-DD). The loaded organic is then contacted
with an aqueous solution containing uranous nitrate, which selectively reduces Pu(lV) to
Pu(lll) and gets stripped to aqueous phase. U(VI) present in the organic phase is later
stripped with 0.05 M nitric acid. The uranium and plutonium present in the strip are
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converted, after several complex processes, into respective oxides for feeding back into
the reactor. The raffinate rejected after the extraction is known as “High-Level Liquid
Waste” (HLLW), which contains all the radiotoxic fission products, actinides etc. in 3 —
4 M nitric acid medium. Since the radioactivity level of this waste solution is high, it is
called HLLW.

PUREX PROCESS

Irradiated Fuel

J

Chopping | —= Off-gases

J

Nitric acid—— [ Dissolution in nitric acid]—> Off-gases

f

Separation of Uranium and .
TBP /n-Dodecane — = pjytonium from fission products ‘ High Level Waste

U

Uranium - Plutonium

Partition

[ Uranyl nitrate] [ Plutonium nitrate]

$ |

Purification and Conversion Purification and conversion
to PuQ
to U308 2

Figure 1.1. Schematic diagram of PUREX process

1.1.3 High Level Liquid Waste (HLLW)

The high level liquid waste obtained after the uranium and plutonium removal by
PUREX process consists of minor actinides (**Am(lI1), ***Am(lll) and #%%**2%Cm),
radiotoxic long lived fission products, activation products etc. Minor actinides, even
though they are present in very small amount (0.1%), they are long lived o - emitter and

strong contributors to the hazards encountered in HLLW. There are two options to handle
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HLLW and to reduce the radioactivity and to have safe waste management, i) vitrification
of HLLW in to the glass matrix followed by deposition in deep geological repositories and
i1) removal of minor actinides from fission products followed by their transmutation in to
short lived isotopes by neutron bombardment in accelerators or fast reactors. The first
option is quite expensive as the long half lives and radiotoxicity coupled with aqueous
mobility of these minor actinides necessitate the need for continuous long term
surveillance of these repositories for several thousands of years. In contrast to this, the
second option is acceptable as it is less time consuming and it decreases the waste
management cost by reducing greatly the radiotoxicity. The radiotoxic inventory of the
spent fuel is given in the figure 1.2 [14]. It is observed that it will take ~ 300,000 years to
for the radiotoxic inventory of the spent fuel to reach the natural uranium level if disposed
in to the repositories without reprocessing. Reprocessing of plutonium from the spent fuel
decreases this value to 10,000 years. Along with plutonium and uranium the reprocessing
of minor actinides would decrease this time period to only some few hundred years. The
separation of minor actinides (trivalent actinides (An(lll))) from the HLLW is a major
issue in the back end of the nuclear fuel cycle. This is because of the presence of large
amount of trivalent lanthanides (Ln(lIl1)) fission products in HLLW, which constitute
about a third of the total fission product inventory having chemistry quite similar to that of
trivalent actinides. Due to high neutron absorption cross-section of Ln(lll), the
transmutation of An(lll) is not possible. Thus Ln — An separation is the only option in

order to have safe waste management.
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Figure 1.2. Radiotoxicity inventory of the spent fuel [14]
The separation of trivalent actinides and lanthanides from HLLW involves two steps. The
first step is the co-extraction of An(l1l) and Ln(l11) leading to eliminate 2/3 of the fission

products. Several processes such as TRUEX, TRPO, DIDPA and DIAMEX process have
4
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been studied for the An(111)- Ln(I1l) co-extraction [15 - 17]. The extractants used in these
processes are octyl(phenyl)-N,N-diisobutylcarbamoylmethyl phosphinoxide (CMPQO) and
tri-n-butyl phosphate (TBP) for TRUEX, trialkylphosphinoxides for TRPO,
diisodecylphosphric acid for DIDPA and N,N’-dimethyl-N,N’-dioctyl-2-hexylethoxy-
malonamide (DMDOHEMA). After co-extraction of An(lll) and Ln(lll) from 3 - 4 M
nitric acid (HLLW acidity), the metal ions are stripped back using dilute nitric acid (0.01
M) or using some complexing agents such as citric acid, lactic acid etc. The second step
involves the mutual separation of Ln(I11) from An(l11) from the stripped solution adopting
processes such as TALSPEAK, SETFICS, REVEARSE TALSPEAK etc. [15 -17].

1.2 Room Temperature ionic liquids

Volatile organic solvents (VOC) such as chloroform, dichloromethane,
carbontetrachloride, acetone, chlrofluorocarbon(CFC) etc. are used as the reaction media
for the synthesis of fine chemicals, pharmaceuticals, and petrochemicals. The major
concern associated with the chemical industry is the generation of large volumes of
hazardous wastes because of the demerits of VOCs such as high volatility, evolution of
harmful gases and low theremal stability. These wastes are dumped into environment
causing pollution of air and earth water posing danger to the human life and ecosystem. In
this context, a new approach has received attention and is being called as Green
Chemistry, Clean Chemistry etc. Green chemistry is an approach to the synthesis,
manufacturing, and use of chemicals that reduce risks to ecology [18]. Furthermore, Green
chemistry is the design of chemical products and processes that reduce or eliminate the use
and generation of hazardous substances. The term hazardous is used in a wide context
including physical (e.g. flammability, explosion), toxicological (carcinogenic and
mutagenic), and environmental (ozone depletion, climate change, and global warming)
[19]. There is a demand all over the world to develop environmentally friendly chemical
processes and products that require the development of novel and cost-effective
approaches to prevent pollution [20]. The ideal solvent to be used in chemical industries
should have a low volatility, should be chemically and physically stable, reusable and
recyclable, and easy to handle. Clean technologies concern the reduction of waste from an
industrial chemical process to a minimum, which requires the refinement and redesign of
many current chemical processes [21].

The four possible alternate technologies are (guidelines of the Montreal protocol):
1) use of water as a solvent for synthesis 2) solvent free synthesis 3) use of supercritical
fluids and 4) use of room temperature ionic liquids (RTILs) as solvents. During the last
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twenty years, water has emerged as a useful reaction medium. However its application is
limited due to low solubility of organic reagents in water. Water is a protic solvent and has
poisoning effects such as hydrolysis of the metal carbon bond. It can react with the metal
by coordination, and hence cannot be used as a solvent for catalysts. Supercritical fluids
(e.g. ScCO,) are also described as new solvents for organic and catalytic reactions [22].
They are physically and chemically stable and can be classified as green solvents.
However they need critical conditions (e.g. Tc¢, Pc) for their use, which is a serious
limitation. Thus, the only option left is the use of room temperature ionic liquids as the
solvent media.

The melting point of ionic liquid salts are directly proportional to the strong
electrstatic interaction between the oppositely charged ions, which is related to the lattice
energy of the salt as given below.

£ _ Q2

S (1.1)

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

Room temperature ionic liquids (or ionic liquids) are organic melts that exist as
liquid at ambient temperature or they can be defined as the organic salts which exist as
liquid below 100°C [23 - 27]. They comprise bulky, assymmetric, organic cations and
inorganic or organic anions [24]. Some examples of cation and anion combinations of
ionic liquids are shown in Fig.1.3 [24]. The possible cations are alkyl ammonium,

dialkylimidazolium, alkylpyridinium, alkylpyrazolium; alkylthiozolium, alkylsulphonium
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and alkylphosphonium ions and the anions are halides, nitrate, tetrafluoroborate,
haloaluminates, hexafluorophosphate, alkylsulphonates,
bis(trifluoromethanesulphonimide), trifluoromethanesulfonate etc. They have several
fascinating properties such as near zero vapour pressure, high thermal and radiation
stability, properties tunable depending on the nature of cations and anions, environmental
friendly compared to VOCs, high selectivity etc. Out of these, most important properties is
tunablity, i.e, by changing the cation anion combination, nearly 10'® of RTILs can be
designed for specific applications [26, 27]. That is the reason RTILs are known as

designer solvents.

A R R

Oe, 0 0 & ™

- R N N /N 7N\
/\ Rs R4

: +
Cations | R R4
R
Ri234 = CH3(CH,).-, (n=1,3,5,7,9 etc.)
Anions Cl, Br,NOg, AIC,, BF, OTFetc. PF.-, N, BETI-etc.
CH,CO,, CF,CO, etc ’
water - miscible water - imiscible

Figure 1.3. Some commonly used cations and anions for making RTILs

1.2.1 Early history of room temperature ionic liquids — in brief

Room temperature ionic liquids are not new compounds and they are known since
1911. The first ionic liquids were prepared by P.C. Ray and J. N. Rakshit in 1911 [28].
They were nitrite salts of alkylammonium bases (for e.g., ethylammonium nitrite, which
spontaneously decomposed upon standing). The first stable and useful ionic liquid,
ethylammonium nitrate (m.p. 12.5°C), was synthesized by Paul Walden in 1914 [29].
Later, these compounds failed to appear in literature for nearly three decades. Also there
was little attention on these substances as they were not used widely [30]. Subsequently,
the use of ionic liquids in various fields expanded that led to the synthesis of a variety of
ionic liquids with desired physical and chemical properties. A complete history of ionic
liquids is reported by Wilkes and Seddon in their review articles [27,24]. RTILs, based on
their physicochemical properties can be classified in to three main generations. First
generation ionic liquids which are mainly based on chloroaluminate anion (AICly) in

conjuction with di-alkylimidazolium and alkylpyridinium ions [31]. The first generation
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ionic liquids came in to existence after the invention of imidazolium choloroaluminate
ionic liquids by Wilkes [31]. Again, these first generation ionic liquids are devided in to
three types depending on anionic part; i) acidic chloroaluminate ionic liquids with > 50
mol% of AIClIs, ii) basic chloaluminate with < 50 mol% of AICI; and iii) neutral ionic
liquids with equal mole ratio of both AICI; and organic cation. These ionic liquids have
some important properties such as tunable melting point, variable acidity range of the melt
and tunable viscosity etc. Neverthless, due to their high hygroscopic nature, handling these
types of ionic liquids required inert atmosphere which is major drawback of these
generation ionic liquds. To avoid such demerits, Wilkes [32], disocovered a seris of new
ionic liquids with tetrafluoroborate (BF;) and hexafluorophosphate (PF¢) anions and
imidazolium and pydinium ions as cations. These are known as second generation of ionic
liquids. lonic liquids with bis(trifluoromethanesulfonyl)imide (NTF),
perfluoroalkylphosphate (FAP") anions are moisture stable and can easily handlled without
inert atmosphere due to the hydrophobic nature of anions. These ionic liquids are regarded
as the link between second and third generation ionicliquids.

The third generation ionic liquids are recent class of ionic liquids which mainly
deal with task specific ionic liquids (TSILs) [33]. TSILs are the new subclass of ionic
liquids wherein a functional moiety is tethered covalently either to the cationic or anionic
moiety of the conventional ionic liquid. These TSILs have specific properties of selecting
the species of interest from the mixture. Thus the ionic liquids that are thethered with
functional moiety either in cation or anion part for a target specific application are known
as task specific ionicliquids (TSILs) or funtionalized ionic liquids (FILs) [33 — 44]. Due to
the presence of functional moiety TSILs act in variable role such as catalyst in organic
synthesis, reaction media for gas absorption etc. [33-36], extractant in separation
technology etc. [37-44]. A sub class of functionalised ionic liquids known as ionic liquids
with strongly coordinating anion wherein the anion of the ionic liquid itself is a functional
moiety [45-50]. The merits of these ionic liquids over grafted ionic liquids are i) easy
method of synthesis ii) high metal loading ability iii) high miscibility in molecular diluents
etc. However, the research in this class of ionic liquids are very preliminary and requires
further study to establish their various applications in desired fields.

1.2.2 Synthesis of lonic liquids
1.2.2.1 Conventional lonic liquids

The general synthetic pathway of imidazolium based ionic liquids is reported
elsewhere [51] and a similar procedure is given in schemel.l. Huddulson et al. [52] also
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has reported the complete synthetic scheme of the preparation of imidazolium based ionic
liquids. The ionic liquid, 1-alkyl-3-methylimidazolium halide is prepared by the refluxing
distilled 1-methylimidazole with haloalkane (in most of the case chloroalkane) at 90°C for

~ 72 hours

N// \\N N RX Reflux at 90 °C N// \\N+ NG
~72hr NN
i R = alkyl -~ R
Methylimidazole X = Halide 1-alkyl-3-methylimidazolium

halide precursor

M = Group | metal or Ag Metathesis Acid-Base
Y = anions other than X - ‘ +MY +HY ‘
NONLY oy NONLY
INCTNR SNTR
‘ lonic liquids ‘
insoluble in
aqueous phase
lonic liquid miscible with lonic liquid imiscible
aqueous phase with aqueous phase
Phase separation,
extraction of MX
Removal of water, and HX with water Repeated addition and
under vacuum,addition of removal of water/HX
CHCI,, repeated cooling under vacuum

and filteration

Scheme 1.1. Common routes for the preparation of ionic liquids [51]

Only exception is chloroethane which is gaseous at room temperature and in this
case, the alkylation is usually carried out in an autoclave, at autogenous pressures. The
preparation of the 1-alkylpyridinium or 1-alkyl-2,3-dimethylimidazolium derivatives
follows the same strategy, starting from pyridine or 1,2-dimethylimidazole and haloalkane
respectively. The intermediate halo (or chloro) based ionic liquid is then converted to the
more hydrophobic ionic liquid by exchanging the anion of a Group 1 metal or silver(l)
salt, MY Dby metathesis reaction or by acid —base reaction with an acid HY. These
reactions are stoichiometric and hence equimolar amount of waste MX or HX are

produced. These steps are generally carried out in water medium and in some cases also
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organic solvents such as acetone [53]. Depending on the anion (and to a lesser extent, the
cation) chosen, the resulting ionic liquid forms either a biphasic system with water, or a
homogeneous solution. In the former case (e.g., in case of ILs with PFg or NTf," as anion),
the final ionic liquid is washed thoroughly several times with double distilled water in
order to avoid chloride impurity. In contrast to this, in case of water-miscible ionic liquids,
the water is removed under reduced pressure followed by the addition of chloroform and
repeated cooling to 330 K to precipitate MX followed by several filtration steps. The
work-up of the water-miscible ionic liquids prepared by treatment with acid, includes
repetitive addition of water and removal of water/HX under reduced pressure and elevated
temperature. In both cases, the removal of chloride is incomplete. Halide-free ionic liquids
can be obtained in the metathesis reaction, if a silver(l) salt is used instead of a Group 1
metal salt and residual silver ions can be removed quantitatively by electrolysis. However,
this method is expensive and involves yet another clean-up stage and silver salts are
produced as by-products. The synthesis of hydrophobic ionic liquids are therefore most
often carried out by the metathesis reaction that deal with group | metal (Li, K etc.) salt
with organophilic part as anion.
1.2.2.2 Task specific ionic liquids

The synthesis of TSILs (FILs) follows the analogous procedures as it is required
for a convetional ionic liquid provided that the organic halide which is targeted to react
with nucleophile such as imidazole moiety, must have a functional group of interest.
Scheme 1.2 displays the general schematic of the synthesis of a TSIL reported by Davis
[33]. The reaction condition for a synthesis of a TSIL depends on the type of functional
group under investigation. Once the initial product is formed, the ion exchange is typically
performed in order to bring the grafted cation in conjuction with the new anion of interest
to make the final TSIL. Nucleophiles , normally used are methyl imidazolium, pyridinium,

ammonium ions etc. Figure 1.4 shows some examples of task specific ionic liquids.

Q@ + G —

Q (CHEJX_ @ X exc;'?:nge TS”—l
(@ = nucleophile

Scheme 1.2. Synthetic scheme of task specific (or functionalised ionic liquids) [33]
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Figure 1.4. Examples of some task specific (or functionalized) ionic liquids

The synthetic procedure of ionic liquids with strongly coordinating anions is quite
simple and less time consuming. The reaction involves the addition of the solution of IL
cation precursor in acetone/methanol to the solution of IL anion precursor in
acetone/methaol medium. Scheme 1.3 shown below gives the general synthetic procedure
of these types of ionic liquids. Figure 1.5 shows some examples of ionic liquid cations and
anions of these type of ionic liquids.

i) NH4OH or NaOH in
hexane/acetone/CHCI3

. (depending on the type of reaction)
ILY) X + H'| A | = 5 >
i) Reflux at 60°C

(depending on the type of reaction)
iii) —=NH,4CI (or NaCl) / -H,0

IL with strongly
coordinating anions

IL" = Imidazole or ammonium based, A" = Anions of the acidic extractants

Scheme 1.3. Synthetic scheme of ionic liquids with strongly coordinating anions [46, 47]

o [ )
(@) (@)
hexafluoroacetylacetonate

(R=CH;and C;H,,,Cn=C, t0 Cy)

CH
+ 0]
C H\N’%SHH N/ or N
8 17C|H _/R ( ) _/p\M
sH17 Oj/\/\

+
[A336] _
di-2-ethylhexylphosphate [Cyanex 272]

[P204]

Figure 1.5. Examples of some ILs with coordinating anions [46,47]
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1.2.3 Fascinating properties of ionic liquids

lonic Liquids have several fascinating properties out of which some of them
relevant to the present thesis are i) negligible or near zero vapor pressure, ii) High
radiation and thermal stability, iii) tunable properties i.e, the properties of a particular
ionic liquids can be changed by changing cation — anion combination, iv) Polar and
coordinating nature, v) Enviromentally benign. Below, are the brief description of some
of the properties of RTILs.
1.2.3.1 Viscosity of room temperature ionic liquids

In general, the viscosities of RTILs are higher than that of aqueous solutions and
traditional solvents [52]. It is obvious that the viscosity increases with increasing alkyl
chain length, due to the increased possibility of VVander Waals interactions between the
cations[54]. Along with the cations, RTIL anions also influence the viscosity. It depends
upon the symmetry and tendency of the anion to form hydrogen bond. Table 1.2 [52]
shows the variation of viscosity of some RTILs with cations and anions. RTIL impurities
have a significant effect on viscosity as well as other properties. A report given by Seddon
et al.[55] shows the variation of viscosity in presence of of water, sodium chloride, and
organic solvents on IL physical properties. For example, CymimBF, with 0.01 molal CI’
ion has a viscosity of 154 (mPa s™) and an increase to 0.5 molal CI ion increases the
viscosity to 201 (mPa s™). However, the viscosity of ammonium based ionic liquids are
much higher than that of imidazolium based ionic liquids [56]. Table 1.1 shows the

viscosity of some RTILs with respect to their cation-anion combination.

Table 1.1. Viscosity of some ionic liquids [52]

ILs with different Viscosity (mPa.s)[25°C]
anions
Cymiml 1110
CsmimPFg 450
C4mimNTf2 52
ILs with different Viscosity (mPa.s) [25°C]
cations
CemimPFg 585
CsmimPFg 682
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1.2.3.2 Density

The density of the ionic liquids plays a vital role in the application of RTILs
especially in separation processes. The simple halide based ionic liquids have significantly
lower densities (density of CgmimCl is similar to water, CsmimCl is similar to dioxane
[57] and the density increases with increase in the hydrophobicity of the anions such as
PF¢ or NTf," ion. However, with increase in the alkyl chain length of the cation moiety,
the density decreases gradually since the addition of CH,- groups affects the effective
packing. On the other hand, the density of quarternayry ammonium based ionic liquids
with long alkyl chain (e.g., aliquat336) is lower than that of water [56]. Table 1.2. shows

the density of some RTILs with respect to their cation-anion combination.

Table 1.2. Density of some ionic liquids with respect to the cation-anion variation
[52,56]

ILs with different

Anions Density (g/cc)
CsmimCl 1.08
CsmimBF, 1.12
CsmimPFg 1.37
CsmimNTHf, 1.43

ILs Wclgl’;ig:]fsferent Density (g/cc)
CsmimCl 1.08
CsmimCl 1.03
CsmimCl 1.00
Aliquat336 0.88

1.2.3.3 Vapour pressure of ionic liquids

Due to the ionic nature, ionic liquids possess negligibly small vapor pressure, even
at high temperatures. Therefore the volatile products, and even products with low vapor
pressures, can be isolated from ionic liquids by distillation. However, some ionic liquids
can be distilled at low pressure without decomposition [58] and even can be separated
thermally [59]. Seddon and co-workers have demonstrated that some ionic liquids can be
distilled at 473-573 K under reduced pressure. Rebelo et al. [60] have performed
distillation of 1-decyl- 3-methylimidazolium and 1 dodecyl-3-methylimidazolium bis
triflamide ionic liquids under reduced pressure, and predicted normal boiling points based
on the data obtained from surface tension and density measurements. The predicted values

of boiling temperatures were in the order of [BF4]" > [PFs]” > [(CF3SO,),N] for a given
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cation (e.g. 1-alkyl-3-methylimidazolium cation). The vapour pressure of a series of 1-
alkyl-3-methylimidazolium triflimide based ionic liquid (alkyl = ethyl, butyl, hexyl and
octyl) is reported by Zaitsau et al.[61].

1.2.3.4 Radiation and thermal stability of ionic liquids

lonic liquids, generally have high radiation and thermal stability. Allen et al. [62]
investigated the radiation stability of 1, 3 - dialkylimidazolium nitrate/chloride ionic
liquids under o-,B- and y- radiation fields. The results indicate that their stabilities were
comparable with that of benzene, and more than the mixture of tributylphosphate and
odourless kerosene under similar irradiation conditions. These ionic liquids were stable up
to 400 kGy. The enhanced stability was attributed to the combination of properties of ionic
salt and aromaticity. Berthon et al. [63] studied the gamma radiolysis of CsmimPFg and
C4smimNTf,. It was reported that the properties such as density, surface tension and
refractive index were unchanged upon irradiation up to 600 kGy. The overall
concentrations of radiolysis products did not exceed 1 mol% when irradiated up to 1200
kGy. The radiochemical stability of CymimX (X= NTf,, OTf °, PFs and BF;) was
investigated up to an absorbed dose of 2 MGy by Rouzo et al [64]. The degradation of
ionic liquid increased in the order NTf,” < OTf ~ < PFg < BF4. Berthon et al [65]
investigated the radiolysis of ionic liquid containing quarternary ammonium cation.
MeBu3NTf, was reported to be stable at high radiation doses. The primary radiolytic
products of the anion (F* and CFs®) combine with the radiolytic products of cation (Bu®,
Me*® and H*®) to form degradation products in small concentrations.

In general, most ILs have a high thermal stability because of their near zero vapour
pressure. The thermal stability of different ionic liquids is nearly independent of cations
but it decreases with increase in the anion hydrophilicty [66]. Halide anions dramatically
reduce the thermal stability with the onset of decomposition occurring atleast 100 °C
below the corresponding ILs with non-halide anions [67]. Relative anion stabilities have
been suggested as PFg" > NTf,” ~ BF, > halides. Bonhote et al.[68] found that C,mimNTf;
was stable up to 400 °C and decomposed rapidly between 440 and 480°C whereas
ComimTA (TA = trifluoroacetate) was only stable to 150 °C and then decomposed rather
slowly to 250 °C.
1.2.3.5 Polarity of ionic liquids

Polarity is related to the physical properties such as melting and boiling points,
solubility, and intermolecular interactions [69]. lonic liquids have been considered as polar

solvents, such as those suitable for charged compounds, possibly because of their ionic
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nature. The first polarity investigation of ionic liquids using the solvatochromic dye
method postulated that imidazolium-based ILs possess a polarity similar to lower alcohols
[70]. Various methods were subsequently developed to determine the polarity of ILs [71-
76]. Bonhote et al.[68] reported that the polarity of 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulphonyl) imide similar to that of ethanol, and the apparent low
dielectric constant was attributed to ion-pairing in the pure state. Seddon and co-workers
reported the polarity of 1, 3-dialkylimidazolium based ionic liquids using absorption
spectrum of solvatochromic dye Nile Red, and observed that the spectral features of tested
ionic liquids were similar to that of short chain alcohols [76]. Dzyuba et al. [77] studied
the polarity of ionic liquids, by incorporating functional groups such as hydroxy and
alkoxy groups at C position of 1,3-dialkylimidazolium cation, and observed an increase in
the polarity.

1.2.3.6 Coordinating ability

The coordinating ability is a tendency to donate electrons to form a chemical bond
[78]. A decade ago, ILs were generally perceived as non-coordinating, which implied that
their anions were noncoordinating as well [79-83]. However, the recent reports confirm
that ionic liquids are indeed coordinating in nature [84 - 86]. In traditional imidazolium IL
systems, the coordinating abilities are determined by the anionic part rather than the
cations [87]. The chloride or bromide displays strong coordinating abilities, and this has
been proven by several characterization techniques like crystallographic as well as NMR
and IR studies [88, 89]. The ionic liquid bearing the anions such as NTf,” and [SO3;CF3]
are assumed to be non-coordinating because the negative charge is highly delocalized over
electronegative fluorine atoms. However, recent studies suggest that NTf," is a versatile
coordinating anion that can interact with transition metals in various modes. For example,
N-methyl-N-propylpyrrolidinium bis (triflouromethanesufonyl) imide [84] reacts with
Ybl,, forming a complex in which the NTf," anions coordinate with the Yb center in a
chelating mode using the two oxygen atoms as donors. lonic liquids can be designed to
coordinate deliberately by incorporating coordination groups (task specific ionic liquids).
1.2.3.8 Environementally benign (Green Solvent)

As described in the section 1.2. ionic liquids are the potential solvents for clean
and green approach to solve the problems encountered due to the green house effect and
global warming issues. lonic liquids are the most viable candidates for a new, clean and
green technology; where waste streams are minimal and atom-efficiency is increased and

as a result, environmental and cost benefits could be achieved. This is possible because of
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ionic liquids’ “immeasurably” low vapor pressure under normal conditions. Some issues
have recently been raised against the greenness of the ionic liquids [90, 91]. However, due
to infinite designing possibilities, ILs can be made non-toxic, readily degradable, and even
edible by a proper cation-anion combination [92, 93]. Recently, an article on greenness of
ionic liquids is reported by Welton [94].

1.2.4 Applications of ionic liquids

The discovery of moisture stable room temperature ionic liquids [32] in late 1990’s
opened new avenues for studying their applications in various branches of science.
Moisture stable ionic liquids, initially introduced for the replacement of VOCSs in organic
synthesis, emerged as a potential substitutes to molecular diluents in separation processes.
lonic liquids are finding several applications due to their various fascinating properties in
vast area of science and technology. The application of ionic liquids in chemical industry
is reported in detail by Plachkova and Seddon [24]. In electrochemical research, ionic
liquids (as electrolytes) offer their potentiality by solving many issues dealing with
electrodeposition of metal ions, metal plating, fuel cells, solar panels etc. [95-97] due to
their high electrical conductivity and large electrochemical window. lonic liquids are used
as matrices in mass spectrometry, stationary phase for HPLC and gas chromatography
columns. Also, these compounds were extensively used in catalytic processes for organic
and organometallic reactions [98,99]. RTILs find special applications as solar heat transfer
fluids in electric power plants using parabolic trough solar collector technology which is
known as solar electric generating system (SEGS) [100]. lonic liquids are used an
alternative to VOCs in separation processes such as solvent extraction processes for the
separation of organic solutes from aqueous medium [101], separation of metal ions [102-
106], oil shale treatment [107]. A review on the applications of ionic liquids in chemical
analysis, i.e., in extraction chromatography, electrochemistry, spectroscopy etc. is reported
by Koel et al. [108]. lonic liquids are also being used with high nitrogen content
explosives for civil and military purposes in order to improve the safty in the handelling
these materials [109].

Along with the spatial scopes of conventional ionic liquids, the task specific ionic
liquids (or functional ionic liquids) have also focused their applications in different fields
of research on ionic liquids. An excellent review on the application of task specific ionic
liquids by Ralf Giernoth [36] wherein the applications of task specific ionic liquids as
catalyst, medium in organic reaction, medium for gas absorption, etc have been detailed.
Another recent review on the application of task-specific ILs deals with the use of TSILs

16



Chapter 1

as Active Pharmaceutical Ingredients (API) in pharmaceutical industries. are currently also
finding their way into pharmaceutical products [110]. The fundamental idea is to
incorporate a known active pharmaceutical component into the anion or the cation of the
IL, or even into both. Apart from these, TSILs are used as novel extractant for the liquid -
liquid extraction [37-44]. Rogers and Davis reported, the use of urea and thiourea
functionalized TSIL to remove Hg?* and Cd** from a contacted aqueous phase [37,38].
The results indicated that partition ratios of up to 300 were achievable with these TSIL,
versus < 20 when the conventional IL 1-butyl-3-methylimidazolium hexafluorophosphate
was used. Later work by Rogers demonstrated that TSIL oligoethers with linked
imidazolium headgroups effected the selective, pH dependent removal of Hg** from water
in the presence of Cd**. The application of various TSILs in different areas is reported by
Davis et al. in his review on task specific ionic liquids [33]. Similarly, the TSILs where
anion itself is a functional moiety (ionic liquids with coordinating anions) have several
applications [45-50].
1.2.4.1 Application of ionic liquids in nuclear industries

Room temeparture ionic liquids are used in nuclear industries both as solvent for
extraction studies and as electrolyte for the non-aqueous reprocessing. Excellent reviews
on the application of room temperature ionic liquids in the area of nuclear fuel
reprocessing and waste management [111-117] are availbale in the literature.
Consequently, there has been a significant increase in the studies related to the use of
RTILs in aqueous and non-aqueous reprocessing applications. As this thesis is aimed at
the aqueous reprocessing application of RTILs, details of literature report is given below.

Essentially, RTILs are investigated as possible substitute to the molecular diluent
in solvent extraction procedures and as an alternative to high temperature molten salt in
non-aqueous reprocessing applications [111-117]. However, some RTILs have also been
employed as liquid ion exchangers in various solvent extraction procedures with
conventional diluents [118]. Some of the striking features of RTILs that make them
promising for nuclear fuel cycle application are i) the selectivity of target metal ion can be
easily manipulated by the change of cation-anion combinations of RTIL diluent, rather
than redesigning the structure of extractant, ii) Presence of ionic diluent in organic phase
facilitates a new mode of recovery of metals by direct electrodeposition from the extracted
phase, iii) lonic liquids can be functionalized with organic moieties for selective

separation of actinides from fission products, iv) RTILs can be designed to be completely
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incinerable, which would simplify the management of spent organic waste, v) Due to
negligible vapour pressure of RTILs, the fire hazard is almost insignificant.
a) As diluent

RTILs are used as a suitable alternate to the trditional diluents such as aromatic
and paraffinic diluents in the nuclear industries since more than a decade. In this context,
the separation of long lived fisson products (Cs* and Sr**) and other group I and Il metal
ions from aqueous phase using ionic liquid diluents has been reported by several research
groups [119-127]. For example, Dai et al.[119] and susequently Visser et al.[120]
attempted to separate group | and Il metal ions from aqueous medium using a solution of
crown ether in imidazolium based ionic liquid. The distribution ratios of strontium [119]
observed in a solution of DCH18C6/ionic liquid were nearly three to four orders of
magnitude higher than those observed in toluene and chloroform. It was shown that the
distribution ratio could be manipulated by varying the substituents in the imidazolium
moiety and counter anions. Dietz et al.[121,122] studied the extraction of Sr** from nitric
acid medium in a solution of DCH18C6/C,mimNTf, (n = 2,4,5,6,8) and highlighted the
mechanistic aspects of the extraction of Sr** in DCH18C6/C,mimNTf, (n =5 and 10). The
results were compared with those obtained in n-octanol diluent. Same group also explored
the synergism of extractants in ionic liquid medium for the extraction of Sr*".

A systematic study of the extraction of actinides (mostly U(VI), Pu(lV) and
Am(111)) and lanthanides in ionic liquid medium has been reported elsewhere [128-142].
Giridhar et al.[128] studied the extraction of U(V1) from nitric acid medium by a solution
of TBP in CymimPFg or CymimNTf,. The distribution ratios are compared with those
obtained using 1.1 M TBP/n-DD. It is observed that the distribution ratio of U(VI) in 1.1M
TBP/CsmimPFg gradually increases from 0.05 to 33.2 with increase in the concentration of
nitric acid from 0.01 M to 8 M. At nitric acid concentrations lower than 4 M, the
distribution ratios obtained in 1.1 M TBP/CsmimPFg are comparable with the distribution
ratios observed in 1.1 M TBP/n-DD. The mechanistic aspects of U(VI) extraction in TBP
dissolved in ionic liquid (C,mimNTf,) was investigated in detail by Dietz [130] and later
on by Billard et al.[131] wherein the occurrence of ion exchange mechanism during metal
ion transfer in to the ionic liquid phase is highlighted. Ikeda et al.[133] studied the
extraction of uranyl ion in the solution of TBP and quaternary ammonium based ionic
liquid diluent. The extraction of Pu(lV) from nitric acid medium by a solution of CMPO in
CsmimPFg was reported by Lohithakshan et al.[134]. They also studied [135] the
extraction of Pu(lV) in DC18C6/CsmimPFs (or CsmimPFg) and reported the cation
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exchange mechanism involving Pu(CE)(NOs),** species. Visser et al.[136] reported a
preliminary investigation on extraction of f-block elements using a solution of 0.1 M
CMPO -1.0 M TBP in C4mimPFg. The distribution ratios of Am(l1l), Pu(l1V), Th(IV) and
U(VI) were found to be an order higher in ionic liquid system than those obtained in n-DD
under similar conditions. Nakashima et al. [137,138] studied, in detail, the extraction of
trivalent lanthanides in CMPO/C4smimPFg and highlighted the diluent property of
C,mimPFg over n-DD. The extraction of rare earth metals, Y*" and Eu®*", from zn*
containing aqueous solution was studied in HDODGA/C,mimNTf, (n = 4, 8,12) [139].
The extraction behavior of UO,**, Am**, Nd**, Eu** in a solution of dialkylphosphoric or
dialkylphosphinic acid (HA) present in C;omimNTf, was reported by Cocalia et al. [140]
proposing the analogous extraction behavior of metal ions both in ionic liquid as well as n-
DD. The liquid-liquid extraction of lanthanides (Ln®*") from aqueous medium by a
solution of TODGA/C,mimNTf, (n =2,4,6) was investigated by Shimojo et al.[141].
Jensen et al.[142] studied the extraction of Eu(lll) in HTTA/C4smimNTf, and proposed the
existence of anion exchange mechanism during the extraction.

b) As extractant (task specific ionic liquids)

Nockemann et al. [43] prepared several TSILs made up of imidazolium,
pyridinium, pyrrolidinium, piperidinium, morpholinium, and quaternary ammonium
bis(trifluoromethyl-sulfonyl) imide salts, functionalized with a carboxyl group for the
dissolution of several rare earth and transition metal metal oxides and hydroxides. The
synthesis of 2-hydroxybenzylamine (LH,) FIL and the extraction of ***Am(lIl) from
aqueous medium was reported by Ouadi et al.[40]. The distribution ratio of 2*:Am(lII)
increased with increase of pH, reaching a maximum distribution value at ~ pH 8 to pH 10.
Ouadi et al.[41] also synthesized a few TSILs containing phosphoryl moiety attached to
the quarternary ammonium ion. The extraction of U(VI) from 3 M nitric acid medium was
reported using these TSILs. The preliminary extraction data indicate the potential use of
these FILs for applications related to uranium separation. Luo et al.[42] reported the
synthesis of imidazolium based ionic liquids functionalized with monoaza-crown ether
and studied the efficacy of these ionic liquids for the extraction of Cs* and Sr** from
aqueous solutions. A general approach for the synthesis of
diphenylcarbamoylmethylphosphine oxide moiety functionalized on imidazolium ion was
reported by Odinets et al. [39]. Using this TSIL, they have studied the extraction of
actinides. Recently, Oliver et al. [44] reported a new [B-diketonate functionalized ionic
liquid and studied the extraction of lanthanides using silica support (solid — liquid
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extraction). Recently, the application of these type of ionic liquids for the extraction of
lanthanides have been appeared in the literature [46, 47].
1.3 Aim of the present work

The present study aims at exploring the feasibility of using room temperature ionic
liquids as diluents and extractants, for the separation of actinides and fission products from
nitric acid medium. The present study includes the synthesis of several ionic liquids
ranging from imidazolium to quaternary ammonium salts, amide and phosphonate
functionalized ionic liquids and ionic liquids containing 1,3-diketonate, alkylphophates
and diglycolamate anions and employ them for the extraction studies. This thesis reports
the use of ionic liquids as diluent in conjunction with the molecular extractants for the
extraction of actinides, third phase formation behavior of Eu(l11), and Ln-An separation. In
the extractant prospect, it details i) the use of ionic liquids such as, amide and phosphonate
functionalized ionic liquids for the target specific separation Pu(lV) from other actinides
and fission products, ii) the unusual miscibility of the ionic liquids with strongly
coordinating anions such as 1,3-diketonate, phosphate and diglycolamate ions in
molecular diluents and the extraction studies using these ionic liquids.
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Chapter 2

CHAPTER -2

Experimental

This chapter describes in detail, the synthesis and characterization of various room
temperature ionic liquids and task specific ionic liquids (imidazolium and aliquot based).
Different characterization techniques such as FT-IR, NMR (*H and '*C), Mass
Spectrometry and elemental analysis have been discussed here. Experimental procedures
such as liquid — liquid extraction of the metal ions, different counting techniques for the
assay of radio nuclides etc. along with instruments and materials used for the above
studies also have been detailed in this chapter.

2.1 Chemicals and reagents
1-methylimidazole

AR grade 1-methylimidazole was procured from M/s. Fluka Chemie GmbH,
Buche, Switzerland and used after purification by distillation from solid potassium
hydroxide.

Chloroalkane (Alkyl = butyl, pentyl, hexyl and octyl)

All types of chloroalkanes (AR garde) were procured from M/s. Acros, and
purified by distillation over solid potassium hydroxide prior to use.
Bis(trifluoromethanesulfonyl)imide lithium salt (LiNTf,)

AR grade LiNTf, (purity > 99%) was procured from Sigma Aldrich Chemie
GmbH, Steinheim, Germany and used as recieved.

Diethyl (2-bromoethyl)-phosphonate

Diethyl (2-bromoethyl)-phosphonate (purity = 97%) was procured from Sigma
Aldrich Chemie GmbH, Steinheim, Germany for the synthesis of ionic liquids.

Tri-n-octyl methylammonium chloride (TOMAC) (or Aliquat 336)

TOMAC (or Aliquat 336), analytical grade was procured from Sigma Aldrich
Chemie GmbH, Steinheim, Germany and used as such.

Tetraheptylammonium chloride (THEPAC)

Tetraheptylammonium chloride (purity 95%), analytical grade was procured from
ACROS organics, New Jersey, USA and used as such.
0$CMPO

n-Octyl(phenyl)-N,N-diisobutylcarbamoylmethyl phosphinoxide (O$¢CMPO) was
obatained from National Chemical Laboratory, Pune, India. Purification was done by
column chromatography using neutral alumina as stationary phase and n-hexane as mobile

phase prior to use to remove the acidic impurities. The absence of acidic impurities in
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CMPO was confirmed from the insignificant Damquy obtained by using 0.2M O¢CMPO -
1.2M TBP/n-dodecane from 0.01M nitric acid medium as the aqueous phase.
Tri-n-butyl phosphate (TBP)

Tri-n-butyl phosphate (TBP) was obtained from M/s. Fluka Chemie GmbH, Buche,
Switzerland. It was washed with dilute sodium carbonate solution (~ 0.2M) followed by
distilled water and then dried under vacuum.
n-Dodecane (n-DD)

n-Dodecane (99%) was obtained from Spectrochem Private Limited, Mumbai,
India and used as such.
n-Tetradecane and n-Hexadecane

n-Tetradecane and n-Hexadecane (99%) were obtained from Spectrochem Private
Limited, Mumbai, India and used as such.

Dichloromethane

Dichloromethane (AR grade) was obtained from Fischer Inorganics and Aromatics
Limited, Chennai, India and used as such.

Diglycolic anhydride

Diglycolic Anhydride (technical grade, 90%) was procured from Sigma Aldrich
Chemie GmbH, Steinheim, Germany and used as such.

DTPA

Diethylene triaminepentaacetic acid (98%), was procured from Acros Organics,
Geel, Germany. The solution of DTPA was prepared by first dissolving with NaOH (1:5)
in Millipore water and the pH of the solution was adjusted by HNO5 to desired value.
HTTA

1-(2-theonoyl)-3,3,3-trifluoroacetone (HTTA), GR grade (98%) was procured
Sigma Aldrich Chemie GmbH, Steinheim, Germany and used as such. The HTTA was
used for the purification of plutonium solution by dissolving suitable amount of HTTA in
xylene. Also HTTA was used for the synthesis of ionic liquids.

Acid solutions

The acid solutions (HNO3, HCI, GR grade, Merck Specialities Private Limited,
Mumbai, India) were prepared by the dilution of concentrated acids, and were
standardized by standard acid-base titration methods using standardized NaOH solution
using phenolphthalein as indicator.

Sodium Hydroxide
Sodium hydroxide (AR grade) was obtained from Ranbaxy Fine Chemicals
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Limited, New Delhi, India and used as such.
Phenolpthalein

Phenolpthalein (Merck Specialities Private Limited, Mumbai, India) solution was
prepared by dissolving ~ 500 mg of solid in 100 mL of 1:1 mixture of distilled water and
ethanol.
Sodium Nitrate

Sodium Nitrate (AR grade) was obtained from Loba Chemie Private Limited,
Mumbai, India and used as such.
Sodium Nitrite

Sodium Nitrite (AR grade) was obtained from s.d. fine — CHEM Limited, Mumbai,
India and used as such.
Ammonia Solution

AR grade Ammonia Solution (about 25% NHj3, specific gravity 0.91) was obtained
from Qualigens Fine Chemicals, Mumbai, India and used such.
Citric acid

AR grade citric acid, anhydrous was obtained from Otto Chemie, Mumbai, India,
and used as such.
Acetohydroxamic Acid

AR grade acetohydroxamic acid (99%) was procured from Sigma Aldrich Chemie
GmbH, Steinheim, Germany and used as such.
Oxalic Acid

AR grade oxalic acid (98%) was procured from Sigma Aldrich Chemie GmbH,
Steinheim, Germany and used as such.
EDTA

AR grade EDTA [bis(ethylenediaminetetraacetic acid)] was obtained from Sigma
Aldrich Chemie GmbH, Steinheim, Germany and used as such.
Methyl Thymol Blue

AR grade methyl thymol blue was obtained from s.d. fine — CHEM Limited,
Mumbai, India. The solution of methyl blue was prepared by dissolving ~20 — 25 mg of it
in 10 mL of distilled water for using as indicator for the standardization of europium
solution.
Methanol

AR grade methanol was obtained from Ranbaxy Fine Chemicals Limited, New

Delhi, India and used as such.
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Ethyl acetate

AR grade ethylacetate was obtained from Fischer Inorganics and Aromatics
Limited, Chennai, India, and used as such.
n-Hexane

n-Hexane (AR grade) was obtained from Ranbaxy Fine Chemicals Limited, New
Delhi, India and used as such.

Benzene, Toluene and Xylene

Benzene, toluene or xylene (low in sulfur, GR grade) was procured from Merck
Specialties Private Limited, Mumbai, India and used as such.

Naphthalene

Scintillation grade naphthalene was procured from Loba Chemie Pvt. Ltd.,
Mumbai, India and used as such.

1, 4-Dioxane

1,4-Dioxane (AR grade) was procured from Merck Specialities Private Limited,
Mumbai, India and purified prior to use to remove the peroxide impurities that are
normally present as quenching impurities. About 2 litres of 1, 4 - Dioxane was refluxed
with ~ 80 g of NaOH pellets for four hours. The dioxane was then distilled and the
fraction that distilled between 373 — 375 K was collected after discarding the initial 100
mL fraction. This purified 1, 4 - Dioxane was used for the preparation of cocktail for
liquid scintillation counting.

2,5- Diphenyl Oxazole (PPO)

Scintillation grade 2,5-diphenyl oxazole (PPO) was obtained from Loba Chemie
Pvt. Ltd., Mumbai, India and used as such.
1,4-Bis(5-phenyloxazol-2-yl)benzene (POPOP)

Scintillation grade 1,4-Bis(5-phenyloxazol-2-yl)benzene (POPOP) was obtained
from Koch-Light Laboratories Ltd. Colnbrook Buch, England and used as such.
Tri-n-octyl phophinoxide (TOPO)

AR grade of tri-n-octyl-n-octylphosphine oxide (TOPO) (99%) was obtained from
Sigma Aldrich Chemie GmbH, Steinheim, Germany and used as such.

Di-n-octyl amine

Di-n-octyl amine (99%) was procured from Sigma Aldrich Chemie GmbH,

Steinheim, Germany and used as such.
Di-(2-ethyl)hexyl amine
Di-(2-ethyl)hexyl amine (99%) was procured from Sigma Aldrich Chemie GmbH,
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Steinheim, Germany and used as such.
Bis (2-ethylhexyl)phosphoric acid

AR grade bis(2-ethylhexyl)phosphoric acid (HDEHP) (98%) was obtained from
M/s. Fluka Chemie GmbH, Buche, Switzerland and used without further purification.
Europium oxide

AR grade europium oxide, Eu,O3 (purity: 99.9%) procured from s.d.fine — CHEM
limited, Mumbai and used for the preparation of the solution of europium nitrate.
2.2 Radionuclides
2.2.1 Plutonium — 239

Plutonium was obtained from Bhaba Atomic Research Centre (BARC), Mumbai as
PuO,. This was dissolved in the concentrated nitric acid and purified by anion exchange
method. The isotopic composition of plutonium was as follows (values in atom %) **Pu:
0.017; *°Pu: 93.60; *“°Pu: 6.24; **'Pu: 0.12; ***Pu: 0.023. The specific activity of this
plutonium tracer was found to be 1.665 x 10° dpm/ug. Purified plutonium is in different
oxidation states. From this purified solution of plutonium, a stock solution of Pu(lV) was
prepared using HTTA extraction procedure.
HTTA extraction [1]

A small quantity of plutonium was taken in 1M HNOj3 and about 0.2 — 0.6mL of

2.5 M NaNO; solution was added drop wise with constant shaking. The resulting Pu(lIV)
solution was extracted with 0.5M HTTA/xylene solution. The organic phase was scrubbed
with 1 M HNO; several times to remove Pu(lll), Pu(VI) etc. and other impurities. The
loaded plutonium was stripped by 8 M HNOj3 and used as a stock solution.
2.2.2 Americium — 241

2LAm(I11) was obtained from Oak Ridge National Laboratory (ORNL), U.S.A. as
AmO,, It was dissolved in nitric acid and used without further purification.
2.2.3 Uranium - 233

23 separated from irradiated ThO , was obtained from Reprocessing Group,
IGCAR, Kalpakkam, India. It was further purified by solvent extraction with 5 % TBP/n-
DD from 4M HNOs. The loaded organic phase was subjected to scrubbing with 4M HNO3
in order to remove the coextracted impurities. Then U-233 was stripped from the organic
phase by 0.01M HNOs.
2.2.4 Radioisotopes

W2+ 139Ey(@NN), along with other metal tracers (¥Sr(1l), ***Ce(1V), *°Co(ll),
>*Mn(11), *®Ru(lIl) etc.) were procured from “Board of Radiation and Isotope Technology
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(BRIT), Mumbai.
2.2.5 Tracer solution

A tracer of all actinides (Z*U(VI), °Pu(IV), **Am(lIl)) and fission products
(W2, M4 ce(1V), ' Ru(lI), *°Co(lll) etc.) (~ 4.3 x10* M) were diluted with
double distilled water and used for all extraction studies.

2.3 Instrumentation
2.3.1 Karl-Fischer Titrator

A Karl — Fischer Titrator (Spectralab-AT 36) was used for the determination of
water content. Samples with known weight were taken for the determination of water
content. Calibration was carried out using known quantity of water. The method is based
on the reaction between iodine and sulfur dioxide in aqueous medium. Water and iodine
are consumed quantitatively in a 1:1 mole ratio in the reaction. Once all the water present
in the sample is consumed, excess iodine is detected voltametrically. Pyridine free Karl-
Fischer reagent was used for the determination of water content in the samples.

2.3.2 Electronic Single Pan Balance

A calibrated electronic single pan balance with a sensitivity of 0.01 mg was used to
weigh chemicals and solutions.
2.3.3 UV - VIS spectrophotometer

UV-visible absorption spectra were obtained wusing Shimadzu UV-VIS
spectrometer model UV-2500 with quartz cuvettes of path length 10 mm.

2.3.4 FTIR spectrometer

A BOMEM MB-100 FTIR spectrometer with a range of 4000 - 650 cm™ with a
resolution of 4 cm™ was used for the measurement of IR spectra. The samples to be
scanned were sandwiched between two zinc selenide windows. The sample compartment
was purged with nitrogen gas for a sufficient period prior to scan.

2.3.5 Mass Spectrometer [Time — Of — Flight mass spectra (TOF-MS) ]

A home built reflectron time of flight mass spectrometer was used for the mass
analysis. Nicotinic acid is used as matrix and fourth harmonic of Nd-YAG laser (266 nm)
is used for the desorption/ionization.

2.3.6 NMR spectrometer

A Bruker Avance 111 500 MHz (AV 500) multi nuclei solution NMR spectrometer

was used for structure analysis of synthesized ionic liquids and other extractants. MeOD

and CD3;COCD3; were used as solvents.
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2.3.7 CHNS Analyzer

The carbon, nitrogen, and hydrogen content of the synthesized ionic liquids were
determined by Elemental Vario EL CHNS analyzer. High pure argon was used as purge
gas and high purity oxygen was used as combustion gas.
2.3.8 pH meter

All pH measurements were made with Cyberscan 500 pH, Metrohm. The meter
was calibrated at 298 K with standard buffers of pH 4, 7 and 10.
2.3.9 Viscometer

A Brookfield viscometer was used for viscosity measurements (model number: DV
I1+). The viscometer is equipped with a small sample holder and adapter. Spindle number
18 (S18) was used for measuring the viscosity.
2.3.10 Thermostatted rotary water bath shaker

A refrigerated water bath (Poly Science, Model-9100, USA) with a temperature
controlling accuracy of + 0.01°C was used for the solvent extraction experiments. A
JULABO make (F33-HE) refrigerated and heating circulator with a temperature
controlling accuracy of +0.1°C and a heating immersion circulator with a temperature
controlling accuracy of +0.01°C were also used for the experiments.
2.3.11 Rotary Evaporator

A rotary evaporator with model R-3000 from M/s. Buchi Laboratories Technique
AG, Switzerland, was used for distilling off volatile solvents and drying ionic liquids in
order to remove water content.
2.3.12 Vaccum Oven

Vaccum oven (Model No. IRI1-021) with digital temperature control was utilized
for drying ionic liquids prior to use. The oven was connected to a vaccum pump with
pressure gauge and pressure control.
2.3.13 Gamma Counter

The activity of 22Am(111), ®>*YEu(111) and other gamma emitting radioisotopes
was measured using a gamma counter with single channel analyzer and well type Nal(TI)
detector. The Nal(TI)-PMT integral assembly was procured from M/S Harshaw, U.S.A.
and other electronic modules were obtained from ECIL (Electronic Corporation of India
Limited), Hyderabad, India.
2.3.14 Liquid scintillation counter

An in-house fabricated liquid scintillation counter was used for measuring o -

activity. In liquid scintillation counting, the energy of alpha particles is absorbed by the

39



Chapter 2

cocktail (solvent containing organic scintillators) and converted into photons in the visible
region which in turn are converted into photoelectrons by photomultiplier tube and
subsequently measured as an electronic pulse. 1,4-dioxane was used as the primary
solvent, naphthalene and 2,5-diphenyloxazole (PPO) were used as the primary scintillator.
1,4-di-2-(5phenyloxazolyl)benzene (POPOP) was used as a wavelength shifter and
tri-n-octylphosphine oxide (TOPO) as the complexing agent.

The liquid scintillation counter consists of a machined Perspex vial holder, coupled
to a single low noise photo multiplier tube. The discriminator was set with ***Am source
and the efficiency was verified with a plutonium source.

2.3.15 High Pure Gamma Spectrometer (HpGe Detector)

Gamma Spectrometry was used to identify fission products and their concentration.
In this technique, a planar high pure germanium (HpGe) crystal semiconductor obtained
from OXFORD Instruments, USA was used as the detector.

2.4 Synthesis and characterization of ionic liquid diluents and task specific ionic
liquids (or functionalized ionic liquids)

2.4.1 Preparation of 1-alkyl-3-methylimidazolium chloride (C,mimCIl) [n = 4, 5, 6 and

8]

The preparation involves refluxing a mixture of 1-methylimidazole with
1-chloroalkane in the mole ratio of 1:1.2 at 343 K for 72 hours [2]. The resulting product
was washed a few times with ethyl acetate and acetonitrile, and evaporated under vacuum

at 343K. A white solid was obtained after cooling. A quantitative yield was obtained.

—\ +

N_ ~ CHonei— - AN
N\ moen 72 hrs -~ C.Hone1
1-methylimidazole n=45,6and8 1-alkyl-3-methylimidazolium chloride
(C,mimCl)

Scheme 2.1. Preparation of 1-alkyl-3-methyimidazolium chloride

Characterization of C,mimClI

The carbon, nitrogen and hydrogen content of C,mimCl were determined by
CHNS analyzer. The measured values are listed along with theoretical values in
parenthesis, CsmmCl- C: 55 (54.9); H: 8.7 (8.6); N: 15.9 (16.0), CemimCl- C:
59.1 (59.2); H: 9.45 (9.37); N: 13.75 (13.81) and CgmimCl — C: 62.2 (62.4); H: 9.9 (10);
N: 12 (12.1).
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2.4.2 Preparation of 1-alkyl-3-methylimidazolium bis(trifluoromethane-
sulphonyl)imide, (C,mimNTTf,)

Lithium salt of bis(trifluoromethanesulphonyl)imide (1.3 mol) was added to a
solution of 1-butyl-3-methylimidazolium chloride (1 mol) in water kept at 273 K. The
mixture was stirred overnight and the bottom layer of ionic liquid was separated and
washed several times with water. The ionic liquid was evaporated to remove moisture at
343 K using a rotary evaporator under vacuum [3]. The yield of each ionic liquids was
~ 85%.

N ] HNSOLCF), N N(SO,CF,),
N~ Cl > N_ ~
\~ 27 3/2
N SCHy Over night stirring | =~ \CnHZM
1-alkyl-3-methylimidazolium chloride 1-alkyl-3-methylimidazolium
(C,mimCl) bis(trifluoromethanesulphonyl)imide (C.mimNTf,)

Scheme 2.2. Preparation of 1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide

Characterization of C,mimNTf,

FT-IR (ZnSe, v/icm™):3170, 3121(CH stretch of imidazole ring), 2964, 2932,
2879 (aliphatic C-H stretch), 1565, 1465 (C-C symmetric stretch bands of imidazole ring),
1425, 1378 (C-H asymmetric stretch of CHj3), 1138 (SO, symmetric strech), 1192 (C-F
asymmetric stretch), 1060 (S-N-S asymmetric stretch), 748 (imidazolium ring C-H
bending).

8y of C,mimNTf, (500 MHz; MeOD; Me,Si): 8.76 (1H, s), 7.63 (1H, t), 7.58 (1Ht),
4.28 (2H,t), 3.98 (3H,s), 1.89 (2H,q), 1.36 (2H, sextet), 0.93 (3H,t). 8¢ of C;mimNTf,
(125 MHz; MeOD; Me,Si) : 136 (CH), 123.5 (CH), 122.2 (CH), 115 (CF3 X 2), 49 (CH)),
36 (CHs), 31 (CHy), 19 (CH,), 13 (CHs). 84 of CsmimNTf,(500 MHz; DsCCOCD3;
Me,Si): 8.77 (1H, s), 7.63 (1H, t), 7.58 (1H,t), 4.28 (2H,t), 4.01 (3H,s), 1.9 (2H,q), 1.33
(4H, m), 0.89 (3H,t). 8c of CsmimNTf, (125 MHz; MeOD; Me,Si): 136 (CH), 123.5
(CH), 122 (CH), 115 (CF3 X 2), 49(CH,), 46.8 (CH,), 36 (CH3), 31 (CH,), 19 (CH,), 13
(CHa). 8 of CemimNTf,(500 MHz; D;CCOCD3; Me,Si): 8.9(1H, s), 7.63 (1H, t), 7.58
(1H,t), 4.33 (2H,t), 4.035 (3H,s), 1.94 (2H,q), 1.34 (6H, m), 0.89(3H,t). 8c of CmimNTT;
(125 MHz; MeOD; Me,Si): 136 (CH), 123.5 (CH), 122.2 (CH), 115 (CF3x 2), 49 (CH,),
47 (CHy), 36 (CHa), 31 (CHy), 22.2 (CH,), 19 (CH,), 14 (CHs). 81 of CsmimNTf, (500
MHz; MeOD; MesSi) : 8.76 (1H, s), 7.63 (1H, t), 7.58 (1H,t), 4.21 (2H,1), 3.93 (3H,s),

1.89 (2H,q), 1.33 (10H, m), 0.91 (3H,t). 8¢ of CgmimNTTf, (125 MHz; MeOD; Me,Si) :
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136 (CH), 123.5 (CH), 122.2 (CH), 115 (CF3 x2), 53 (CHy), 49.5 (CH3), 47 (CHy), 35,2
(CHy), 31.4 (CHy), 29.7 (CHy), 25.77 (CHy), 22.2 (CH,), 14 (CH3).
2.4.3 Preparation of tri-n-octylmethylammonium nitrate (TOMAN)

A solution of 250 mL of 0.5 M Aliquat-336 (tri-n-octylmethylammonium chloride,
TOMAC) in benzene is equilibrated 3 to 4 times with 4 M sodium nitrate solution and the
organic phase is separated. The aqueous phase and organic phase was checked for the
absence of chloride ion and then washed extensively with water [4]. Benzene was
removed by evaporation under reduced pressure in rotary evaporator at 343 K. A thick
viscous liquid, which turned to semi solid upon cooling, was obtained. The synthetic

pathway is given below in scheme 2.3.

. \ + NO,
\\ . a)- NaCl (aq. solution)
(in benzene) *+ NaNO,(ag. solution) >
p - benzene by
vaccum drying
TOMAC TOMAN

Scheme 2.3. Preparation of trioctylmethylammonium nitrate (TOMAN)

2.4.4 Preparation of diethyl-2-(3-methylimidazolium)ethylphosphonate
bis(trifluoromethane sulfonyl)imide (IMPNTT,)

Synthesis of ImPNTf, involves the reaction of a mixture of 1-methylimidazole
(0.1 mol) with diethyl-(2-bromoethyl)phosphonate (0.15 mol) at 373 K for about 40 hours
[5]. The resulting product (ImPBr) was washed few times with hexane followed by
acetonitrile and evaporated under vacuum. Near quantitative yield was obtained. The
TSIL, ImPNTf, was prepared by adding a pre-cooled aqueous solution of LINTf, (1.3
mole) to the aqueous solution of ImPBr (1 mol) at 298 K [5]. The entire mixture was
stirred overnight and the bottom ionic liquid layer was separated, washed several times
with water. The product was evaporated to remove moisture at 343 K using rotary
evaporator. Yield obtained was 70%. Viscosity of IMPNTf, was 42 cP at 303 K. The
synthetic pathways and the structure of ImMPNTT;, are given below in the scheme 2.4.
Characterization

FT-IR (ZnSe, vicm™) : 3175, 3122 (CH strech in imidazole ring), 2964,2932(CH
strech of - CHy), 1571 (C-C symmetric strech in imidazole ring), 1425,1378 (CH3), 1138
(SOy), 1058 (S-N-S asymmetric strech) 1210 (P = O strech), 750 (imidazole C-H bend);
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IH NMR (500 MHz, MeOD, Me,Si, 8/ppm): 9.04 (1H, s), 7.69 (1H, t), 7.62 (1H t), 4.25
(2H. 1), 3.97 (3H, s), 1.92 (2H, sext), 1.33 (L1 H, m), 0.9 (3H, ).

MS(TOF-MS, m/z): CigHooN,POs" (parent peak, m/z = 248), CgHioN,™ (m/z 111),
C4HgN2™ (m/z 82), CsHgN,™ (m/z 96.7) (fragmented peaks)

(@]

Il A — Il

_ P / \+ P

NN T r | OBt 4ghrs, NN | OFt
OEt Br- OEt
(M (1 (1

O

(0] Il

— [l [T\ + p
/NV/N | "OEt OEt

- OEt NTf,-
Br (|V)

Scheme 2.4. Synthesis of task specific ionic liquid, ImPNTf, (I) 1-Methylimidazole, (1)
Diethyl-(2-bromoethyl)phosphonate (I11) Diethyl-2-(3-methylimidazolium)ethylphosphonate
bromide, ImPBr (IV) Diethyl-2-(3-methylimidazolium)ethylphosphonate bis(trifluoro-
methanesulfonyl)imide, IMPNTf,

2.4.5 Preparation of N, N-dioctyl-2(3-methyl imidazolium) bis trifluoromethane
sulfonamide (DOAIMNTT,) and its precursors

The reaction scheme for the synthesis of DOAIMNTf; is shown in scheme 2.5. 2-
chloro-(N, N-dioctyl)acetamide (I11) was synthesized by stirring dioctylamine (1) (1eq)
with chloroacetylchloride (I1) (1eq) overnight under argon atmosphere (273 K) in the
presence of triethylamine (TEA) and dichloromethane. The product was washed several
times with distilled water to remove the quaternary ammonium salt, and dried in a rotary
evaporator to remove water. The resulting 2-chloro-(N, N-dioctyl)acetamide (1 eq) was
refluxed with 1-methylimidazole (IV) (1 eq) in acetonitrile medium at 80 — 90°C for about
12 hrs [6] . The ionic liquid, N,N-dioctyl-2(3-methylimidazolium) chloride (V)
(DOAIMCI) was obtained after removing acetonitrile. The yield was near quantitative (~
99%). The amide functionalized ionic liquid (VI), DOAIMNTf,, was prepared by adding a
pre-cooled aqueous solution of LINTf, (1.3 mole) to the aqueous solution of DOAIMCI (1
mol) at 298 K. The entire mixture was stirred overnight. The ionic liquid layer settled at
the bottom was separated, washed several times with distilled water to remove chloride
ion (checked with acidified silver nitrate solution). The product was evaporated to remove
moisture at 343 K using rotary evaporator. Yield obtained was 65%. Purity was > 98% and
the water content (determined by Karl-Fischer titration) of the ionic liquid was determined
to be less than 500 ppm.

43



Chapter 2

Characterization
i) 2-chloro-(N,N-dioctyl)-acetamide

FT-IR (ZnSe, vicm™): 2932, 2868 (CH), 1425,1379 (CH3), 1658 (CO). 'H NMR
(500 MHz, CD;COCDs, Me,Si, 8/ppm):1.28 (12H, m),1.7(4H, m), 0.88(6H, m). *C
NMR(125 MHz; D;CCOCDg; MesSi): 164.4(CO), 50.3(CH,), 47(CH,), 35(CH,),
31(CH,), 29(CH,), 28(CH,), 26(CHy,), 22.3(CH,), 13.45(CHs).
ii) DOAIMNTf,

FT-IR (ZnSe,v/cm'l): 3175 - 3122 (CH in imidazole ring), 2963, 2932, 2822
(CH), 1570 (C-C symmetric strech in imidazole ring), 1425,1378 (CH3), 1138 (SO,), 1658
(CO), 1058 (S-N-S asymmetric strech), ; *H NMR (500 MHz, CD;COCD3, Me,Si,
8/ppm) : 8.97 (1H, s), 7.69 (t,1H, J = 1.5 Hz), 7.66 (t, 1H, J = 1.5 Hz), 5.4(2H. s), 3.97
(3H, s), 1.3 (12H, m), 1.77 (6H,m), 0.9 (3H, t). *C NMR (125 MHz, CD;COCD3, Me.Si,
8/ppm) :163.8(CO), 138(CH), 123(CH), 122(CH),118(2xCFs), 50.33(CH,),48(CHy),
35.8(CHy), 31(CH,), 29.3(CH,), 28(CHy), 26.6(CHy), 22.3(CHy), 13.4(CHy).
MS (TOF, m/z): m/z = 364.5 (parent peak) which corresponds to the cation moiety of the

ionic liquid.

P U U Triethylamine (TEA) Clvlk NN TN
NH + Clvlk :
cl  Dichloromethane (DCM), NV\AA/
" Over night stirring, M
0 an (Argon medium) (1

e N Acetonitrile
cl +/N\/N Reflux overnight
SN N ) at 80 - 900C
(0] — (0]
RN NN NN LiNTF N/ N NN
/N\/N NV\AA/ 7 NVV\A/
constant stirring cr

NTE,- ) V)

Scheme 2.5. Synthesis of DOAIMNTT; (I) N,N dioctylamine, (1)
chloroacetylchloride, (111) 2-chloro-(N,N —dioctyl)acetamide, (IV) 1 -
methylimidazole, (V) N,N-dioctyl-2-(3-methylimidazolium)acetamide chloride,
DOAIMCI, (V) N,N-dioctyl-2-(3-methylimidazolium)acetamide
bis(trifluoromethanesulfonyl)imide, DOAIMNTT;

2.4.6 Synthesis of B- diketonate based ionic liquids

The synthesis of 3- diketonate based ionic liquids and their precursors were carried

out as per the procedure given elsewhere [7].
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a) Synthesis of ammoniumtheonyltrifluoroacetylacetonate (NH,TTA)

Ammonium thenoyltrifluoroacetonate was prepared by the drop wise addition of
25 % ammonia solution (0.3 mol) to the solution of theonyltrifluoroacetone (0.2 mol) in
hexane. The mixture was stirred for about 15 minutes, and the white precipitate formed
was filtered, washed with hexane, and dried at room temperature under reduced pressure,
and stored in a vacuum desicator, after characterization by FT-IR and NMR (*H and **C)
spectroscopy as given below.
Characterization

NH,TTA: v/ cm™: 3080 (CH in aromatic ring), 2962, 2932, 2853 (CH stretch),
1580, 1640 (CO stretch), 1120, 1350 (CF stretch). *"H NMR (500 MHz, CD;COCDs3,
Me,Si, 8/ppm): 7.63 (1H,1), 7.58 (1H,t), 7.2 (4H,s ; broad), 7.1 (1H,t), 6.02 (1H,s). 1*C
NMR (125 MHz, CD3COCD3 , Me,Si, &/ppm): 178.1(CO), 169.02 (CO), 139.2, 134.6,
134,127.7,118.2 (CF3), 87 (CH).
b) Synthesis of B-diketonate (or TTA -based) ionic liquids

The general synthetic procedure involved dropwise addition of ammonium
thenoyltrifluoroactone (0.2 mol) in acetonitrile (10 mL) (or acetone) to the solution of
TOMAC or CymimCI or THEPAC (0.2 mol, n = 4,6 and 8) in acetonitrile (10 mL) (or
acetone). The mixture was stirred for about 20 minutes at room temperature. The
precipitate formed was separated, and the filtrate was dried in a rotary evaporator at 333
K. A viscous liquid obtained, was washed several times with distilled water until the
aqueous and organic phases were free from chloride ion (tested with acidified silver
nitrate). The ionic liquid was then dried at 353 K for about 24 hrs in a rotary evaporator.
The synthetic pathway is given below in the scheme 2.6. The structure of ionic liquids

synthesized are given in the figure 2.1.

NH,*
Ho o H /N —* I\
FC Hexane FsC
(|£ (l!) S + 25% NH; _ S
(0.3 mol) 10 - 30 min. o O
(0.2 mol) Ammonium thenoyltrifluoroacetone
Thenoyltrifluoroacetone _
(HTTA) -NH,CI R' R;N *ClI
10 - 30 min. or
C,mim* Cl -
R' R;N + (or C,mim*)
F,C ~ [ N
I s
(@) O
n=4,6and8

R = octyl, R = methyl (when R=~= R")
R =R’ = heptyl (when R =R")

Scheme 2.6. Synthesis of different 1,3-diketonate based ionic liquids
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+
/7 \ N
N NT TTA-
/ -
N \CnH2n+1 \\\\\\\N—/_/—/J TTA - TTA
1-alkyl-3-methylimidazolium ) I+ )

thenoyltrifluoroacetonate Trioctyloctylmethylammonium

(C,mimTTA);n=4,6and 8 thenoyltrifluoroacetonate (TOMATTA) Tetraheptylammonium
thenoyltrifluoroacetonate (THEPATTA)

Figure 2.1. Structure of 1,3 — diketonate based ionic liquids

Characterization

i) TOMATTA: v/cm™: 3080 (CH in aromatic ring), 2962, 2932, 2853 (CH), 1580, 1640
(CO), 1120, 1350 (CF), 1380, 1470 (CH bending). '"H NMR (500 MHz, CDsCOCDs3,
Me,Si, 8/ppm): 0.9 (9H, m), 1.3 (30H, m),1.8 (6H,m), 3.25 (3H,s), 3.5 (6H,m), 7.7 (1H,t),
7.6 (1H,1),7.4 (1H,), 5.85 (1H,5). °C NMR (125 MHz, CD3COCDj3 , Me,Si, 8/ppm):
178.03 (C0),169.25 (CO), 139, 136.4, 134.4, 128.5, (aromatic), 118 (CF3), 86.22 (CH),
61.27(CH,N), 47.9 (CHsN), 31.6, 29.3, 28.9, 28.2, 25.9 (various CH,CH,), 22
(CH,CHjz), 13 (CH3).

i) THEPATTA: v / cm™: 3080 (CH in aromatic ring), 2971, 2962, 2853 (CH), 1550,
1633 (CO), 1380, 1470(CH), 1124, 1169(CF). *H NMR (500 MHz, CD;COCD3, Me.Si,
8/ppm): 0.88 (12H, m), 1.34 (24H,m), 1.8 (8H,m), 3.45 (8H,m), 7.7 (LH,t), 7.58 (1Ht),
7.09 (1H,t), 5.92 (1H,s).”*CNMR (125 MHz, CD;COCDj3 , Me,Si, 8/ppm): 177.8 (CO),
169.03 (CO), 139.03, 134.3, 133.8, 127.88 (aromatic), 118(CFs), 86.88 (CH), 58.53
(CH,N), 31, 29, 28, 26 (various CH,CH,), 22.29 (CH,CHs), 13.4 (CHy).

i) CsmimTTA : v/cm™: 3175, 3122, 3080 ( CH in aromatic ring), 2962, 2853 (CH),
1380, 1470 (CHs), 1580, 1640 (CO), 1350, 1120 (CF). *H NMR (500 MHz, CD;COCDs,
Me,Si, 8/ppm): 10.2 (1H,s), 7.74 (1H,1), 7.7 (1H,1), 7.57 (1H,1), 7.07 (1H,1), 7.34 (1H,1),
5.93 (1H,s), 4.4 (2H,t), 3.28 (3H,5), 4.08 (1H,s), 1.85 - 1.9 (2H,q), 1.37-1.33 (2H, sextet),
0.91 (1H,t).**C NMR (125 MHz, CD3COCDs, MesSi, 8/ppm): 178.2 (CO), 168.9(CO),
138, 136, 134.7, 133.7, 128, 123.5, 122.16 (aromatics), 118 (CFs), 86.4 (CH), 49 (CHs),
35 (CH,), 32 (CH,), 19.13 (CH,), 12.85 (CHa).

iv) CsmimTTA : v/ cm™: 3175, 3122, 3080 (CH in aromatic ring), 2962, 2853 (CH),
1380, 1466 (CHg3), 1575, 1634 (CO), 1120, 1350 (CF). *HNMR (500 MHz, CDsCOCD:s,
Me,Si, 8/ppm): 10.4 (1H,s), 7.7 (1H,t), 7.68 (1H,t), 7.56 (1H,t), 7.3 (1H,t), 7.08 (1H1),
0.84 (1H,t), 4.39 (2H,t), 4.08 (1H,s), 1.86 (2H,q), 1.36 (11H,m), 5.94 (1H,s), 1.3 (6H,m),
4.08 (1H,s), 4.37(3H,s). °C NMR (125 MHz, CD;COCD3, Me,Si, 8/ppm): 178.2 (CO),
168.89 (CO), 139.8, 136.4, 134.5, 133.9, 128.6, 123.2, 122.1 (aromatics),118 (CFs),
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86.39 (CH), 49.2 (CH,), 35.45 (CH,), 30.3 (CH,), 28.5 (CH,), 25.6 (CH,), 22.22 (CH,),
13.36 (CHs).

v) CemimTTA: v / cm™: 3175, 3122, 3080 (CH in aromatic ring), 2962,2853 (CH),
1380, 1466 (CHg3), 1580, 1634 (CO), 1120, 1350 (CF). *HNMR (500 MHz, CDsCOCDs,
Me,Si, 8/ppm): 10.3 (1H,s), 7.7 (1H,t), 7.68 (1H,t), 7.56 (1H,t), 7.5 (1H,t), 7.12(1H.1),
0.86 (1H,t), 3.26 (3H,s), 4.39 (2H,1), 4.08 (1H,s), 1.89 (2H,q), 1.36 (11H,m), 5.93 (1H,s).
B3C NMR (125 MHz, CD;COCDs, Me,Si, 8/ppm): 178.1 (CO), 169 (CO), 139.06, 136,
134.5, 133.9, 128.5, 123.5, 122.2 (aromatics), 118.5 (CFs), 86.4 (CH), 49.2 (CHs), 35 .5
(CH,), 31.3 (CH,), 29 (CH,), 28.7 (CH,), 25.9 (CH,), 22.3(CH,), 13.4 (CHs).

2.4.7 Synthesis of tri-n-octylmethylammonium (2-ethyl)hexylphophate,[A336][P204]
and tri-n-octylmethylammonium bis(ethylhexyl)diglycolamate, [A336] [DGA]

The procedure for the synthesis of ionic liquids, [A336]'[P204] and
[A336]'[DGA] is shown in the scheme 2.7. Briefly, the first step involved the ion-
exchange of chloride ion present in Aliquat-336 ([A336]°[CI]) by hydroxide ion by
equilibrating 0.05 M Aliquat-336/CHCI3 with 4 M NaOH for one hour. The aqueous phase
was removed and the organic phase was equilibrated again with fresh sodium hydroxide.
This procedure was repeated atleast 8 — 10 times until the CI” ion in aqueous and organic
phase was negligible (checked with acidified AgNO3 solution). The second step involved
refluxing the [A336] [OH]” with HP204 (or HDGA) in 1 : 1 mole ratio at 60°C for about
10 hr. The lower aqueous phase was separated and the ionic liquid phase (upper phase)
was dried in a rotary evaporator at 70°C for about 5 hrs. Near quantitative yield was
obtained. The structure of the ionic liquids and their their precursors are shown in
figure 2.2.

Characterisation

[A336]7[P204]": *H NMR (500 MHz, CD;COCD;, Me,Si, 8/ppm): 0.89 (9H, m),
1.3 (30H,m),1.8 (6H,m), 3.25 (3H,s), 3.5 (6H,m), 1.29 (m, 6H), 1.33 (m, 12H), 1.42 (m,
4H), 1.45 (m, 4H), 1.45 (m, 1H), 1.51 (m, 1H). *C NMR (125 MHz, CD;COCD;,
Me,Si, 8/ppm) : 61.24 (3 x CH3N), 47.5 (CHsN), 31.6, 29.3, 28.9, 28, 26 (various
CH,CHy), 22.3 (CH,CHj3), 13.4 (3 x CHj3), 26.1 (CH,), 28.8 (CH,), 31.2 (CH,), 32.5
(CH,), 36.5 (CH), 49.1 (CHy), 11.5 (CHj5).

[A336] [DGA]: *H NMR (500 MHz, CD;COCD3, Me,Si, 8/ppm): 0.89 (9H, m),
1.3 (30H,m),1.8 (6H,m), 3.25 (3H,s), 3.5 (6H,m), 4.3 (s, 2H, -OCH,-), 4.08 (s, 2H,
CH,0-), 3.2-3.35 (m, 4H, 2 x CH, - N ), 2.97-3.02 (m, 2H, 2 x CH), 1.15-1.24 (m, 16H),
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0.77-0.84 (m,12H). *C NMR (125MHz, CD;COCD3, Me,Si, 8/ppm): 61.24 (3 x CH,N
of [A336]"), 47.5 (CH3N), 31.6, 29.3, 28.9, 28, 26 (various CH,CH,), 22.3 (CH,CHs),
13.4 (3 x CH3), 172.2 (CO), 172.1 (CO), 77.2(-OCH,), 71.2 (-CH0 -), 49.34 (2 x -CH,-N
of [DGA]), 37.16 (2 x CH), 30.35 (2 x -CH,), 28.47(2 x CH,), 23.6 (2 x CH,), 22.85 (2 x
CH,), 13.93 (2 x CHj3), 10.4 (2 x CHg).

CHCI,
[A336]*[ClI] > [A336]*[OH]-
. 4.0 M NaOH

Aliquat-336

HP204 HDGA

Reflux at 60°C, 10 hr,

Vacuum drying
[A336]*[P204]- [A336]*[DGA]

HP204 = 2-(ethylhexyl)phosphoric acid
HDGA = bis-(ethylhexyl)diglycolamic acid

Scheme 2.7. Procedure adopted for the synthesis of the ionic liquids

/ \Eif'\ %&:’jﬁ_w ZC@Q

Aliquat 336 (A336) HP204 HDGA
é/I M“AN/
M/ - + 0
N O\
I/_/d§+ // O/Y\/ \n/\ /\f

[A336]*[P204]- [A336]*[DGA]- f i\

Figure 2.2. Structure of the ionic liquids and their precursors.

2.4.8 Synthesis of Di-2-ethylhexyldiglycolamic acid (HDEHDGA)

The synthetic details of di-2-ethylhexyldiglycolamic acid (HDEHDGA) was
carried out as per the procedure given elsewhere [9]. Diglycolic anhydride (0.03 mol) was
mixed with 30ml of dichloromethane and stirred in a round bottom flask equipped with a
CaCl, guard tube for about 10minutes. Di-(2-ethyl)hexylamine (0.033 mol) was added
drop-wise to the solution of diglycolicanhydride and the reaction mixture was then stirred

at room temperature for about 6 hours. The crude reaction mixture was dried in a rotary
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evaporator at 353 K to remove the solvent, and then dissolved in hexane followed by
washing with 1 M hydrochloric acid (20mL x 5). The organic phase was separated out and
washed with distilled water (20mL x 5). The separated organic phase was dried in a rotary
evaporator at 353 K. A pale yellow colored oil was obtained with > 90% vyield. The

synthetic pathway is given below in the scheme 2.8.

0 Agv\ i) DCM, stirring 6hr Q Agw
/I/i l + HK/E/\/ ?/N\/t/v
ii) wash with hexane o)
©o- o0 0 and HCI (1M) g:
Diglycolic anhydride 2-ethylhexylamine iii) Vaccum drying at 80°C o
HO

di-2-ethylhexyldiglycolamic acid
(HDEHDGA)

Scheme 2.8. Synthesis of Di-2-ethylhexyldiglycolamic acid

Characterization

v/icm™: 3454 (COOH), 1739 (-CO in COOH), 1622(-CO in —CON), 1226. H
NMR (CDCl; , 8/ppm relative to TMS): 10.67 (s, 1H, COOH), 4.32 (s, 2H, -OCH-),
4.11 (s, 2H, -CH,0-), 3.17-3.31 (M, 4H, 2 X CH, - N ), 2.96-2.98 (m, 2H, 2 x CH ), 1.15-
1.24 (m, 16H, 8 x CH; of alkyl chain), 0.77-0.84(m, 12H, 4 x CH3 ). **C NMR (CDCls,
8/ppm relative to TMS): 172.22 (CO), 172.14 (CO), 77.21(-OCH,), 71.1(-CH,0 -),
49.34 (2 X -CH»-N), 37.16 (2 x CH), 30.35 (2 X -CH,), 28.47(2 x CH,), 23.58 (2 x CHy),
22.86 (2 X CHy), 13.93 (2 X CHa), 10.47 (2 X CHs). MS (El+, m/z): 356.5. All the above

results confirm the purity and structure of HDEHDGA shown in scheme 2. 8.

Some typical spectra of the synthesized ionic liquids are shown in the section 2.7
(page 61 — 66) of this chapter for brevity. However, for simplicity and clarity, the
characterizations of all the ionic liquids reported in the thesis are given in the form data

as shown above.

2.5 Analytical Procedures
2.5.1 Preparation of Cocktail

Dioxane based scintillation cocktail was used for counting both aqueous and
organic samples. 1,4-dioxane was used as solvent matrix (primary solvent), naphthalene
and 2,5-diphenyl oxazole (PPO) were used as primary scntillator. 1,4-Bis(5-phenyloxazol-

2-yl)benzene (POPOP) was used as secondary scintillator (wave length shifter) and tri-n-
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octyl phosphine oxide (TOPOQO) was used as the complexing agent. Above scintillation
grade chemicals were used as the following compositions for the preparation of cocktail.
Naphthalene: 10%; 2,5-diphenyl oxazole (PPO): 0.7%; 1,4-Bis(5-phenyloxazol-2-
yl)benzene (POPOP): 0.03% and tri-n-octyl phosphine oxide (TOPO): 4%. The prepared
cocktail was stored in an amber coloured bottle [10] and 5 mL was used each time in
scintillation vials for counting the samples. In order to avoid acid quenching encountered
during the liquid scintillation counting, not more than 50 uL of the tracer containing
samples were always taken for counting and samples with lower activity were counted for
a longer time.
2.5.2 Standard uranyl nitrate solution

Nuclear pure uranium metal turnings were washed in carbon tetrachloride to
remove the oil and dried over dry air. They were subsequently treated with 4 M nitric acid
to remove the oxide layer to obtain a bright silvery surface. The turnings were then
washed with water, acetone and finally dried under argon. A standard solution of around
30 mg/mL was made by dissolving 3 g of the dried metal in 10 mL of concentrated nitric
acid, evaporating the solution to dryness and finally re-dissolving the uranyl nitrate and
making up the solution to 100 mL with 0.01 M nitric acid. An aliquot of 250 ul of this
solution was used for the standardization by 2,6-pyridinedicarboxylic acid (PDCA)
solution.
2.5.3 PDCA solution

A solution of 0.01 M 2,6-pyridinedicarboxylic acid was prepared by dissolving 1 ¢
of the salt and 0.5 g of sodium hydroxide in 500 mL of distilled water.
2.5.4 Standard europium nitrate solution

Europium nitrate solution was prepared by dissolving Eu,O3 in the concentrated
nitric acid followed by drying under an IR lamp. The nitric acid was evaporated to dryness
and the europium nitrate was redissolved in 0.01M HNOg;. The free acidity of Eu(NOs3);
solution was measured by acid-base titration along with potassium oxalate solution as a
holding agent for Eu(l11). The solution was then quantitatively transferred to a preweighed
volumetric flask and filled up to the level by 0.01 M HNOg;. The solution of europium
nitrate was standardized using a pre-standardized EDTA solution (0.05M) with methyl
thymol blue as indicator. From this stock solution, different concentration of Eu(lll)
solution was prepared as per the requirement.
2.5.5 Potassium oxalate solution

This solution was prepared by dissolving potassium oxalate salt in double distilled
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water to saturation and adjusting pH to 7 by adding NaOH solution or dilute nitric acid.
5 mL of this solution was used to complex the metal ion under investigation during the
titration with NaOH solution for the estimation of free acidity.
2.5.6 Standard EDTA solution

The solution of EDTA was prepared by dissolving required quantity of EDTA
crystal by weight in distilled water to get the desired concentration solution. This solution
was then standardized by using standard neodymium solution (5.135 mg/g), at pH 6 using
methyl thymol blue.
2.5.7 Arsenazo 111 solution

Arsenazo Il solution was prepared by dissolving 200 mg of sodium salt of
Arsenazo (I11) in 100 mL of 0.01 M sodium hydroxide solution.
2.5.8 pH buffer solutions
2.5.8.1 Buffer 1

A solution of 0.05 M potassium hydrogen phthalate dried at 110°C was prepared in
double distilled water. pH of this solution was 4.01 at 298K.
2.5.8.2 Buffer 2

A solution of 0.01M Borax (Na,B;07.10H,0) was prepared in double distilled
water. pH of this solution was 10 at 298K.
2.5.8.3 Buffer 3

Buffer solution of pH 7.0 was prepared by dissolving 14 gm of
triethanolamine(TEA) in 80 mL of distilled water, neutralized by concentrated perchloric
acid in order to adjust to pH 7.0 and allowed to stand overnight. The solution was then
readjusted to pH 7.0 and diluted to 100 mL.
2.5.9 Nitric acid solutions

Nitric acid solutions were made by suitable dilution from pre-standardized nitric
acid stock solution of 10 M concentration. The solutions thus obtained were analyzed by
titration with standard sodium hydroxide using phenolphthalein as indicator.
2.5.10 Preparation of the solutions of aqueous complexing agents

Appropriate weight of various aqueous complexing agents such as citric acid,
EDTA, DTPA, AHA and oxalic acid were dissolved in distilled water and made up to the
required volume to get the solutions on molar basis. The acidity of the corresponding
solutions was adjusted to required concentration by adding calculated amount of

concentrated nitric acid (~10 M).

51



Chapter 2

2.5.11 Solutions with various concentrations of NO3™ ions

The total nitrate ion concentration was varied from 0.5 M to 2 M by taking
appropriate amounts of sodium nitrate crystal and required quantity of nitric acid with
higher concentration (~10 M) in distilled water (up to the required volume) in order to
make the desired solution with fixed acidity.
2.5.12 Preparation of C;mimNQOj3 solution

Equivalent amount of the aqueous solution of CsmimCl and that of AgNO;
(2:1 molar ratio) were mixed for 10 — 15 minutes under constant stirring. The precipitate
(AgCl) was filtered and the filtrate was made up to the required volume so as to give a
desired concentration of C;mimNQO;3 and nitric acid (1.0 M or 3.0 M) in the resultant
solution.
2.5.13 Preparation of solutions with various concentration of NTf, ion

The concentration of NTf,” was varied from 0.1M to 0.5 M by taking appropriate
amounts of LINTf; salt and required quantity of concentrated nitric acid (8 M) in distilled
water (up to the required volume) in order to make the desired solution with fixed acidity.
2.5.14 Preparation of solutions with various concentration of C4smim™ion

The concentrations of C;mim* ion in the required concentration of nitric acid
(1M and 3M) were varied by taking appropriate amount (in mL) of C;mimNOj solution in
the 10 mL standard flask. The acidity of the prepared solution was adjusted to 1M or 3M
by adding required quantity of 8M nitric acid to the standard flask followed by the
addition of distilled water up to the level.
2.5.15 Liquid — liquid extraction studies

The distribution ratio of a species in a biphasic system is defined as the ratio of the
concentration of the species in organic phase to that of in aqueous phase [11]. All the
extraction studies were carried out at 298 K unless otherwise mentioned. The equilibration
was carried out in a constant temperature water bath. Equal volumes of organic and
aqueous phases were used for all extraction studies. A small equilibration tube, equipped
with a stopper was used for extraction studies (length: 75 or 100 mm, diameter: 10 orl4
mm) and immersed in water bath. The tubes were rotated in upside down manner for about
one hour, and separated by centrifugation. Assay of metal tracers was done in both the
phases by counting techniques such as liquid scintillation counting (for a, p - emitting
radionuclides) and Nal(Tl) detector for y - emitting radionuclides. The distribution ratio of
metal ions (Dy) in both phases were determined as the ratio of the concentration of metal

ions (expressed in terms of counts per unit time per unit volume) in organic phase to that
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in the aqueous phase. As given by the equation 2.1 given below. The separation factors

between two metal ions were calculated from the equation 2.2.

_ [Mlorg 2.1)
[M]aq

Dm

M = Pu(IV) or U(VI) or Am(I1I) or Eu(l11) or other fission products

SE - Dpu(iv) or Dpu(1v) or Dam(111) 2.2)
Duvi)  Dam@iny  DEu@in)

2.5.16 Enthalpy measurements

Temperature is an important parameter for the solvent extraction procedure in the
reprocessing industries and the extraction trend drastically changes with the temperature
[12]. The extraction may be exothermic or endothermic depending on the type of metal ion
under investigation. In the present thesis, the effect of temperature on the extraction of
some metal ions was studied to derive the enthalpy change accompanied during the
extraction of the metal ions from the desired concentration of nitric acid phase by the van’t

Hoff equation of the form shown in equation 2.3.

olnD _ _AHtOt
o/ R (2.3)

2.5.17 Viscosity measurements

In solvent extraction processes of spent fuels, viscosity of the extractants as well as
diluents used plays a vital role. Viscosity of solvents should be moderate for a normal
liquid — liquid extraction systems. The viscosity of all ionic liquids, task specific ionic
liquids, their solutions and conventional extracting solvents were measured by the
Brookfield viscometer (Model — I1+) and have been reported in this thesis. The sample
holder was connected to a water-circulated thermostat to maintain desired constant
temperature. The activation energy (Ea) required for decreasing the viscosity can be

determined from equation 2.4.

E,
n e o (2.4)
0
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2.6 Experimental procedures
2.6.1 Extraction Studies using CMPO — TBP/RTIL [C,mimNTf, (n = 4, 6 and 8)]
2.6.1.1 Extraction of nitric acid

Extraction of nitric acid by organic phase [0.05M (or 0.2M) CMPO-1.2M
TBP/C;mimNTf;, (or) n-DD] was obtained by equilibrating equal volumes of organic and
nitric acid phases for one hour. The concentration of nitric acid in aqueous phase was
varied from 1 M to 5 M. The amount of nitric acid present in organic and aqueous phase
was determined by titrating a known volume of aliquot with pre-standardized sodium
hydroxide using phenolphthalein as inidcator. In all titrations, the mass balance of nitric
acid was ~99%. The amount of water present in organic phase was determined by Karl —
Fischer titration.
2.6.1.2 Effect of HNOj3 concentration

Tri-n-butyl phosphate solution in C;mimNTf, and TBP — CMPO in C;mimNTf,
(or n — DD) were prepared. The concentrations of TBP (0.1 — 2M) and CMPO (0.01-
0.3 M) were varied in the solutions depending upon the nature of experiments. The
organic phase was pre-equilibrated with desired concentration of nitric acid to fix the
equilibrium acidity. The concentration of nitric acid in the test solution was varied from
0.01 M to 5 M depending on the nature of the experiments. Extraction of americium(lll)
and europium(I1l) as a function of nitric acid was studied by equilibrating organic and
aqueous phase (1:1) spiked with corresponding tracers (**Am(l11) and “2*>Eu(111)).
After one hour of equilibration, the radioactivity of 2Am(Ill) and ®#YEyu(I)
distributed between organic and agueous phases was measured using a well-type Nal(TI)
scintillation detector. The distribution ratio (Dg,) of europium was determined by using
the equation 2.1. Similar experiment was also performed with TRUEX solvent. All the
extraction studies for Eu(l11) were carried out at 303 K (unless mentioned) and the studies
were carried out for Am(111) at 298K (unless mentioned) in duplicate.
2.6.1.3 Effect of CMPO concentration

Owing to know the extraction stochiometry of Am(lIl) and Eu(lll) in CMPO —
TBP/RTIL system, the extraction study was carried out by equilibrating organic phase
(CMPO-1.2 M TBP/C,mimNTf,) with varied concentration of CMPO (0.02 — 0.2M) with
desired concentration of nitric acid solution (1M —5M) spiked with 2*!Am (or ¢52*59Ey)

tracer. The distribution ratio was measured by the equation 2.1.
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2.6.1.4 Effect of Cymim* concentration

This aqueous phase was equilibrated with organic phase (0.05 M CMPO-1.2 M
TBP/C,mimNTf,) spiked with ***Am and the distribution ratio was determined.
2.6.1.5 Effect of [NO3]aq. and RTIL diluents

Effect of nitrate ion concentration on the extraction trend of Eu(l11) and Am(I1I) in
ionic liquid medium was carried out by varying the concentration of NaNOj3 in the
aqueous phase (3M). The distribution ratio of Eu(lll) was also measured as a function of
alkyl chain length of ionic liquid diluents used.
2.6.1.6 Effect of temperature

Enthalpy change accompanied by the extraction of americium in 0.05 M (or 0.2M)
CMPO-1.2 M TBP/CymimNTf, was determined by measuring the distribution ratio of
americium (I11) (or europium(lll)) with desired concentration of nitric acid spiked with
2am (or 2 5YEy(111)) at various temperatures. The nitric acid concentration was varied
from 1.0 to 5.0 M and the temperature was varied from 298 K to 333 K.
2.6.1.7 Effect of [Eu (I11)] in aqueous phase

The effect of europium(l11) concentration in aqueous phase was studied at 303K -
333K by equilibrating the organic phase with a solution of Eu(l1l) nitrate in nitric acid (1-

5 M) spiked with ®2*Ey(I11) tracer. The concentration of Eu(l11) in aqueous phase was
varied from 5 to 300 mg/mL (near saturation solubility).The loading of Eu in organic
phase was determined by measuring the radioactivities of organic and aqueous phases.
The radioactivity-balance (and thus mass balance) was ~100% in all the studies.
2.6.1.8 Density measurement

Equal volumes (1 mL) of organic (0.05M CMPO-1.2M TBP/C;mimNTf;) and
aqueous phases (1 — 5M nitric acid) were shaken vigorously. After 10 minutes of vigorous
shaking, the equilibration tube containing the phases was centrifuged. The organic and
aqueous phase density were determined by transferring the respective phase into a 5 mL
specific gravity bottle and measuring its weight using an electronic balance.
2.6.1.9 Strpping of americium(llI)

Stripping of Am(lIl) from the ionic liquid phase was carried out using various
complexing agents such as 1M citric acid, 0.5M AHA and 0.03M DTPA. The aqueous
phase acidity was 0.1M.

The details of the results and discussions of Am(l11) extraction have been discussed
in the chapter 3(A) and that of Eu(lll) have been discussed in the chapter 4(A)

respectively.

55



Chapter 2

2.6.2 Extraction studies using DMDOHEMA / RTIL [ComimNTf, (n =4, 5 and 6)]
2.6.2.1 Extraction procedure

All the extraction studies were carried out at 298 K. Various solutions of
DMDOHEMA (0.1 to 0.5 M) in CymimNTf; (n = 4, 5 and 6) were prepared. The organic
phase was pre-equilibrated with desired concentration of nitric acid. The equilibration
procedure involved mixing of equal volumes of aqueous and organic phases (1ml each).
The extraction of actinides as a function of nitric acid was studied by equilibrating the
organic and aqueous phase consisting of desired concentration of nitric acid spiked with
23y (VI) tracer (or *°Pu(IV) or >*Am(lI1) or other fission products). The concentration of
nitric acid in the test solution was varied from 0.01 M to 8 M. After one hour of
equilibration, the radioactivity of 2*U(VI) (or #*Pu(IV)) in both the phases was measured
by liquid scintillation counting and the radioactivity of ** Am(111) was measured by a well-
type Nal(TI) scintillation detector.
2.6.2.2 Effect of Cymim* and NTf, concentration

The effect of C;mim™ and NTf,” concentration on the distribution ratio of actinides
was studied by equilibrating desired concentration of nitric acid and C4mim* (0.2 — 1M) or
NTf,” (0.1 — 0.5 M) ions spiked with 2U(V1) (or Z°Pu(1V) or *Am(lI1)) tracer. The
concentration of additives C4smim* or NTf,” was varied by adding the required quantity of
CamimNO; or LINTT; in aqueous phase.
2.6.2.3 Effect of DMDOHEMA concentration

The extraction of U(VI), Pu(lV) and Am(lll) as a function of DMDOHEMA
concentration in ionic liquid phase was studied by equilibrating the organic phase with
aqueous phase containing desired concentration of nitric acid solution spiked with actinide
tracers. DMDOHEMA concentration in ionic liquid phase was varied from 0.1 M to 0.5
M.
The details of the results and discussions of this study have been discussed in the chapter
3(B).

2.6.3 Mutual separation of Eu(l11) from Am(IIl) studies in room temperature ionic
liquid medium

All the extraction studies were carried out at 298 K unless otherwise mentioned.
The organic phase (1 mL) was equilibrated with aqueous phase (1 mL) for one hour. The
desired concentrations of HDEHDGA (or D2EHPA) varying from 0.02 M to 0.2 M in
CsmimNTf, were prepared. The organic phase was pre-equilibrated with desired

concentration of nitric acid. Extraction of americium(l11) and europium(Ill) as a function
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of nitric was studied by equilibrating the organic phase with aqueous phase containing
desired concentrations of DTPA and nitric acid spiked with 2*Am(I11) (or ®*YEu(I11))
tracer. The pH of the aqueous solution was varied from 1 to 3.5. After one hour of
equilibration, the radioactivity of **Am(Ill) and “*YEu(I1l) distributed between
organic and aqueous phases were measured using a well-type Nal(TI) scintillation
detector. The pH of the aqueous phase at equilibrium was measured. The distribution ratio
(Dm) of metal ion was determined using equation 2.1. The separation factors were
computed using equation 2.2. The effect of concentrations of citric acid (CA),
ethylenediamine tetraacetic acid (EDTA), acetohydroxamic acid (AHA), and DTPA in
aqueous phase on the distribution ratio (Dy) was studied by varying their concentrations
from 10 M to 0.05 M. Similarly the effect of [D2EHPA] and [HDEHDGA] in organic
phase was studied by varying their concentrations from 0.02 M to 0.2 M.
The details of the results and discussions have been discussed in the chapter 4(B).
2.6.4 Extraction studies using task specific ionic liquids (IMPNTf, and DOAIMNTT,)
2.6.4.1 Effect of HNOg3 concentration

The extraction studies were carried out in the temperature range 298 K —-343 K
using a constant temperature water bath. The solutions of diethyl-2-(3-
methylimidazolium)ethylphosphonate bis(trifluoromethane sulfonyl)imide,ImMPNTf, (0.2—
0.5 M) in ComimNTf, (n = 4,6 and 8) were prepared. Similarly, various solutions of N, N—
dioctyl-2(3-methyl imidazolium) bis trifluoromethane sulfonamide, DOAIMNTf, (0.1-
0.4M) in CymimNTf, (or CemimNTf,) were prepared. The organic phase was pre-
equilibrated with desired concentration of nitric acid. All extraction studies were carried
out with organic to aqueous phase volume ratio of unity. The concentration of nitric acid
in the test solution was varied from 0.35 M to 5 M depending on the nature of organic
phase. After one hour of equilibration, the radioactivity of *°Pu (or **U) distributed
between the organic and aqueous phases were measured by liquid scintillation counting.
The radioactivity of ***Am was measured using a well-type Nal(TI) scintillation detector.
To know the extraction trend of other metal ions, the solution of IMPNTT; in CymimNTf;
was equilibrated with 3 M HNO; spiked with high level liquid waste, HLLW (155
Gwd/Te). The radioactivity of fission products in both the phases was obtained from the
gamma spectrometer using HpGe detector.
2.6.4.2 Effect of TSIL concentration

Extraction of plutonium (IV) as a function of the concentration of ImPNTf, (or

DOAIMNTT,) concentration in C;mimNTf, was studied by equilibrating the organic phase
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and desired concentration of nitric acid solution (1 — 5M for IMPNTf, and 0.5 — 5M for
DOAIMNTY,) spiked with 2*°Pu tracer. The concentration of INPNTf, in ionic liquid was
varied from 0.2 M to 0.5M. Similarly, the concentration of DOAIMNTT; in ionic liquid
was varied from 0.1 M to 0.4 M. The radioactivity of plutonium before and after
equilibration was measured and the distribution ratios were determined. The extraction of
nitric acid by organic phase [0.4 M ImPNTf, (or 0.3M DOAIMNTf,)/CsmimNTf,] was
obtained by equilibrating equal volumes of organic and nitric acid phases for one hour.
The concentration of nitric acid in aqueous phase was varied from 1 — 5 M in case of
IMPNTf, and 0.5 M to 5 M in case of DOAIMNTf,. The amount of nitric acid present in
organic and aqueous phase was determined by titrating the known volume of aliquot with
sodium hydroxide to phenolpthalein end point.
2.6.4.3 Effect of NTf, concentration

Extraction of plutonium (IV) at various concentrations of NTf, in aqueous phase
was studied by equilibrating C;amimNTf, and 0.4 M ImPNTf, (or 0.3 M DOAIMNTT,)
with 1, 3 and 5M nitric acid containing LiNTf, (0.1 — 0.5M) spiked with ***Pu (1V) tracer
and the distribution ratio of plutonium(IV) was determined. The aqueous phase (1 or 5M
nitric acid) with varied concentration of NTf, ion spiked with 2°Pu (1V) tracer was
equilibrated with the solution of 0.3 M DOAIMNTT;, in CymimNTf, (n =4 and 6) to know
the effect of NTf," on Pu (IV) extraction.
2.6.4.4 Effect of Cymim* concentration

The concentration of C;mim” in the aqueous phase was varied by adding aqueous
soluble, CymimNO3 (0.2 — 1 M) to the nitric acid (1 or 3 M). The aqueous phase was then
equilibrated with 0.3M DOAIMNTf,/C,mimNTf, spiked with **Pu (V) tracer.
2.6.4.5 Effect of temperature

Enthalpy change accompanied by the extraction of plutonium(lV) by 0.4 M
IMPNTf,/CsmimNTf, or by 0.3 M DOAIMNTf,/CymimNTf, was determined by
measuring the distribution ratio at various temperatures. The nitric acid concentration in
aqueous phase was varied from 1.0 to 5.0 M and the temperature of water bath was varied
from 303 K to 333 K.
2.6.4.6 Stripping Studies

Stripping of Pu(lV) was carried out from the ionic liquid phase, 0.4 M ImPNTf;
(or 0.3 M DOAIMNTf,)/CsmimNTf, after the extraction from 3M nitric acid by

employing the complexing agents in the aqueous phase. The complexing agents are 0.5M
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AHA and 0.5 M -1 M citric acid (or 0.5 M for DOAIMNTf, and 1 M for ImMPNTT,) as the
complexing agents in the aqueous phase (0.5 M HNO3).
The details of the results and discussions of the above study have been discussed in the
chapter 5.
2.6.5 Extraction behavior of plutonium(1V) in B — diketonate based ILs

The solutions of TOMATTA (0.2 M) in TOMANTHT; (or xylene), TOMAN (0.2 M)
in xylene, HTTA (0.2M) in xylene and the mixture of 0.2M TOMAN and 0.2M HTTA in
xylene [or CymimNTf, (n = 4, 6 and 8)] were prepared. Similarly, the solution of
THEPATTA (0.2M) in benzene, THEPAN (0.2 M) in benzene and the mixture of 0.2M
THEPAN and 0.2 M HTTA in xylene were prepared. For comparing the extraction
behavior of these ammonium based ionic liquids with that of imidazolium based ionic
liquids, the solutions of CymimTTA (0.2 M) in C,mimNTf, were also prepared. The
organic phase was pre-equilibrated with desired concentration of nitric acid to fix the
equilibrium acidity. All extraction studies were carried out with organic to aqueous phase
ratio of unity. Extraction of plutonium(lV) (or U(VI) or Am(lI1)) as a function of nitric
acid was studied by equilibrating 1 mL of organic with 1 mL of nitric acid solution
containing 2**Pu(1V) or *U(VI) or *Am(lII). The concentration of nitric acid in the test
solution was varied from 0.5 M to 5 M. After an hour, the equilibration was stopped, and
the radioactivity of *°Pu (or *3U) distributed between organic, and aqueous phases was
measured by liquid scintillation counting. The radioactivity of ***Am was measured using
a well-type Nal(TI) scintillation detector. The distribution ratio (Dan) of actinides, An (An
= Pu(lV), U(VI), and Am(III)), in organic phase, was determined from the ratio of the
ratioactivities of actinides in organic phase, and aqueous phase. The radioactivity balance
was > 99% in all cases. Amount of nitric acid present in organic, and aqueous phase after
equilibration of the test solution with 0.2 M TOMATTA in TOMANTT; (or xylene) and
0.2M CymimTTA in C,mimNTf, was determined by titrating a known volume of aliquot
(organic, and aqueous phases) with pre-standardized sodium hydroxide using
phenolphthalein as indicator.
The details of the results and discussions of the above study have been discussed in the
chapter 6(A).
2.6.6 Extraction behavior of europium(l11) in Aliquat — based ionic liquids

All the extraction studies were carried out at 298 K. Various solutions at
[A336][P204] or [A336] [DGA] in a suitable diluent were prepared. The organic phase
was pre-equilibrated with desired concentration of nitric acid. Extraction of europium(I1I)
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and americium(111) as a function of nitric was studied by equilibrating the organic phase
(1 mL) with aqueous phase (1 mL) containing desired pH spiked with “***YEu(111) or
2 Am(I11) tracer (20 mg/L in all experiments). The initial pH of the aqueous solution was
varied from pH 1 to 4 using nitric acid. After one hour of equilibration, the radioactivity of
2am(11) and ®ZDEY(I distributed between organic and aqueous phases were
measured using a well-type Nal(TI) scintillation detector. The pH of the aqueous phase at
equilibrium was measured. The distribution ratio (Dy) of the metal ion and their
separation factor (SF) were computed using equation 2.1 and 2.2 respectively. The effect
of DTPA concentration in aqueous phase on the distribution ratio (Dy) was studied by
varying the concentration of DTPA from 10° M to 10° M. Similarly the effect of
[A336][P204] and [A336]'[DGA] in organic phase was studied by varying the
concentration of ionic liquid from 0.004 M to 0.05 M.

The details of the results and discussions of the above study have been discussed in the
chapter 6(B).
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2.7 Some typical spectra of synthesized ionic liquids and HDEHDGA
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Figure 2.3. FTIR spectra of CymimNTf, (n =4, 5, 6 and 8)
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Figure 2.4. FTIR spectra of phosphonate based ionic liquid (IMPNTT,)
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Figure 2.7. FTIR spectra of amide based ionic liquid (DOAIMNTf,)
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CHAPTER -3

Extraction behavior of some actinides using room temperature ionic
liguids as diluent

This chapter deals with the application of room temperature ionic liquid as a
diluent for the extraction of some actinides. The RTIL used in study is 1-alkyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide C,mimNTf, (n = 4, 5 and 6). The
results on extraction behavior of americium (I11) in the solution of n-octyl(phenyl)-N,N-
diisobutylcarbamoylmethyphosphine oxide (CMPO) and tri-n-butyl phosphate (TBP) in
C4smimNTf, are reported. Similarly, the extraction behavior of actinides (Pu(lV), U(VI)
and Am(lIl)) in the solution of NN’-DiMethyl-NN’-  Di-Octyl-2-(2-
(hexyloxy)ethyl)malonamide (DMDOHEMA) in CymimNTf;, (n = 4, 5 and 6) is discussed
in detail.

3.1 Introduction

Room temperature ionic liquids [1] are receiving increased attention for possible
applications in the area of nuclear fuel cycle [2-13]. Essentially they are explored as an
alternative to the molecular diluent, n-DD in solvent extraction. The properties such as
insignificant vapour pressure, amazing ability to dissolve organic and inorganic
compounds, tunability to task-specific forms etc. make RTILs popular for agqueous
reprocessing applications, and the wide electrochemical window of RTILs offers huge
scope for non-aqueous reprocessing applications [6-10].

Dai et al. [2] and Visser et al. [4] studied the extraction of group | and Il metal ions
by crown ethers present in ionic liquid. Chun et al. [14] studied the influence of structural
variation in RTILs on the selectivity and efficiency of competitive alkali metal ion
extraction by crown ether. The results obtained from those studies indicated that the
extractants in conjunction with RTIL diluents have provided an unprecedented extraction
of target metals from aqueous solution under the condition that gives negligible or meager
extraction with customary diluents. This was attributed to the extraordinary solvating
ability of RTILs in extracted phase. Dietz and co-workers [15- 18] studied the extraction
behavior of several metal ions of nuclear interest using neutral extractants like crown
ether and tri-n-butyl phosphate (TBP) present in RTIL medium. The mechanism of
extraction in RTIL phase was reported to differ significantly in RTIL medium depending
upon the aqueous phase conditions. lon exchange between target metal ion and RTIL was
reported as one of the primary mode of metal transfer in RTIL phase. Dietz et al.[15 —18]
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proposed that unlike the customary diluents, RTIL diluents are not “inert” and may pose
several implications on the “greenness” of the solvent in solvent extraction processes.

Americium-241 is one of the long-lived alpha-emitting radionuclide formed in
significant quantities in a nuclear reactor. They are rejected in to high-level liquid waste
(HLLW) after separating uranium and plutonium from the dissolver solution by PUREX
process. The trivalent actinides are separated from HLLW by the TRUEX solvent
composed of a mixture of 1.2 M tri-n-butyl phosphate - 0.2 M N-octyl(phenyl)-N,N-
diisobutyl-carbamoylmethyphosphine oxide (CMPO) in n-dodecane [19]. Visser et al.[20]
reported the distribution ratio of Am(lIl), Pu(lV), U(VI) and Th(lIV) in 0.1 M
CMPO/C4mimPF¢ at various nitric acid concentrations. The distribution ratio of Am(I1I)
was reported to decrease with increase in the concentration of nitric acid. However,
detailed extraction behavior of Am (111) in RTIL solution was not reported. The extraction
behavior of Pu(lV) in a solution of octyl(phenyl)-N,N-
diisobutylcarbamoylmethylphosphine oxide (CMPQ) in ionic liquid was reported by
Lohithakshan et al.[11,12].

In addition to CMPO, amide based extractants are regarded as promising
candidates for the separation of trivalent acinides from HLLW. They have gained
prominence over phosphorous based extractants due to complete incenerablity and
formation of aqueous soluble radiolytic degradation products [21-26]. Among the
diamides, N,N’-DiMethyl-DiButyl-TetraDecylMalonamide (DMDBTDMA) and N,N -
DiMethyl-N,N’-  Di-Octyl-2-(2-(hexyloxy)ethyl)Malonamide = (DMDOHEMA) are
regarded as promising extractants for the separation of minor actinides [23 - 26]. The latter
compound, DMDOHEMA has some advantages such as enhanced organophilicity and
limited third-phase formation over DMDBTDMA. Shimojo et al.[27] studied the
extraction of lanthanides in a diglycolamide derivative tetraoctyldiglycolamide (TODGA)
present in CymimNTf,. The authors reported exceptional extraction in ionic liquid media
as compared to the isooctane system. Shen et al.[13] reported the extraction of U(VI) in
tetrabutyldiglycolamide (TBDA) and tetramethyldiglycolamide (MBDA) present in ionic
liquid medium. Efficient extraction of U(VI) at low acidities was reported in this case also.
The mode of uranyl ion partitioning in ionic liquid phase was shown to change from ion
exchange to the traditional M-solvate complex with the increase of hydrophobicity of
ionic liquid.

The objective of the studies discussed in this chapter is to report in the extraction
behavior of americium(lll) by TRUEX solvent (CMPO-TBP) present in ionic liquid
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medium  namely,  1-butyl-3-methylimidazolium  bis(trifluoromethansulfonyl)imide
(C4mimNTf,) and to compare the results with that of the conventional TRUEX solution
(CMPO — TBP /n-DD) in part “A”. In part “B”, it details the extraction behavior of some
actinides (U(VI), Pu(lV) and Am(Ill)) in DMDOHEMA in the ionic liquid, 1-alkyl-3-

methylimidazolium bis(trifluorometahnesulfonyl)imides (C,mimNTf, ; n = 4,5 and 6).
The synthesis of ionic liquids, C,mimNTf, (n = 4 — 6) and the details of the experimental

parts of the present study has been discussed in the section 2.4.2, 2.6.1 and 2.6.2 of the

chapter 2 respectively.
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A. Extraction behavior of americium(lll) in CMPO-TBP extractant in room
temperature ionic liquid

3.2 Results and Discussions
3.2.1 Effect of nitric acid

The distribution ratios of americium(lll) in CMPO-1.2 M TBP/CymimNTf, at
various concentrations of nitric acid are tabulated in table 3.1. The data are compared with
the distribution ratio of americium in TRUEX solvent as well as with 1.2 M
TBP/C4mimNTf,. Extraction of Am(Ill) in 1.2 M TBP/C,mimNTf; is insignificant and
Damany is of the order of ~10%. However, a remarkable enhancement in the distribution
ratio is observed in the presence CMPO. The Damgny in 0.2 M CMPO-1.2 M
TBP/C4ymimNTf, decreases from > 3000 to 274 with increase in the concentration of
nitric acid from 1.0 M to 5.0 M. In contrast, a maximum D value of 23 obtained for the
extraction of americium in TRUEX solvent at 3 M nitric acid. It is interesting to note from
table 3.1 that in 3 M nitric acid medium, a CMPO concentration of 0.05 M (in RTIL) only
is required for obtaining a comparable distribution ratio with that of TRUEX solvent. This
indicates that by using CsmimNTf, as diluent, the amount of CMPO needed for the
extraction of Am(IIl) from high-level liquid waste (3 —4 M in nitric acid) can be
minimized by a factor of four. Moreover, by using 0.2 M CMPO-1.2 M TBP/C,mimNTf5,
the trivalent actinides can be extracted in fewer number of extraction stages as compared

to extraction by TRUEX solvent.

Table 3.1. Distribution ratio of Am (Ill) in a solution of CMPO-1.2 M TBP in
C:mimNTf;, (or n-DD) as a function of nitric acid concentration. T =298 K, A/O =1,
Volume =1 mL, [Am(I11)] =20 mg/L

Distribution ratio of Am(I11)

[HNOs]eq. Concentration of CMPO in
IM CMPO-1.2 M TBP/CsmimNTf, TRUEX solvent
00M 002M 005M 02M (0.2 M CMPO-1.2 M TBP/n-DD)
1 0.03 7.7 151 > 3000 16.1
2 0.03 3.3 41 1792 22.7
3 0.04 2.2 27 905 22.6
4 0.05 1.8 17 485 20.4
5 0.07 15 12 274 17.3
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3.2.2 Effect of C4mim* concentration

It is observed from the table 3.1 that the extraction trend of actinides in molecular
diluent (TRUEX solvent) follows the initial increase followed by the decrease in the
distribution ratio at higher acidities. Generally, the extraction of actinides from nitric acid
medium by a neutral extractant present in molecular diluent exhibits this trend. However,
the unusual trend of decrease in the distribution ratio of americium (I11) with increase in
nitric acid concentration in case of ionic liquid indicates that the mode of americium (l11)
transfer in RTIL solution is different from n-DD system. In this context, Giridhar et
al.[28] studied the extraction behavior of uranium (V1) by a neutral extractant TBP present
in RTIL medium (RTIL= C;ymimNTf, and C4mimPF¢) and reported the unique extraction
characteristics depending upon the nature of RTIL. The decrease of distribution ratio was
reported for the extraction of uranium (VI) in TBP/CsmimNTf, at low nitric acid
concentrations (< 0.5 M) and continuous increase of distribution ratio at high acid
concentrations (> 5.0 M). The extraction observed at high nitric acid concentration was
attributed to the contribution of ion exchange reaction arising from RTIL. In 1.0 - 4.0 M
range, uranium (V1) was extracted as neutral uranyl nitrate complex, UO2(NO3),(TBP),,
by RTIL phase. Similarly, Dietz et al. [15] reported the involvement of cation exchange
mechanism for the extraction of uranium by TBP/C;mimNTf, at low nitric acid
concentrations (<0.5 M) and a neutral uranyl nitrate extraction at higher nitric acid
concentrations. Moreover, Dietz et al. [16, 17] also reported the cation exchange
mechanism for the extraction of Sr(Il) by dicyclohexano-18-crown-6 (DCH18C6) present
in 1-alkyl-3-methylimidazolium (C,mim) based ionic liquids. The mechanism was
reported to change from cation exchange to the ion pair extraction as the hydrophobicity
of ionic liquid cation was increased. Nakashima et al. [29] proposed a cation exchange
mechanism for the extraction of trivalent lanthanides by CMPO/CymimPFg (or
C4smimNTf,). The equation proposed by Nakashima et al.[29] for the extraction of
lanthanides is represented in equation 3.1.

To study the involvement of ion exchange mechanism for the extraction of
americium(l11) in the present case, the distribution ratio of americium was measured at
various concentrations of CsmimNOj3 (soluble in aqueous phase) present in aqueous phase.

Since the added C,mimNO;3; was dissolved in the ionic liquid to some extent, the aqueous
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phase concentration of C;mim” ion at equilibrium was not known. Thus, figure 3.1 shows
the variation in the distribution ratio of Am(lll) as a function of initial concentration of
C4mim” ion rather than equilibrium concentration. If the mechanism shown in equation 3.1
holds good for the extraction of americium (111), then log D against log [Csmim*] should
result in a straight line with a negative slope. The plot of log D —log [Csmim™] is shown in
figure 3.1. A slope value of —0.2 obtained in the present study indicates that extraction of

americium is not exclusively governed by ion exchange reaction shown in equation 3.1.

100

slope =-0.2

DAm(III)

slope ~0

10

01 1
[C,mimTor [NO] /M

Figure 3.1. Variation of D with concentration of C4mim+ or
[NO,],,, for the extraction of Am(III) from nitric acid medium
Solvent: 0.05 M CMPO-1.2 M TBP/C mimNTf; T = 298 K;

0 C,mimNO, in 1 M nitric acid varied from 0.2 - 0.8 M.

O NaNO, in 3 M nitric acid varied from 0.5 to 1.5 M.

A NaNO, in 4 M nitric acid varied from 0.5 to 1.5 M.

Moreover, if ion exchange is the predominant mode for extraction, then a high
distribution ratio could be expected for the extraction of Am(l1l) in RTIL alone. However,
a negligible D value (~10) obtained for americium extraction in the absence of CMPO
(table 3.1). This indicates the necessity of CMPO in RTIL solution and excludes the
predominance of ion exchange mechanism for americium (I111) extraction. Nevertheless,
the possibility of ion exchange process could not be ruled out since the distribution ratio of
americium decreases with increase in the concentration of C4mim® cation in aqueous
phase. Figure 3.1 also shows the variation in distribution ratio for the extraction of
americium (I11) in 0.05 M CMPO-1.2 M TBP/C,mimNTf, at different concentrations of
nitrate ion in aqueous phase. It is observed that the changes in distribution ratio of

americium are insignificant (slope ~ 0).
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3.2.3 Effect of CMPO concentration

As reported by Horwitz et al. [30], the extraction stoichiometry of americium in
TRUEX solution is determined by slope analysis. CMPO being a neutral ligand extracts
americium (I1) in the form of neutral americium (I11) nitrate complex as shown in the
equation 3.2. Thus at constant nitrate ion concentration, the variation of log D with

log [CMPOY] for the extraction of americium (111) can result in a slope (x) according to the

equation 3.5.

Am3 + 3NO3 5 +XCMPO || < [Am(NO 3)3.(CMPO) x 1L (3.2)

Am(NO3)3(CMPO) x ]
K o o (33)

[Am=" ]aq.[CMPO ]7[NO3 I3q.

K = ——— (3.4)

[CMPO ] *[NO3 ] 3.
log D = log K'+ x log [CMPO ] (3.5)

Where K is constant at constant nitrate concentration. Figure 3.2 shows the plot of log D
against log[CMPO]. It is seen that the D value increases with increase in the concentration
of CMPO. A slope value of 3.0 (x = 3) is obtained for the extraction of americium(lIl)
from 1.0 M nitric acid medium. Thus, the metal-solvate stoichiometry for the extraction of
americium(ll) in CMPO-TBP/C4ymimNTf, resembles that of TRUEX system at 1.0 M
nitric acid medium, wherein three molecules of CMPO are involved in co-ordination with
americium in organic phase. A similar 1 : 3 complex (Ln** :CMPO) was reported for the
extraction of some trivalent lanthanides from neutral solution by CMPO/RTIL [29]. In 3.0
M nitric acid medium, the slope value decreases to 2.4. Mathur et al. [31] reported a
similar value of 2.5 for the extraction of americium (I11) from 3.0 M nitric acid medium
by TRUEX solvent. Thus, the present study reveals that the stoichiometry of americium
(1) transfer from 1.0 to 3.0 M nitric acid medium to CMPO-TBP/RTIL phase occurs
with the stoichiometry observed for TRUEX solvent. However, in contrast to n-DD, the
americium (111) transfer in the present case is facilitated by the unique solvating ability of
RTIL that seems to be responsible for extraordinary extraction. In 5.0 M nitric acid
medium, the slope value further reduces to 2.1. Under these conditions, the extraction of
Am(111) by TRUEX solvent is not available in literature for comparison.
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1.0 M HNO_; slope = 3.0

2.0 M HNO_; slope = 2.5

3.0M HNO3; slope =2.4

4.0 M HNO,; slope = 2.2
3

oS4 PD>oDo

5.0 M HNO; slope = 2.1

22 20 18 16 14 12 10 08 06
log [CMPO]

Figure 3.2. log D -log [CMPQ] plot for the extraction of Am (111) from nitric acid

medium at 298 K. O : A =1:1, Equilibration time =1 hr
3.2.4 Effect of TBP concentration

The co-solvent, tri-n-butylphosphate in TRUEX solution acts as phase modifier.
Mathur et al. [31] studied the variation of TBP concentration in TRUEX solution and
reported the distribution ratio of several metal ions including americium (I11). It was
reported that TBP was not involved in extraction of americium (I111) as the distribution
ratio of americium decreased marginally with increase of TBP concentration. Similarly,
the role of TBP in a solution of 0.05 M CMPO-TBP in C;mimNTf, was studied by
measuring the distribution ratios of americium at various concentrations of TBP.
Table 3.2 shows the distribution ratios of americium (Ill) in 0.05 M CMPO-
TBP/CsmimNTf,. It is observed that distribution values decrease gradually with increase
in the concentration of TBP. The reason for such behavior is not clear at present, however,
the decrease in D values indicate that TBP is not involved in the extraction of americium.
In TRUEX solvent, TBP is added as modifier to avoid third phase formation. The results
shown in table 3.2 may have several implications on third phase formation of trivalents,
when RTILs are used as diluents in place of n-DD. The details on this study are reported

in the chapter 4.
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Table 3.2. Variation in the distribution ratio of americium (I11) as a function of TBP
concentration. Extractant: 0.05 M CMPO- TBP/CymimNTf,, T =298 K, A/O =1 mL,
[Am(I11)] =20 mg/L

[TBP/M Daman)
3 M HNO3 4 M HNO3
0.0 643 161
0.1 228 128
0.25 102 76
05 66 42
0.8 38 23
12 27 17
2.0 16 13

3.2.5 Extraction nitric acid and water

Comparison in the extraction of nitric acid and water by TRUEX solvent and
0.05 M CMPO-1.2 M TBP/C,ymimNTf, is shown in figure 3.3. It is observed that the
extraction of nitric acid by organic phase in both cases increases with increase in the
concentration of nitric acid in aqueous phase. This could be due to the increase in
protonation of TBP and CMPO in organic phase with increase of nitric acid concentration.
The water extraction isotherms by organic phases are also shown in figure 3.3. The
amount of water extracted by TRUEX solvent decreases with increase in the
concentration of nitric acid. A similar behavior was also reported for the extraction of
nitric acid by tri-n-butylphosphate/n-DD [32]. Increase in the concentration of nitric acid
in aqueous phase reduces the water activity and lowers the extraction of water by organic
phase. In contrast to this observation, extraction of water by RTIL phase increases with
increase in the concentration of nitric acid. A similar behavior in case of extraction of
water by TBP/C;mimNTf;, has been described elsewhere [28]. This could perhaps be due
to the employment of ionic nature of the diluent (~1.5 M CymimNTf,) that differs from
molecular nature of n-DD. In addition nitric acid is also extracted by organic phase, which
also requires water molecules for hydration. The combined effect of these water
requirements seems to result in increase of water extraction with increase in the
concentration of aqueous phase nitric acid. The equilibrium densities of organic phase
contacted with various concentrations of nitric acid are shown in table 3.3. It is seen that
the densities of organic and aqueous phase converge at ~1.2 g/mL when the
0.05 M CMPO-1.2 M TBP/CymimNTf; is equilibrated with 5.0 M nitric acid.
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3.0
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2.0

1.0

15 D\D;

—0—0.05 M CMPO-1.2 M TBP/C,mimNTf,

——0.05 M CMPO-1.2 M TBP/n-DD

—
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H_,O in organic phase/ wt.%

Organic [H NOa]eq‘ /M
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Aqueous [HNOS]eq IM
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Figure 3.3. Comparison in the extraction of nitric acid and water in organic phase
with concentration of nitric acid at 298 K. Solvent: 0.05 M CMPO-1.2 M
TBP/C4mimNTf, (or n-DD)

Table 3.3. Equilibrium densities of organic and aqueous phases at 298 K. Organic
phase: 0.05 M CMPO-1.2 M TBP/C,mimNTf; (or n-DD), Aqueous phase: Nitric acid
(1 -5 M), Equilibrium time: 1 hr, T = 298K, O/A =1

Equilibrium densities (in g/mL)

[HNOgz]ini/ M : i
Organic phase Aqueous phase Organic phase Agueous phase
1 1.25 1.01 0.82 1.02
2 1.25 1.04 0.83 1.04
3 1.24 1.07 0.84 1.08
4 1.26 1.10 0.85 1.1
5 1.24 1.20 0.85 1.13

3.2.6 Effect of Temperature

If the equilibrium concentrations of [CMPO].q and [NO37] given in equation 3.5 do

not vary much with temperature range studied, then the enthalpy of extraction of
americium(I11) by 0.05 M CMPO -1.2 M TBP/C;mimNTf, can be calculated by the van’t
Hoff equation as given in the section 2.5.16. The plot of In D against (1/T) for the

extraction of americium (Ill) at various concentrations of nitric acid by CMPO-TBP

solutions in CymimNTf, and n-DD are shown in figures 3.4 and 3.5 respectively. It is
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observed that the distribution ratio of americium (Ill) decreases with increase of
temperature indicating that extraction reaction is exothermic in both the cases. The

enthalpies of extraction, determined from the slope of straight lines, are given in table 3.4

50b O 10MHNO,; -AH_= 43.9 kd/mol 0
O 2.0 M HNO,; -AH_=38.0 kd/mol

45} & 3.0MHNO,; -AH_= 36.6 kd/mol
v 40MHNO,; -AH_=27.1 kJ/mol

40}

3.5}

InD

3.0p

2.5}

2.0F

1'5 A A A A A A A
295 300 305 310 315 320 325 330 335 340

1000/T /K™

Figure 3.4. Variation of In D with 1/T for the extraction of americium (I11) from
nitric acid medium using 0.05 M CMPO-1.2 M TBP/C4ymimNTf5.

-0.2F

O 10MHNO,
o4l © 20MHNO,

A 30MHNO,
06} v 40MHNO,

-0.8F

-1.0F

InD

1.2k

-14

-1.6F

-1.8F

S.E)O 3.65 3..10 3..15 3..20 3..25 3..30
1000/T /K™

Figure 3.5. Variation of In D with 1/T for the extraction of americium (111) from
nitric acid medium by 0.05 M CMPO-1.2 M TBP/n-DD
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Table 3.4. Comparison of enthalpy changes accompanied for the extraction of
americium by 0.05 M CMPO-1.2 M TBP solutions in CymimNTf, and n-DD at
various nitric acid concentrations

[HNO3]eq, / -AHiot/ kJ mol™
M CsmimNTf, solution n-DD solution
1 43.9 30.0
2 38.0 317
3 36.6 27.7
4 27.1 29.5

It can be seen that the exothermicity (-AHy:) decreases from 43.9 kJ/mol to
27.1 kJ/mol with increase in the concentration of nitric acid for the extraction of
americium in RTIL solution. However, this trend is not observed for n-DD system, where
the enthalpy change is about —30 kJ/mol irrespective of nitric acid concentrations. The
decrease in the overall exothermicity with increase in the concentration of nitric acid
could be due to several reactions [33] that can occur during the extraction of americium.
The enthalpy change (AHi:) during mass transfer consists of the enthalpy changes
associated with (a) dehydration of metal ion (b) formation of neutral metal-nitrate species
(c) transfer and dissolution of neutral species to organic phase (d) complexation of neutral
species with ligand (e) deprotonaton of ligand if the neutral specie forms a complex with
ligand existing as protonated complex (ligand—HNO3) and (f) rearrangement of organic
phase to attain stable configuration. Thus, the overall enthalpy change observed is the
combination of various factors and the magnitude of enthalpy change is governed by one
of the predominant factors indicated above occurring during extraction. The decrease in
exothermicity observed in the present case with increase in the concentration of nitric acid
could perhaps be attributed to the formation of CMPO-HNOg in organic phase at higher
nitric acid concentrations. Since the extractant, CMPO, need to be deprotonated to form
metal — solvate complex for extraction, the overall exothermic enthalpy change decreases
with increase in the concentration of nitric acid.
3.2.7 Viscosity measurement

Figure 3.6 shows the effect of temperature on the viscosity (n, in cP) of 0.05 M
CMPO-1.2 M TBP/C,ymimNTf,. It can be seen that the viscosity decreases from 23 cP to
6 cP with increase of temperature from 303 K to 348 K; whereas the viscosity of 0.05 M
CMPO-1.2 M TBP in n-DD remains almost constant at 3 — 4 cP at all temperatures
investigated in the present study. The activation energy (E,) required for decreasing the

viscosity can be determined from arrhenius equation given in the section 2.5.17 of the
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chapter-2 . Figure 3.6 shows the plot of n (in cP) against temperature. The energy of

activation derived was 33.6 kJ/mol from the slope of straight line.
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Figure 3.6. Variation of viscosity of 0.05 M CMPO- 1.2 M TBP solution in

C4smimNTTf, or n-DD with temperature. Inset: Arrhenius plot
3.2.8 Stripping of americium(l11)

Recovery of americium (111) from the loaded organic phase and recycling of ionic
liquid phase is one of the important requirements for solvent extraction applications. It is
observed from table 3.1 that distribution ratio of americium (111) decreases with increase in
the concentration of nitric acid. This indicates that, unlike americium stripping from
TRUEX solution, the stripping of americium (111) from ionic liquid phase could not be
carried our using at low nitric acid concentration. Nakashima et al. [29] investigated the
use of various reagents such as citric acid, acetohydroxamic acid, EDTA etc. for stripping
some lanthanides from ionic liquid phase and suggested citric acid formulation for
quantitative stripping. Figure 3.7 shows the stripping behavior of americium (I11) from
loaded RTIL phase by various stripping reagents. It is observed that maximum stripping
could be observed using 0.03 M DTPA. However, more investigation is necessary in this
regard to lower the number of stripping stages.
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Figure 3.7. Stripping behavior of Am(I1l) from RTIL phase using various reagents
at 298K.

3.3 Conclusions

The studies showed that the extraction of americium was facilitated by the
presence of RTIL. About 0.05 M CMPO in RTIL medium only was needed instead of 0.2
M CMPO employed in TRUEX solution for comparable extraction behavior. For
extraction from 1 M -5 M nitric acid, the stochiometry of americium extraction by
CMPO-TBP/CsmimNTf, resembled that of TRUEX solvent, wherein three molecules of
CMPO were involved in co-ordination with americium in organic phase. The ion exchange
mechanism for the extraction of americium (111) could not be excluded. The extraction of
americium (I1) in RTIL solution was accompanied by the release of energy and the

exothermicity decreased with increase of nitric acid concentration.
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B. Extraction behavior of some actinides (Pu(lV), U(VI) and Am(IIl) using
malonamide — room temperature ionic liguid system

3.4 Results and Discussions
3.4.1 Extraction in CymimNTf;

Figure 3.8 shows the the extraction of Pu(IV), U(VI) and Am(lIl) in C;mimNTf,.
It is observed that Dpyqvy is negligible (D < 10'®) at nitric acid concentrations lower than
2 M. A gradual increase in the distribution ratio of Pu(lV) is observed above 3 M nitric
acid. This behavior can be attributed to the anion exchange of [Pu(NO3)s(H.O)] or
[Pu(NOs)]* species present in aqueous phase with the NTf, ion of ionic liquid phase.
The details of the anion exchange mechanism for the extraction of Pu(IV) in CymimNTf;
has been discussed in the section- 5.2.1 and 5.2.2 of the chapter 5. In contrast to this
observation, the distribution ratio of U(VI) and Am(lI1) in CsamimNTf; is negligible at all
acidities. Since these metal ions do not form anionic species with nitrate ion as compared

to Pu(lV), they are not extracted by anion exchange [34].

25

20} —0— Pu(lV)
—O0— U(VI)
—— Am(I11)

15¢

O 10f

[HNOS]eq./M

Figure 3.8. Distribution ratio of Pu(IV), U(VI) and Am(1I1) in CsmimNTf,.
Aqueous phase: 0.5- 8.0 M HNOs. Equilibrium time = 1hr, T= 298K

3.4.3 Extraction in DMDOHEMA/C,mimNTf;

Figure 3.9 shows the variation in the distribution ratio of Pu(lV) in 0.3 M
DMDOHEMA/C,mimNTf; as a function of nitric acid concentration. It is observed that
the distribution ratio of Pu(lIV) initially decreases with increase in the concentration of
nitric acid. The distribution ratio reaches a minimum value at 3-4 M in nitric acid

followed Dby increase in Dpygyvy values. The trend observed in the presence of
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DMDOHEMA shows that there could be a couple of modes through which plutonium
(IV) is extracted in DMDOHEMA/C,mimNTf, phase. The extraction trend observed
above 4 M nitric acid in 0.3 M DMDOHEMA/C,mimNTf, compares well the trend
observed above 4 M in CymimNTTf; (figure 3.8). This indicates that plutonium (V) could
be extracted by the anion exchange of [Pu(NO3)s(H20)]" or [Pu(NOs)s]* species with
NTf, of ionic liquid phase in 0.3 M DMDOHEMA/C,smimNTf; also.

To confirm this, the variation in the distribution ratio of Pu(lV) in 0.3 M
DMDOHEMA/C,mimNTf, was studied as a function of [NTf, J.q at 5 M nitric acid. The
results are shown in the figure 3.10. Since, the added LiNTf, was dissolved in the ionic
liquid phase to some extent, the aqueous phase concentration of [NTf,] ~ ion at
equilibrium was not known. In view of this, figure 3.10 shows the variation in the
distribution ratio of Pu(IV) as a function of initial concentration of NTf," ion rather than
equilibrium concentration. It is observed that the distribution ratio of plutonium (IV)
decreases with increase in the concentration of NTf," ion in aqueous phase as expected.
The decreasing trend observed from such plot indicates the involvement of anion
exchange of anionic Pu(lV) species with NTf,” of organic phase. Moreover, the slope
observed is comparable with the slope reported for the extraction of Pu(lV) in C;mimNTf,
(as discussed in the chapter 5: section- 5.2.2). All these observations, indicate that the
predominant mode of Pu(lV) extraction in 0.3 M DMDOHEMA/C,mimNTf, above 4 M
is through anion exchange. Since U(VI) and Am(I11) do not form such anionic species in
significant quantities, the anion exchange is not observed at high acid concentrations [34].
Otherwise the Dyviy and Damgny would have increased with increase in the concentration
of nitric acid like Pu(lV) extraction. In addition, the extraction of Am(IIl) in 0.3M
DMDOHEMA/C4smimNTf, above 2 M nitric acid is negligible.

Below 4 M nitric acid, the enhancement in distribution ratio of actinides in the
presence of DMDOHEMA (figure 3.9) indicates the involvement of DMDOHEMA for
extraction. In this range (0.5 — 4 M), the extraction of actinides could occur by ion
exchange or by metal —solvate complex formation with DMDOHEMA/CsmimNTf,. The
possibility of anion exchange is unlikely to occur in this region, since the abundance of
anionic plutonium (1V) species (as well as U(VI) and Am(111) species) is negligible in the
acid range 1 -3 M [34, 35]. It is well-known that plutonium (1V) is purified by anion
exchange method only from 5 —6 M nitric acid. These characteristics indicate that the
abundance of U(VI), Pu(IV) and Am(l1l) anionic species, below 4 M, is insignificant and

it is unlikely that these actinides are extracted by anion exchange from 0.5 - 4 M nitric
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acid. However, the effect of [NTf; Jini.aq. On the extraction of these actinides in 0.3 M
DMDOHEMA/C,mimNTf, from 1 M nitric acid medium was studied and the results are
shown in figure 3.11. It is observed that the distribution ratios of U(VI), Pu(lV) and
Am(Il) increase with increase in the concentration of [NTf;Jiniaq. This result is
inconsistent with the anion exchange observed at 5 M HNOj (figure 3.10). The results
confirm that anion exchange is not responsible for extraction of actinides from nitric acid

concentration less than 4 M.

160 0.3 M DMDOHEMA/C,mimNTf,
—0— Pu(1V)

120 } —O— U(VI)
—— Am(I11)

80
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Figure 3.9 Distribution ratio of Pu(lV), U(VI) and Am(lIl) in 0.3 M
DMDOHEMA/C4mimNTf,. Aqueous phase: 0.5- 8.0 M HNOg, Equilibrium time =
lhr, T=298K.
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Figure 3.10. Variation of distribution ratio of Pu(lV) as a function of [NTf,]ni in
the aqueous phase. Organic phase: CimimNTf, (or 03 M
DMDOHEMA/C,mimNTf;). Aqueous phase: 5 M HNO; + (0.1-0.5 M) LiNTf,.
Equilibrium time =21 hr. T = 298 K.
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Figure 3.11. Variation in the distribution ratio of Pu(IV), U(VI) and Am(Ill) as a
function of initial NTf,” concentration in the aqueous phase. Organic phase: 0.3 M
DMDOHEMA/C4smimNTf;,, Aqueous phase: 1 M HNO3 + (0.1 - 0.5 M) LINTf,, T
=298 K, Equilibrium time =1 hr, T - 298 K

3.4.4 Stoichiometry of extraction

Cation exchange is being reported as the primary mode of metal ion transfer in
ionic liquid media [11-18, 27]. For instance, cation exchange is the predominant mode of
metal ion transfer in systems such as Sr** in crown ether/ionic liquid [16], Pu(IV) in
CMPO/ionic liquid [11], lanthanides in diglycolamide/ionic liquid [27] etc. In all those
studies the authors reported the cation exchange of metal — solvate cation complex with
Csmim” ion of ionic liquid. Therefore the metal-solvate stoichiometry in the present case
was investigated by the slope analysis of extraction data. The variation of Dy (M = U(VI),
Pu(IV) and Am(l11)) with [DMDOHEMA] is shown in the figure 3.12. Linear regression
of the extraction data results in a slope of 2 for U(VI) and Pu(lV), indicating that two
molecules of DMDOHEMA are involved in the extraction. This value is in good
agreement with the value reported for molecular diluent [26]. In contrast to this
observation as well as to those observed in molecular diluent (n-DD, slope 2) [23], a slope
of 3 is obtained for the extraction of Am(lIl).

Figure 3.13 shows, the IR spectra of DMDOHEMA/C,mimNTf, before and after
the extraction of U(VI) in ionic liquid phase. It is observed that the transmittance band
occurring at 1640 cm™, due to >C=0 stretching, is broadened and shifted to 1602 cm™

upon uranium(VI) extraction from 0.1M nitric acid medium in 0.3M
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DMDOHEMA/C4ymimNTf,. This indicates that the carbonyl moiety of DMDOHEMA is
involved in coordination with U(V1) after extraction. The possibility of a cation exchange
of the M-solvate complex with Csmim” ion of the ionic liquid was investigated by
measuring the absorbance of C4mim™ cation (~ 250 nm) in nitric acid medium obtained

after extraction.

1000
O Pu(lV)
100p & UVD)
o  Am(l)
10
=
()]
1
0.1F
0.01 .
0.1 1
[DMDOHEMA]/M

Figure 3.12. Variation in the distribution ratio of Pu(l1V), U(VI) and Am(IIl) as a
function of DMDOHEMA concentration in ionic liquid phase. Organic phase: 0.05
- 0.5 M DMDOHEMA/CsmimNTf,, Aqueous phase: 3 M HNOs, Equilibrium time
=1hr, T=298K,0/A=1

C,mimNTf,
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: \W k/v 1640cm=—
WmNTf equilibrated with 0.1 M HNO,

1634cm™”

U loaded 0.3 M DMDOHEMA/C mimNTf,

1602cm’

3500 3000 2500 2000 1500 1000

% Transmittance

Wave No./cm™
Figure 3.13. FTIR spectra of ionic liquid solutions
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1.4} —— C,mimCl in 0.5M HNO,
+ Aqueous phase after U(VI) extraction

12¢

Absorbance
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oo M M M M M M
248 250 252 254 256 258 260 262

Wave length/nm

Figure 3.14. Comparison in the absorption spectra of C;mimCl (102 M in 0.5 M
nitric acid) and the aqueous phase obtained after U(VI) extraction. The aqueous
phase used for extraction was U(VI) (10 M) in 0.5 M nitric acid and organic
phase was (0.3 M DMDOHEMA/CsmimNTf;

Figure 3.14 given above, shows the UV-visible absorption spectrum of C;mimCl in
0.5 M nitric acid. It is observed that the absorption maximum is observed at the Amax Of
250 nm. Figure 3.14 also shows the absorption spectrum of aqueous phase obtained after
the extraction of uranium(VI) from 0.5 M nitric acid medium. Comparable absorption
spectrum observed in this case confirms that U(VI) is likely to be extracted by cation
exchange mechanism below 4 M nitric acid medium. A similar mechanism could be
responsible for the extraction of Pu (IVV) and Am (l11) also in ionic liquid medium below
4 M nitric acid. Based on these observations the equation 3.6 can be proposed for the

extraction of actinides from nitric acid medium below 4 M.

M'%g +m DMDOHEMA | +n C4mim | < {M({DMDOHEM A)m}{" +n Cgqmim & (3.6)
3.4.5 Nature of diluent
Figure 3.15 shows the variation in the distribution ratio of actinides in 0.3 M
DMDOHEMA/C,mimNTf, (n = 4 - 6). It is observed that the distribution ratio of actinides
decreases with increase in the chain length of alkyl group in CymimNTf,. A similar
behavior was also reported for the extraction of U(VI) and other metal ions in various
systems [13,15]. This was attributed to the suppression in ion exchange mode of actinide

transfer in ionic liquid phase, and switchover of extraction mechanism from ion exchange
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to the traditional solvation with the increase of hydrophobicity of ionic liquid (increasing
chain length) [15].

50
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30 Am(I11)
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160

Extractant : 0.3 M DMDOHEMA/RTIL
120 —O— C,mimNTf,
—0— CsmimNTf2
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80 U(Vv1)

40
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Figure 3.15. Variation in the distribution ratio of U(VI), Pu(l1V) and
Am(111) as a function of alkyl chain length of C mimNTf..

Organic phase: 0.3 M DMDOHEMA/C mimNTf,, Aqueous phase:
0.1-5.0M HNOs, Equilibrium time = 1hr, T = 298K

3.4.6 Separation factor

Table 3.5 shows the separation factor (SF) of U(VI) and Pu(IV) achieved with the
use of 0.3 M DMDOHEMA/C;mimNTf, from other radionuclides. It is observed that a SF
of > 1000 is achieved for U(VI) from radionuclides such as ®sr, ®Co, **Mn and *Ru.
Similarly, a SF of >1000 for Pu(lV) is achieved from ®Co, **Mn and °Ru. It is
interesting to compare the distribution values obtained in the present study with those
obtained in conventional molecular diluent n-DD. It was reported [24] that the distribution
ratio of U(VI) in 1 M DMDOHEMA/n-DD increases from the value of ~ 3 at 0.1 M HNO3
to ~200 at 4 M HNOg. Patil et al. [25] reported the distribution ratios of 34.1 and 15.5 for
Pu(1V) and Am(III) extraction from 3 M HNO3; using 1 M DMDOHEMA/n-DD. These
studies [21, 23 - 26] indicates that DMDOHEMA extracts Pu(lV), U(VI) as well as

Am(I11) when the diluent used was n-DD. In contrast to that study, the extraction of
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Am(I11) is insignificant in the present case using ionic liquid diluent (< 10°%) as compared
to U(VI) and Pu(lV) (see figure 3.8). This indicates that ionic liquid diluents offers
enhanced stability to the U(VI) and Pu(IV) complex in organic phase. Table 3.6 shows the
comparison in the distribution ratio of actinides in various amide/ionic liquid systems. It is
observed that DMDOHEMA in conjunction with the ionic liquid exhibits excellent

extraction of actinides from nitric acid medium, over other amide/ionic liquid systems.

Table 3.5. Decontamination factors of U(VI) and Pu(lV) at 3 M HNO; . Organic
phase : 0.3 M DMDOHEMA / C;mimNTf,, Aq. Phase : 3M HNO;

Separation factors of

Radioisotopes B -
U(VI) [SF = Dywiy / Dm™] Pu(IV) [SF = Deuav) / Dm ]

2L Am(11) 228 107
WS2HDEL (1) 200 94
& sr() 1000 400
139 Ce(1V) 400 166

%0 Co(ll) 3600 1500

> Mn(I1) 2570 1070

106 Ru(In 2500 1000

Table 3.6. Distribution ratios of Pu(lV), U(VI) and Am(III) in various amide/ionic
liquid systems. Organic phase: Extractants in ionic liquid diluent, Aqueous phase: 1
M HNOj; spiked with the actinide tracers, Equilibrium time: 1 hr, Temperature =
298 K, O/A=1

Distribution ratio of

Solvent systems

U (VI) Am(II1) Pu (IV)
(P(;fe;?\r/]ltl\s/fltj)d())/HEMA/QmimNsz) 62 4 100
0.01 M TBDA/C4mimPF 2.75 [13]
0.01 M MBDA/ C4mimPFg 2.25 [13]
0.5 M DOBA/C;mimNTf, 0.15 [36] 0.007 0.05 [36]
1 M DHOA/C,mimNTf, 0.93 0.01 2

TBDA — Tetrabutyldiglycolamide, MBDA — Methylbutyldiglycolamide, DOBA — Di-n-
octylbutyramide, DHOA — Di-n-hexyloctanamide, CsmimPFg — 1-butyl-3-
methylimidazoilum hexafluorophosphate.
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3. 4.7 Viscosity measurement

Figure 3.16 shows the effect of temperature on the viscosity (n, in cP) of 0.3M
DMDOHEMA/CymimNTf, in comparision with the viscosity of CsmimNTf, and neat
DMDOHEMA. It is observed that the viscosity of 0.3 M DMDOHEMA/C;mimNTf,
decreases from 60 cP to 16 cP with increase of temperature from 298 K to 333 K.

O DMDOHEMA
80 O 0.3 M DMDOHEMA /C mimNTf,
A C4mimNTf2

Viscosity /cP

w
o

N
o

Iy
o

295 300 305 310 315 320 325 330 335
T/K

Figure 3.16. Viscosity of DMDOHEMA, CymimNTf; and 0.3 M
DMDOHEMA/C4mimNTf;

3.5 Conclusions

The extraction behavior of Pu(lV), U(VI) and Am(Ill) in DMDOHEMA/ionic
liquid solution was studied. The extractant DMDOHEMA showed excellent selectivity for
U(VI) and Pu(IV) inionic liquid diluent, whereas in n-DD, Am(I11) was also co-extracted.
Above 4 M nitric acid, the primary mode of Pu(IV) transfer in ionic liquid phase was
found to be anion exchange. However, below 4 M nitric acid the investigations indicate
that the most plausible mechanism of actinides transfer in ionic liquid phase was cation
exchange of metal — solvate complex with C;mim* cation of ionic liquid. The distribution
ratio of actinides decreased with increase of alkyl chain length of C,mimNTf, and SF of >
1000 was obtained for actinides from many fission products. Above studies confirmed that
the malonamide, DMDOHEMA, in conjunction with the ionic liquid showed excellent
extraction of U(VI) and Pu(lV) from nitric acid medium, indicating DMDOHEMA/ionic

liquid, a promising candidate for reprocessing applications.
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CHAPTER -4

Extraction — Third phase formation behavior of Eu(lll) and its mutual
separation from Am(I11) using room temperature ionic liquid medium

This chapter discusses the extraction and third phase formation behavior of the
Eu(lll) in a TRUEX solvent present in ionic liquid medium. The distribution ratio of
Eu(ll) was studied at various equilibrium concentration of nitric acid, Eu(lll) loading in
the aqueous phase, temperature, concentration of TBP, CMPO etc. This chapter also
dicsusses the mutual separation of europium(lIl) from americium(ll) in RTIL medium.
The extraction of Eu(l1l) and Am(I1l) was carried out in the solution of bis(2-ethylhexyl)
phosphoric acid (D2EHPA) or bis(2-ethylhexyl)diglycolamic acid (HDEHDGA) in the
RTIL, 1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, CgmimNTf,.
diethylenetriaminepentacetic acid (DTPA) was used as the complexing agent in the
aqueous phase for separating Eu(111) from Am(IlI).

4.1 Introduction

In solvent extraction, the “third phase formation” refers to the splitting of organic
phase in to two under high loading of acid/metal ion in to the organic phase [1-3]. The
third phase is formed due to the incompatibility of polar metal-solvate (or acid-solvate)
with non-polar hydrocarbon diluent. The lighter phase is rich in diluent and the heavier
phase contains high concentration of extractant and metal-solvate. The heavy phase is
known as “Third Phase”, with density intermediate between diluent rich organic and
aqueous phases. Therefore it usually accumulates at the interface [4]. This phenomenon is
well-known and has been investigated extensively in various systems [5 - 7]. Several
parameters such as temperature, nature of diluent, equilibrium aqueous phase acidity,
extractant structure, extractant concentration etc., can influence third phase formation. The
maximum concentration of metal ion in the organic phase above which the organic phase
would split into two phases is called limiting organic concentration (LOC) and the
corresponding critical aqueous concentration of metal ion in the aqueous phase is called
critical aqueous concentration (CAC) [5]. Thus, it is desirable to restrict the metal loading
much below LOC, in systems that are prone to third phase formation, as it complicates the
hydrodynamics of solvent extraction and may lead to criticality in case of extraction of
fissile elements. TRUEX process [8] has been adopted, worldwide, for the recovery of
trivalent lanthanides and actinides (Am(l1l)), from high-level liquid waste (HLLW). The
solvent is composed of mixture of 0.2M n-octyl(phenyl)-N,N-

diisobutylcarbamoylmethyphosphine oxide (CMPQO) — 1.2 M TBP in n-dodecane [9,10].
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The LOC of Eu(lll) in TRUEX solvent is ~ 9 mg/mL and CAC value is ~ 6 mg/mL at 303
K [11]. The use of ionic diluent in solvent extraction would be expected to change the
physical and chemical properties of organic phase [12]. Therefore, it is interesting to study
the behavior of third phase formation in TRUEX solventpresent in ionic liquid medium.

The most challenging task at the back end of the nuclear fuel cycle after the group
sparation is the individual separation of lanthanides from actinides viceversa. This
separation is difficult to accomplish due to the similarities in the chemical properties of the
trivalent actinides and lanthanides present in the waste (HLLW) [13 - 16]. However there
are some marginal differences with respect to the chemical reactivity of lanthanides and
actinides towards certain reagents, and such differences have been exploited for the Ln/An
separation. In this context, several authors have reported the separation of lanthanides
from actinides or vice versa using liquid-liquid extraction procedures [17-20]. In the recent
past TALSPEAK (Trivalent Actinides and Lanthanides Separation by Phosphorous based
Extractants from Aqueous Komplexes) process is emerging as the promising technique
[20-23] for such applications. This process essentially exploits the differential complexing
abilities of lanthanides and actinides towards the extractant, bis(2-ethylhexyl) phosphoric
acid (D2EHPA), and the aqueous soluble complexing agent diethylenetriamine-N, N, N,
N”, N’”-pentaaceticacid (DTPA) for efficient separation [21-23].

In addition, alkyldiglycolamides (DGA) are emerging as superior candidates for
the separation of trivalents from high-level liquid waste [24-31]. Introduction of an etheric
oxygen between the two amide groups, as in DGA’s, increases the extraction of minor
actinides due to the enhanced tridentate complex formation with trivalents. Since, the
extractant, HDEHDGA being a derivative of glycolamic acid, it is also expected to be a
superior candidate for the separation of lanthanides and actinides from aqueous medium.
The structure of HDEHDGA, D2EHPA, CegmimNTf, and DTPA are shown in figure 1.
Shimojo et al. [29-31] studied the extraction behavior of lanthanides using N,N-
dioctyldiglycolamic acid (DODGAA) and reported the mutual separation of lighter,
middle  and heavier lanthanides using DODGAA and  tetrakis(2-
pyridylmethyl)ethylenediamine (TPEN).

This chapter deals with the extraction and third phase formation behavior of
Eu(lll) in CMPO — TBP/IL system in part “A” and its mutual separation from Am(lIl)
using two different class of acidic extracatants (bis(2-ethylhexyl)phosphoric acid,
D2EHPA and bis(2-ethylhexyl)diglycolamic acid, HDEHDGA) in ionic liquid medium in
part “B”.
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The synthesis of ionic liquids and the extractant (HDEHDGA) have been discussed
in discussed in the section 2.4.2 and 2.4.8. The experimental parts of the present chapter

have been detailed in the section 2.6.1 and 2.6.3 of the chapter 2 respectively.

A. Extraction — Third phase formation behavior of Eu(l11) in room temperature ionic
liquid medium

4.2 Results and discussions
4.2.1 Effect of nitric acid

Figure 4.1 shows the variation in the distribution ratio of Eu(lll) in 0.2 M CMPO-
1.2 M TBP/CsmimNTf, with the equilibrium concentration of nitric acid (0.01 — 5 M) in
aqueous phase at 303 K. The data are compared with the distribution ratio of Eu(lll) in
TRUEX solvent (0.2 M CMPO-1.2 M TBP/n-DD) at 303 K. Extraction of Eu(lll) in 1.2 M
TBP/C,mimNTf, was determined to be insignificant and it was of the order of 107.
However, remarkable enhancement in the distribution ratio is observed in the presence of
CMPO. It is interesting to compare the extraction behavior of Eu(lll) by TRUEX
extractants present in ionic liquid and n-DD medium. In ionic liquid medium, the D values
increases from 435 at 0.01 M nitric acid reaches a maximum value of ~1200 at 0.5 M
followed by decrease in D values. However, in dodecane system the distribution ratio
increases from 107 at 0.01 M nitric acid reaches a maximum value of 13 at 3 M nitric acid
followed by decrease. The reason for the differences in the distribution ratios observed in
molecular and ionic liquid systems is not clear, however, the study indicates that use of

ionic liquid enhances the distribution ratio of Eu(ll11).

1000 f

100 =—0—0.2M CMPO -1.2 M TBP/C mimNTf,
—O0—0.2 M CMPO - 1.2 M TBP/n-DD

DEu(III)

10 L /r—@m
0 1 2 3 4 5
[HNO,] +0.05M

Figure 4.1. Variation in the distribution ratio of “>***Eu(I11) with concentration
of nitric acid at 303K. Organic phase : 0.2 M CMPO -1.2 M TBP/C ,mimNTf,

(or n-DD),Aqueous phae: 0.01 M HNO, spiked with (152+154)Eu(lll) tracer 97
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4.2.2 Effect of IL diluents

The extraction of Eu(lll) in CMPO — TBP in CymimNTf, (n = 4, 6 and 8) as a
function of nitric acid concentration was studied and the results are shown in figure 4.2. It
is observed that the distribution ratio of ®****Eu(l11) decreases with increase in the chain
length of alkyl group attached to the cation part of the ionic liquid. This observation is not
new to ionic liquid systems. This was attributed by the several authors [12, 32] to the

decrease in the ability of ionic liquids to undergo ion exchange with increase of

hydrophobicity.
50
—0—0.05 M CMPO - 1.2 M TBP / C,mimNTf,
401 —0—0.05M CMPO - 1.2 M TBP / C,mimNTT,
—£—0.05 M CMPO - 1.2 M TBP / C;mimNTf,
= 30
3
o

10F

[HNO], /M

Figure 4.2. Distribution ratio of ®**™¥Ey(lll) in 0.05 M CMPO - 12 M
TBP/CsmimNTf(or ComimNTf, or CgmimNTf,. O/A =1:1, T = 303 K,
Equilibration time = 1 hr

4.2.3 Effect of Eu (I11) loading

Table 4.1 shows the variation of europium loading in a solution of 0.2 M CMPO-
1.2 M TBP in CymimNTf, as a function of its initial concentration in aqueous phase. The
solubility limit of europium(l11) nitrate in 1 - 5 M nitric acid is ~ 300 mg/mL. Therefore,
the aqueous phase concentration of europium was varied from 20 to 300 mg/mL. It is
observed that loading of europium in ionic liquid phase increases from ~12 to 40 mg/mL
with increase in Eu(lll) concentration in the aqueous phase. Interestingly in all cases, the
anticipated third phase formation was not observed, whereas, in conventional n-DD
system, the LOC was 9 mg/mL only. The correct reason for the absence of third phase in
ionic liquid system is not clear at present, however, it can be attributed, perhaps, to the

polar nature of ionic liquid, CsmimNTf,, and its ability to dissolve/stabilize the Eu(lI1)—
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solvate complex. Increasing the concentration of nitric acid (1 — 5 M) marginally reduces

the loading of europium in organic phase.

Table 4.1. Variation of europium(lll) loading in 0.2 M CMPO - 12 M
TBP/C4ymimNTf, at various initial concentrations

Organic loading(mg/mL) at different equilibrium acidities
and temperatures

[Eu(11)]ini, mg/mL 1M 3M 5M

303K 333K 303K 333K 303K 333K
20 12.1 11.2 12.2 11.2 12.4 10.9
50 16.0 15.0 16.1 14.9 15.7 15.1
100 22.7 18.7 24.2 20.5 21.0 20.0
150 26.2 24.7 25.4 23.3 24.2 23.7
200 32.1 28.8 30.1 29.8 30.5 27.6
250 36.3 35.2 36.3 33.1 34.1 32.6
300 43.2 42.2 38.5 37.7 36.4 34.1

4.2.4 Effect of CMPO concentration

The stoichiometry of trivalent lanthanides can be determined by the slope analysis
of the extraction data. The plot of logDg, against log [CMPO]yg gives the number of
extractant molecules solvating Eu(l1l). CMPO being neutral extractant, extracts Eu(lll) in

neutral form by the reaction represented by equation (4.1).
Bu3q. + 3NO3 g +XCMPO | < [Eu(NO 3)3.(CMPO) x IiL (4.1)

[Eu(NO 3)3(CMPO) x i

K =
[Eu 3" Jaq.lcMPO] X [NO3 13,

(4.2)

DEu
K = (4.3)
[CMPOJX [NO3 13,

At constant nitrate ion concentration the variation of log Dgy with log [CMPO]gg is shown
in equation 4.4.

logDgy = IogK' + X log |:MPO]|_ (4:4)

where K’ is constant at constant nitrate concentration. The plot of log Dg, against

log [CMPO]or is shown in figure 4.3. It is seen that Dg, value increases with increase in
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the concentration of CMPO. A slope value of 3.0 is obtained for the extraction of
europium (I11) from 1.0 M nitric acid medium. Thus, the metal-solvate stoichiometry for
the extraction of europium(lll) by CMPO-TBP/C;ymimNTf, resembles that of TRUEX
system at 1.0 M nitric acid medium, wherein three molecules of CMPO are involved in co-
ordination with europium in organic phase. A similar 1 : 3 complex (Ln*" :CMPO) was
reported for the extraction of some trivalent lanthanides from neutral solution by
CMPO/RTIL [33]. In chapter 3, the stoichiometry of Am(lll) in CMPO -
TBP/CsmimNTf; is reported as 3 in 1.0 M nitric acid. However, in 3.0 M nitric acid
medium, the slope decreases to 2.8 (~3) and at 5.0 M nitric acid medium the value
decreases to 2 as shown in figure 4.3. However, extending this slope analysis technique to
determine the stoichiometry at higher metal loadings would involve large error as the

equilibrium concentration of [CMPO],. in equation 4.4 is not known.

1M HNO_; Slope = 3.0
2M HNO_; Slope = 2.8
4M HNO_; Slope =2.3
; Slope=2.1

2.8}

< D> oao

IogDEu(III)

13 12 1110 09 08
log[CMPO]

Figure 4.3. log D - log[CMPO] plot for the extraction of Eu(lll) at 303 K. O:A =
1:1, Equilibration time =1 hr

Table 4.2. Variation of europium(lll) loading from 3 M nitric acid medium as a
function of CMPO concentration in CMPO - 1.2 M TBP/CymimNTf,. T=303 K,

[CMPO]Jini in CMPO - 1.2 M TBP/C,mimNTf,

[Eu]ini,

mg/mL 01M 0.15 M 0.2M 0.25M 0.3M
20 7.1 9.2 12.2 15.3 17.5
50 9.8 12.1 16.1 18.2 20.7
100 16.2 18.0 24.2 25.4 28.6
200 245 28.2 30.1 33.3 38.7
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Nevertheless, the variation of europium loading as a function of [CMPO];,; and
[Eulini was studied and the data are presented in table 4.2 shown above. It is observed that
loading increases with increase in the concentration of [CMPO]i,; and [Eu]i,i. From table
4.1, at the saturation solubility of europium(lll) in nitric acid (~300 mg/mL), the loading
of europium in 0.2 M CMPO-1.2 M TBP/CsmimNTf, phase is ~40 mg/mL (Eu = 0.26
mmol/mL). This corresponds to the stoichiometry of Eu :CMPO as ~1 : 0.8. Several
authors [9, 34-36] have determined the metal-solvate stoichiometry of lanthanides in
CMPO phase by slope analysis as 1: 3 (Ln: CMPO) and also predicted theoretically that it
can range from 1: 3 to 1. 1. The present study is the first kind of proof that the metal-
solvate stoichiometry is near 1:1 in TRUEX solution which is otherwise indeterminable
due to third phase formation in conventional n-DD system. The study thus indicates that
the stoichiometry of Eu: CMPO varies depending upon loading of europium, from 1: 3 at
trace levels, to 1 : 1 at higher loadings in ionic liquid medium.
4.2.5 Role of TBP

Tri-n-butyl phosphate is added to TRUEX solution to modify the organic phase
and to circumvent third phase formation. Nagasaki et al. [6] investigated the third phase
formation in CMPO-TBP-DD-HNO3 system. The boundary of third phase formation was
determined as a function of concentrations of CMPO and TBP, and temperature. Mathur
et al. [37] studied the variation of TBP concentration in TRUEX solution and reported the
distribution ratios of several metal ions including americium (111). Chapter 3 describes the
variation of extraction of Am(IIl) with the concentration of TBP in TRUEX extractant
/IC,mimNTf,. In both cases mentioned above it was reported that TBP was not involved in
extraction of americium (I11) as the distribution ratio of americium decreased marginally
with increase of TBP concentration. Table 4.3 shows the distribution ratio of Eu(lll) in
0.2 M CMPO-TBP-CsmimNTf, as a function of concentrations of TBP and HNOs. It is
observed that Dg, decreases with increase in the concentration of TBP. As expected in this
ionic liquid system, third phase formation was not observed in all cases. Thus, it appears
that TBP in CMPO-TBP/CsmimNTf, has very little role in view of the absence of third
phase formation and addition of TBP only reduces the distribution ratio of europium. This
indicates that 0.2 M CMPO/C,mimNTf, may be adequate for the extraction of trivalents
from nitric acid medium. However, when the initial concentration of Eu(lll) in the feed
was increased above 10 mg/mL, a “crud —type” precipitate was observed at the interphase
during the extraction in 0.2 M CMPO/CsmimNTf, and the “crud” increases with increase

in the concentration of Eu in the aqueous phase. In addition, the “crud” undergoes
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dissolution by the addition of TBP to the extent of ~0.2 M in organic phase. This shows
that a modifier like TBP is required to the extent of 0.2 M in ionic liquid phase. Table 4.4
shows the “crud” formation behavior in 0.2 M CMPO- TBP/CsmimNTf, as a function of
TBP and nitric acid concentration.

Table 4.3. Distribution ratio of ®**** Eu(111) in 0.2 M CMPO — TBP/CsmimNTf,.
T = 303K

[HNO3]eq i . .
[TBP] in 0.2MCMPO — TBP/C4mimNTf,
0.05M oM 0.1 M 0.3 M 0.8 M 1.2 M
1 1750 1672 1425 1140 1040
3 1142 950 690 425 352
5 800 550 416 250 170

The initial aqueous phase concentration of [Eu]i, was fixed at 300 mg/mL. In the
absence of TBP, “crud” was observed in all cases. However, with increase in TBP
concentration the “crud — formation” is reduced. When 02 M CMPO-0.2 M
TBP/CsmimNTf; is used for extracting europium from in 1 —5 M nitric acid, “crud” —
formation is not observed. This behavior is similar to the third phase formation of TRUEX
solution with nitric acid medium reported by Liansheng et al. [38]. It was reported that
when TBP was not present (i.e. in CMPO/n-DD), third phase formation was observed after
equilibrating 0.5 M nitric acid and its ability to form third phase decreased with increase in
the ratio of [TBP]/[CMPO]. At [TBP]J/[CMPQ] ratio above 3, third phase was not
observed even at 6 M nitric acid. Comparing the Liansheng et al. [38] data with the
present study, it seems that modifier, such as TBP, is necessary even in C;mimNTf;
system, perhaps to other RTILs systems also, to avoid “crud” formation. However, the
present study on “crud” formation is very preliminary and more studies are needed in this
regard to understand the mechanism and arrive at other parameters influencing this
phenomenon.

Table 4.4. “Crud” formation behavior in 0.2 M CMPO-TBP/C,mimNTf,. [Eu]in =
300 mg/mL, T = 303K

[TBP] in 0.2MCMPO - 1.2M TBP/CAmimNTf2

[HNOg]eq + 0.05 M oM 0.1M 0.15M 0.2M
1 Yes Yes Partial No
3 Yes Yes Not clear No
5 Yes Yes Not clear No
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4.2.6 Effect of Temperature

The enthalpy change accompanied by the extraction of europium(lll) from nitric
acid medium by a solution of 0.2 M CMPO -1.2 M TBP in C;mimNTf, was determined
by van’t Hoff equation as shown in the section — 2.5.16 of the chapter 2. The plot of InDg,
against (1/T) for the extraction of europium(lll) at various concentrations of nitric acid is
shown figure 4.4. 1t is observed that distribution ratio of europium(ll) decreases with
increase of temperature indicating the exothermic nature of the extraction. The
exothermicity (- AHiy), determined from the slope of the plot, shown in figure 4.4,
decreases from 27.4 + 0.068 kJ/mol to 21+ 0.066 kJ/mol with increase of equilibrium
nitric acid concentration from 1 to 5 M. The decrease in exothermicity observed in the
present case could perhaps be attributed to the formation of CMPO-HNO3; in organic
phase at higher nitric acid concentrations. Extraction of nitric acid by 0.2 M CMPO — 1.2
M TBP/C4ymimNTTf; increases from 0.2 to 0.8 M, when the initial concentration of nitric
acid in aqueous phase increases from 1 to 4 M. Since the extractant, CMPO, needs to be
deprotonated to form metal-solvate complex for extraction, the overall exothermic

enthalpy change decreases with increase in the concentration of nitric acid.

840 [HNO,] =1+0.05M,AH,_ = -27.8 +0.068 kimol
O [HNO], =2£005M,AH, = -24.7 + 0.062 kimol”
78IA [HNO,] =3+005M,AH_ = -23.8+ 0.049 kimol*
v [HNO,, =4+005M,AH, = -23.4+ 0.056 kJmol”
72[¢& [HNO,], =5+0.05M, AH, = -21.0  0.066 kmol
< 6.6}
2
o
c 60}
54t
48}
4.2

295 300 305 310 315 320 325 330 3.35
1000/T /K™

Figure 4.4. Variation of In Dy with 1/T for the extraction of “#>Eu(l1I) from
nitric acid medium Organic phase = 0.2 M CMPO - 1.2 M TBP/CymimNTf,,
Aqueous phase = 1 - 5 M nitric acid spiked with “2**YEu(1I1) tracer
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4.3 Conclusions

Use of RTIL diluent such as CymimNTf, in place of n-DD in 0.2 M CMPO -
1.2 M TBP system prevents undesirable third phase formation during the extraction of
trivalent lanthanides and actinides. While the LOC of Eu(lll) in n-DD was ~9 mg/mL,
nearly ~ 40 mg/mL loading could be achieved with the use of 0.2 M CMPO-1.2 M
TBP/CsmimNTf, phase without any third phase formation. The stoichiometry of Eu :
CMPO in RTIL phase varies, depending upon loading, from 1:3 at tracer levels to ~1:1 at
higher metal loadings. Even at [Eu]ini = 20 mg/mL, the stoichiometry of Eu : CMPO in
CsmimNTf, was 1:3. In the absence of TBP, i.e, 0.2 M CMPO/C,mimNTf,, the extraction
of Eu(Ill) results in a “crud type-precipitate” at the interphase and it disappeared with the
addition of TBP to the extent of 0.2 M. The study indicates, that presence of TBP in
CysmimNTf, is required to modify the RTILs phase for preventing the observed
phenomenon. The extraction of europium(l11) by RTIL solution was accompanied by the
release of energy and the exothermicity decreased with increase in nitric acid

concentration.
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B. Mutual separation of Eu(lll) from Am(II1) in room temperature ionic liquid
medium

4.4 Results and Discussions

The structure of the ionic liquid, CemimNTf, (1-octyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide), extractant [D2EHPA (bis(2-ethylhexyl)phosphoric
acid) and HDEHDGA (bis(2-ethylhexyl)diglycolamic  acid)] and DTPA

(diethylenetriaminepentaacetic acid) are shown in the figure 4.5.

s P

P—OH Hoj\AN/\/N\/\QA[rOH

O/ 0
0]

D2EHPA DTPA

Q NW
?(: VE/\/ N/:\N:\/\/\/\

SN
“N(SO,CF,),
0]
HO CymimNTT,
HDEHDGA

Figure 4.5 Structure of D2EHPA, HDEHDGA , CamimNTf, and DTPA.

4.4.1 Effect of nitric acid

The distribution ratio of Eu(l1) and Am(IIl) in a solution of 0.05 M D2EHPA in
CsmimNTf; as a function of aqueous phase pH is shown in the figure 4.6. It also shows
the distribution ratio of Eu(l11) and Am(I11) obtained in a solution of 0.05 M HDEHDGA
in CgmimNTf,. It is observed that the distribution ratio of Eu(l1l) and Am(lIl) increases
with increase of pH in both cases. This could be due to the enhanced dissociation of
D2EHPA and HDEHDGA with increase of pH. Higher distribution ratios obtained with
the use of CsmimNTf, in the present study (figure 4.6), confirms that the extractant in
conjunction with the ionic liquid diluent provides enhanced stability of extracted
complexes. However, the separation factor (= Deyqiy/Damany) remains at 1-2 in all cases,

indicating the requirement of organic or aqueous phase modifiers for mutual separation.
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Figure 4.6. Distribution ratio of Eu(lll) and Am(lIl) in a solution of 0.05 M
D2EHPA (or HDEHDGA) in  CgmimNTf, as a function of pH, T = 298 K,
A/O =1, [M(111)] =20 mg/L

4.4.2 Effect of aqueous phase complexing agents

The processes developed for the mutual separation of lanthanides from actinides or
vice versa, usually exploited the differential complexing abilities of the extractant present
in organic phase and the complexing agent present in aqueous phase towards lanthanides
and actinides [20-23]. In this context, the extraction of Eu(l1l) and Am(I1l) was studied in
the presence of various aqueous soluble complexing agents. The dependence of the
separation factor on the nature of complexing agent is shown in table 4.5. It is observed
that among the various complexing agents studied, diethylenetriamine-N,N,N’,N"’,N"’-
pentaaceticacid (DTPA) seems to be a potential reagent for the separation of Eu(lll) from
Am(IIl). The applications of DTPA is well-known for Ln-An separation in molecular
diluent systems are reported elsewhere [20-23]. Figure 4.7 shows the variation in the
distribution ratio of ®2*™YEu(I11) and **Am(II1) in 0.05 M D2EHPA/CsmimNTf, as a
function of pH at a fixed concentration of 0.005 M DTPA in aqueous phase. It is observed
that the presence of DTPA in aqueous phase decreases the distribution ratio of both the
metal ions (compare with figure 4.6).
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Table 4.5. Effect of the nature of complexing agents in aqueous phase on the
distribution ratios of Eu(lll) and Am(IIl) and their separation factors. Organic
phase: 0.05 M D2EHPA (or 0.05 M HDEHDGA) in CgmimNTf,, Aqueous phase: pH
~3 + complexing agents, T =298 K, A/O =1, [M(111)] =20 mg/L, SF = Deyaiy / Damam)

Complexing _ D2EHPA/ HDEHDGA/
agents Concmfaﬂon CemimNTH SF CgmimNTf, SF
Deuany Dam( Deuany  Damany
AHA 523 277 1.8 475 94 51
CA 187 86 217 106 197 05
0.005
EDTA 16.2 125 13 028 005 56
DTPA 4.2 012 35 004 0002 20
AHA 555 285 19 480 142 33
CA o 202 105 1.9 250 270 0.9
EDTA 66 44 15 10 017 59
DTPA 133 725 18 6 0.04 150

AHA is acetohydroxamic acid, EDTA is ethylenediaminetetraacetic acid, CA is citric acid
and DTPA is diethylenetriamine-N,N,N’,N’’,N’’’-pentaacetic acid

Since these metal ions are existing in trivalent oxidation state (Eu(lll) and
Am(I11)), it is likely that they exhibit a preferential complexation with H,A% species of
DTPA (speciation discussed below) in aqueous phase and lowers the distribution ratio. It
is also observed from figure 4.7 that the distribution ratio initially increases with increase
of pH reaches a maximum value at pH 2 followed by decrease in distribution values. This
could be attributed to the differences in the dissociation of D2EHPA and DTPA at a given
pH. The pK, value of the monobasic acid, D2EHPA, is 1.47 [39,40] and the pK,
values [41] of DTPA (pentabasic acid) are pKay; is 1.9, pKaz is 2.7, pKas is 4.42, pKy, is
10.62 and pKjs is 12.59. From the pK, values of both D2EHPA and DTPA, the fraction of
A (arises from the H" dissociation of D2EHPA) was determined and it was found to
increase above pH 1 and the fraction of H,A* form arising from DTPA was insignificant
below pH 2. Under these conditions, the extraction of both Am(Il1) and Eu(lll), seems to
be controlled by dissociated form of D2EHPA and therefore the D values of Eu(lll) and
Am(I11) increases with increase of pH. Above pH 2, the fraction of H,A® arising from
DTPA, that seems to be responsible for efficient complexation with the metal ions in
aqueous phase, was found to increase and therefore the distribution ratio of Eu(lll) and

Am(II1) decreases with increase of pH subsequently as shown in figure 4.7. A similar
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explanation could be attributed to the observed behavior in case of HDEHDGA, which is
also a monobasic acid. Comparison of figure 4.7 and figure 4.6 indicates that the presence
of DTPA in aqueous phase decreases the distribution ratio of both Eu(lll) and Am(lI).
However, since the DTPA forms a stable complex with Am(1I1) than Eu(lll) [17-20], the
separation of Eu(lI1) from Am(III) could be achieved with the use of DTPA. From figure
4.7, the SF(= Deyany / Damany ) can be determined and it increases from 2.3 to 44 in case of
D2EHPA, and 5.8 to 428 in case of HDEHDGA, with the increase of pH from 1 to 3.5.

152+154;
—0— "y (1)
241

—o=""Am(II1)

100

10

0.1

HDEHDGA
001 DTPA=10"M

2 100

A (152+154)Eu (| | |)
woh =o=""Am@n)

0.1

D2EHPA
DTPA =0.005 M

1.0 15 2.0 25 3.0 35
eq.

Figure 4.7. Variation in the distribution ratio of Eu(l1l) and Am(lIl)) as a function
of pH. Organic phase : 0.05 M D2EHPA (or HDEHDGA)/CgmimNTf,, Aqueous
phase: 0.005 M (or 10 * M) DTPA + varied pH, T = 298 K, O/A = 1, [M(l11)] = 20
mg/L

4.4.3 Effect of [DTPA] on SFs

Table 4.6 shows the variation in the distribution ratio of Eu(lll) and Am(lll) as a
function of concentration of DTPA at a fixed pH ~ 3 in agueous phase. It is observed that
the distribution ratios decrease in both the cases with increase in the concentration of
DTPA. This could be attributed due to the increased formation of M-DTPA complex in
aqueous phase that lowers the distribution values. However it is interesting to observe that
the SF of Eu(111) over Am(I11) increases with increase of [DTPA], and reaches a maximum
in both cases at a particular DTPA concentration, followed by decrease. This could,
perhaps, be attributed to the differential complexing abilities of DTPA and D2EHPA
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under the given conditions. Moreover, at higher DTPA concentrations the distribution
ratio of Eu(lll) is reduced to a larger extent. Unlike D2EHPA, the SF achieved with the
use of HDEHDGA is much higher and requires only 10%-10° M DTPA for efficient
separation. A maximum SF of ~ 150 is achieved with the use of 10* M DTPA and 0.05 M
HDEHDGA/CsmimNTf,.

Table 4.6. Effect of DTPA on the distribution ratios of Eu(l11) and Am(l11) and their
separation factors. Organic phase: 0.05M D2EHPA (or 0.05M HDEHDGA) in
CsmimNTf,, Aqueous phase: pH ~3 + varied [DTPA], T =298 K, A/O =1, [M(I11)]
=20 mg/L, SF = Deyany / Daman)

[DTPALq D2EHPA/CgmimNTf, o HDEHDGA/CgmimNTf, -
IM
Deuany Damqny Deuany Dam@mny
0 637 318 2 496 278 1.8
10° - - - 115 0.9 127
10 133 7.25 18 6 0.04 150
0.001 54 2.3 23.5 0.35 0.01 35
0.005 4.2 0.12 35 0.04 0.002 20
0.01 0.8 0.024 33 0.01 0.001 10
0.05 0.011 0.001 11 0.007 0.001 7

Table 4.7 compares the distribution ratio for the extraction of Eu(lll) and Am(III)
in HDEHDGA present in either ionic liquid or conventional molecular diluent (n-DD) at a
constant pH of 3. It is observed that the separation factors are higher in ionic liquid diluent
when the concentration of DTPA is <10* M. Higher SF are indeed necessary for the
quantitative separation of Eu(lll) with lesser number of stages during counter current
operation. However, at higher DTPA concentrations, the distribution ratio decreases to
very low value in both cases (n-DD and CgmimNTf,) and the metal ions are inextractable
by the organic phase. This condition, even though the computed separation factors (e.g. at
DTPA 0.005 M) are “good”, they are not useful for practical separations. In the case of
D2EHPA system, a similar data could not be generated for D2EHPA in molecular diluent

(n-DD) due to phase disengagement problem while equilibrating with nitric acid [23].
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Table 4.7. Distribution ratios of Eu(l1l) and Am(I11) and their separation factors.
Organic phase: 0.05M HDEHDGA in CgmimNTf, or n-DD, Aqueous phase: pH ~3 +
varied [DTPA], T =298 K, A/O =1, [M(l“)] =20 mg/L, SF= DEu(III) / DAm(III)

[D-I_/I:/IA]aq' HDEHDGA/n-DD - HDEHDGA/CgmimNTf, S
Deuany Dam(n Deuany Damny

0 122 94 1.3 496 278 1.8

10° 90 7 12.8 115 0.9 127

10™ 40 0.6 66 6 0.04 150

0.001 4 0.06 66 0.35 0.01 35

0.005 0.5 0.05 10 0.04 0.002 20

4.4.4 Effect of [D2EHPA] and [HDEHDGA]

Figure 4.8 shows the variation in the distribution ratio of ®****Ey(lIl) and
2Am(111) as a function of concentration of the extractant in organic phase at a desired
concentration of DTPA and pH ~ 3 in aqueous phase. It is observed that the distribution
ratio increases with increase in the concentration of extractant. The extraction trend
observed in figure 4.8 as well as in figure 4.6 indicates the involvement of cation exchange
mechanism for the extraction of trivalents (M**) as indicated in equation 4.5.

3 D2EHPA| + My™" < {M(D2EHP)s}i + 3Hyq" (4.5)

D2EHP is the dissociated form of D2EHPA. The equilibrium constant for the above

reaction is given by

o MO2EP)3 L IH 1

M3*1aq b2EHPAS (4.6)

Dy [H]3
K- M [H ]aq

- 3
b2EHPA |

4.7)

where Dy, is defined in equation 1. At a constant pH, the variation of Dy with D2EHPA
is given by equation 6.

log Dy = log K* + 3 log [D2EHPA],. (4.8)
where K! = K/ [H'%,
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Figure 4.8. Variation in the distribution ratio of Eu(lll) and Am(lIl) as a function
of the extractant concentration. Organic phase : 0.05 M D2EHPA (or
HDEHDGA)/CsmimNTf,, Aqueous phase : 0.005 M (or 10 M) DTPA + varied
pH, T =298 K,O/A =1, [M(II1)] = 20 mg/L

Thus the plot of log Dy against log [D2EHPA]rg should result in a slope of 3. At
pH 3, the variation of log Dy against log [D2EHPA]og is shown in figure 4.8. Linear
regression of distribution data results in the slope of 3 for D2EHPA indicating 3 molecules
of D2EHPA are involved in the extraction step. However, a slope of ~2 is obtained when
HDEHDGA acted as extractant. Such deviations have been reported when ionic liquids are
used as diluents [12] as well as in the section 4.2.4 of the part “A”. The separation factor
decreases significantly from 72 to 9 and from 162 to 40 with the increase in the
concentration of D2EHPA and HDEHDGA respectively, from 0.02 to 0.2 M. This could
be due to the extraction of both “2*™Ey(IIl) and 2*Am(IIl) with increase in the
concentration of the extractants. To understand the observed difference in the
stoichiometry of extraction between these two extractants, the variation in the distribution
ratio of europium (I11) and americium (I11) as a function of extractant concentration in the
absence of DTPA was studied. The plot of log Dy against log [Extractant] is shown in
figure 4.9. Linear regression analysis of the distribution data results in the slopes of 2.92
and 2.78, respectively, for D2EHPA and HDEHDGA extractants. This indicates that about
3 molecules of D2EHPA and HDEHDGA are involved in the extraction step.
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The slope obtained in the present study agree well with the stoichiometry and slope

reported by Kubota et al. [31] for the extraction of various lanthanides in diglycolamic

acid. Moreover, they also reported the involvement of ion exchange mechanism as shown

in equation 4.5. Comparing these results with those obtained in the presence of DTPA

(figure 4.8) indicates that the M-extractant stoichiometry of Eu(l11) and Am(l11) extraction
in D2EHPA seems to be similar. However, in HDEHDGA system, DTPA seems to be

playing some role in the extraction of Eu(lll) and Am(lIl). The correct reason for this

discrepancy is not evident from the present data and more studies may be needed to

understand the intricacy of extraction.
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4.5 Conclusions

The room temperature ionic liquid, CsmimNTf, was explored as a diluent for the
separation of trivalent lanthanides from actinides. The extraction behavior of ***Am(lI1)
and CZHEY(N1) in a solution of D2EHPA or HDEHDGA in CsmimNTf,, was studied.
The results confirmed that these extractants in conjunction with the present ionic liquid
provides extraordinary extraction of Am(lIl) and Eu(lll) from aqueous solutions of
widely differing compositions. Among all the complexing agents used, DTPA was found
to be more potential candidate in conjuction with ionic liquid for the separation of Eu(ll)
from Am(lIl). The differential complexing ability of the extractant in ionic liquid phase
and DTPA in aqueous phase was exploited to optimize the conditions needed for effective
separation of trivalent lanthanides from actinides. The stoichiometry of metal — solvate
was found to be 3. Among the extractants studied HDEHDGA was found to be superior to
D2EHPA for such applications. At pH 3 and using 0.005 M DTPA, D2EHPA gave in a
SF of ~35, however, HDEHDGA required only 10* M DTPA for achieving a SF of ~150.
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CHAPTER -5

Unusal separation of plutonium(l1V) from other actinides and fission
products using novel functionalized ionic liquids (FILS)

This chapter deals with the extraction behavior of actinides and fission products
by using a couple of functionalized ionic liquids (FILs) (or task specific ionic liquids,
TSILs) such as diethyl-2-(3-methylimidazolium)ethylphosphonate bis(trifluoromethane
sulfonyl)imide (ImPNTf;) and amide based TSIL, N,N—dioctyl-2(3-methyl imidazolium)
bis trifluoromethane sulfonamide (DOAIMNTT,). The effect of aqueous phase acidity,
TSIL concentrations, temperature, different additives etc. on the separation of plutonium
from other metal ions have been discussed.

5.1 Introduction

lonic liquids with cationic or anionic part tethered covalently with organic
functionalities, which can perform target specific applications are known as task specific
ionic liquids (TSILs) [1]. The presence of functional group in TSIL exhibits unique and
synergistic properties of both ionic liquid and organic functionality. Visser et al.[2,3]
prepared several task specific functionalities attached to imidazolium moiety and reported
an enhanced selectivity of heavy metal extraction in those TSILs. Protonated 1-carboxy-
N,N,N-trimethylmethanaminium bis(trifluoromethylsulfonyl)imide, trivially known as
protonated betaine bis(trifluoromethylsulfonyl)imide ([Hbet][NTf,]) was reported to be a
solvent for dissolving oxides of some lanthanides and actinides [4]. Harjani et al.[5]
synthesized new class of TSILs containing aminodiacetic acid moieties and studied the
separation of copper, nickel and cobalt. Monoaza-crown ether attached to imidazolium
moiety was prepared by Luo et al.[6] and studied for the extraction of cesium(l) and
strontium (11) from nitric acid medium. Ouadi et al.[7,8] synthesized new class of TSILs
bearing 2-hydroxybenzylamine and reported extraction of americium from aqueous media.
The distribution ratio of >**Am(l11) increased with increase of pH, reaching a maximum at
~ pH 8 — pH 10. Above pH 10, partial dissolution of ionic liquid in aqueous phase was
reported. The stoichiometry of Am:TSIL was determined to be 1:2. Similarly, the
extraction of U(VI) from 3 M was reported by using phosphoryl based TSIL and the
preliminary extraction data indicate the potential use of these FILs for applications related
to uranium separation. A general approach for the synthesis of carbamoylmethylphosphine
oxide functionalized ionic liquid and its application for the extraction of actinides and

lanthanides was reported by Odinets et al.[9]. In neutral media, these ionic liquids formed

118



Chapter 5

bidendate complexes of the type M-(ligand), with europium chloride or europium nitrate.
The preliminary data suggests good extraction of Pu(IV), Am(lII), Eu(ll), and U(V1) from
3 M nitric acid medium. Recently, Oliver et al.[10] synthesized diketonate functionalized
ionic liquid by grafting the - diketonate moiety with imidazolium moiety and studied the
extraction of lanthanides using silica support (solid — liquid extraction).

This chapter reports the studies on the synthesis of a couple of functionalized ionic
liquids containing phosphonate and amide functional groups attached to the imidazolium
moiety and the extraction of actinides and fission products from nitric acid medium using
these ionic liquids. This chapter also discusses the merits of functionalization to the ionic
liquid moiety. The present chapter is divided in to two parts. Part “A” deals with the
unusual extraction of Pu(lV) from other actinides and fission products using phosphonate
based functionalized ionic liqud, diethyl-2-(3-methylimidazolium)ethylphosphonate
bis(trifluoromethane sulfonyl)imide (IMPNTf,). Part “B” deals with unusual extraction of
Pu(IV) from other actinides and fission products using amide based functionalized ionic
liquid,N,N-dioctyl-2-(3-methylimidazolium)acetamide bis(trifluoromethanesulfonyl)imide
(DOAIMNTT,).

The synthesis of these FILs have been discussed in the section 2.4.4 and 2.4.5 of the

chapter 2 respectively. Experimental details of this chapter has been given in the

section 2.6.4 of the chapter 2 respectively.
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A. Separation of plutonium(1V) from other actinides and fission products using
phosphonate based functionalized ionic liquid

5.2 Results and Discussions
5.2.1 Pu(lV) extraction by RTIL diluents- Effect of [HNOg]

Table 5.1 shows the distribution ratios of Pu(lV), U(VI) and Am(II) in
ComimNTf, (n = 4, 6 and 8) at various concentrations of nitric acid. It is observed that
distribution ratios of plutonium(lV) in C,mimNTf, are significant, while the values
observed for U(VI) and Am(l1I) are very less. The Dpyqvy Value increases with increase in
the acidity and chain length of alkyl group. Deyav) is insignificant up to 3 — 4 M nitric acid
and increases with increase in the acidity. It is worthwhile to note that the distribution
ratios in CsmimNTf, are nearly an order higher than the values observed for C;mimNTf..
These observations indicate that CymimNTf, (n = 4, 6 and 8) is not an inert diluent and
anion exchange of plutonium nitrate species, [Pu(NOs)s(H-0)]" or [Pu(NOs)e]*, with
NTf," of ionic liquid phase is responsible for such extraction at higher acidities. On the
contrary, in case of U(VI) and Am(III) distribution ratios are of the order of 107 -10™
irrespective of the aqueous acidity and structure of the ionic liquid diluent. This shows that
the anion exchange mechanism is not observed in case of U(VI) and Am(lIl) unlike
Pu(IV).

Table 5.1. Variation in the distribution ratio of Pu(lV), U(VI) and Am(lII) in
CnmimNTf, (n = 4,6 and 8) as a function of nitric acid concentration at 298 K

[HNOs]eq/ Druqv) Duw Damqn
M n=4 n-6 n=8 n=4 n=6 n=8 n=4 n=6 n=8
1 0.004 002 005 |5x10% 10™* 0.001|2x10* 2x10° 3x10°
2 0.06 015 073 |6x10* 7x10™
3 0.4 2 39 [8x10° 2x102 0.019|2x10* 5x10° 1x10*
4 177 77 111 | 10° 8x10° -
5 6.62 20 375 | 7x10% 005 0135|2x10% 3x10* 4x10™
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The extraction of uranium(VI) in RTILs such as C;mimNTf, and C;mimPFg and the
involvement of ion exchange mechanism at higher nitric acid concentration (8.0 M) was
reported by Giridhar et al.[11]. A distribution value of 0.05 and 0.4 were reported for the
extraction of U(VI) by CsmimPFs from 4.0 M and 8 M nitric acid respectively. Marginal
increase in distribution ratio at 8 M nitric acid was attributed to the anion exchange of
uranyl nitrate complexes, which are likely to form only at high nitric acid concentrations
(>7 M), with anion of RTIL. In contrast to this, Pu(IV) forms anionic complexes at nitric
acid concentrations (> 5 M) and undergoes anion exchange with RTILs (C,mimNTf,) at
lower acidities leading to high distribution ratios, as shown in table 5.1. A distribution
value of 1.66, 20 and 37.5 obtained at 5.0 M equilibrium nitric acid in C;amimNTf,,
CemimNTf, and CsmimNTf, medium respectively and the trend observed at different
acidities indeed show that Pu(IV) is extracted by anion exchange in this case also.
5.2.2 Anion Exchange

In order to support the involvement of ion exchange mechanism for the extraction
of plutonium(lV) in the present case, the distribution ratios of plutonium(lV) were
measured at various concentrations of NTf, ion (added as LINTf,) present in aqueous
phase. The probable anion exchange reactions responsible for the extraction of

plutonium (IV) by C;amimNTf;, extraction are shown in equations 5.1 and 5.2.

[PU(NO3)5(H20)lag + NTf2) < [PUNO3)5(H20)]iL + NTf2,, (5.1)

[PUNO3)gl5q +2NTfyy < [PUNO3)glj + 2 NT4q (5.2)

If the mechanisms shown in equations (5.1) and (5.2) hold good for the extraction of
Pu(IV), then the plot of log Dpyqvy against log[NTf,].q should result in a negative slope of
—1 and -2 respectively. A plot of log Dpygv) VS. 10g [NTF, ]iniag. for the extraction of
plutonium(lV) from 3 M and 5 M nitric acid medium by C;mimNTf, is shown in the
figure 5.1. Since, the added LiNTTf, was dissolved in the ionic liquid phase to some extent,
the aqueous phase concentration of [NTf,] ~ ion at equilibrium was not known. In view of
this, the variation in the distribution ratio of Pu(1V) as a function of initial concentration of
NTf, ion rather than equilibrium concentration has been plotted in the figure 5.1. A slope
of —1 obtained in both cases indicates that extraction of plutonium(lV) is essentially
governed by ion exchange reaction shown in equation 5.1. Similarly, a higher negative
slope value of —1.43 and —1.9 obtained for the extraction of plutonium(1V) by CgmimNTf,
from 3 M and 5.0 M nitric acid respectively, shown in figure 5.1, confirms the

enhancement in the formation of anionic species leading to higher extraction, when
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CsmimNTf, is used as extractant. Thus, the predominant mode of Pu(IV) transfer in to
ionic liquid phase at higher nitric acid concentration is through anion exchange of
[Pu(NOs)s(H20)]" and [Pu(NO3)s]* with NTf," ion of ionic liquid. The results indicate that
unlike traditional diluents, e.g. n-dodecane, the ionic liquid diluents are not inert [12 - 14]
and depending upon the structure of ionic liquid the distribution values realized for Pu(IV)

are different.

0.5}
0.0f o
-0.5} -
2 1.0}
@)
(@]
S -1s}
[m] CsmimNsz, 3M HNO3, slope =-1.4
20F o C,mimNTf, 5M HNO,, slope = -1.9
A C,mimNTf, 3 M HNO,, slope =-1.1
-25F v C,mimNTf, 5M HNO,, slope = -1.0
[LINTf,] =01 M to 0.5 M)
-3.0 . . . . . . . .
-1 -1.0 -09 -08 -07 -06 -05 -04 -03 -02
Iog [NTfZ ]ini. aq

Figure 5.1. Variation of log Dpy(v) With log [NTf,] 5 for the extraction of Pu(IV)
from nitric acid medium (3 & 5 M) by CsmimNTf, and CgmimNTTf, at 298 K

5.2.3 Pu(lV) extraction by ImPNTT; - Effect of [HNO3]

The distribution ratios of Pu(lV) in a solution of IMPNTf, in C;mimNTf, at
various concentrations of nitric acid are tabulated in table 5.2. The concentration of
IMPNTf, in CsmimNTf, was varied from 0.2 M to 0.5 M. It is observed that the
distribution value of Pu(lV) increases with increase in the concentration of ImPNTf; in
organic phase and decreases with increase in the concentration of nitric acid in aqueous
phase. Considering the distribution ratios of plutonium (IV) obtained in the presence and
absence of ionic liquid extractant, IMPNTT,, shown in (table 5.1 and table 5.2), it is likely
that of Pu(lV) is extracted by IMPNTf, by complex formation. Figure 5.2 displays the
extraction of Pu(lV) in 0.4 M ImPNTf,/ComimNTf, (n = 4, 5 and 6) to support the
evidence for involvement of complex formation of Pu(IV) with ImPNTf,. It is observed
that the distribution ratio of Pu(1V) 0.4 M ImPNTf,/C,mimNTf; is higher in the nitric acid
region 0.5 - 4 M. On the contrary, Dpyqv) is insignificant in C,mimNTf, alone (see table

5.1). This shows there is the occurrence of complex formation of Pu(lV) with ImPNTf;

122



Chapter 5

and Dpy(v) decreases with increase in chain length of the diluent, C,mimNTf,. The metal-
solvate stoichiometry of such complex formation can be determined by plotting log Dpyav)
against log [IMPNTf,]org. Figure 5.3 shows the plot of logDpyavy against log[IMPNTf2]org
for the nitric acid range 1 M to 4 M. The data obtained for 5 M nitric acid is not plotted in
figure 5.3. It is observed that a slope value of ~3.0 (indicated in figure 5.3) is obtained for
the extraction of Pu(IV) only at 3-4 M nitric acid concentration. The slope value differs
significantly for others. Several authors have proposed wide variety of mechanisms for the
extraction of target metals from aqueous phase by neutral extractants in ionic liquid
medium [15 —20]. Dietz and co-workers [16 —18] studied the extraction behavior of
several metal ions of nuclear interest by appropriate neutral extractants present in RTIL

medium.

Table 5.2. Variation in the distribution ratio of Pu(IV) in ImMPNTTf,/CymimNTf, as a
function of nitric acid concentration, at 298 K

Druavy in IMPNTF,/CsmimNTT; at

[HNOs]eq,
M 0.0 M 0.2M 0.3M 0.4M 0.5M
1 0.004 123 120 159 240
2 0.059 35 20 35 90
3 0.412 19 7 17 35
4 1.77 1.85 4 9 18
5 6.62 4.2 45 8 4.1

—0— 0.4 M ImMPNT /CmimNTf,
—0— 04 M ImPNTf /C mimNTf,
—A— 0.4 M ImPNTF /C mimNTf,

100

[HNOa]eq./M
Figure 5.2. Variation in the distribution ratio of Pu(IV) as a function of nitric acid.
Organic phase: 0.4 M ImPNTf./C mimNTf (n = 4,6 and 8), Aqueous phase:
03-5M HNO3, Equilibrationtime=1hr,0: A=1:1, T=298 K
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Figure 5.3. Variation of logDpyqvy With log [IMPNTf;]org for the extraction of
plutonium (IV) from nitric acid medium by IMPNTf,/C,mimNTf, at 298 K

Dietz et al. [16] proposed a couple of mechanisms for the extraction behavior of
Sr®* by the neutral extractant crown ether (CE) in ionic liquid medium (the extraction
trend is similar to the present observation). According to them, the mechanism involves (a)
formation of Sr(NTf,),.CE complex in organic phase rather than the usual Sr(NO3),CE, as
well as (b) ion exchange with cationic part of ionic liquid explain,. However, the present
system is a very unique extractant namely ionic liquid, ImPNTT,, itself and the extraction
behavior observed for Pu(lV) in the present study indicates the involvement of different
mechanism or a combination of some mechanisms, which is not clear at the present and
requires further investigation. Nevertheless, the study revealed that extraction of
plutonium (IV) by ImPNTT; is through complex formation reaction from 1 — 4 M nitric
acid medium.
5.2.4 Separation factor
Table 5.3 shows the distribution ratios of Am(lIl) and U(VI) in 0.4 M
IMPNTTf,/CsmimNTf,. It is observed that distribution ratios are insignificant in these cases,
when compared to the values obtained for plutonium (1V). It is worthwhile to note that the
distribution data obtained for the extraction of uranium (V1) in IMPNTf,/CsmimNTf, are
unusually low. Generally, neutral extractants containing phosphoryl group (P=0O group),
when used for extraction, exhibit [21, 22] a comparable distribution ratio for uranium (V1)
and plutonium (IV). For example, table 5.4 shows the distribution ratios of U(VI) and
Pu(lV) reported for the solutions of some trialkyl phosphates [21] and trialkyl

phosphonates [22] present in n-dodecane. It is observed that the distribution values are
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quite similar. This is due to the fact that these phosphates and phosphonates are neutral
extractants and extract only the neutral species such as UO2(NOgz), for U(VI) and

Pu(NOg3)4 for Pu(IV) from nitric acid medium.

Table 5.3. Variation in the distribution ratio of Am(I11) and U(VI) in a solution of
ImPNTf, in ComimNTf, (n = 4,6 and 8) as a function of nitric acid concentration, at
298 K

Distribution ratio of

Am(I11) in 0.4 M [ImPNTf,] in U(V1) in 0.4 M [ImPNTf,] in
[HNOs]eq/ ComimNTf, ComimNTf;,
v n=4 n==6 n=8 n=4 n==6 n=8
1 6x 10" 3x10™ 2 x10° 0.305 0.12 0.080
3 6x 10" 10 - 0.145 0.07 0.044
5 9x10™ 2x10° 2x10° 0.200 0.15 0.135

Table 5.4. Distribution ratio of U(VI) and Pu(lV) in various solvents at different
nitric acid concentration and their separation factors (= Dpyavy/Duqviy)

Distribution ratio of Separation factor
Extractant : .
_ U(VI) in Pu(1V) in of Pu from U at Ref.
inn-DD
M 3M 4M | IM  3M AM | IM 3M  4M
TBP 73 245 309|291 1501 2412|039 061 0.78 | [21]

TiBP 695 24 303|264 1335 2192|038 055 0.723 | [21]
TAP 876 29.7 352|336 17.01 27.69 | 038 0.57 0.787 | [21]
TiAP 886 298 352|332 1813 2933|037 060 0.83 | [21]
DAAP 43 712 65 56 106 112 | 1.3 148 1.72 | [22]

TBP = Tri-n-butylphosphate, TiBP= Tri-n-isobutylphosphate, TAP= Tri-n-
amylphosphate, TiAP = Tri-n-isoamylphosphate, DAAP =Diamylamylphosphonate

There are few factors that control the abundance of neutral species in aqueous
phase. The crucial factors include (a) coordinating ability of the extractant with metal ion
(b) coordinating ability of the metal ion with nitrate and (c) solvating ability of the diluent
in extracted phase etc. Since the coordinating ability of these extractants with U(VI) and
Pu(lV) are not very different and, moreover, the diluent n-dodecane is inert, the

distribution of uranium(V1) and plutonium(1V) realized for phosphates and phosphonate
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are fairly similar. This phenomenon leads to poor separation factor (quotient of Dpyqv) to
Ducviy) tending towards the value of unity, as shown in table 5.4. However, the separation
factors achieved using phosphonate based ionic liquid, IMPNTf,, shown in table 5.5, are
amazing as they are nearly 20 — 500 times higher than the values obtained for traditional
phosphoryl based neutral extractants. This could be attributed to the extraordinary and
specific solvating ability of plutonium complexes in ionic liquid phase. This behavior can
be suitability exploited for separating plutonium from uranium in PUREX process

streams.

Table 5.5. Separation factors of Pu(1V) to U(VI) and Am(l11) at various nitric acid
concentrations obtained using ionic liquids at 298 K

Separation factor of

Solvent Separation factor of Pu (1V) from U(VI) Pu(IV) from Am(I11)
1M 2M 3M AM  5M 1M 5M

0.4 M ImPNTf,/ 521 175 117 55 33 3 x10° 8.6 x10°
C4mimNTf2
0.4 M ImPNTf,/
CmimNT, 0.15 0.09 0.16 30 4.2 5 200
0.4 M ImPNTf, 3 3
ICumImNT, 84 78.8 32 22.6 28 4 x10 2.1x10
C4mimNTH, 8.7 35 55 80 91 20 3.3x 10*
CemimNTH, 200 85 206 221 132 200 6.6 x 10*
CsmimNT¥, 50 132 205 226 277 1515 9.3 x 10*

Moreover, table 5.5 also shows the separation factors achieved when RTIL
diluents alone were employed for extraction. The separation factors ranging from 10 to
250 are obtained for the separation of plutonium from uranium depending upon the nature
of ionic liquid and nitric acid concentration. As expected the separation factor achieved in
case of CgmimNTf; is higher than C;mimNTf; at all nitric acid concentrations indicating
that the ionic liquid CsmimNTf, facilitates the formation of anionic plutonium species and
enhances the extraction of plutonium. The separation factors determined for plutonium to
americium are also shown in 5.5. Extraordinary separation factors ranging from 10° —10°
are obtained using ionic liquid medium. Since Am(IIl) is inextractable by P=0O based
neutral extractants; whereas Pu(lV) is extractable, the separation factors reported [22] for
Pu(IV) to Am(III) in traditional solvents are of the order 10°. Nevertheless, the increase in
separation factors with the use of IMPNTTf,/C,mimNTTf; indicates again that ionic liquid
solvents are very selective in stabilizing the extracted plutonium complexes. The task
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specific property of IMPNTf, was further confirmed by contacting the solution of 0.4 M
IMPNTf,/CsmimNTf, with the aqueous solution containing 3 M nitric acid spiked with
HLLW (155 Gwd/Te). Figure 5.4 (A & B) shows the gamma spectra of organic and
aqueous phases obtained after the extraction. The energies range from 50 to 700 keV are
plotted in figure 5.4 A, and from 700 to 1200 keV are plotted in figure 5.4 B for clarity. It
is observed that the extraction of fission products, such as cesium isotopes, europium
isotopes, * Ce and *** Mn by ImPNTf; is insignificant. From the gamma spectrum, the
distribution ratio of **'Cs, ***Eu, ***Ce were determined to be 0.19, 0.17 and 0.045 and the
distribution ratio of other nuclides are much lower. This indicates the task specific

property of IMPNTT,.
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Figure 5.4A. Gamma spectrum of aqueous and organic phase. Organic phase:
0.4M  ImPNTf/CymimNTf,, Aqueous phase: 4M nitric acid spiked with HLLW
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5.2.5 Stripping of plutonium

A decrease in the distribution ratio of plutonium (IV) with increase in the
concentration of nitric acid, as shown in table 5.2, indicates that plutonium is expected to
strip to aqueous phase at higher nitric acid concentration. However, anion exchange of
plutonium nitrate with NTf," prevails at nitric acid concentrations more than 5 M as
discussed above. Since Pu(lV) is extracted at very low nitric acid (0.35 M), the stripping
of plutonium(IV) was carried out using complexing agents. Figure 5.5 shows the stripping
behavior of plutonium (IV) using various reagents. It is observed that quantitative
stripping of plutonium (1V) is achieved with in 10 stages with the use of acetohydroxamic
acid (0.5 M) and citric acid (1 M). However, further studies are required to minimize the

number of stages required for stripping.
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Figure 5.5. Stripping of plutonium (IV) from 0.4 M ImMPNTf,/C,mimNTf, using
various stripping agents at 298K

5.2.6 Effect of temperature
The enthalpy of Pu(1V) extraction by 0.4 M ImPNTf,/CymimNTf, can be determined

from van’t Hoff equation as given in the section 2.5.16 of the chapter 2. A plot of InDpyv)
against 1/T for the extraction of Pu(lV) at various concentration of nitric acid by 0.4 M
IMPNTf,/CsmimNTf;, is shown in figure 5.6. It is observed that distribution ratio decreases
with increase of temperature indicating the extraction reaction is exothermic. The
enthalpies of extraction, determined from the slope of straight lines, are also shown in
figure 5.7. It can be seen that exothermicity (-AH) decreases from 31.4 + 0.075 kJ/mol to

18.9 + 0.125 kJ/mol with the increase in the concentration of nitric acid from 1M to 4 M.
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The standard deviation reported is estimated from the linear regression analysis of the fit
applicable in the temperature range investigated in the present study. However, the
standard deviation of 2 — 3% is usually unavoidable if enthalpy is determined from solvent
extraction procedures using van’t Hoff method. Burger et al.[23] described several factors
that influence the overall enthalpy change associated with solvent extraction of metal ions
from aqueous phase. The decrease in exothermicity observed in the present case could
perhaps be attributed to the formation of IMPNTf,---HNO; complex in organic phase, at
higher nitric acid concentrations. The extraction of nitric acid by 0.4M
IMPNTTf,/CsmimNTf;, increases from 0.098 M to 0.63 M when the initial concentration of
nitric acid increases from 1 M to 5 M respectively. Since the ligand P=0O present in
IMPNTT,, need to be deprotonated to form Pu—(ImPNTf,); complex for extraction, the

overall exothermic enthalpy decreases with increase in the concentration of nitric acid.

;l@ 1MHNO;AH  =-31.4+0.075 kJ mol™
O 2MHNO,; AH_ =-285+0.010 kJ mol™
6f & 3MHNO,; AH_ =-26.4 +0.130 kJ mol”
vV 4MHNO,; AH_ =-18.9 +0.125 kJ mol”
5k
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Figure 5.6. Variation of In Dpyqvy With 1/T for the extraction of plutonium (IV)
from nitric acid medium by 0.4 M ImPNTf,/C4ymimNTf;

5.2.7 Viscosity measurement

Figure 5.7 shows the effect of temperature on the viscosity (n, in cP) of
C:mimNTf,, CgmimNTf, and its solution with 0.4 M ImPNTf,. It can be seen that the
viscosity of ionic liquids decreases with increase of temperature from 303 K to 348 K. The
activation energy (E;) was determined from the equation given in the section 2.5.17 of the
chapter 2. The plot of In n) against 1/T is also shown in figure 5.7. The energy of activation

determined from the slope of straight line was in the range ~30 kJ/mol.
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Figure 5.7. Variation of viscosity of CamimNTf,, CsmimNTf, and ImPNTf, and
their solutions as a function of temperature. Inset: Arrhenius Plot

5.3 Conclusions

Extraordinary extraction of Pu(IV) over U(VI), Am(Ill) and fission products was
achieved with the use of phosphonate based ionic liquid-extractant, ImMPNTf,, in ionic
liquid diluents (C,mimNTf,). The extraordinary separation factors of plutonium (IV)
achieved could be attributed to the rejection of U(VI), Am(lll) and fission products by
ionic liquid phase rather than to the selective extraction of plutonium and to the
stabilization of Pu(lV) complex in ionic liquid phase. This task specific property was
dependent on the concentrations of nitric acid, concentration of IMPNTf, and the nature of
diluent-ionic liquid used. Dual nature of the RTIL phase enables plutonium (IV) to get
extracted predominantly through complex formation from 1 — 4 M nitric acid medium and
through anion exchange by the ionic liquid-diluent, CamimNTf, or CgmimNTf,, at higher
nitric acid concentrations (> 5). The stripping of plutonium (IV) was possible within 10
stages using citric acid and acetohydroxamic acid as the complexing agents. Extraction of
plutonium (IV) by ionic liquid phase was accompanied by the release of energy and the

exothermicity decreased with increase in nitric acid concentration.
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B. Separation of plutonium(lVV) from other actinides and fission products using
amide based functionalized ionic liquid

5.4 Results and Discussions
5.4.1 Pu(lV) extraction in CymimNTf;

The extraction behavior of Pu(l1V) in C,mimNTf, (n = 4 and 6) is reported in the
section 5.2.1 and 5.2.2 described above and the data are presented in figure 5.8 for
comparison purposes. The distribution ratio of Pu(lIV) increases with the increase in the
concentration of nitric acid. At nitric acid concentrations < 2 M, the extraction of Pu(IV)
in C,mimNTf, is negligible (D < 10). However, gradual increase in Dpyqv) is observed
above 3 M nitric acid and the extraction increases in the order CymimNTf, < CemimNTf,.
The extraction of Pu(lV) in CymimNTf, was attributed to the anion exchange of
[Pu(NOs)s(H20)]" or [Pu(NO3)s]* species present in aqueous phase with the NTf, ion of
ionic liquid phase, as reported above in the section 5.2.1 and 5.2.2 of the part “A”.

sob —0— 0.3 M DOAIMNTS /C,mimNTf,
—O—0.3 M DOAIMNTT/C mimNTf,
—— C,mimNTf,
—— CemimNTf2
45}
2 30}
a
)
15¢
OF -
0 2 4 6 8

[HNO,], /M

Figure 5.8. Variation in the distribution ratio of Pu(lV) in CymimNTf, and 0.3 M
DOAIMNTf,/C,mimNTf, as a function of nitric acid concentration. Equilibration
time=1hr, T=298 K. O/A =1

5.4.2 Pu(lV) extraction in DOAIMNTf,/C,mimNTf;

Figure 5.8 also shows the variation in the distribution ratio of Pu(lV) in 0.3 M
DOAIMNTf,/CymimNTf; as a function of nitric acid concentration. It is observed that the
distribution ratio of Pu(lV) initially decreases with increase in the concentration of nitric
acid. The distribution ratio reaches a minimum value at 4 -5 M in nitric acid followed by an

increase. The trend observed in the presence of 0.3 M DOAIMNTT; shows that there could be
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a couple of modes through which plutonium (IV) is extracted in DOAIMNTf,/C,mimNTf;
phase. The extraction trend observed above 4 M nitric acid in 0.3 M
DOAIMNTf,/CymimNTf, compares well the trend observed for C,mimNTf, (figure 5.8).
This indicates that plutonium (IV) could be extracted by the anion exchange of
[Pu(NO3)s(H20)]" or [Pu(NO3)s]* species with NTf,” of ionic liquid phase. To confirm this,
the variation in the distribution ratio of Pu(IV) in 0.3 M DOAIMNTf,/ComimNTf, was
studied as a function of [NTf,] 5q at 5 M nitric acid. The results are shown in the figure 5.9. It
is observed that the distribution ratio of plutonium (IV) decreases with increase in the
concentration of NTf, ion in aqueous phase as expected. A slope of unity observed in the
present case compares well with the slope obtained for the extraction of plutonium(IV) in
CamimNTTf; (figure 5.9). This observation confirms that the predominant mode of plutonium
(IV) extraction in 0.3 M DOAIMNTf,/C,mimNTf, above 4 M nitric acid is through anion
exchange (see equation 5.1 & 5.2).

Below 4 M nitric acid, the enhancement in distribution ratio in the presence of
DOAIMNTT; (figure 5.8) indicates the involvement of DOAIMNTT, for extraction. In this
range (0.5 — 4 M), the extraction of Pu(lV) could occur by ion exchange or by metal —solvate
formation with DOAIMNTT; ionic liquid. The possibility of anion exchange is unlikely to
occur in this region, since the abundance of anionic plutonium (1V) species is negligible in
the acid range 1 —3 M. It is well-known that plutonium (IV) is purified by anion exchange
method only from 5 — 7 M nitric acid. Moreover, in C,mimNTf, medium, the extraction of
plutonium (IV) by anion exchange is observed only above 4 M (figure 5.8). These
characteristics indicate that the abundance of plutonium (IV) anionic species, below 4 M, is
insignificant and it is unlikely that plutonium (V) is extracted by anion exchange in this
region (0.5 - 4 M). Nevertheless, the effect of [NTf, ], on the extraction of Pu(IV) in 0.3 M
DOAIMNTf/CymimNTf, from 1 M nitric acid medium was studied and the results are
shown in figure 5.10. It is observed that the distribution ratio of Pu(IV) increases with
increase in the concentration of [NTf,] 5. This result is inconsistent with the anion exchange
observed at 5 M HNOg (figure 5.9). This indicates that more studies are needed to understand

the extraction behavior of Pu(IV) below 4 M nitric acid.
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Figure 5.10. Variation in the distribution ratio of Pu(IV) with the concentration of
NTf,, or Csmim" ion in aqueous phase. Organic phase = 0.3 M
DOAIMNTf,/CsmimNTf,, Aqueous phase = 1 M (or 3 M HNOj3; + varied
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O/A=1

5.4.3 Effect of [CamimNOs]aq
lon exchange is being reported as the primary mode of metal ion transfer in ionic

liquid media [17,18,24,25]. For instance cation exchange is the predominate mode of

metal ion transfer in systems such as Sr’* in crown ether/ionic liquid [18], Pu(IV) in
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CMPO/ionic liquid [24], lanthanides in diglycolamide/ionic liquid [25] etc. However, the
cation exchange of Pu(IV) with C;mim” ion is unlikely to occur in this region (0.5 — 4 M),
since the extraction of plutonium is negligible when CymimNTf; is used for extraction
(Figure 5.8). Nevertheless, the effect of [Csmim™],q on the extraction of Pu(IV) in 0.3 M
DOAIMNTT,/CymimNTf, from 1M nitric acid medium was studied and the results are also
shown in figure 5.10. If the extraction of Pu(lIV) in DOAIMNTf,/CsmimNTf; is assumed
to be governed by the cation exchange mechanism shown in equation 5.3, then the
distribution ratio of Pu(lV) should decrease with increase in the concentration of C,mim*
ion in agueous phase. The concentration of [Cymim*],q was varied by adding aqueous
soluble, C;mimNOQsg. It is interesting to observe from figure 5.10 that the distribution ratio
of Pu(lV) increases marginally with increase of [C4mim™],, instead of the expected
decrease. This behavior could perhaps be attributed to the association of nitrate ion with
Pu(lV) leading to the formation of anionic plutonium nitrate complexes such as
[Pu(NOs)s]* upon adding C:mimNOs in aqueous phase. Since these anionic species are
easily extracted through anion exchange (figure 5.8), the distribution ratio of Pu(IV) seems
to increase with increase in the concentration of [C4mim™]s. A similar behavior is also
observed in 3 M nitric acid, as shown in figure 5.10. This indicates that higher
concentration of nitrate ion facilitates the formation of anionic plutonium nitrate
complexes and increases the extraction. All these observations excludes the possibility of
cation exchange of Pu(IV) with Comim" ion, during extraction.

Mg + m DOAIMNTR +n Camim| < {M(DOAIMNTf) }[" +n Camimz, (5.3)

The other possibility for the extraction of Pu(IV) (below 4 M) could be the cation
exchange of Pu** or [Pu(NO3),]*™* (n = 1-3) species with DOAIm* cation. However,
such possibility is unlikely to occur, since DOAImM® is more organophilic than the Cymim*
cation. Since the cation exchange of C,mim* with Pu(IV) species is not favourable in this
acid range ( 1- 4 M), as discussed above, it is unlikely that the organophilic DOAIM*
cation could be exchanged for Pu(lV) species. Nevertheless, the cation exchange of
Pu(IV) with DOAIm™ was ruled out by measuring the absorbance of DOAImM" cation ( 300
— 260 nm) in the aqueous phase after extraction. Figure 5.11 shows the UV-visible
absorption spectrum of DOAIMNTf, (8 x 10* M in CHCIls) and the aqueous phase
obtained after the extraction of plutonium (IV) (2 x 10* M). The absorbance of the
aqueous phase is negligible after Pu(IV) extraction. This indicates that DOAIm™ cation is

not exchanged for Pu(lV) from the aqueous phase. In view of these reasons, the most
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plausible explanation that emerges out for the extraction of plutonium (IV) from 0.5 -4 M
nitric acid medium is formation of metal-solvate (Pu(lV) —(DOAIMNTf,),) complex in
organic phase. The initial decrease in the distribution ratio of Pu(IV) with increase in nitric
acid concentration could be attributed to the protonation of DOAIMNTTs,.
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Figure 5.11. UV - VIS absorption spectrum of amide functionalized ionic liquid

(8 x 10 M DOAIMNTT, in CHCI;3 and the aqueous phase after Pu(IV/) extraction.
Organic phase = 0.3 M DOAIMNTf,/C,mimNTf,, Aqueous phase =2 x 10 * M
Pu(IV) + 1M nitric acid, Equilibration time = 1hr, O/A=1
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Figure 5.12. Acid extraction isotherm of CsmimNTf, and 03 M
DOAIMNTf,/CsmimNTf,. Aqueous phase = 0.5 - 5 M nitric acid, Equilibration
time =1hr, T=298 K, O/A =1
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Figure 5.12 given above, shows the extraction of nitric acid in C;mimNTf, and 0.3 M
DOAIMNTf,/CymimNTf,. Higher extraction of nitric acid observed in the presence of
DOAIMNTT; indicates the protonation of DOAIMNTf,. The extractant ionic liquid when
protonated by nitric acid is less available for Pu(lIV) extraction. Therefore, the distribution
ratio of plutonium (IV) decreases with increase in the concentration of nitric acid. The metal-
solvate stoichiometry for the extraction of plutonium (IV) in DOAIMNTf, was investigated
by the slope analysis of extraction data. The variation of Dpygyv) with [DOAIMNTS,], is
shown in the figure 5.13. Linear regression analysis of the extraction data results in a slope of

3, indicating that three molecules of DOAIMNTT; are involved in the extraction step.
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1M HNO,
3M HNO,
4M HNO,
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Figure 5.13. Variation of log Dp,v) with log [DOAIMNTf,] for the extraction of

Pu(IV) from nitric acid medium. Organic phase = 0.1 - 0.3 M DOAIMNTT,,

Agueous phase = 0.5 - 4 M HNOg, Equilibration time =1 hr, T=298 K, O/A=1
5.4.4 Separation factor

Table 5.6 shows the distribution ratios of U(VI) and Am(IIl) in 0.3 M
DOAIMNTf,/CsmimNTf,. It is interesting to obverve that the distribution data obtained
for the extraction of uranium (VI) in DOAIMNTf,/CsmimNTf; are unusually low. Table
5.7 compares the distribution ratio of U(VI) and Pu(IV) in a solution of some amide based
extractants namely, dioctylbutaramide (DOBA), dioctyloctanamide (DOOA) and
dioctylethylhexanamide (DOEHA) in molecular diluents [26, 27]. It is observed that the
distribution ratios of Pu(IV) and U(VI) are similar in all cases. Therefore the separation
factor (SF = Dpygvyuevry) obtained using amides/molecular diluents are in the range of 0.3

— 4 in all cases. However, the separation factors of plutonium (IV) from other actinides
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achieved with the use of amide functionalized ionic liquid, DOAIMNTf;, shown in

table 5.8, are remarkable. The SF varies from the value of 40 to 3400 depending upon the

concentration of nitric acid employed for extraction. The SF of Pu(lV) over U(VI)

decreases with increase in the concentration of nitric acid. This is due to the decrease of

Druqvy and increase of Dy with increase in the concentration of nitric acid.

Table 5.6. Distribution
0.3 M DOAIMNTf,/CymimNTf, as function of nitric acid concentration. Aqueous
phase = 0.5 -5 M HNOj3, Equilibration time = 1hr, T = 298K, O/A =1

ratio of U(VI) and Am(lII)

in C/mimNTf,

and

Distribution ratio of

[HNO3]eq /M U(Vvl) in Am(II) in
. 0.3 M DOAIMNTT, . 0.3 M DOAIMNTT,
CamimNTE, - 5, C.mimNTf, CamimNTE =, C,mimNTf,
0.5 10 0.015 10 0.07
1 10* 0.02 10* 0.03
3 10° 0.13 10 0.01
4 103 0.2 10 0.008
5 0.07 0.4 10* 0.005
6 0.07 10°
8 0.06 0.5 10* 0.001

Table 5.7. Distribution ratio of U(VI) and Pu(lV) in various amides present in
different molecular diluents. Organic phase =

Aqueous phase = 0.5 — 5M nitric acid, Equilbration time = 1hr, T = 298K, O/A =1

DOBA/DOOA/DOEHA in n-DD,

0.5 M DOBA 0.5M DOOA/ 0.5 M DOEHA

[H|>|I\(z3]eq In-DD[26] SF n-DD[27] SF /In-DD [27] SF
Druavy Duoviy Dpuavy Duoviy Drugvy  Duoviy

0.5 0.5 0.5 1 0.1 02 05 0.05 0.1 0.8

1 1.5 0.75 2 0.25 05 05 0.1 0.2 0.6

3 55 15 36 1.8 28 0.6 0.5 0.62 0.8

4 10 2.5 4 3.5 3.8 09 0.5 0.6 0.4

5 12.5 3.5 3.4 4.8 4 1.2 0.6 1.8 0.3
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Table 5.8. Distribution ratio of Pu(lV), U(VI) and Am(lll) in 03 M
DOAIMNTf,/CsamimNTf, as a function of nitric acid concentration and their
separation factors, at 298 K. Organic phase = 0.3 M DOAIMNTf,/CsamimNTf;,
Aqueous phase = 0.5 — 5M nitric acid, Equil. time=1hr, T=298 K, O/A=1

Distribution ratio in

[H'\/'Iaﬂeq- 0.3 M DOAIMNTF,/C,mimNT#, SF
Pu(IV) u(vli) Am(11I) PuoverU Puover Am
05 52 0.015 0.07 3466 743
1 44 0.02 0.03 2200 1466
3 30 0.13 0.01 230 3000
4 21 0.2 0.008 105 2625
5 20 0.49 0.005 41 4000

5.5.5 Task specific property

Table 5.9 shows the comparison in the extraction behavior of Pu(lV) over U(VI)
observed in the solution of a amide based molecular extractant, DOBA present in
CsmimNTf; and in 0.3M DOAIMNTf,/CsmimNTf,. DOBA is an amide based molecular
extractant and DOAIMNTT; is the amide functionalized ionic liquid, as indicated above. It
is observed that the distribution ratio of Pu(IV) in 0.5 M DOBA/C,mimNTf, increases
from 0.02 to 5 with the increase in the concentration of nitric acid from 0.5 M to 5 M. In
contrast, the distribution ratio of Pu(lV) in 0.3 M DOAIMNTf,/CymimNTf, is much
higher and the Dpyqyy decreases with increase in the concentration of nitric acid, as
discussed above. Since the diluent, CamimNTf, is same in both cases, higher extraction of
Pu(lV) observed in DOAIMNTf,/C,mimNTf, could be attributed to the task specific
nature of the extractant ionic liquid, DOAIMNTT,, towards plutonium. Moreover, the
functional group that extracts Pu(IV) from nitric acid medium is amide in both cases.
Inspite of this, higher extraction of Pu(lV) is observed only in DOAIMNTT,. This indicates
that the amide becomes task specific upon its functionalization on imidazolium cation. In
view of this, the separation factor of Pu(lV) over U(VI) varies from 3400 to 40 in 0.3 M
DOAIMNTf,/C4mimNTf, system, where as the SF varies from 0.1 to 10 in 0.5 M
DOBA/C;mimNTf, system, depending upon the concentration of nitric acid employed for
extraction. The task specific property of DOAIMNTf, was further confirmed by contacting
the aqueous solution of 3 M nitric acid spiked with HLLW (155 Gwd/Te), with 0.3 M
DOAIMNTf,/C4mimNTf,. Figure 5.14 shows the gamma spectra of the organic and
aqueous phases obtained after the extraction. From the gamma spectrum the distribution
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ratio of *¥'Cs, ™°Eu, *Ce, °Ru etc. were determined to be 0.18, 0.01, 0.08 and 0.01 and
the distribution ratio of other nuclides are much lower. All these observations confirm the

task specific property of DOAIMNTT,.

Table 5.9. Comparision in the distribution ratio of Pu(lV) and U(VI) in 0.5 M
DOBA/CymimNTf, and 0.3 M DOAIMNTf,/CsmimNTf, Aqueous phase =05-5M
nitric acid, Equilibration time = 1hr, T = 298K, O/A =1

Distribution ratio in

SF = Distribution ratio in 0.3M SF =
HNO 0.5M DOBA ;
[ /M3]eq in C.mimNTE DDPU(,V)/ DOAIMNTf,/ CamimNTf, DDPU(.V)/
Pu(1V) u(vI) VD T py(1v) U(vI) UV
0.5 0.03 0.23 0.13 52 0.015 3466
1 0.05 0.15 0.33 44 0.02 2200
3 1 0.13 7.7 30 0.13 230
4 3 0.15 20 21 0.2 105
5 5 0.4 12.5 20 0.49 41

Cs-137

u-155

Counts/arbitary units
. e .
Eu-154
Ce-144

m-241+Eu-155
u-155
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Figure 5.14. Gamma spectrum of aqueous and organic phases obtained after the
extraction of radioisotopes present in 3M nitric acid medium spiked with HLLW
(155GWd/Te). Organic phase = 0.3 M DOAIMNTTf,/C4smimNTf,, Aqueous phase =
3 M nitric acid spiked with high level liquid waste (155 GWd/Te), Equilibration
time=1hr, T=298K,O/A=1

5.5.6 Stripping of plutonium
The stripping of plutonium (IV) from 0.3 M DOAIMNTf,/CsmimNTf, in dilute
nitric acid is difficult due to the high distribution ratio of Pu(lV) observed at low nitric

acid concentration (figure 5.8). Therefore, the complexing agents such as citric acid (CA)
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and acetohydroxamic acid (AHA) have been used for stripping of Pu(IV) from ionic liquid
phase. Figure 5.15 shows the stripping behavior of plutonium(lV) from 0.3 M
DOAIMNTT,/CsmimNTf, using the complexing agents such as 0.5 M CA (or 0.5 M AHA)
in 0.3 M nitric acid. It is observed that quantitative stripping of plutonium (1V) is achieved
within 10 stages. However, further studies are required to minimize the number of stages
required for stripping.

The reusability of the solvent, 0.3 M DOAIMNTf,/C,smimNTf,, was investigated
by measuring the distribution ratio of Pu(IV) in ionic liquid phase after each cycle. The
experiment involved extraction of Pu(lV) using 0.3 M DOAIMNTf,/C,mimNTf, followed
by stripping with 0.5 M AHA in 0.3 M nitric acid (8 times). The ionic liquid phase thus
obtained was taken for second cycle of extraction. The results, shown in table 5.10,
indicate that the Dpyqvy decreases marginally from 30 to 26.2 upon recycling the ionic
liquid phase four times. This confirms that 0.3 M DOAIMNTf,/C4smimNTf, can be reused

at least five times without much change in the efficiency of the process.

—0—0.5 M AHA - 0.3 M HNO,
100F—0—0.5 M CA - 0.3 M HNO,

o] ®
o o

% Cummulative Stripping

20

0 2 2 6 8 10

No. of stages
Figure 5.15. Stripping of plutonium (IV) from 0.3 M DOAIMNTf,/C,mimNTf,
using 0.5 M acetohydroxamic acid (AHA) and 0.5 M citric acid (CA). Organic
phase: 0.3 M DOAIMNTT,/C,mimNTf, loaded with Pu(lIV), Aqueous phase: 0.5 M
AHA (or 0.5 M CA) in 0.3 M nitric acid, Equilibration time = 1hr, T = 298K,
O/A=1
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Table 5.10. Variation in the distribution ratio of Pu(lV) upon recycling the
ionic liquid phase. Organic phase: 0.3 M DOAIMNTf,/C,mimNTf,, Aqueous
phase: 3 M HNOj; spiked with #?°Pu(1V) during extraction. Aqueous phase:
0.5 M AHA in 0.3 M nitric acid during stripping

Recycle number Druv)
1 30
2 28
3 26.8
4 26.2

5.5.7 Effect of temperature

The enthalpy Pu(1V) extraction by 0.3M DOAIMNTf,/C,mimNTf, was determined
from van’t Hoff equation given in section 2.5.16 of the chapter 2. A plot of InDpygv)
against 1/T for the extraction of Pu(IV) at various concentration of nitric acid by 0.3M
DOAIMNTTf,/CsmimNTf; is shown in figure 5.16. Analogous to the result obtained in the
part “A”, the extraction reaction is exothermic here also as the distribution ratio decreases
with increase of temperature. Figure 5.16 shows that exothermicity (-AHy) decreases from
46 + 0.1 kJ/mol to 39 + 0.06 kJ/mol with the increase in the concentration of nitric acid
from 1 M to 4 M. Even though the decreasing trend is not sharp, still the trend refers the
exothermicity of the extraction. The standard deviation reported is estimated from the

linear regression analysis of the fit applicable in the temperature range investigated in the

present study.
4.50
3.75} >
O
3.00}
s
DD_
= 2.25F
O 1MHNO,; AH=46+0.1kJmol”
O 2MHNO,; AH =425 +0.06 kJmol”
1.50F A 3MHNO,; AH =42 +0.02 kJmol®
vV 4MHNO,; AH =39 +0.06 kJmol™

3.10 3.15 3.20 3.25 3.30 3.35

(1000/T) K™
Figure 5.16. Variation of In Dpygyy with 1/T for the extraction of plutonium (IV)
from nitric acid medium by 0.3M DOAIMNTf,/CsmimNTf,
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The decrease in exothermicity observed in the present case could perhaps be
attributed to the formation of DOAIMNTf,---HNO3; complex in organic phase, at higher
nitric acid concentrations. The extraction of nitric acid by 0.3 M DOAIMNTf,/CsmimNTf;
increases from 0.043 M to 0.93 M when the initial concentration of nitric acid increases
from 1 M to 5 M respectively. Thus the overall exothermic enthalpy decreases with
increase in the concentration of nitric acid as some energy is necessary for the
deprotonation of HNOj3 ---- (DOAIMNTT,); complex.

5.5.8 Viscosity measurement

Figure 5.17 shows the effect of temperature on the viscosity (n, in cP) of
ComimNTf, and 0.3 M DOAIMNTf,/C,mimNTf, ionic liquids. It is observed as expected
that the viscosity of ionic liquid decreases with increase of temperature. The viscosity of
0.3 M DOAIMNTTf,/C,mimNTf; is determined to be ~70 cP at 298 K. The viscosity of
CamimNTT; is given for comparison. Addition of DOAIMNTTf; to C,mimNTf, increases

the viscosity of the resultant solution.

90
o C,mimNTf,
sr O  0.3M DOAIMNTf,/C mimNTf,
A CmimNTf,
v 0.3M DOAIMNTf/C mimNTf,
60}
o
L
=
8 45}
(&)
2
>
30}
15}
2 2 2 2 D
300 310 320 330
Temperature/K

Figure 5.17. Variation of the viscosity of CymimNTf,, CemimNTf;
and their solution with DOAIMNTf;
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5.5.9 Conclusions

A new amide functionalized ionic liquid, DOAIMNTT,, was prepared and studied
for the extraction of Pu(l1V), U(VI), Am(I1l) and fission products from nitric acid medium.
Above 4 M nitric acid, the primary mode of plutonium(1V) transfer in ionic liquid phase
was determined to be anion exchange. Below 4 M, the present investigation indicates the
possibility of metal solvate complex (Pu(lV) —(DOAIMNTHf,)3) formation in ionic liquid
phase. However, more studies are needed to bring out the insights of Pu(lV) extraction.
Unlike the traditional systems, the ionic liquid extractant, DOAIMNTf,, was selective for
plutonium (1V) over other actinides and fission products. The separation factor of Pu(IV)
over U(VI) was found to vary from 40 to 3400 depending upon the concentration of nitric
acid employed for extraction. Moreover, selectivity was observed only upon
functionalization of the amide moiety on imidazolium cation. Plutonium(lV) was back
extracted from the organic phase using complexing agents within 10 contacts. The ionic
liquid, DOAIMNTT, can be used atleast five times without any change in the efficiency of

the process.
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Chapter 6

CHAPTER -6

lonic liquids in molecular diluents: Extraction behavior of
plutonium(1VV) and europium(lll) in ionic liguids with strongly
coordinating anions

This chapter describes the application of ionic liquids with strongly coordinating
anions for the separation of plutonium (IV) and europium (IIl) from the nitric acid
medium. The ionic liquids reported in the present chapter contain 1, 3 — diketonate or alkyl
phosphate or diglycolamate anions associated either with alkylquaternaryammonium or
imidazolium cations. The ionic liquids containing p-diketonate anion are
alkylquaternaryammonium  thenoyltrifluoroacetonate  (R4,NTTA) and 1l-alkyl-3-
methylimidazolium thenoyltrifluoroacetonate, C:\mimTTA (n = 4, 6 and 8). Similarly, the
ionic  liquids with alkylphosphate and diglycolamate anions are tri-n-
octylmethylammonium  di(2-ethylhexyl)phosphate ~ ([A336]'[P204]) and tri-n-
octylmethylammonium bis(ethylhexyl)diglycolamate ([A336] [DGA]).

6.1 Introduction

Room temperature ionic liquids with strongly coordinating anions [1 - 4] are
becoming popular in addition to the functionalized ionic liquids that contain cations
tethered with organic functionalities [5 - 9]. The advantages of such ionic liquids over
functionalized ionic liquids are simple method of preparation, higher loading of metals,
excellent miscibility with non-polar diluents such as toluene etc. Mehdi et al.[1]
synthesized a new family of ionic liquids containing strongly coordinating p - diketonate
anion and reported their solubility in aromatic diluents such as toluene and xylene. Yet,
such ionic liquids were insoluble in paraffins.

Aliquat-336 is regarded as a versatile and affordable cation source for the synthesis
of new family of hydrophobic ionic liquids [10]. The cation present in Aliquat-336,
tricaprylmethylammonium cation ([A336]") can be combined with a number of anions by
means of simple replacement of the chloride anion in Aliquat-336. The ionic liquids
obtained by such procedure are strongly hydrophobic and have density lower than
0.9 g¢/mL. Low density of organic phase is necessary for adapting the ionic liquids in
counter current extractions; whereas the higher density of ionic liquid could result in phase
inversion during solvent extraction, as described elsewhere [11]. In addition, these
Aliquat-336 based ionic liquids were reported to be completely soluble in aromatic

diluents and some were also soluble even in paraffins, e.g., in hexane [10]. The solubility
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in molecular diluents is necessary for probing the role of ionic liquids in extraction
procedures. In view of these unique advantages of aliquat-336 ionic liquids over
imidazolium ionic liquids, Sun et al. [2] and Ling et al.[3] synthesized the several [A336]"
based ionic liquids and studied for the extraction of rare earths from aqueous medium. The
solubility of ionic liquids in n-DD is imperative for studying the applications of ionic
liquids in nuclear fuel reprocessing and waste management.

In view of these, the present chapter details the preparation of few p-diketonate
based hydrophobic ionic liquids with quaternary ammonium and imidazolium ions as
cationic moieties, and studies on the extraction of plutonium(IV) in the part “A”. In part
“B”, it deals with the unusual miscibility of [A336]" based ionic liquids containing 2-
ethylhexylphosphate ([P204]") or 2-ethylhexyldiglycolamate ([DGA]) anions in paraffinic
diluents and the application of such ionic liquids for the extraction of europium(lIl) from

nitric acid.
The synthesis of these types ionic liquids have been detailed in the section 2.4.6 and

2.4.7 of the chapter 2 respectively. The experimental part has been described in the

section 2.6.5 and 2.6.6 of the chapter 2 respectively.
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A. lonic liguid extractants in molecular diluents: 1. Extraction behavior of
plutonium(1V) in 1,3-diketonate based ionic liquids

6.2 Results and Discussions
6.2.1 Structure of 1, 3-diketonate based ionic liquids

The structures, and abbreviations of the -diketonate ionic liquids, and other ionic
liquids used in the present study are tabulated in table 6.1 for convenience. General
synthesis procedure of all ionic liquids and their precursors along with characterization is

given in the section 2.4.6 of the chapter 2.

Table 6.1. Precursors and some TTA and NTf, based ionic liquids and their
abbreviations

i
H H / \ F.C _ / \ /S—CF3
F.C 3 -: N
3 S N
I I S [ §—CF
o O - - O . - -
Thenoyltrifluoroactonate (HTTA) Thenoyltrifluoroactonate (TTA ) Bis(trifluoromethanesulfonyl)imide ion

(NTE,))

LLL\ § / \NOS_ \L\ §

U
I+

Trioctyloctylmethyl
ammoniumnitrate (TOMAN)

AN N NLONT TN

Trioctyloctylmethylammonium
Tetraheptylammoniumnitrate (THEPAN) thenoyltrifluoroacetonate (TOMATTA)

N\

. 1-butyl-3-methylimidazolium 1-hexvl 3-methvlimidazolium
o thenoyltrifluoroacetonate thenoyItrifluor())/acetonate (C;mimTTA)
thenoyltrifluoroacetonate (THEPATTA) (C,mimTTA) y 6

[T\ + TTA- /:\N +  NTI,-
P N N N
- NN AN
1-octyl-3-methylimidazolium 1Tbutyl—3—methylimidazolium_ ) )
bis(trifluoromethanesulfonyl)imide (C;mimTTA) bis(trifluoromethanesulfonyl)imide (CsmimNTf,)
//—\\+ NTf,- —\ + NTf,-
No NN N. NS T
N N
1-hexyl-3-methylimidazolium _ 1-octyl-3-methylimidazolium
Bis(trifluoromethanesulfonyl)imide (C;mimNTf,) Bis(trifluoromethanesulfonyl)imide (CmimNTf,)
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6.2.2 Extraction of Pu(lV) in TOMATTA/TOMANTTf,

The ionic liquid, TOMANTf, was used as a diluent in the present study, and thus
the extraction behavior of plutonium(lV) in TOMANTf, was studied initially to
understand and the implications of using TOMANTT,. The distribution ratio of Pu(lV)
(Deuavy) in TOMANTHT; at various concentration of nitric acid is shown in table 6.2. It is
observed that the distribution ratio of plutonium(lV) increases with increase in the
concentration of nitric acid. The extraction of Pu(lV) is less (Dpyqavy = 0.15 to 0.4) when
the concentration of nitric acid is 0.5 — 1 M, and it increases significantly at higher nitric
acid concentrations. This indicates that the diluent, TOMANTT; is not “inert”. A similar
behavior has been reported in several cases when ionic liquid acted as diluent [12 - 14].
The observed extraction behavior in TOMANTT, could be attributed to the anion exchange
of [PU(NO3)s:x] ™ species from aqueous phase with NTf,” of TOMANTH,, as discussed
elsewhere for imidazolium-NTf, based ionic liquids [9]. Table 6.2 also shows the
distribution ratio of plutonium (IV) in a solution of 0.2 M TOMATTA/TOMANTf,.
Druqvy Values are much higher in this case even at nitric acid concentrations 0.5 — 1 M.
This indicates that extraction of plutonium(IV) is essentially accomplished by the ionic
liquid-extractant, TOMATTA, in this nitric acid range, and the presence of TOMATTA in
TOMANTT, aids further extraction of plutonium(IV) at higher nitric acid concentrations
(=1 M).

Table 6.2. Extraction of *Pu(lV) from nitric acid medium using 0.2 M
TOMATTA/TOMANTf,, A : O=1:1mL, T =298 K, Equilibration time = 1hr

Distribution ratio of 2°Pu(IV) in

[HNO:].q, /
+0.05 M TOMANTE, 0.2M TOMATTA in
TOMANTT,
0.5 0.15 45
1 0.4 91
3 11 122
4 24 143
5 48 160

Since TOMATTA is composed of a tri-n-octylmethylammonium cation, which
does not contain any functional group for extraction, associated with a derivative of (3-
diketonate anion, the extraction of plutonium(IV) in TOMATTA would be expected to be

governed by the B-diketonate anion. In such case, the extraction of plutonium(lV) in
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TOMATTA should decrease with increase of nitric acid concentration, which is
characteristic to B-diketone extractants [15]. However, the extraction trend observed in the
present study (table 6.2) indicates that the mechanism of plutonium extraction in
TOMATTA is not simple, and requires more detailed investigations.
6.2.3 Extraction of Pu(lV) in TOMATTA/xylene

The B-diketonate based ionic liquids are the rare type of RTILs that are miscible in
molecular diluents like toluene, and xylene. This unique property can be exploited to
unravel the complex extraction behavior exhibited by TOMATTA/TOMANTf,. Table 6.3
shows the extraction behavior of Pu(lV) in a solution of 0.2 M TOMATTA in xylene. It is
observed that the distribution ratio of Pu(IV) increases with increase in the concentration
of nitric acid, reaches a maximum at 4 M followed by decrease in Dpyv) values. Again,
this behavior is uncharacteristic to the extraction of plutonium(lV) in [-diketone
extractants [15]. Since, the TOMATTA consists of tri-n-octylmethylammonium cation,
and p-diketonate anion, it is likely that TOMATTA in the presence of agqueous nitric acid
medium is converted to tri-n-octylmethylammonium nitrate (TOMAN), and

theonyltrifluoroacetone (HTTA) by the reaction shown in equation 6.1.

TOMATTA +HNO, < TOMAN +HTTA (6.1)

The extraction of nitric acid in TOMATTA/xylene phase is verified in the nitric acid
extraction isotherm shown in figure 6.1. It is observed that extraction of nitric acid in 0.2
M TOMATTA/xylene increases with increase in its concentration in agqueous phase.
Nearly ~0.2 M nitric acid is extracted by organic phase even at the equilibrium
concentration of 1 M. Thus, it is likely that TOMATTA in organic phase could exist in the
form of TOMAN, and HTTA according to the reaction shown in equation 6.1; however,
the extent of such conversion is not known. In view of this, the extraction of plutonium
observed in 0.2M TOMATTA/xylene can be visualized to consist of extractions
contributed by the components namely 0.2 M TOMAN/xylene as well as 0.2 M
HTTA/xylene. Therefore, the extraction behavior of Pu(lV) was studied, independently, in
0.2 M HTTA/xylene, and 0.2 M TOMAN/xylene, and the results are tabulated in table 6.3.
It is observed that the extraction of Pu(lV) in 0.2 M HTTA/xylene decreases with increase
in the concentration of nitric acid as expected for B-diketone extractants [15]. The Dpyv)
in 0.2 M TOMAN/xylene increases with increase in the concentration of nitric acid,
reaches a maximum around 4 M followed by decrease in Dpyqvy Values. This behavior is

also characteristic to the extraction of Pu(IV) in alkyl quaternary ammonium nitrates [16].
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Table 6.3 also shows the distribution ratio of plutonium(lV) in a solution of 0.2 M
TOMAN-0.2 M HTTA in xylene. It is worthwhile to observe that these values are
comparable with the data obtained in 0.2 M TOMATTA/xylene, even though TOMAN,
and HTTA are added independently in xylene to make the solution of 0.2 M TOMAN-0.2
M HTTA in xylene. This indicates that TOMAN, and HTTA in 0.2 M TOMAN-0.2 M
HTTA/xylene seem to react together, and exist predominantly as TOMATTA in organic
phase. In addition, similar extraction trend of 0.2 M TOMAN/xylene with 0.2 M
TOMATTA/xylene systems, and higher Dpygyv) in 0.2 M TOMAN/xylene obtained in the
present study does not exclude the fact that TOMATTA reacts with nitric acid during
extraction leading to the formation of TOMAN, and HTTA. However, such reaction seems
to occur to a lesser extent, otherwise, TOMAN/xylene would have controlled the
extraction of Pu(lV). The study, thus, shows that extraction of plutonium(lV) in
TOMATTA/TOMANTT;, (table 6.2) seems to be governed by TOMAN in the nitric acid
concentration range 1 — 4M, even though TTA™ contains the (3-diketonate functional group.
Perhaps at much lower acidities (< 0.5 M) TTA™ may be controlling extraction. Above
4M, the extraction is aided by the anion exchange [9, 17] of [Pu(NOs)s+] ™ species from
aqueous phase with NTf,” of TOMANTT; as discussed above.

0.6

—— 0.2 M TOMATTA/Xylene
—O0— 0.2 M TOMATTA/TOMANTT,

[—A— 0.2 M CmimTTA/C mimNTT,
—— 0.2 M C.mimTTA/C. mimNTf,
041—0—0.2 M CmimTTA/C mimNTf,

0.5

0.3}

0.2}

Equilibrium [HN03]0rg_ IM

0.1}

0 1 2 3 4 5
Equilibrium [HNO,], /M

Figure 6.1. Nitric acid extraction isotherm in various systems. T = 298 K.
O:A =11
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Table 6.3. Extraction of Z°Pu(IV) from nitric acid medium in TOMA-systems. A: O
=1:1, T =298K, Equilibration time = 1hr

Distribution ratio of 2°Pu(1V) in

EHNO3]eq VAT, 02 M 0.2 M TOMAN
+0.05M TOMATTA)  02MHTTA/ TOMAN/ 0.2 M HTTA/
Xylene Xylene Xylene Xylene

05 55 83 100 60

1 107 60 145 %

3 175 0.6 190 161

4 200 0.11 250 210

: 158 0.027 210 161

From the above discussions, it is clear that the components of the ionic liquid
seems to control the extraction behavior of Pu(lV). Consequently, the study allows a
method for predicting the extraction behavior of metal ions in B-diketonate based ionic
liquids, by simply studying their extraction behavior in the components of ionic liquid.
For instance, table 6.4, shows the extraction behavior of Pu(lV) in 0.2 M HTTA/benzene,
and 0.2 M tetraheptylammonium nitrate (THEPAN) in benzene. The extractants, HTTA,
and THEPAN, are the components of the ionic liquid, THEPATTA. As expected, the
distribution values obtained for Pu(IV) are typical for HTTA, and quaternaryammonium
salt extractants.

Table 6.4. Extraction of %°Pu(1V) from nitric acid medium in THEA-systems.
A :0=1:1,T=298K, Equilibration time = 1hr

Distribution ratio of **Pu(1V) in

ﬁg%}v}] 0.2 M 0.2 M 0.2 M
- 0.2MHTTA/ THEPAN/ THEPAN-0.2 THEPATTA/
benzene MHTTA/
benzene b benzene
enzene

0.5 120 100 72 78
1 76 140 103 114
3 1.3 200 142 153
4 0.2 225 162 177
5 0.09 142 130 132

Table 6.4 also shows the distribution values in a solution of 0.2 M THEPAN —
0.2M HTTA in benzene, and 0.2 M THEPATTA/benzene. Comparable distribution
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values obtained in these cases confirm the hypothesis that the distribution ratio of Pu(1V)
in PB-diketonate ionic liquid can be predicted from the extraction behavior of its
components.
6.2.4 Extraction of Pu(lV) in imidazolium-TTA based RTILs

Figure 6.2 shows the extraction behavior of Pu(IV) in a solution of imidazolium-
TTA ionic liquids diluted in the respective C,mimNTf, (alkylmethylimidazolium-NTf,)
ionic liquids. In contrast to the quaternary ammonium-TTA ionic liquid, the distribution
ratio of Pu(lV) decreases initially with increase in nitric acid concentration reaches a
minimum value followed by increase in Dpyv) values. Moreover, the distribution values
increase in the order CymimTTA < CsmimTTA < CgmimTTA. It is interesting to note that
the extraction behavior of Pu(IV) changes significantly by simply substituting the
alkylimidazolium cation in place of alkylquaternary ammonium ion, while the pB-
diketonate anion remains the same. To understand this contrasting behavior, the extraction
of Pu(lV) in the diluent C,mimNTf, as a function of concentration of nitric acid was
studied, and the Dpyv) values are plotted in figure 6.3. As described in the chapter 3 & 5,
the distribution ratio is insignificant up to 2 M followed by increase in Dpyv) values in the
order CyamimNTf, < CemimNTf, < CgmimNTf,. The Dpyqvy are given in the figure 6.3 for
comparison with that of HTTA/CymimNTf5.

10}

DPu(IV)

—0—0.2 M C,mimTTA/C,mimNTf,

—O0=0.2 M C.mimTTA/C mimNTf,

—A=0.2 M C.mimTTA/C mimNTTf,

0 1 2 3 4 5
[HNOE]eq/M

Figure 6.2. Variation in the distribution ratio of plutonium (I\VV) with concentration

of nitric acid in imidazolium - TTA based systems. O : A =1, T = 298 K,
Equilibration time = 1 hr

1
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A N

>
s —0—02 M HTTA/C,mimNTT,
= —0—0.2 M HTTA/IC mimNTf,
0oLt —£— 0.2 M HTTA/C mimNTT,
== C,mimNTf,
1E-3} —Oo— C mimNTT,
== C,mimNTf,
1Ea , . . : .
0 1 2 3 4 5

[HNO,]eq. /M

Figure 6.3. Variation in the distribution ratio of plutonium (I\V) with concentration

of nitric acid in alkylmethylimidazolium-NTf, based diluents. O : A =1, T = 298

K, Equilibration time =1 hr

The extraction of Pu(lIV) above 2 M could be attributed to the anion exchange of
[PU(NO3)s4] ™ species from aqueous phase with NTf,” of C,mimNT#; as reported in the
chapter 5. Increasing the chain length of alkyl group attached to imidazolium cation
favours anion exchange. However, the poor extraction of Pu(lV) at nitric acid
concentrations lower than 2M observed in the present case, excludes the anion exchange
mode of extraction (at < 2 M) not only from C,mimNTf, (n = 4, 6 and 8) but also from
their components C,mimNQOs, which is expected to be formed upon nitric acid extraction.
Since the extractant C,mimTTA consists of an C,mim" cation, and TTA" anion, and upon
nitric acid extraction it is likely that TTA™ may get associated with H* as discussed above.
Therefore, the extraction behavior of HTTA/CymimNTf, was studied, and the results are
shown in figure 6.3. It is observed that the distribution ratio decreases in all cases with
increase of nitric acid concentration as expected for HTTA extractants [15]. The
distribution values observed in this case are higher than those observed for 0.2 M
ComimTTA/CymimNTf, (n = 4, 6 and 8). This could perhaps be attributed to lower
extraction of nitric acid in 0.2 M CymimTTA/C,mimNTf, resulting in lesser extent of
conversion of TTA™ to HTTA. This can be verified from figure 6.1 that 0.2 M
ComimTTA/C,mimNTf, extracts about 0.1 —0.15 M nitric acid when the concentration of
nitric acid in aqueous phase is lower than 2 M, where as 0.2 M HTTA in CymimNTf, was

employed for extraction. Moreover it is likely that all the extracted acid may not lead to
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the formation of HTTA. Thus, the extraction of Pu(l\V) by HTTA/C,mimNTf; indicates
the extraction is essentially governed by HTTA at lower nitric acid concentrations (< 2
M), and by the anion exchange of C,mimNTf; at higher nitric acid concentrations.
6.2.5 Separation factors

Table 6.5 compares the distribution ratio of Pu(I1V) with U(VI), and Am(I1I) in all
TTA — based ionic liquids. It is interesting to observe that the Dpygv) values are quite
significant as compared to Dypvi), and Damany. Therefore, the separation factors (SF),
which is the quotient of Dpyav) to Dm (M = U(VI) or Am(l1)), achieved with the use of 3-
diketone extractants are remarkably high. This could be attributed to the extraordinary,
and specific solvating ability of plutonium complexes in ionic liquid phase. This behavior
can be suitability exploited for separating plutonium from uranium, and americium in

various process streams.

Table 6.5. The distribution ratio of “°Pu(1V), >U(VI) and **Am(111) in various ionic
liquid systems as a function of nitric acid concentration and their separation factors
(SF = Dpyavy/Dm (M = U or **'Am))

Distribution ratios in 0.2 M TOMATTA / TOMANTf,

[HNOz]eq. SFof Pu(lV)  SF of Pu(lV)
j+005M  Fulv) uivi) AN “sromuvl)  from Am(1i)
0.5 45 0.8 5x10™ 56 > 10*
1 01 1.2 3x10° 76 >10*
3 122 1.3 2x10° 99 > 10*
5 160 2.5 107 64 >10°
Distribution ratios in 0.2 M CamimTTA /C,mimNTf,

0.5 44 2x10° 2x10* > 10" > 10"
1 8.4 3x10° 2x10° >10° >10°
3 2.8 10 9x10™ > 10° > 10°
5 6 0.1 7x10™ 60 >10°
Distribution ratios in 0.2 M CsmimTTA / CemimNTf,

0.5 50 0.08 10° 625 >10*
1 21 0.06 1.2x10° 350 > 10*
3 15 0.14 25x10° 107 >10°
5 46 0.36 1.5x 107 128 >10*
Distribution ratios in 0.2 M CamimTTA / CgmimNTf,

0.5 60 0.35 2x10* 171 >10°
1 40 0.3 7x10* 133 > 10*
3 28 0.49 2x10° 57 > 10*
5 88 0.86 6x 107 102 > 10*
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6.3 Conclusions

Some new room temperature ionic liquids containing theonyltrifluoroacetonate
anion were synthesized, and studied for Pu(lV) extraction. The distribution ratio of
plutonium(lV) in 0.2 M TOMATTA/TOMANTf, increased with increase in the
concentration of nitric acid, and the Dpyqv) values were much lower in the absence of
TOMATTA. The unique property of these [(-diketonate ionic liquid to dissolve in
molecular diluents was exploited to elucidate the mechanism of Pu(lV) extraction. The
study revealed that extraction was essentially controlled by the constituents of TOMATTA
namely TOMAN, and HTTA, which could form upon nitric acid extraction. In addition,
the study established a means of predicting the extraction behavior of metal ions in -
diketonate based ionic liquids, by simply studying their extraction in the components of
ionic liquid. Unlike alkylquaternary ammonium —TTA ionic liquids, the extraction of
Pu(IV) in imidazolium based ionic liquid (C,mimTTA) was essentially governed by the
component HTTA at lower nitric acid concentrations (<2 M), and by the anion exchange
of C,mimNTf; at higher nitric acid concentrations.
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B. lonic liquid extractants in molecular diluents: 1. Extraction behavior of
europium(111) in guarternary ammonium based ionic liquids

6.4 Results and Discussions

The structure of ionic liquids and their precursors used in this study are given in
the figure 2.2 of the chapter 2.
6.4.1 Miscibility of [A336]'[P204] in paraffin

n-Dodecane (n-DD) is extensively used as a diluent for solvent extraction
applications in nuclear fuel cycle. Since the ionic liquids are composed entirely of ions,
they are generally soluble in polar diluents and immiscible in paraffinic diluents like n-
DD. However, Mehdi etal.[1] synthesized a new family of ionic liquids containing
strongly coordinating anions such as diketonate. Interestingly, these ionic liquids were
reported to dissolve in aromatic diluents like toluene, xylene etc. However, these ionic
liquids were immiscible in paraffinic diluents. Mikkola et al. [10] reported the synthesis of
A336" based ionic liquids and indicated the solubility of some A336" based ionic liquids
in paraffin diluents like n-hexane. Sun et al. [2] synthesized the ionic liquid containing
A336" cation and P204 " anion was reported and studied the extraction behavior of some
rare earths in [A336] [P204] present in cyclohexane and heptane. In the present study, the
unusual solubility of the ionic liquids, [A336][P204]" and [A336] [DGA] in n-DD and
higher homologues of n-DD were studied. These ionic liquids were found to be
completely soluble in all paraffinic diluents, ranging from n-hexane (C6) to hexadecane
(C16). However, it was interesting to note that the precursor, [A336]°[NOs]’, was
insoluble in paraffins. In addition, the precursor of the anion, HP204, though it was
soluble in n-DD, but incompatible upon contacting HP204/n-DD solution with aqueous
phase. It was found that the time required for the phase separation of organic phase
(HP204/n-DD) from aqueous phase was very long. In view of this, the TALSPEAK
process [18] developed for the separation of lanthanides from actinides, use HP204 in
aromatic diluent rather than paraffin diluent. However, the present study showed that the
ionic liquid containing A336" cation and P204" (or DGA") anion was completely miscible
in paraffins and underwent phase disengagement in less than 30 seconds. Since, n-DD was
used as diluent for the solvent extraction application in nuclear fuel cycle, the miscibility
of [A336]" - based ionic liquid in paraffin was exploited for the extraction of Eu(lll) and
Am(I11) from the aqueous solution as discussed below.

Figure 6.4 shows the variation in the distribution ratio of Eu(lll) in a solution of
[A336]'[P204] in different paraffin diluents as a function of pH. It is observed that the
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distribution ratio of Eu(lll) is very less when the pH of the aqueous phase is less than 2.
The Dgyany increases with increase of pH thereafter. It is interesting to observe that the
distribution ratio of Eu(lll) decreases with increase in the chain length of the paraffin
diluent in the order C;, > C14> Cyg. Dietz et al. [13] studied the extraction of U(VI) in a
solution of tri-n-butyl phosphate (TBP) in 1-alkyl-3-methyl imidazolium
bis(trifluoromethanesulfonyl)imide based ionic liquids (ComimNTf,, n = C4 — Cyp). The
data were compared with those obtained in a paraffin diluent. As expected, the distribution
ratio of U(VI) in TBP did not change with the nature of paraffinic diluent. Therefore, the
paraffin diluent was regarded as “inert”. However, Dietz et al.[13] also reported that the
distribution ratio of U(VI) changed with the increase in the chain length of alkyl group
attached to the alkyl imidazolium ionic liquid. The present study also shows that the
distribution ratio of Eu(lll) varied significantly with the nature of paraffin diluents.
Therefore, comparision of the present extraction trend, with the work of Dietz et al. [13]
and others [19, 20] indicate that the distribution ratio of the metal ions could vary if one of

the component in the solvent is ionic liquid irrespective of the nature of other component.

100

—{—n-DD
—O— tetradecane
—/— hexadecane

80F

60

DEu(III)

40F

20

1:0 1?5 2?0 2?5 3..0 3?5 4?0
pHini.
Figure 6.4. Variation in the distribution ratio of Eu(lll) as a function of pH.

Organic phase: 0.04 M [A336]'[P204]/n-DD (or tetradecane or hexadecane),
Aqueous phase: HNO3, Equilibration time = 1hr, Temp =298 K, O/A =1

6.4.2 Extraction of Eu(l11) in [A336]'[P204] in n-DD

The distribution ratio of Eu(I11) in 0.04 M [A336]°[P204] in n-DD as a function of
initial pH (pHin;) of the aqueous phase is shown in figure 6.5. The data are compared with
its precursor solution containing 0.04 M [A336]' [NO3] and 0.04 M HP204 in n-DD. It is

observed that the distribution ratio of Eu(l1l) increases with increase of pHi,; in both cases.
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At pHini < 2, the distribution ratio of Eu(l1l) is low. However, at pHi,; > 2, it is interesting
to observe that the distribution ratio of Eu(Ill) in [A336]'[P204]/n-DD is much higher
than those observed in the precursor solution, under similar condition. The difference in
the extraction observed in these cases could be due to the variation in the equilibrium pH
that is likely to occur upon equilibration. Figure 6.5 also shows the pH of the aqueous
phase obtained at equilibrium (values given in paranthesis) in each case. It is interesting to
observe that the equilibrium pH of the aqueous phase decreases significantly in the case of
0.04 M [A336]'[NO3]” - 0.04 M HP204/n-DD and the pH increases marginally, in
[A336][P204]/n-DD system. This indicates that [A336]'[P204] extracts HNO3z from
aqueous phase and converted to [A336]'[NOs]” and HP204 by the reaction shown in the
equation 6.2. Therefore, the pHe of the aqueous phase increases in case of
[A336]'[P204] /n-DD. Similarly, 0.04 M [A336]' [NO3] - 0.04 M HP204/n-DD releases
HNO; to aqueous phase by the reaction shown in equation 6.3. This leads to the decrease
of equilibrium pH upon equilibration. Since the equilibrium pH is decreased, the
distribution ratio of Eu(lll) in 0.04 M [A336]"[NOs]- 0.04 M HP204/n-DD is lower.
However, the extent to which the reactions shown in equation (6.2) and (6.3) are

proceeding is not known in the present study.

[A336] T[P204] “org +HNO3 aq, <>[A336] T[NO3] org + HP204 grg (6.2)
[A336] "[NO 3] org. +HP204 ¢rg. <>[A336] "[P204] “org. + HNO 3aq. (6.3)
100 |5 0.04 M [A336] [P204] /n-DD (pH 4.2)

—O0—0.04 M [A336] [NO,] + 0.04 M HP204/n-DD

80F

60

DEu(III)

a0}

20
(pH 1.5) (pH 1.8) (PH2)
(pH 2.8)

1?0 175 2?0 2?5 3..0 3?5 4?0
pHini.

Figure 6.5. Variation in the distribution ratio of Eu(lll) as a function of pH of the

aqueous phase. Organic phase: 0.04 M [A336] [P204]/n-DD (or 0.04 M [A336]+[N03]'

+0.04 M HP204 in n-DD, Aqueous phase: HNO,, Equilibrium time: 1 hr, T = 298 K,

O/A=1
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The reaction shown in equation 6.2 indicates that [A336] [P204] associates with
HNO; during equilibration and converted to the solution of [A336]"[NO3] - HP204 in n-
DD phase. From figure 6.5, the distribution ratio of Eu(l11) in a solution of [A336] [NOs]
- HP204/n-DD is lower. Therefore it is likely that the distribution ratio of Eu(lll) in
[A336][P204] /n-DD may be reduced upon recycling the solvent phase.

To confirm this, the variation in the distribution ratio of Eu(ll) upon recycling the
organic phase (0.04 M [A336]'[P204]/n-DD) was studied. The organic phase was pre-
equilibrated with the aqueous phase at a particular pH. The aqueous phase was removed
and the organic phase was contacted again with the fresh aqueous phase at that pH. This
procedure was repeated up to 5 times. After each pre-equilibrations, the distribution ratio
of Eu(ll) in the organic phase was measured. The results are shown in figure 6.6. It is
observed that the Dgyqiy decreases with increase in the number of pre-equilibrations. This
confirms that the ionic liquid present in organic phase is converted to [A336]"[NOs] and
HP204 (by equation 6.2) upon equilibration. Since the solution of [A336] [NO3] - HP204
in n-DD exhibits lower distribution ratio for Eu(Ill) than [A336]'[P204]/n-DD, the
distribution ratio of Eu(l11) decreases with increase in the number of pre-equilibrations as
shown in figure 6.6. The study therefore indicates the requirement of a treatment

procedure for converting back to [A336] [P204]/n-DD for recycling.
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Figure 6.6. Variation in the distribution ratio of europium(Ill) upon recycling the
solvent. Organic phase: 0.04 M [A336][P204]/n-DD, Aqueous phase: pH = 3 or
2.5 (HNO3), Equilibration time =1 hr, T =298 K, O/A =1
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6.4.3 Extraction of Eu(l11) in other systems

The ionic liquid [A336]*[P204] is also soluble in aromatic diluents. Therefore, the
distribution ratio of Eu(lll) in [A336]'[P204] /toluene (or xylene) was measured and
compared with those obtained in a solution of [A336]"[NO3]" - HP204 in toluene (or
xylene), in figure 6.7. Similar to the previous case, the distribution ratio of Eu(lll) in
[A336]7[P204] is much higher than its precursor solution. Figure 6.8 shows the variation
in the distribution ratio of Eu(lll) in a diglycolamate based ionic liquid [A336] [DGA].
This ionic liquid was soluble in n-DD. Therefore the extraction behavior of Eu(lll) in
[A336]'[DGA]/n-DD is compared with those obtained in the precursor solution
[A336]"[NOs] - HDGA in n-DD in figure 6.8. It is observed that the distribution ratio of
Eu(lll) in [A336]"[DGA]/n-DD is higher than the precursor solution in this case also.
Therefore, the present study indicates that the cation [A336]", when combined with the
conjugate base of high molecular acid, the resultant ionic liquid is soluble in paraffins and
aromatic diluents. The ionic liquid obtained from such cation-anion combination exhibits
excellent extraction of metal ion as compared to that obtained in the precursor solution.
Sun et al.[2] attributed such extra ordinary extraction to the inner synergistic effect by

ionic liquids.

750

—— 0.04M [A336] [P204] /toluene

—/— 0.04M [A336]'[P204] /xylene

600T_o— 0.04M [A336]'[NO,] + 0.04M HP204/toluene
—— 0.04M [A336] [NO,] + 0.04M HP204/xylene

450

DEu(III)

300

150

1?0 1?5 2?0 2?5 3?0 3?5 4?0
pHini.

Figure 6.7. Variation in the distribution ratio of Eu(ll1) as a function of pH of the

aqueous phase. Organic phase: 0.04 M [A336][P204] or (0.04 M [A336]'[NO3]

+ 0.04 M HP204) in aromatic diluents, Aqueous phase: HNO3; Equilibration time =
lhr, T=298K, O/A =1
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120 | —0—0.01 M [A336] [DGA] /n-DD (pH 4.2)

—0—0.01 M [A336][NO_]+ 0.01 M HDGA/n-DD
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Figure 6.8. Variation in the distribution ratio of Eu(lll) as a function of pHiy;.

Organic phase: 0.01 M [A336] [DGA]/n-DD (or 0.01 M [A336] [NO3] + 0.01 M

HDGA in n-DD), Aqueous phase: HNOs, Equilibration time: 1 hr, T = 298 K,

O/A=1

6.4.4 Stoichiometry of Eu(l11) extraction

Figure 6.9 shows the variation in the distribution ratio of Eu(lll) as a function of
ionic liquid concentration in organic phase at pH 3. It is observed that the distribution ratio
of Eu(lll) increases with increase in the concentration of ionic liquid. Linear regression
analysis of the extraction data results in a slope of 3 in both ionic liquids, which is in good
agreement with the value reported by Sun et al. [2] for the extraction of Eu(lll) in
[A336][P204]". In addition, Sun et al.[2] proposed equation 6.4 for the extraction of
Eu(l11) in [A336]'[P204]". A similar mechanism could be applicable to [A336] [DGA]

also, as shown in the equation 6.5.

Eusg +3NO3 aq. + 3{IA336] T[P204] “}org. < [EUNO 3)3.{TA336] [P204] "}3]org. (6.4)

Eudq +3 NO3 5. +3{[A336] "[DGA] ~}org, < [Eu(NO 3)3.{[A336] " [DGA] ~}3]org, (6.5)
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Figure 6.9. Variation in the distribution ratio of Eu(lll) as a function of
[A336][P204] or [A336]'[DGA] in n-DD. Aqueous phase: pH = 3, Equilibrium
time=1hr, T=298K,O/A=1

6.4.5 Separation of Eu(l111) from Am(111)

Table 6.6 shows the distribution ratio of Eu(l1l) and Am(lIl) and their separation
factors as a function of pH;, achieved with the use of 0.04 M [A336]'[P204]/n-DD or
0.01 M [A336]'[DGA]/n-DD. It is observed that Dgyquy and Damquy increases with
increase of pHi,. However, the separation factor of Eu(lll) over Am(I1l) remains almost
constant (1 - 2) irrespective of the pH. DTPA is the aqueous soluble complexing agent
usually added to the aqueous phase for the separation of lanthanides from actinides [18].
Table 6.6 also shows the variation in the distribution ratio of Eu(lll) and Am(III) as a
function of DTPA concentration at a fixed pHin. of 3. It is observed that the distribution
ratio decrease with increase in the concentration of DTPA in both ionic liquid systems.
This could be attributed due to the increase in the formation of Metal-DTPA complex in
aqueous phase that lowers the distribution values. However, it is interesting to observe that
the separation factor of Eu(l11) over Am(lI1) (SF = Deuany/Damquy) increases with increase
of [DTPA] concentration, and reaches a maximum in both cases at a particular DTPA
concentration (10™M). This is followed by decrease of SF with further increase in the
DTPA concentration. A similar behavior has been reported in the section 4.4.3 of the
chapter 4. This behavior was attributed to the differences in the complexing abilities of
DTPA and the ionic liquid towards the metal ion under the given conditions. The SF
achieved with the use of [A336] [DGA] is higher than that observed for [A336] [P204] .
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Table 6.6. Distribution ratios of Eu(l11) and Am(I11) and their separation factors in
various ionic liquid systems. Organic phase: 0.04 M [A336][P204]/n-DD or 0.01 M
[A336] [DGA]/n-DD. Aqueous phase: pHeq ~ 2 - 4, DTPA = 0 — 10° M. Equilibrium
Time=1hr.O/A=1.T=298K

Distribution ratio and the SF achieved using 0.04 M [A336] [P204]/n-DD

PHini.  Deuaiy  Damany Sk pHini. DTPA/M  Deyany  Daman) Sk

2.0 7 5 1.4 10° 5 0.61 8.12

3.0 76 64 1.2 3.0 10 35 0.2 17.5

4.0 98 82 1.2 103 1 0.08 12.5
Distribution ratio and the SF achieved using 0.01 M [A336] [DGA]/n-DD

2.0 20 8 2.5 10® 30 3 10

3.0 90 65 1.4 3.0 10 4 0.1 40

4.0 120 102 1.17 107 2 0.066 30

6.5 Conclusions

The paraffin soluble ionic liquids, [A336]'[P204] and [A336]'[DGA] were
prepared and studied for the extraction of Eu(l1l) and Am(111) from the aqueous solutions.
The extraction of Eu(lll) and Am(I1I) increased with increase of pH and decreased with
increase in the chain length of paraffin diluents. Usually the distribution ratio observed in
the ionic liquid was always much higher than that obtained in the solution of ionic liquid
precursors. These ionic liquids extract the trivalents as neutral metal (111) nitrate complex.
Even though the ionic liquid extracted Eu(lll) and Am(IlI) to the same extent from the
aqueous phase, it was possible to separate Eu(lll) from Am(IIl) by adding DTPA to the
aqueous phase. The distribution ratio and the SF achieved with the use of [DGA] based
ionic liquid were higher than [P204] ionic liquid under similar conditions. Since the ionic
liquid was converted to its precursor during equilibration with HNOj3, the study therefore
indicates the requirement of a treatment procedure for converting back to [A336]'[P204]
or [A336] [DGA] for recycling.
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CHAPTER -7

Summary and Conclusions

This chapter deals with the summary of studies and the future scope of the present
work. The work reported in the thesis is aimed at explorimg the feasibility of using ionic
liquids for the separation of actinides and fission products from aqueous solutions. The
ionic liquid was employed both as diluent and extractant in the study.

7.1 Extraction behavior of actinides in RTIL diluents

The extraction behavior of Am(lIl) in CMPO — 1.2 M TBP/C;ymimNTf, was
studied. Extraordinary extraction of americium was facilitated by the presence of
C4smimNTf, and the process required only 0.05 M CMPO in RTIL medium instead of
0.2M CMPO employed in conventional TRUEX systems for comparable extraction
behavior. The stoichiometry of americium extraction in CMPO-TBP/C;mimNTf,
resembled that of TRUEX solvent, wherein three molecules of CMPO were involved in
co-ordination. However, the studies also showed that the ion exchange mechanism for the
extraction of americium (I11) could not be excluded. The extraction of americium (111) by
RTIL solution is accompanied by the release of energy and the exothermicity decreased
with increase in nitric acid concentration.

The extraction behavior of some actinides (Pu(lV), U(VI) and Am(III)) in
DMDOHEMA in ionic liquid diluent (ComimNTf,; n = 4, 5 and 6) exhibited excellent
selectivity for U(VI) and Pu(lV), whereas in n-DD medium, Am(lll) was also co-
extracted. Above 4 M nitric acid, the primary mode of Pu(IV) transfer in ionic liquid phase
was found to be anion exchange. Below 4 M nitric acid, the investigations showed that the
most plausible mechanism of actinide transfer in ionic liquid phase could be the cation
exchange of metal — solvate complex with C,mim™ cation of ionic liquid. The distribution
ratio of actinides decreased with increase of alkyl chain length of C,mimNTf,. The
separation factor (SF) of > 1000 was obtained for U(VI) and Pu(lV) from Am(lll) and

many fission products.

7.2 Extraction -Third phase formation behavior of Eu(lll) in ionic liquid medium
and its mutual separation from Am(I11)

The extraction and third phase formation behavior of Eu(lll) in 0.2 M CMPO —
1.2 M TBP in n-DD and in 0.2 M CMPO — 1.2 M TBP in CymimNTf, were compared.
While the limiting organic concentration (LOC) of Eu(lll) in 0.2 M CMPO — 1.2 M
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TBP/n-DD was only ~9 mg/mL, about ~ 40 mg/mL could be loaded with the use of
C4mimNTf, without any third phase formation. The study revealed that the use of RTIL in
place of n-DD prevents the undesirable third phase formation. The stoichiometry of
Eu: CMPO in RTIL phase was found to vary depending upon the loading, from 1:3 at
tracer levels to ~1:1 at higher metal loadings. In the absence of TBP, i.e, 0.2 M
CMPO/C4ymimNTf,, the extraction of Eu(IIl) results in a “crud type-precipitate” at the
interphase and it disappeared with the addition of TBP to the extent of 0.2 M. The study
indicated, that of TBP in C;mimNTf, is essential to modify the RTIL phase. The
extraction of europium(lll) by RTIL solution was accompanied by the release of energy
and the exothermicity decreased with increase in nitric acid concentration.

The extraction behavior of Am(IIl) and Eu(lll) in the solution of bis(2-
ethylhexyl)phosphoric  acid (D2EHPA) or bis(2-ethylhexyl)diglycolamic  acid
(HDEHDGA) in room temperature ionic liquid, 1-octyl-3-methylimidazolium
bis(trifluoromethanesulphonyl)imide (CgmimNTf,;) confirmed that these extractants in
conjunction with the present ionic liquid provide extraordinary extraction of Am(lll) and
Eu(lll) from aqueous solutions of widely differing compositions. The differential
complexing ability of the extractant present in ionic liquid phase and
diethylenetriaminepentaaceticacid (DTPA) in aqueous phase was exploited to optimize the
conditions needed for effective separation of trivalent lanthanides from actinides. The
stoichiometry of metal — solvate was found to be 1: 3. HDEHDGA was found to be
superior to D2EHPA for efficient separations. At pH 3 and using 0.005 M DTPA,
D2EHPA gave a SF of ~35, however, HDEHDGA required only 10* M DTPA for
achieving a SF of ~150.

7.3 Unusual separation of plutonium (1V) from other actinides and fission products
using novel task specific ionic liquids (TSILS)

Two  new  functionalized ionic liquids, namely, diethyl-2-(3-
methylimidazolium)ethylphosphonate bis(trifluoromethane sulfonyl)imide (IMPNTT;,) and
N,N—dioctyl-2-(3-methyl imidazolium) bis(trifluoromethane sulfonyl)imide (DOAIMNTT,)
were prepared and studied for the extraction of Pu(lV), U(VI), Am(IIl) and fission
products from nitric acid medium. The extraction of U(VI), Am(lIl) and fission products
was insignificant. However extraordinary extraction of Pu(IV) was achieved with the use
of these ionic liquid-extractants (IMPNTf, and DOAIMNTT,), in ionic liquid diluents
(ComimNTf,; n =4, 6 and 8 depending on the experimental conditions). Above 4 M nitric

acid, the primary mode of plutonium(IV) transfer in ionic liquid phase was determined to
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be anion exchange. Below 4 M, the present investigation indicates the possibility of metal
solvate complex (Pu(lV) —-(DOAIMNTT,)3) or (Pu(lV) —(ImPNTf,)3) formation in ionic
liquid phase. However, more studies are needed to bring out the insights of Pu(lV)
extraction. Unlike the traditional systems, the ionic liquid extractant, ImPNTf, (or
DOAIMNTT,), was selective for plutonium (IV) over other actinides and fission products.
Moreover, the task speficic property was observed only upon functionalization of the
phosphonate or amide moiety on to the imidazolium cation. The extraordinary separation
factor of 20 — 250 for plutonium (IV) over uranium (V1) and 10° —10° for plutonium (1V)
over americium (I11) were achieved by using ImMPNTf,/C,mimNTf, (n = 4 and 8)
depending upon the concentration of nitric acid. Similarly, the separation factor of Pu(IV)
over U(VI) was found to vary from 40 to 3400 in DOAIMNTT; solution depending upon
the concentration of nitric acid employed for extraction. The stripping of plutonium (1V)
from both the TSIL phase was possible within 10 stages using citric acid and
acetohydroxamic acid as the complexing agents. Extraction of plutonium (IV) by ionic
liquid phase was observed to be exothermic and the exothermicity decreased with increase
in nitric acid concentration.
7.4 Extraction behavior of actinides ionic liquids with strongly coordinating anions
Some new room temperature ionic liquids containing theonyltrifluoroacetonate
anion such as alkylquaternaryammonium thenoyltrifluoroacetonate (R;NTTA), and 1-
alkyl-3-methylimidazolium thenoyltrifluoroacetonate (C,mimTTA), with methyl, butyl,
hexyl, heptyl and octyl moieties were synthesized, and studied for Pu(IV) extraction. The
Dpuygvy in 0.2 M TOMATTA/TOMANTT; increased with increase in the concentration of
nitric acid, and were much lower in the absence of TOMATTA. The unique property of
these B-diketonate ionic liquid to dissolve in molecular diluents was exploited to elucidate
the mechanism of Pu(IV) extraction. The study revealed that the extraction was essentially
controlled by the constituents of TOMATTA namely TOMAN, and HTTA, which could
form upon nitric acid extraction. In addition the study established a means of predicting
the extraction behavior of metal ions in B-diketonate based ionic liquids, by simply
studying their extraction in the components of ionic liquid. Unlike alkylquaternary
ammonium —TTA ionic liquids, the extraction of Pu(IV) in C,mimTTA ionic liquid was
essentially governed by the component HTTA at lower nitric acid concentrations (< 2 M),
and by the anion exchange of C,mimNTf, at higher nitric acid concentrations. The
separation factors (SF) of Pu(lV) over other actinides (U(VI) and Am(II1)) using these
ionic liquids was quite high.
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The miscibility of aliquot-336 based ionic liquids such as [A336]'[P204] and
[A336]'[DGA] in the paraffinic diluent (n-DD) was explored for the mutual separation of
Eu(lll) and Am(I1). The extraction of Eu(lll) and Am(I1I) increased with increase of pH
and decreased with increase in the chain length of paraffin diluents. Usually the
distribution ratio observed in the ionic liquid was always much higher than that obtained
in the solution of ionic liquid precursors. These ionic liquids extract the trivalents as
neutral metal (111) nitrate complex. Even though the ionic liquid extracted Eu(lll) and
Am(I1) to the same extent from the aqueous phase, it was possible to selectively strip
Eu(lIl) from Am(I1I) with DTPA in the aqueous phase. The distribution ratio and the SF
achieved with the use of [DGA] based ionic liquid were higher than [P204] based ionic
liquid under similar conditions. Since the ionic liquid was converted to its precursor
during equilibration with HNO3, the study therefore indicates the requirement of a
treatment procedure for converting back to [A336][P204] or [A336] [DGA] ionic liquid
for recycling.

7.5 Future scope of the present work

i) Extraction behavior of Am(lll) and Eu(lll) in CMPO — TBP extractant (TRUEX
extractant) in ionic liquid diluent with remarkably higher distribution ratio has been
reported in this thesis observed in ionic liquid medium. Further studies on the extraction
behavior of Am(I11) and Eu(lll) could be carried out by using different extractants other
than TRUEX extractant in ionic liquid medium and the suitability of ionic liquid diluent
over molecular diluents could be brought out.

Similarly, different malonamides other than DMDOHEMA are suggested to be
used as the extractant for the actinides (Pu(1V), U(VI) and Am(111)) in ionic liquid medium
in order to evaluate their suitability for the metal extraction in ionic liquid diluent and
compare the extraction behavior with that of traditional diluents. Further studies are
needed to establish the nobility of ionic liquid extraction system by changing either the
extractant types in ionic liquid medium or using one extractant in different ionic liquid
medium.

i) The third phase formation of Eu(lll) in the ionic liquid medium has been reported in
this thesis. It was observed that there was no third phase formation observed even with
[Eulini ~ 300 mg/mL in the aqueous phase. Third phase formation in the solvent extraction
of actinides and other fission products could be studied in detail by changing different
parameters in ionic liquid medium which would solve the problem that is encountered in

the conventional diluents (e.g., n-DD).
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Similarly, the mutual separation of Eu(I11) and Am(1I1) in ionic medium is reported
for the first time and thus the study suggests to extend this idea for the group separation of
lanthanides from actinides in real TALSPEAK process using suitable ionic liquid diluent
to achieve excellent separation factors.

iv) The unusual separation of Pu(lIV) over other actinides and fission products has been
reported using phosphonate and amide based functionalized ionic liquids. Further studies
are required to ascertain the application of functionalized ionic liquids in the target
specific separation of actinides and fission products by preparing several types of
hydrophobic task specific ionic liquids with suitable target specific moiety.

V) The study of “ionic liquids in molecular diluents” suggests the synthesis of ionic liquids
with different anions for the application in the back end of the fuel cycle. By selecting
proper extractant moiety for ionic liquid anion, it is possible to dissolve such ionic liquids
in different paraffinic liquids as described in this thesis. This important property of ionic
liquids would help in altering the behavior of extracting phase in liquid-liquid extraction
of actinides and fission products.

vi) One of the major studies required in solvent extraction process while dealing with ionic
liquid as medium is to study carefully the mechanism associated with the extraction. The
coordination environment of metal ions in the ionic liquid phase need to be investigated
properly in order to bring out the insight of the proper mechanism.

vii) The fundamental properties of ionic liquids that govern solubility in aqueous phase,
hydrophobicity, viscosity, density etc. need more understanding to enable the design of
RTIL/FILs having the required properties for hydrometallurgical applications.

viii) Different physicochemical properties of ionic liquids need to be investigated to suit
them for the robust applications in reprocessing and waste management.

It can be anticipated that the use of room temperature ionic liquids, as diluent as well as

extractant would definitely solve many of the underlying issues in the back end of the

nuclear fuel cycle.
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Abbreviations

Full Name

AHA

Acetohydroxamic acid

AHWR Advance heavy water reactor

Aliquat336 Tri-n-octylmethylammonium chloride

(TOMAC)

[A336]7[P204] Tri-n-octylmethylammonium di (2-ethylhexyl)phosphate

[A336] [DGA] Tri-n-octylmethylammonium bis(ethylhexyl)diglycolamate

An Actinides

BETI Bis(perfluoroethanesulfonyl)imide

BF, Tetrafluoroborate

CAC Critical aqueous concentration

CMPO n-octyl(phenyl)-N,N-diisobutylcarbamoylmethyphosphine oxide

ComimNTf; 1-alkyl-3-methylimidazoliumbis(trifluoromethanesulfonyl)imide

cP Centipoise

Cyanex 272 Bis (2,4,4-trimethylpentyl) phosphinic acid

Dwm Distribution ratio of metal ion

DAAP Diamylamylphosphate

DCH18C6 Di-cyclohexano- 18 -crown 6

DIDPA Diisodecylphosphoric acid

DIAMEX Diamide extraction

DGA Diglycolamide

D2EHPA Di(2-ethylhexyl)phosphate

DMDBTDMA N,N’-DiMethyl-DiButyl-TetraDecylMalonamide

DMDOHEMA N,N’-DiMethyl-N,N’-Di-Octyl-2-(2-(hexyloxy)ethyl)Malonamide

DOAIMNTT, N,N-Dioctyl-2(3-
methylimidazolium)bis(trifluoromethanesulfony)limide

DOBA Dioctylbutyramide

DOEHA Dioctylethylhexanamide

DOOA Dioctyloctanamide

DTPA Diethylenetriamine-N,N,N’,N”,N’”-pentaacetic acid

EDTA Bis(ethylenediamine)tetraacetic acid

FBTR Fast breeder test reactor

FILs Functionalized ionic liquids
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HLLW High level liquid waste

[Hbet] [NTf,] 1-Carboxy-N,N,N-trimethylmethanammonium
bis(trifluoromethylsulphonyl)imide

HDEHDGA Bis(2-ethylhexyl)diglycolamic acid

HDODGA N,N-Dioctyldiglycolamic acid

IL lonic liquid

IMPNTf, Diethyl-2-(3-methylimidazolium)ethylphosphonate
bis(trifluoromethansulfonyl)imide

LOC Limiting organic concentration

Ln Lanthanides

MBDA Tetramethyldiglycolamide

MeBu3NTf, Tri-n-butylmethylammonium bis(trifluoromethansulfonyl)imide

n-DD n-Dodecane

NTf, Bis(trifluoromethansulfonyl)imide

oTf Trifluoromethanesulfonate

PF¢ Hexafluorophosphate

PHWR Pressurized heavy water reactor

PFBR Prototype fast breeder reactor

POPOP 1,4-Bis (5-phenyloxazol-2-yl) benzene

PPO 2,5-Diphenyl Oxazole

PUREX Plutonium Uranium Reduction Extraction (or Plutonium Uranium
Recovery by Extraction)

RiNTTA Alkylquaternaryammonium theonyltrifluoroacetonate

RTIL Room temperature ionic liquid

SF Separation factor

SETFICS Separation of trivalent f-element introroup by CMPO solvent

TALSPEAK Trivalent actinides and lanthanide

TAP Tri-n-amyl phosphate

TBDA Tetrabutyldiglycolamide

TIAP Tri-n-isoamyl phosphonate

TIBP Tri-n-isobutyl phosphonate

THEPAN Tetraheptylammonium nitrate

THEPATTA Tetraheptylammonium theonyltrifluoroacetonate

TOMAN Tri-n-octyl-methylammonium nitrate

TOMANTT, Tri-n-octyl-methylammonium bis(trifluoromethansulfonyl)imide
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TOMATTA Tri-n-octyl-methylammonium theonyltrifluoroacetonate
TOPO Tri-n-octyl phosphinoxide

TPEN Tetrakis-(2-pyridylmethyl)ethylenediamine

TRPO Trialkylphosphinoxide

TRUEX Trans Uranium EXtraction

TSIL Task specific ionic liquid

TTA Theonyltrifluoroacetonate

VOCs Volatile organic compounds
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