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SYNOPSIS 

1.0 Introduction 

Electricity is one of the most vital components of infrastructure that determines the 

economic growth and welfare of nations. The sources of power generation in India ranges 

from conventional sources like coal, hydro, oil, natural gas and nuclear power to viable 

non-conventional sources like solar, wind and bio mass. Around 70% of India’s electricity 

generation is from fossil fuels. Due to the population growth and economic development, 

India’s rate of energy consumption increases rapidly which in turn results in shortage for  

fossil fuels. To overcome the future electricity demand, nuclear energy is an inevitable 

option due to the high energy output and minimal emission of green house gases etc. 

Currently, India gets 3% of its electricity from the nuclear power plants, however the 

expected demand from nuclear power plants is approximately 25% in the near future [1]. 

 Nuclear reactors mainly use the natural or enriched uranium as the fuel for 

electricity production. The nuclear fuel discharged from the nuclear reactor after the 

power production is known as spent nuclear fuel and it contains significant amount of 

valuable fissile materials such as unused uranium, plutonium and other useful fission 

products such as 137Cs and 90Sr. The spent nuclear fuel is therefore reprocessed to recover 

these fissile elements for further use in reactors as fuels. Two approaches are available for 

the reprocessing of spent nuclear fuel; (1) Aqueous based industrially well-established, 

PUREX (Plutonium Uranium Recovery by Extraction) process and a (2) Non-aqueous 

pyrochemical process. The PUREX process involves the dissolution of spent nuclear fuel 

in nitric acid medium followed by the liquid-liquid extraction of uranium(VI) and 

plutonium(IV) from  the dissolver solution (3 – 4 M nitric acid medium). The extraction 
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was carried out using a solution of 1.1 M tri-n-butyl phosphate (TBP), as an extractant, in 

n-dodecane (n-DD) as a diluent [2].  

The aqueous waste rejected after the PUREX process is known as “high-level 

liquid waste”. The HLLW contains several elements such as trivalent actinides called 

minor actinides (MA), lanthanides fission products, other fission products and corrosion 

products of structural materials present in 3-4 M nitric acid medium. The long term 

radioactivity of HLLW is essentially due to the alpha emitting long lived minor actinides 

such as 241Am (t1/2 = 433 y) and 244Cm (t1/2 = 18.1 y ) Partitioning and Transmutation   (P 

& T) is being considered as a viable strategy for the safe management of HLLW. P&T 

involves in the separation of minor actinides from HLLW and transmutation of them into 

stable or innocuous products in advanced fast reactors or accelerator driven system (ADS) 

[3]. 

  Non-aqueous method for reprocessing of spent nuclear fuel is a high temperature 

pyrochemical method. The method has several inherent advantages such as the ability to 

handle high burn-up spent fuel, reduced criticality accident, generation of minimum 

aqueous waste and feasibility of on-site reprocessing due to compact size. In non-aqueous 

reprocessing, the methods such as electrowinning, electrorefining and direct oxide 

reduction are popular for the reprocessing of spent nuclear fuels [4].  This method exploits 

the differences in the thermodynamic stabilities of various actinides and fission products 

in high temperature molten salt medium for the dissolution of spent nuclear fuel and the 

electrochemical recovery of actinides. The molten salt medium is composed of a eutectic 

of alkali and alkaline earth metal chloride salts. Depending upon the composition of the 

eutectic, the operating temperature of pyrochemical method ranges from 600-800 K. 

Requirement of inert atmosphere, high temperature operation and corrosion problems 

make the pyrochemical method more challenging.  
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Over the past few decades, Room Temperature Ionin Liquids (RTILs) have been 

receiving increased attention for possible applications in the area of nuclear fuel 

reprocessing and waste management [5]. RTILs are composed fully of dissociated ions 

and their melting points are below 100˚ C. The distinctive features of ionic liquids include 

negligible vapor pressure, high thermal stability, wide liquid range, high solubility for 

organic species, wide electrochemical window and electrical conductivity etc. In addition, 

the property of ionic liquid can be tuned by suitable combination of cations and anions. A 

large number of reports are available on the use of ionic liquids as diluents for the 

extraction of actinides and fission products. Similarly, in the recent years, functionalized 

ionic liquids (FILs) (or task specific ionic liquids (TSILs)) [6] and the ionic liquids with 

strongly coordinating anion [7] have been reported as extractants for the metal ion 

separations. Extraordinary extraction of metal ions has been observed in RTIL medium. 

Presence of ionic liquid diluents in organic phase facilitates a new mode of recovery of 

metals by direct electrodeposition from the loaded organic phase after the solvent 

extraction procedure which is known as Extraction-Electro deposition (Ex-El) approach 

[8]. In the recent past, electrochemical behavior and electro deposition of some of the 

actinides and fission products have been reported in RTILs. Similarly, there has been 

increasing interest to understand the electrochemical behavior of metal ions in room 

temperature ionic liquid medium in the presence of extractant [9, 10]. 

2.0 Scope of the present work 

  The aim of the present work is to study the feasibility of employing the RTILs for 

the nuclear fuel cycle applications. The present study consists of solvent extraction and 

electrochemical study of lanthanides and actinides in RTIL medium. In these studies, 

RTILs were explored for three different roles; i. as diluents, ii. As extractant and iii. As 

electrolytic medium. For solvent extraction studies, imidazolium and pyrrolidinum cation 
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based ionic liquids were used as diluents and phosphoramide functionalized ionic liquid & 

dilakyl phosphate anion containing ionic liquid were investigated as extractant. In 

addition, the present study also focused to understand the electrochemical behavior of 

lanthanides and actinides in the presence of extractants using RTIL as electrolytic 

medium. 

3.0 Organization of the thesis 

This thesis is divided into seven chapters and the brief details of each chapter are given 

below. 

Chapter 1 

Chapter 1 describes the importance of nuclear energy programme for the 

economic growth and welfare of the nation. Spent nuclear fuel reprocessing and its needs 

are also discussed in detail. This chapter also covers a brief introduction of room 

temperature ionic liquid and merits of RTILs based extraction system over the 

conventional extraction system. The roles of RTILs as diluent, extractant and electrolytic 

medium for the spent nuclear fuel reprocessing have been explained. A short note on 

scope of the present study and overview of the thesis concludes this chapter. 

Chapter 2 

Chapter 2 provides a detailed description on the chemicals, reagents, synthetic and 

purification procedures adopted for the synthesis of various room temperature ionic 

liquids and extractants used in this present study. Spectroscopic techniques such as NMR, 

FT-IR and mass spectrometry, transient electrochemical techniques such as cyclic 

voltammetry, chronopotentiometry and chronoamperometry and also methodologies 

adopted for the measurement of radioactivity using α-scintillation counting, NaI(Tl) 

detector are discussed. Experimental set up and procedures adopted for the solvent 

extraction and electrochemical studies are mentioned in detail. 
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Chapter 3 

 In chapter 3, RTILs have been explored as diluents. This chapter deals with 

solvent extraction studies of some of the actinides namely, Am(III), U(VI) and Pu(IV) 

using molecular extractants in RTIL medium. This chapter has three parts namely Part A, 

Part B & Part C and the summary of each part has been described below.  

 Part A deals with solvent extraction studies of U(VI) using a solution of tri-n-

alkylphosphates (TalPs) present in 1-octyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ([C8mim][NTf2]) ionic liquid. The extractants 

investigated were tri-n-propylphosphate (TPP), tri-n-butylphosphate (TBP), tri-n-

amylphosphate (TAP), tri-n-octylphosphate (TOP), tri-iso-amylphosphate (TiAP) and tri-

iso-butylphosphate (TiBP). The extraction of U(VI) was investigated as a function of 

various parameters, such as equilibration time, nitric acid concentration, extractant 

concentration, temperature variation and nature of ionic liquid cation. The distribution 

ratios of U(VI) increased with an increase in the concentration of nitric acid in all the tri-

n-alkylphosphates and decreases in the order TOP > TAP ~ TIAP > TBP ~ TIBP > TPP. 

The stoichiometry of metal-solvate complex was found to be 1:2 (U: TAlP) in ionic liquid 

phase for all the tri-n-alkylphosphates. Quantitative stripping of uranium from the loaded 

ionic liquid phase was achieved using dilute nitric acid 

 Part B deals with the selective separation of Pu(IV) from the other actinides, 

U(VI) and Am(III) using N,N-dioctyl-2-hydroxyacetamide (DOHyA) present in the room 

temperature ionic liquid namely 1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ([C4mim][NTf2]). The distribution ratio of plutonium 

(DPu(IV)) obtained in DOHyA/[C4mim][NTf2] was compared with those obtained in 

DOHyA/n-dodecane. Extraordinary extraction of Pu(IV) was achieved when ionic liquid 

medium acted as diluents. The extraction was studied as a function of various parameters 
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such as concentration of nitric acid, extractant concentration, temperature, alkyl chain 

length attached to amidic nitrogen of the extractant etc. The separation factor of Pu(IV) 

over U(VI) ranged from 1833 to 78 and the separation factor of Pu(IV) over Am(III) 

ranged from 48 to 354 in DOHyA/[C4mim][NTf2] at different HNO3 concentrations. The 

loaded Pu(IV) in ionic liquid phase was recovered by using  complexing agents such as 

acetohydroxamic acid and oxalic acid. 

 Part C deals with the studies on the extraction of Am(III) from nitric acid medium 

by a solution of benzoylpyrazolone (HPMBP) dissolved in 1-butyl-3-methylpyrrolidinium 

bis(trifluoro-methanesulfonyl)imide ([C4mpy][NTf2]) ionic liquid. The distribution ratio 

of 241Am(III) in ionic liquid phase was investigated as a function of various parameters, 

such as pH of aqueous phase, duration of equilibration, concentration of ionic liquid and 

nitrate in aqueous phase etc. Extraordinary extraction was obtained using HPMBP in ionic 

liquid phase than in n-dodecane. The stoichiometry of metal-solvate in ionic liquid phase 

was determined by the slope analysis of the extraction data and it indicated the formation 

of 1:3 (Am: HPMBP) complex in ionic liquid phase. Recovery of americium from the 

loaded ionic liquid phase was achieved using nitric acid. 

Chapter 4 

 Chapter 4 describes the solvent extraction studies of actinides, U(VI), Pu(IV) & 

Am(III) using RTILs as extractants. In this study, phosphoramide based TSIL & 

dialkylphosphate anion containing ionic liquid were explored as extractants. The studies 

involved in this chapter are divided into two parts namely, Part I & part II. 

 Part I deals with solvent extraction studies of actinides using a task specific ionic 

liquid. A new task specific ionic liquid, diethyl-3-(-3-butylimidazolium) 

propylphosphoramide bis(trifluoromethanesulfonyl)imide ([BuImPA][NTf2]) was 

synthesized and reported for the solvent extraction studies of Pu(IV),U(VI) and Am(III) 
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from nitric acid medium for the first time. Unlike traditional extractants, the separation 

factor of Pu(IV) over U(VI) was about 10 and that over Am(III) was of the order 103, 

suggesting the possibility of separating the fissile element plutonium from other actinides. 

It was found that the –NH- moiety in TSIL was protonated predominantly over >P=O and 

that seems to facilitate the extraction of Pu(IV) in ionic liquid phase. Quantitative 

stripping of Pu(IV) from the loaded organic phase was achieved using a complexing 

agent. 

 Part II describes the solvent extraction behavior of U(VI) in a PUREX solvent 

namely  1.1 M tri-n-butyl phosphate (TBP) in n-dodecane (n-DD) in the presence and 

absence of the ionic liquid with strongly coordinating anion, tri-n-octylmethylammonium 

di-(2-ethylhexyl)phosphate ([A336]+[DEHP]-). Remarkable enhancement in the 

distribution ratio of U(VI) was observed in the presence of ionic liquid. The extraction of 

U(VI) is accompanied by the extraction of nitric acid leading to the formation of ionic 

liquid constituents namely [A336]+[NO3]
- and HDEHP. Synergic extraction of U(VI) was 

observed when HDEHP was employed in conjunction with [A336]+[NO3]− and TBP. The 

study revealed that the distribution ratio of U(VI) obtained in presence of ionic liquid was 

due to the synergic contributions of ionic liquid components and TBP. 

Chapter 5 

Chapter 5 describes loading behavior of Eu(III) at high aqueous concentration 

ranging from 1 g/L to 100 g/L in a solution of N,N,N’,N’-tetra-n-octyldiglycolamide 

(TODGA) dissolved in 1-octyl-3-methylimidazolium bis(trifluormethanesulfonyl)imide 

([C8mim][NTf2]). The extraction of Eu(III) was studied as a function of various 

parameters such as the concentration of nitric acid, Eu(III) ion concentration in aqueous 

phase, concentration of TODGA in organic phase, nature of the ionic liquid  diluents, 

nature of extractant, and phase modifier (tri-n-butyl phosphate (TBP) and N,N-
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dihexyloctanamide) etc. The loading of Eu(III) in TODGA/[C8mim][NTf2] increased 

marginally with increase in the amount of Eu(III) present in nitric acid phase. Unlike 

molecular diluents, the third phase formation was not observed even at 100 g/L Eu(III) 

present in 3–5 M nitric acid phase. Slope analysis of the extraction data was carried out to 

determine the stoichiometry of Eu(III) – TODGA complex in ionic liquid phase. Synergic 

extraction of Eu(III) was observed in the presence of TBP and the dependency of TODGA 

and TBP in the extraction of Eu(III) was determined. On contrary, the presence of DHOA 

hardly improved extraction of Eu(III) in TODGA/ionic liquid phase. The results revealed 

that Eu(III) could be loaded to the extent of 1: 3 stoichiometry in ionic liquid phase 

without leading to undesirable third phase formation.  

Chapter 6 

 Chapter 6 deals with electrochemical studies where the RTILs are explored as 

electrolytic medium. This chapter describes the electrochemical behavior of Eu(III) and 

U(VI) in RTIL medium containing ligands. In this aspect, two different systems have 

been studied. This chapter is divided into two parts namely Part 1 & Part 2.  

 Part 1 describes electrochemical behaviour of the actinide representative, U(VI), 

present in 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (C4mimNTf2) 

containing higher homolog of trialkyl phosphate namely tri-n-octyl phosphate (TOP) 

using cyclic voltammetric technique. The cathodic wave responsible for the reduction of 

U(VI) to U(V) shifted cathodically and the peak potential lowered in the presence of these 

ligands. Depending upon the nature of alkyl chain length attached to the phosphoryl group 

of trialkyl phosphate, the shift was quite different. The diffusion coefficient of U(VI) and 

the heterogeneous electron transfer rate constant in [C4mim][NTf2] decreased in the order 

U(VI) > U(VI) – TBP > U(VI) –TOP. The stability constant (ln Kf) of U(VI)-ligand 

complex was determined to be 2.7 and 2.9 for U(VI)-TBP and U(VI)-TOP complexes 
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respectively The results obtained in this study indicated that the electrochemical 

behaviour of U(VI) in [C4mim][NTf2] medium would show a strong dependence on the 

nature of ligand employed for extraction. 

 Part 2 describes electrochemical behaviour of Eu(III) in the room temperature 

ionic liquid, 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 

([C4mpy][NTf2]) by various transient electrochemical techniques in the presence and 

absence of  ligands such as di(2-ethylhexyl)phosphoric acid (HDEHP) and diglycolamic 

acids (HDGA) which has been proposed for the mutual separation of lanthanides and 

actinides at the back end of nuclear fuel. The addition of HDEHP and HDGA to the 

Eu(III)/[C4mpy][NTf2] solution lowered the cathodic peak current and shifted the cathodic 

peak potential cathodically due to the coordination of Eu(III) with ligands in the ionic 

liquid medium. The diffusion coefficients and heterogeneous rate constants have been 

determined. The stability constant (ln Kf) of Eu(III)-ligand complex was determined to be 

5 and 5.65 for (Eu(III)-HDEHP) and (Eu(III)- HDGA) complexes respectively, which was 

in accordance with diffusion coefficients. 

Chapter 7 

 Chapter 7 constitutes the summary of the results, conclusion obtained in the 

present work and the scope of the future work in this field. 
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INTRODUCTION 

 
Electricity is the lifeblood of modern society and it determines the socio-economic 

growth of a country [1]. The global demand for electricity is increasing rapidly with 

continued population growth and economic development. The choice of fuel for energy 

production is essentially dictated by the availability and accessibility of the source, its 

economic viability, and the convenience it offers. Nearly 75 % of the world energy 

production is mainly from the fossil fuels such as coal, gas, and oil [2]. However, the use 

of fossil fuels leads to the generation of green house gases such as carbon dioxide which 

pollute the environment. In view of this as well as due to the uncertainty in the 

development of renewable resources such as wind, solar, tidal powers etc., the nuclear 

energy option for meeting the future energy demand is inevitable since the nuclear energy 

has several advantages such as carbon-free source of power and enhanced energy 

production as compared to the fossil fuels. Currently, India gets 3% of its electricity from 

the nuclear power plants and the expected demand from nuclear power plants is 

approximately 25% in the near future [3,4]. 

1.1 Nuclear Fuel Cycle (NFC) 

 Nuclear power can be generated by technologies based on fission and fusion. 

Among these two methods, the technology based on fission is industrially well-

established. Electricity generation through nuclear fission reactors has several stages 

which starts from mining of uranium ore and ends with waste management. All these 

stages are collectively called as nuclear fuel cycle (NFC) [5]. From mining of uranium to 

fuel loading into nuclear reactor is called as “front end of the fuel cycle” (NFC). 
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and back end of NFC involves temporary storage and waste management of spent nuclear 

fuel (SNF) which is discharged from the reactor after the electricity production. There are 

two options for the SNF ie (i) Long term storage and final disposal without reprocessing 

(ii) Reprocessing to recover and recycle the usable portion of it. Figure 1.1 illustrates the 

various stages involved in NFC.  

 

 

 

Figure 1.1 Nuclear fuel cycle 

 

1.2 Nuclear power programme in India 

 In 1954, Dr. Homi Bhabha, the architect of the Indian nuclear programme envisaged 

a three-stage nuclear programme based on a closed nuclear fuel cycle in order to meet the 

nation’s energy demand [6]. The ultimate aim of this programme was to judiciously 

utilize the uranium and thorium resources of the country to the maximum extent. The first 

stage involves electricity generation using domestic natural uranium fuelled pressurized 
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heavy water reactors (PHWR). Currently, there are eighteen PHWRs, two BWR, and one 

PWR (VVER) operating with a total capacity of 5780 MWe [7].  The spent fuel from 

PHWR contains small quantities of fissile 239Pu along with residual uranium (known as 

depleted uranium, which is predominantly 238U). The spent fuel can be reprocessed 

chemically to separate plutonium and residual uranium from fission products. The 

products obtained in the first stage namely plutonium and depleted uranium from the 

spent fuels of PHWR is used for fueling fast breeder reactors (FBRs) to generate 

electricity in the second stage. Moreover, in the second stage nuclear power reactors, 

thorium (232Th) is kept as blanket for converting the fertile 232Th into fissile 233U. A 40 

MWt Fast Breeder Test Reactor (FBTR) is in operation at Kalpakkam since 1985 [8] to 

demonstrate the second stage. India’s first commercial fast reactor, the 500 MWe 

Prototype Fast Breeder Reactor (PFBR) is in the advanced stage of completion.  The 

fissile 233U produced from fertile element thorium (Th) is then utilized in the third stage. 

Thus, the third stage utilizes the plenteous thorium resources available in India. A 30 kWt 

reactor, KAlpakkam MINI reactor (KAMINI), kalpakkam, India is the only reactor in the 

world, which employ 233U as fuel [9].  

1.3. Radiotoxicity of spent nuclear fuel (SNF) 

  The fuel discharged from the nuclear reactor is referred as spent nuclear fuel 

(SNF) which consists of long-lived alpha emitting actinides such as plutonium, 

neptunium, americium, curium etc. and fission products (FPs) such as 93Zr, 99Mo, 133Cs, 

137Cs, 131I, 135I, 103Ru, 106Ru, Xe, Kr, lanthanides etc. The variation in the relative 

radiotoxicity of different components of spent nuclear fuel with time is shown in figure 

1.2. For the first 100 years after discharge from nuclear reactor, spent fuel radiotoxicity is 
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determined by the FPs [10]. It is then determined by Pu and other minor actinides (MAs) 

such as Np, Am and Cm.  

 

 

1.4 Reprocessing of SNF 

 The spent nuclear fuel discharged from nuclear power reactors contains significant 

quantities of fissile element, plutonium and un-used uranium which can be reprocessed 

from the SNF for further use in fast reactors as fuel. Two methods are available for the 

reprocessing of spent nuclear fuel; (1) Aqueous based industrially well-established, 

PUREX (Plutonium Uranium Reduction EXtraction) process (2) Non-aqueous 

 
 

Figure 1.2. Relative radiotoxicity of different components in the spent nuclear fuel 

from a light water reactor irradiated to 41 M Wd/kg U with respect to the radiotoxicity 

of the corresponding uranium ore [10]. 
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pyrochemical process. Among these, the aqueous based process, namely PUREX has 

been widely employed for reprocessing [11,12]. 

1.4.1 PUREX Process 

 PUREX process consists of three major steps namely (i) head end step, which is 

comprised of decladding, dissolution, and feed preparation, (ii) solvent extraction using 

TBP (Tri-n-butyl Phosphate), which involves co-extraction of uranium and plutonium 

followed by their partitioning and stripping and (iii) final purification and conversion of 

uranium and plutonium to their respective oxides. The heart of PUREX process is liquid-

liquid extraction of uranium(VI) and plutonium(IV) from the dissolver solution (3 - 4 M 

nitric acid medium) followed by partitioning of uranium and plutonium. The extraction 

was carried out using a solution of 1.1 M tri-n-butyl phosphate (TBP), as an extractant, in 

n-dodecane (n-DD) as a diluent. The metal loaded organic phase is then contacted with an 

aqueous solution containing uranous nitrate stabilized with hydrazine or ferrous 

sulfamate, which selectively reduces Pu(IV) present in the organic phase to inextractable 

Pu(III). The resulting Pu(III) then distributes to aqueous phase and thus enables the 

separation of uranium and plutonium. The uranium present in the organic phase is 

recovered by stripping it with dilute nitric acid. The uranium present in the strip is 

concentrated, precipitated as ammonium diuranate and finally calcined to get uranium 

oxide.  The plutonium product after separation from uranium bulk is once again purified 

by either solvent extraction or ion exchange method [13] and then it is precipitated as 

oxalate which is filtered and calcined to obtain plutonium oxide. The aqueous waste 

rejected after the PUREX process is known as “high-level liquid waste” (HLLW). Figure 

1.3 illustrates the schematic diagram PUREX process for an oxide fuel reprocessing. 
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Figure 1.3. Schematic diagram of PUREX process for an oxide fuel reprocessing  

1.4.1.1 High level liquid waste management 

 The HLLW contains several elements such as trivalent actinides called minor 

actinides (MA), lanthanide fission products, other fission products and corrosion products 

of structural materials present in 3-4 M nitric acid medium. The long term radioactivity of 

HLLW is essentially due to the minor actinides such as 237Np, 241Am, 243Am, 244Cm, 

245Cm, 243Cm and fission products such as 99Tc, 107Pd, 93Zr, 129I, 135Cs, 137Cs, and 90Sr. 

Since the half-lives of these isotopes vary from few years to several hundred years, the 

HLLW poses a long-term risk to the public health and safety of environment. Therefore, 

the success of nuclear energy programme depends on the safe management of HLLW. 

Currently, immobilization of HLLW in a suitable non-leachable ceramic or glass matrix, 

followed by the deposition in deep geological repositories is being practiced [14]. 
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However, it demands the long-term surveillance over thousands of years due to the 

presence of these minor actinides as their half-lives are very high. Moreover, in case of 

accidental ground-water invasion into these repositories, the radiotoxic metal ions can be 

released in to the environment due to their significant solubility and mobility in aqueous 

medium. Hence the current disposal practice is very expensive option.   

 Alternatively, partitioning and transmutation (P&T) [15,16] which involves removal 

of minor actinides from fission products followed by their transmutation in to short lived 

isotopes in accelerator driven systems (ADS) or fast-reactors is being considered as a 

viable option for the safe management of HLLW since P&T reduces the radiotoxicity of 

HLLW enormously and minimises the surveillance period. The success of P&T strategy 

depends on efficient separation of minor actinides and burning in ADS. The concentration 

of transplutonium actinides (Am and Cm) in HLLW is ~20 ppm and the concentration of 

lanthanides fission products is ~3000 ppm. The transplutonium actinides essentially 

exhibit trivalent oxidation state and chemically behave like trivalent lanthanides (Ln(III)) 

[8]. Due to high neutron absorption cross-section of Ln(III), the efficient transmutation of 

An(III) is not possible. Moreover, Ln(III) do not form solid solutions in metal alloys or in 

mixed oxide transmutation targets, and as a result they segregate in separate phases with 

the tendency to grow under thermal treatment. In view of these, the complete separation 

of Ln(III) from An(III) is very important prior to the actinide transmutation [9].  

 Therefore, the current method for partitioning involves the liquid-liquid extraction 

of An(III) and Ln(III) together from HLLW in the first extraction cycle, followed by 

lanthanide-actinide separation in the second cycle. For the co-extraction of An(III) and 

Ln(III) from HLLW several processes such as TRans Uranium element Extraction 

(TRUEX) [17-20], TriAlkyl Phosphine Oxides (TRPO)[21-23], Di-IsoDecyl-Phosphoric 
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Acid (DIDPA)[24,25], DIAMide Extraction (DIAMEX)[26-28], octyl derivatives of 

diglycolamides (DGAs) [29-35] and in the recent past N,N,N’,N’-tetraalkyl-3,6-

dioxaoctane diamides (DOODA) such as DOODA-C8 and DOODA-C12 were proposed 

[34]. After co-extraction of An(III) and Ln(III) 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. After the co-extraction, for the 

mutual separation of Ln(III) and An(III) present in stripped solution, several processes 

such as TALSPEAK, SETFICS etc have been proposed [35]  

 1.4.2 Non-aqueous pyrochemical process 

 Non-aqueous method for reprocessing of spent nuclear fuel is a high temperature 

pyrochemical method. In non-aqueous reprocessing, the methods such as electrowinning, 

electrorefining, and direct oxide reduction are popular for the reprocessing of spent 

nuclear fuels. These methods exploit the differences in the thermodynamic stabilities of 

various actinides and fission products chlorides in high temperature molten salt medium 

for the dissolution of spent nuclear fuel. The molten salt medium is composed of an 

eutectic of alkali and alkaline earth metal chloride salts. Depending upon the composition 

of the eutectic, the operating temperature of pyrochemical method ranges from 327-527ºC 

[36-39]. 

In the electrochemical reduction process (or oxide reduction process) using molten 

salt, the spent oxide fuel is reduced to supply metal feed to the electro-refining process. 

Additionally, high heat load fission products are dissolved into the molten salt, thus 

decreasing the heat load of the spent fuel. In electrorefining process, the SNF is dissolved 

anodically and then uranium and transuranium elements are deposited at the cathode by 

electrotransport through a suitable electrolyte with greater purity. In the case of 
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electrowinning process, SNF is dissolved into molten salt eutectic by chlorination and 

uranium is electrowon while plutonium is precipitated as PuO2 from the melt. 

Requirement of inert atmosphere, high temperature operation and corrosion problems 

make the pyrochemical method more challenging. 

1.5. Solvent extraction for aqueous reprocessing and waste management 

Liquid- liquid extraction commonly known as solvent extraction is an important 

separation technology for a wide range of applications in various industries such as 

nuclear, metallurgical, pharmaceutical, food and beverage, chemical, petrochemical, 

biochemical, catalysis, polymers, etc,. Solvent extraction is the distribution of a solute 

(for example, desired metal ion, M) between two immiscible liquids namely aqueous and 

organic phases in contact with each other. The solute M, dissolved in one liquid 

distributes into another immiscible liquid until its chemical potential becomes equal in 

both the phases. This condition is referred as equilibrium. The distribution of solute to the 

organic phase depends up on the complexing ability of the reagent (known as extractant) 

present in organic phase. In most of the solvent extraction processes, extractants are 

dissolved in a non-reactive organic medium in which they are completely miscible, is 

called as diluents.The distribution ratio of a solute M (DM) is defined as the ratio of the 

concentration of the solute in organic phase ([M]org) to that in aqueous phase ([M]aq) at 

equilibrium, as shown in equation 1.1. 

DM = [M]org / [M]aq                                                          (1.1) 

 DM is constant for given pair of liquids at constant temperature. In metal recovery 

operations, the valuable component is a metal ion or metal complex contained in aqueous 

solution. This aqueous solution is mixed with an immiscible organic phase containing the 

active extractant. The extractant transfers metal ion from aqueous phase into organic 
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phase by a series of chemical reactions. This process is refered as “extraction”. The metal 

ion present in the loaded organic phase is recovered by “back extraction” using aqueous 

reagents. This process is refered as “stripping”. The organic phase after stripping is called 

lean organic phase and is recycled back for extraction. The aqueous phase containing 

metal now goes to final metal recovery. 

 At the front end of nuclear fuel cycle, solvent extraction process is usually 

employed for the recovery of U and Th in the pure form from various primary and 

secondary sources. Solvent extraction plays an important role even in the reprocessing of 

spent nuclear fuel and allied waste management at the backend of nuclear fuel cycle. 

1.6 Room temperature ionic liquids (RTILs) 

In general, volatile organic compounds (VOCs) such as dichloromethane, 

chloroform, carbontetrachloride, acetone, chlrofluorocarbon, benzene, toluene, xylene, 

acetone etc. are widely used as solvents and reaction media in the synthesis of many 

chemical compounds. The VOCs used in high quantity are harmful to the humankind in 

nature and they have the main disadvantages such as high-volatility, evolution of harmful 

gases and less thermal stability. In this context, a new approach has received attention and 

is being called as Green Chemistry, Clean Chemistry etc. Green chemistry mainly aims at 

development of safe processes and reducing the waste generated from an industrial 

chemical process to a minimum acceptable level and hence it requires rethinking and 

redesign of many existing chemical processes by appropriate use of environmental 

friendly solvents and chemicals. The technology which includes the design of chemical 

products and processes to reduce or to eliminate the use and generation of hazardous 

substances is called the green technology [40].  
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There are several laws, regulations and protocols in United States for monitoring 

the use of volatile organic solvents and making use of environment friendly solvents in 

industries. These include Clean Air Act Amendments, Clean Water Act, Toxic Release 

Inventory, Toxic Substances Control Act and Montreal protocol [41]. The Montreal 

protocol suggested green chemistry alternatives for the chemical processes which use 

aqueous solvents, supercritical or dense phase fluids, ionic liquids, immobilized solvents, 

solvent less conditions, reduced hazard organic solvents and fluorous solvents [42]. Ionic 

liquids are one of the most promising candidates for green processes due to the distinctive 

features of ionic liquids which include negligible vapour pressure, high thermal stability, 

wide liquid range, high solubility for organic species, wide electrochemical window and 

electrical conductivity etc [42]. 

Room temperature ionic liquids are composed fully of dissociated ions and their 

melting points are below 100˚ C [43-47]. They are comprised of bulky, assymmetric, 

organic cations such as 1-alkyl-3-methylimidazolium, 1-alkylpyridinium, N-methyl-N-

alkylpyrrolidinium and ammonium ions etc. and inorganic or organic anions such as 

halides, BF4
-, PF6

-, triflates, tosylates, bis(trifluoromethanesulfonyl)imide (NTf2
-) etc. The 

structure of some of the common cations and anions are given in figure 1.4.  
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Figure 1.4 Common IL cations and anions 

As estimated by Earle and Seddon [40,48], a huge number (1012) of RTILs can be 

made by various combinations of cations and anions. It is possible to design RTILs as per 

the required properties for a specific application and so they are called as tailor–made 

ionic liquids or designer solvents.  

1.6.1 Room temperature ionic liquids – A brief history 

 The history about RTILs has been reviewed in detail by Wilkes and Seddon [46,47]. 

The chemistry of salts with low melting points was on track in the second half of 19th 

century. The protic ionic liquid, ethanolammonium nitrate with the melting point of 52-

55ºC was discovered by Gabriel [49]. Later in 1914, Paul Walden [50] reported the first 

stable and useful RTIL, namely, ethyl ammonium nitrate with a melting point of 12.5 ºC. 

Subsequently, the application of ionic liquids in various areas expanded that led to the 

synthesis of a variety of ionic liquids with desired physical and chemical properties. 

Based on the properties of RTILs, it can be classified into three main generations which 

are given below [51, 52]. 
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(i) First generation ionic liquids  

 The first generation ionic liquids are a mixture of organic species with AlCl3. These 

ionic liquids are known as chloroaluminates [53]. The important property of these ionic 

liquids is their tunable viscosity, melting point and variable acidity of the melt. Major 

limitation of the first generation ionic liquids is the need of inert atmosphere for handling 

these types of ionic liquids due to their hygroscopic property. However, these ionic 

liquids have been used as electrolytes in batteries.  

(i) Second generation ionic liquids  

 The air and water stable ionic liquids comprise the 2nd generation of ionic liquids. In 

1992, Wilkis and Zoworoto [54] reported series of ionic liquids with 

imidazolium/pyridinum cation with anions such as tetrafluoroborate (BF4
-) and 

hexafluorophosphate (PF6
-) which have less reactivity towards water. However, the 2nd 

generation ILs with anions such as bis(trifluoromethanesulfonyl)imide (NTf2
-), 

perfluoroalkylphosphate (FAP-) are moisture stable and can easily handled without inert 

atmosphere due to the hydrophobic nature of anions.  

(iii) Third generation ionic liquids 

 Third generation ionic liquids are task specific ionic liquids and chiral ionic liquids. 

In recent past, task specific ionic liquids (TSILs) have been received much attention and 

TSILs incorporate a functional group such that it can be applied to a specific task of 

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

covalently with organic functionality is known as functionalized ionic liquid (FIL) or task 

specific ionic liquid (TSIL) [55-66]. These types of ionic liquids exhibit the properties of 

both ionic liquid and organic functionality and it makes them suitable for a wide range of 

applications in synthesis, catalysis [57-59] and separation technology [58-66]. A sub class 
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of functionalised ionic liquids known as ionic liquids with strongly coordinating anion 

wherein the anion of the ionic liquid itself is a functional moiety have been reported in the 

recent years [67-70] 

1.6.2 Synthesis of RTILs 

Conventional RTILs 

 Initially, the general procedure for synthesizing imidazolium based ionic liquids 

was reported by Huddulson et al. and Stark et al. [71, 72].The metathesis was generally 

followed for the preparation of conventional ionic liquids and the general synthetic route 

of these type of ionic liquids is depicted in figure 1.5  

Step I: Alkylation of organic base

B  + R- X   [B-R]+
X-

Step II: Anion exchange

[B-R]+ X-
+ M+A-

biphasic water/ organic 
solvent mixture

[B-R]+ A-
(organic)

Ionic liquid

M+X- (aqueous)

(salt/acid waste)

+

B = 

N

N N

CH3
N

CH3

N

CH3

Pyridine N-Methylpiperidine  N-MethylpyrrolidineN-Methylimidazole, , , etc.,

R: CH
3
, C

2
H

5 
, C

3
H

7
 etc.

X : Cl,Br ,I etc.

M: H or an alkali metal (Li, Na etc.)

A: BF
4 
, PF

6
, (CF

3
SO

2
)
2
N etc.

 

Figure 1.5 Synthetic route for the preparation of conventional ionic liquids [73] 
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The first step involves alkylation of an organic base such as N-methyl imidazole, N-

methylpyrrolidine, Pyridine or N-methylpiperidine) using a haloalkane to generate an 

organic halide salt. In the second step, anion exchange was carried out in water medium 

with appropriate acid or metal salt. The ionic liquid was extracted form the aqueous salt 

into an organic phase and washed several times with distilled water to remove the halide 

impurities.The final product was purified by charcoal treatment followed by passing 

through an alumina column and dried by heating in vaccum. [73].  

 

Task specific ionic liquid (TSIL) 

 General synthetic scheme for the preparation of a TSIL reported by Davis [55]. The 

organic halides with the desired functional group have been used and it was reacted with 

a nucleophile such as imidazolium, pyrrolidinium, ammonium etc. The reaction condition 

for the synthesis of a TSIL depends on the type of functional group under study. Once the 

initial product is isolated, ion exchange is usually performed to pair the new cation with 

an anion of interest for ionic liquid formation. Examples of some task specific (or 

functionalized) ionic liquids are given in figure 1.7. 

X (CH2)x FG (CH2)x+ X
-

Ion exchange

TSIL

Nucleophile

FG: Functional group

 

FG+

X : Halide

 

Figure 1.6 Synthetic scheme for TSILs (FILs) [55] 
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Figure 1.7. Structures of some TSILs (FILs) 

 

RTILs with strongly coordinating anions 

  General synthetic procedure of these types of ionic liquids is shown in figure 1.8 [68, 

69]. The synthetic procedure of ionic liquids with strongly coordinating anions which is a 

conjugate base of acids such as phosphate, phosphonate, diketonate etc is quite simple 

and less time consuming. The reaction involves the addition of IL cation precursor (for 

example, tri-n-octyl methyl ammonium chloride) into the solution of IL anion precursor 

(for example, Di(2-ethylhexyl)phosphate) in a solvent medium and stirring under reflux 

condition. Examples of some of RTILs with strongly coordinating anion are shown in 

figure 1.9.  
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        Figure1.8. Synthetic scheme for RTILs with strongly coordinating anions 

[68,69] 
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Figure 1.9. Structure of some RTILs with strongly coordinating anions 

 

1.6.3 Properties of RTILs 

 RTILs have been used for several applications due to their fascinating properties 

such as negligible vapour pressure, high thermal stability, wide liquid range, high 

solubility for organic species, wide electrochemical window, tunable properties i.e, the 
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properties of aparticular ionic liquids can be changed by changing cation – anion 

combination and electrical conductivity etc. A brief detail about some of the properties of 

ionic liquids is given below. 

1.6.3.1 Melting point 

 Room temperature ionic liquids generally have melting points less than 100°C. 

Melting point of RTILs depends on the crystal structure, size and symmetry of the ions, 

charge density of the ions, efficiency of hydrogen bonding and the Vander Waals 

interactions [74]. When melting points of ILs are compared with that of inorganic salts 

(for example, 803 °C for NaCl and 60 °C for 1-propyl-3-methylimidazolium chloride) it 

is clear that the most of the reduction in melting temperature is caused by replacing the 

small inorganic cations by bulky asymmetric organic cations. The melting point of many 

ionic liquids is very uncertain due to their supercooling nature [75, 76]. 

1.6.3.2 Viscosity 

  Generally, RTILs are viscous liquids and it is generally two to three orders of 

magnitude greater than the viscosity for conventional organic solvents. However, some 

ionic liquids show very low viscosities at slightly higher temperatures, for instance, the 

viscosity of [C4mim][NTf2] is 4.2 cP at 114.5ºC and of [C2mim][NTf2] is 4.1 cP at 

115.2ºC [77]. Bonhote et al. [78] reported the influence of the nature of cations and 

anions on the viscosity of RTILs. Mostly, RTILs with bistriflate imide ion has less 

viscocity than the other anions such as [PF6]
-  and [BF4]

-. For example, viscosity of 

[C4mim][PF6] is 430 cP [79], [C4mim][BF4] is 154 cP [80], and [C4mim][NTf2] is 52 cP 

[78] at 25oC. MacFarlane et al.[81] have reported RTILs based on the dicyanamide anion 

N(CN)2
− ([C4mim][N(CN)2]: Melting point  -21°C & viscosity at 25 °C is 21 cP). Seddon 

et al. [82] reported that the viscosity of the l-alkyl-3-methylimidazolium ionic liquids 



Chapter 1 

 

19 

 

increases with increasing alkyl chain length. Moreover, it was reported that 

alkylammonium-based IL are more viscous than the imidazolium-based ILs with the 

same anion [83] 

1.6.3.3 Density  

 Most of the RTILs are denser than water with the values ranging between 1.12 to  

2.4 g.cm-3[74] .The densities of a large number of ionic liquids can be found in the book 

‘Ionic liquids in Synthesis’ edited by Wasserscheid and Welton [74]. In the case of 

imidazolium based ionic liquids, the densities are found to be decreasing as the length of 

alkyl chain increases [82]. The densities of ionic liquids are also influenced by the 

presence of impurities and water [84] and it increases with increase in the hydrophobicity 

of the anions. The densities of ionic liquids are less influenced by temperature [74]. The 

simple halide based ionic liquids have significantly  lower  densities  (density  of 

[C8mim][Cl]  is  similar  to  water and [C6mim][Cl])  is  similar  to  dioxane [80]. 

Moreover, quarternary ammonium based ionic liquids such as [A336]+[NO3]
-, 

[A336]+[Cl]-, [A336]+[PF6]
- and [A336]+[CH3COO]- have density in the range of 0.8 to 

0.90 [84]. 

1.6.3.4 Electrical conductivity  

  In general, the electrical conductivities of RTILs range from 0.1 to 18 mS.cm-1 [87]. 

The electrical conductivities of ionic liquids are less than the aqueous electrolytes (30 wt. 

% aqueous solution of H2SO4 is about 730 mS.cm-1) [85]. The specific conductivities of 

the ionic liquids are adequate to use them as electrolytes for carrying out the 

electrochemical studies. The conductivities of the ionic liquids are mostly dependent on 

viscosity and temperature. Galinski et al. [85] has reported the influence of viscosity and 

temperature on the specific conductivity of ionic liquids. 
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1.6.3.5 Surface tension 

 Some measurements are available on the surface tension of ionic liquids which 

ranges from 33.8 N m−1 for [C8mim][Cl] to 54.7 N m−1 for [C4mim][I] while 

[C4mim][PF6] has a value of 49.8 N m−1 . The surface tensions of RTILs are lower than 

that for water (72.7 N m−1 at 20 °C) but higher than the values for n-alkane (16.0 N m−1 

for pentane to 25.6 N m−1 for dodecane at 20 °C). As the alkyl chain length on the RTIL 

increases the surface tension value decreases. The surface tension of ionic liquids is less 

influenced by the presence of water. [72, 86, 87] 

 1.6.3.6 Electrochemical window  

 The “electrochemical window” of RTILs is a term commonly used to indicate both 

potential range and potential difference which is calculated by substracting the reduction 

potential from the oxidation potential. This is the important property which allows the use 

of RTILs as the electrolytes. Many ILs has wide electrochemical windows of ~5 -6 V or 

more [88].   The electrochemical windows for some typical ionic liquids were reviewed 

by Plechkova and Seddon [89]. Electrochemical stability of various ionic liquids has been 

reported in literature [90-93]. 

1.6.3.7 Radiation stability  

 Generally, RTILs have high radiation stability. The radiation stability of 1,3-

dialkylimidazolium nitrate/chloride ionic liquid reported by Allen et al. [94]. The ionic 

liquid of the type [C4mim][NTf2] and [C4mim][PF6] offer high stability to γ-radiation and 

shows no significant impact on the properties such as density, surface tension and 

refractive index of such ILs even after the exposure of high gamma dose [95]. Lall-

Ramnarine et al. [96] investigated pulse radiolysis of bis(oxalato)borate anion based ionic 

liquids. Efficient scavenging of radiolytically generated electrons was observed in these 
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ionic liquids.  Rouzo et al. studied the radiochemical stability of [C4mim][X] (X= NTf2
-, 

OTf-, PF6
- and BF4

- up to an absorbed dose of  

2 MGy) [97]. The degradation of ionic liquid increased in the order NTf2
-<  OTf- <  PF6

-<  

BF4
-. Recently, Ch. Jagadeeswara Rao et al. reported radiation stability of some RTILs 

such as protonated betaine bis(trifluoromethylsulfonyl)imide (HbetNTf2), aliquat 336 (tri-

n-octlymethylammonium chloride), 1-butyl-3-methylimidazolium chloride 

([C4mim][Cl]), 1-hexyl-3-methylimidazolium chloride ([C6mim][Cl]), N-butyl-N-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([C4mpy][NTf2]) and N-methyl-

N-propylpiperidinium bis(trifluoromethylsulfonyl)imide ([C3mpip][NTf2]) and it was 

reported that these ionic liquids were stable up to irradiation level of 100 kGy [93]. 

1.6.3.8 Thermal stability 

 Generally, RTILs have high thermal stability since they have negligible vapour 

pressure. The thermal stability of different ionic liquids is nearly independent of cations 

but it decreases with increase in the anion hydrophilicty [98]. Relative anion stabilities 

have been suggested as PF6
- > NTf2

- ~ BF4
- > halides. The dependence of the thermal 

properties on imidazolium and anion structure was investigated by Ngo et al. and reported 

that the thermal stability of the imidazolium salts increases with increased alkyl 

substitution and halide anions dramatically reduce the thermal stability of ionic liquid 

[99].The thermochemical properties of [Hbet][NTf2], [C4mpy][NTf2] and [C3mpip][NTf2] 

have been reported by Jagadeeswara Rao et al. [93]. Kosmulski et al.[100] has reported 

the thermal stability of some ionic liquids such as 1-alkyl-3-methylimidazolium 

phosphates and 1-alkyl-3-methylimidazolium triflate and Paulechka et al. reported the 

thermal stability of ionic liquid, [C4mpy][NTf2] [101]. Bonhote et al.[78] found that 

http://www.sciencedirect.com/science/article/pii/S0969806X11000363#bib12
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[C4mim][NTf2] was stable up to 400 °C and decomposed rapidly between 440 and 4800C 

whereas [C2mim][TA] (TA = trifluoroacetate) was only stable up to 150 °C.  

1.6.4 Applications of RTILs 

 Due to the attractive properties of RTILs, they find enormous applications in 

various research areas. RTILs are explored for applications in electrochemistry, organic 

synthesis, catalysis, cellulose processing, separation technology and analytical chemistry 

etc. Figure 1.10 illustrates the several applications of RTILs [102]. 

 

 

  

 Figure 1.10. Applications of ionic liquids [102] 

 Initially, the potential application of RTILs as solvents in organic synthesis was 

proposed by Fry and Pienta [103]. The applications of RTILs in organic synthesis have 

been described by Sethi et al. [104] and also in the book “Ionic liquids in organic 
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synthesis” edited by Malhotra [105]. Reviews on the applications of ionic liquids in 

chemical analysis i.e., in extraction chromatography, electrochemistry, spectroscopy etc. 

by Koel [106], electrodeposition of metals from non-aqueous solutions using ionic liquids 

by Simka et al.[107], applications of TSILs as catalyst by Ralf Giernoth [58] and 

applications of ionic liquids in electrochemical sensors by Wei et al.[108] have been 

reported. Similarly, review on TSILs by Davis et al. [55] reported the applications of 

various TSILs in different areas and D. Han et al. reported the applications of RTILs in 

different areas of separation technology [109]. 

 In addition to the academic research, ionic liquids have been used for several 

industrial processes. For example, reviews on the applications of RTILs in chemical 

industry have been reported by Plechkova and seddon [89]. Weyershusen et al.[110] 

reported industrial application of ionic liquids as performance additives. The major 

industrial ionic liquid application was the BASIL (Biphasic Acid Scavening utilizing 

Ionic Liquids) process by BASF. Similarly, Eastman operated an IL-based plant for the 

synthesis of 2,5-dihydrofuran from 1996 to 2004 [89] . 

1.6.4.1 Applications of RTILs in SNF reprocessing 

  Over the past few decades, RTILs have been receiving increased attention for 

possible applications in the area of nuclear fuel reprocessing and waste management 

[111-115]. Essentially, RTILs are investigated as possible substitute to the molecular 

diluent in solvent extraction procedures for the extraction of metal ions [117-131]. In the 

recent years, functionalized ionic liquids (FILs) (or task specific ionic liquids (TSILs)) 

and the ionic liquids with strongly coordinating anion have been reported as extractants 

for the metal ion separations [69, 70, 132-142]. Moreover, the properties of RTILs such 

as wide electrochemical window, solubility of various extractants and unusual extraction 
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of target metal ions from aqueous medium etc., facilitates the development of novel and 

environment benign procedures for the treatment of wide variety of aqueous waste using 

ionic liquid as medium. One such method is the extraction-electrodeposition (EX-EL) 

approach [115]. Some of the striking features of RTILs that make them promising for 

nuclear fuel cycle application are (i) 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 the 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) Ionic liquids can be functionalized with organic moieties for task 

specific applications (iv) RTILs can be designed to be completely incinerable, which 

would simplify the management of spent organic waste (v) Due to negligible vapor 

pressure of RTILs, the fire hazard is almost insignificant. 

 In reprocessing of spent nuclear fuel, RTILs have been explored as diluents, 

extractants and electrolytic medium and brief detail about these roles of RTILs are 

described below. 

1.6.4.1.1 RTIL as diluent 

 A large number of reports are available on the use of ionic liquids as diluents for the 

extraction of actinides and fission products [117-131] and some of studies are given here. 

Initially, Dai et al. (121) and subsequently Visser et al. (117) reported to separate group I 

and II metal ions from aqueous medium using a solution of crown ether in imidazolium 

based ionic liquid and Visser et al. extensively studied the extraction of cesium and 

strontium from nitric acid medium by using various crown ethers (18C6, DCH18C6, and 

DtB18C6) in [Cnmim][PF6] (n = 4, 6, 8) ionic liquid. A systematic study of the extraction 

of actinides (mostly U(VI), Pu(IV) and Am(III)) and lanthanides in ionic liquid medium 
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has been reported elsewhere [118-120,122-131]. The extraction of U(VI) from nitric acid 

medium by a solution of TBP in [C4mim][PF6] or [C4mim][NTf2] was reported by 

Giridhar et al. and this study indicates the possibility of varying the distribution ratio of 

uranium(VI) by changing the cation-anion combinations [130,131]. The mechanism of 

U(VI) extraction in TBP dissolved in ionic liquid was investigated in detail by Dietz 

[122]. Similarly, Billard et al. investigated the mechanism of U(VI) extraction in 

TBP/[C4mim][NTF2] and the model proposed by the authors involves the extraction of 

U(VI) through the cation exchange of [UO2(TBP)n]
2+ species with [C4mim]+ ion and 

H+(TBP)n in ionic liquid phase at low acidities. Anion exchange of [UO2 (NO3)3(TBP)m]- 

species with NTf2 of ionic liquid was stated to be responsible for uranium extraction at 

high acidities [123,124].The mutual separation of Eu(III) from Am(III) using acidic 

extractants in ionic liquid medium was reported by Alok et al. (120). Nakashima et al. 

(130) studied, in detail, the extraction of trivalent lanthanides in CMPO/[C4mim][PF6] 

and reported that the extraction efficiency of CMPO for metal ions was higher in ionic 

liquid medium as compared to the dodecane system. Panja et al. reported the extraction 

behavior of Am(III), Pu(IV) and U(VI) using N,N,N′,N′-tetra-n-octyl diglycolamide 

(TODGA) in imidazolium based ionic liquid and reported that the distribution ratio of 

Am(III), Pu(IV) and U(VI) were found to be higher in ionic liquid system than that 

obtained in n-DD diluents[125]. 

1.6.4.1.2. RTIL as extractant 

 In addition to the role of diluent, RTILs are receiving more interest to explore them 

as an extractant. The cationic or anionic part of the room temperature ionic liquid tethered 

covalently with organic functionalities, which can perform specific applications are 

known as functionalized ionic liquids (FILs) or task specific ionic liquids (TSILs) [55]. 
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Due to the presence of the functional group, the resultant FIL is expected to show the 

properties of both ionic liquid and organic functionality. The use of functionalized ionic 

liquid could avoid the use of molecular extractants. Since the FILs are usually soluble in 

ionic liquid diluents, the solvent system is completely devoid of any molecular entities. 

Therefore, the use of functionalized ionic liquids in nuclear reprocessing applications 

could offer inherent advantages such as thermal stability and negligible vapour pressure 

etc. Depending upon the nature of functional group attached, the selectivity of metal ion 

was found to be different. Extensive studies have been carried out in the recent past for 

the separation of actinides and fission products from wide variety of feed solutions using 

functionalized ionic liquid [61-65, 132-142] and some of the studies related to this part is 

given in this section. For example, 2-hydroxybenzylamine (LH2) FIL for the extraction of 

Am(III) and a few TSILs containing phosphoryl moiety attached to the quarternary 

ammonium ion for the extraction of U(VI) was reported by Ouadi et al.[62,63]. In recent 

years, P.K. Mohapatra et al. reported task specific ionic liquids with diglycolamide 

(DGA) and phosphine oxide (CMPO) moiety anchored on imidazolium cation   for the 

solvent extraction of actinides from nitric acid medium [136,137]. The authors reported 

the superior extractability of these FILs over conventional DGA and CMPO based 

extractants. In the recent past, couple of TSILs bearing phosphate and phosphine oxide 

moiety have been investigated for the extraction of actinides from nitric acid medium, 

respectively and it was reported that efficient extraction of the target metal ions using 

TSIL [138,142] was obtained. Similarly, amide ([DOAIm][NTf2]) and phosphonate 

([ImP][NTf2]) based functionalised ionic liquids [133,134] have been reported by Alok et 

al. and high separation of Pu(IV) from U(VI) and Am(III) was shown by these amide and 

phosphonate based FILs.  
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A sub class of functionalized ionic liquid which is known as RTILs with strongly 

coordinating anions which usually has the conjugate base of the acids such as phosphate, 

diketonate etc, have also been studied in the recent past. [66-70,132,140]. The advantages 

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 but these ionic liquids were insoluble in paraffins. In the recent past, 

Sun et al. [69] and Ling et al. [70] studied the extraction behavior of rare earths from 

aqueous solution using [A336] + based ionic liquids.  Aliquat-336 cation based ionic 

liquids are strongly hydrophobic, miscible in many of the non-polar solvents. These ionic 

liquids exhibit a density lower than 0.9 g/mL and negligible solubility in aqueous phase, 

which are indeed desirable for adapting these ionic liquids for countercurrent solvent 

extraction applications. In the recent past, Alok et al investigated tri-𝑛-

octylmethylammonium bis-(2-ethylhexyl) phosphate ([A336]+[DEHP]−) and tri-𝑛-

octylmethylammonium bis-(2-ethylhexyl)diglycolamate ([A336]+[DGA]−)  for the 

extraction of Eu(III) and Am(III) from aqueous solutions [132] and also reported the 

extraction behavior of U(VI), Pu(IV), and Am(III) in 1.1 M tri-n-butylphosphate (TBP)/ 

n-DD containing small concentration of [A336]+[DEHP]− [140]. 

1.6.4.1.3. RTIL as electrolytic medium 

 In the past few decades the concept of using RTILs for non-aqueous reprocessing 

has evolved and several studies have been reported in this aspect [143-158]. The 

electrochemistry of actinides and other metal ions in RTILs (chloroaluminate salts) were 

reported few decades ago. Initially, D’Olieslanger et al. reported the studies on 

electrochemistry of uranium in acidic (AlCl3 + N-(n-butyl)pyridinium chloride)) and basic 

(AlCl3  + N-(n-butylpyridium chloride)) chloroaluminate melt [143]. Similarly, 
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Schoehrechs and Gilbert [144] reported electrochemical studies of neptunium in acidic 

and basic AlCl3 -1-n- butylpyridinium chloride melt at 40ºC. But these 1st generation ILs 

show inadequacy in electrochemical window and poor cathodic stability. Nikitenko and 

co-workers [145] investigated the spectroscopic and electrochemical aspects of U(IV)-

hexachloro complexes in [C4mim][[NTf2] & [Mebu3N][NTf2] (Mebu3N = tri-n-

butylmethyl ammonium) hydrophobic ionic liquids and due to large electrochemical 

window of these RTILs, it was possible to study the oxidation and reduction behavior up 

to the metallic form. Electrochemical behavior of U(VI) in [C4mim][NTf2] was reported 

by Giridhar et al. and reported a single step two-electron transfer reduction to uranium 

oxide (UO2) deposit at a glassy carbon working electrode [158]. In recent past, several 

reports are available on the studies dealing with the electrochemical behavior of various 

metal ions present in ionic liquid medium containing different extractants [148,150-154]. 

For instance, Gupta et al. studied the electrochemical behavior and luminescence of 

Eu(III) in ionic liquid medium to bring out the dynamics and co-ordination behavior of 

Eu(III) with dihexyl N,N-diethylcarbamoylmethylphosphonate (DHDECMP) extractant 

[150]. Matsumiya et al. studied the electrochemical behavior of rare-earth elements such 

as Pr, Nd and Dy present in the ionic liquid medium containing tri-n-butylphosphate 

(TBP) ligand [148]. A.Sengupta et al. reported the electrochemical characterization of 

Np(IV) complexes with diglycolamide as well as diphenylcarbamoylmethylphosphine 

oxide (CMPO) based task-specific ionic liquids in [C4mim][NTf2] [153,154].  

 Moreover, RTILs have been utilized for several other electrochemical applications 

such as, recovery of valuable by-products of nuclear fission, nuclear waste treatment etc. 

For example, the separation and recovery of palladium from simulated HLLW using the 

extraction–electrodeposition (EX–EL) method was reported by Jayakumar et al. [149]. 
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This method comprises of solvent extraction of Pd(II) using tri-n-octylmethylammonium 

nitrate (TOMAN) in chloroform and direct electrodeposition  of metallic palladium from 

the organic phase. Moreover, some studies have been reported for nuclear waste treatment 

using RTILs and in this aspect, Ch. Jagadeeswara Rao et al.[157] studied the dissolution 

of tissue paper waste containing valuable contaminants such as uranium and palladium in 

1-butyl-3-methylimidazolium chloride ([C4mim][Cl]) and they were recovered by 

electrolysis of the solution by exploiting the wide electrochemical window of 

[C4mim][Cl].  

1.7 Motivation for the present study  

 Reprocessing of spent nuclear fuel (SNF) is vital for the success of nuclear power 

programme in India. PUREX process has been adopted for the separation and recovery of 

uranium and plutonium from the spent nuclear fuel dissolver solution. The raffinate 

rejected after the extraction of uranium and plutonium is known as HLLW. Eventhough a 

large number of methods and materials are available for the separation of actinides from 

dissolver solution and HLLW, processes based on room temperature ionic liquids 

(RTILs) are being proposed as possible substitute to the traditional methods. RTILs are 

organic salts molten at temperature below 100ºC. They have several superior properties 

suitable for industrial exploitation and nuclear fuel cycle application. They are, 

extraordinary extraction of metal ions from aqueous solutions when RTILs used in 

conjuction with traditional extractants, possibility of tailoring ionic liquids for task 

specific applications, feasibility of separating target metals from aqueous wastes and 

recover by electrodeposition directly from ionic liquid phase etc. Therefore it is envisaged 

that employment of ionic liquids in the area of nuclear fuel cycle applications would lead 
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to the development of environment benign process that generates minimum waste. In this 

direction, research work has been taken up with the following objectives. 

1.8 Objectives 

The objective of present study is threefold. They are,  

➢ To explore the possibility of using RTILs as diluents for the solvent extraction of 

actinides and lanthanides. In this content, solvent extraction studies were conducted 

for the separation of Eu(III), U(VI), Pu(IV) and Am(III) from nitric acid medium 

using a solvent phase composed of molecular extractants dissolved in imidazolium / 

pyrrolidinium bis(trifluoromethanesulfonyl)imide ionic liquids and the loading 

behaviour of Eu(III) in ionic liquid medium at higher Eu(III) loading conditions was 

also investigated . 

➢ To explore the possibility of using task specific ionic liquid (TSIL) and ionic 

liquid with strongly coordinating anion as extractants for the solvent extraction of 

actinides. In this content, a new phosphoramide functionalized ionic liquid and a 

tetraalkyl ammonium phosphate ionic liquid were explored for the separation of 

actinides from nitric acid medium. 

➢  To explore the technical feasibility of using RTIL as electrolytic medium for the 

solvent extraction of Eu(III) and U(VI) in ionic liquid medium followed by 

electrodeposition of extracted metals. In this direction the electrochemical behavior of 

U(VI) and Eu(III) in the presence of molecular extractants dissolved imidazolium and 

pyrrolidinium bis(trifluoromethanesulfonyl)imide  ionic liquids was studied and the 

results are discussed in thesis. 
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EXPERIMENTAL  
 

 This chapter describes about experimental procedures involved in liquid –liquid 

extraction and electrochemical studies of some actinides and lanthanides. The synthesis 

and characterization of various room temperature ionic liquids (RTILs), task specific 

ionic liquid and various extractants used in the present study have been described in this 

chapter. The spectroscopic techniques such as FT-IR, 1H, 13C & 31P-NMR and mass 

spectrometry used for characterization of various ionic liquids and organic compounds 

synthesized are presented. Methods and materials employed for the analysis of 

radioactive and non-radioactive samples along with instruments such as NaI(Tl) detector, 

alpha scintillation counter and electrochemical system have been described here. 

Moreover, Voltammetry techinques such as cyclic voltammetry, chronopotentiometry and 

chronoamperometry, have been also explained. 

2.1. Chemicals and reagents 

All the chemicals and reagents used in this study were of analytical grade and used as 

received unless otherwise mentioned.  

Tributylphosphate (TBP) 

 TBP (Purity: > 99%) was obtained from M/s. Sigma Aldrich / M/s. Merck. It was 

washed with dilute sodium carbonate solution (~0.2 M) followed by distilled water and 

then dried under vacuum before use. 
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1-Methylimidazole 

 1-Methylimidazole (Purity: 99%) was procured from M/s. Fluka / M/s. ACROS 

Organics and used after purification by distillation. 

Chloroalkane (Alkyl = butyl, hexyl and octyl) 

Chloroalkanes (Purity: > 99%) were procured from M/s. Acros and purified by 

distillation mehod prior to use. 

Bis(trifluoromethanesulfonyl)imide lithium salt (LiNTf2)  

LiNTf2 was procured from M/s Sigma Aldrich (> 99%) / M/s. Alfa Aesar (>98%). 

Iodomethane 

 Iodomethane (Purity: > 99%) was procured from M/s. Sigma Aldrich. 

N-methylpyrrolidine 

 N-Methylpyrrolidine (Purity: > 97%) was procured from M/s. S.D Fine Chemicals 

and used after purifying by distillation method. 

1–Bromoalkane 

 1-Bromobutane & 1-bromopropane (Purity: 99%) were procured from M/s. Merck 

/ M/s S D. Fine Chemical Limited. 

Tri-n-octylmethylammonium chloride (Aliquat-336) & Triisobutylphosphate (TiBP) 

Aliquat 336 (Purity > 99%) and TiBP (Purity: > 97%) were procured from M/s. Sigma 

Aldrich. 

3-Methyl -1-phenyl-2- pyrazolin-5-one (MPP) 

 3-Methyl -1-phenyl-2- pyrazolin-5-one (MPP) (Purity > 98%) was purchased from 

M/s. Alfa Aesar. 

Benzoyl chloride 

 Benzoyl chloride (Purity > 99%) was obtained from M/s. Rankem chemicals and 

used as received. 
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N, N-dihexyloctanamide (DHOA) 

DHOA was obtained from heavy water board, Tuticorin, India. 

Diethyl chlorophosphate and 1–(3-aminopropyl)imidazole 

 Diethyl chlorophosphate (Purity > 97%) and 1–(3-aminopropyl)imidazole 

 (Purity > 97%)  were obtained from M/s. Sigma Aldrich. 

N, N-dialkyamines (alkyl = hexyl/ octyl/ decyl) & Bis (2-ethylhexyl)amine 

 N,N-dihexylamine (Purity: 97%), N,N-dioctylamine (Purity: 97%), N,N,-

didecylamine (Purity: 98%) and bis(2-ethylhexyl)amine (Purity: 98%) were procured 

from M/s. Sigma Aldrich. 

Choloroacetyl chloride 

 Choloroacetyl chloride (Purity: > 98%) was obtained from M/s. Sigma Aldrich. 

Bis(trifuoromethanesulfonyl)imide (80% aqueous solution)  

 Bis(trifuoromethanesulfonyl)imide (80% aqueous solution) was procured from 

M/s.Iolitec. 

Triethylamine (TEA) & methanol 

TEA and methanol were procured from M/s. Ranbaxy. TEA was purified by 

distillation method. 

Sodium nitrate  

 Sodium nitrate (Purity: 99%) was obtained from M/s. Alfa Aesar    

 Ttoluene 

 Toluene was procured from M/s. S D Fine Chemicals. 

Acetonitrile 

 Acetonitrile (Purity: > 99%) was procured from M/s. Merck. 

Europium oxide (Eu2O3) 

 Eu2O3 was obtained from M/s. S D Fine Chemicals. 

http://www.sigmaaldrich.com/catalog/product/sial/14490
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Palladium wires and Glassy Carbon  

 Palladium wires and Glassy Carbon were obtained from M/s.Johnson Matthey. 

Calcium chloride  

 CaCl2 (Purity: ≥ 99.9%) was proscured from M/s.Sigma Aldrich. 

n-Dodecane (n-DD) 

 n-Dodecane (Purity: 99%) was obtained from M/s.Spectrochem private Limited, 

Mumbai, India. 

Dichloromethane (DCM), Ethylacetate & Chloroform 

 These solvents were obtained from M/s.Fischer Inorganics and Aromatics 

Limited, Chennai and used as such. 

1-(2-theonoyl)-3,3,3-trifluoroacetone (HTTA) & Tetrahydrofuran (THF) 

 HTTA (Purity: 98%) & THF (Purity: > 99%) was procured from M/s.Sigma 

Aldrich. THF was distilled before use. 

Acid solutions 

 The acid solutions (HNO3, HCl, GR grade, M/s.Merck Specialities Private 

Limited, Mumbai, India) were prepared by the dilution of concentrated acids, and were 

standardized by standard acid-base titration method using standardized NaOH and 

phenolphthalein indicator. 

 Sodium hydroxide   

Sodium hydroxide (AR grade) was obtained from M/s.S.D Fine Chemicals / 

 M/s Sigma Aldrich. 

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. 
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Sodium nitrite 

Sodium nitrite was obtained from M/s. S.D. fine Chemicals, Mumbai, India. 

Ethylenediaminetetraacetic acid (EDTA) & Hexamethylenetetramine (HMTA), 

Acetohydroxamic Acid(AHA) & Oxalic acid (OA) 

EDTA, HMTA (Purity: > 99%), AHA (Purity: > 98%) and OA (Purity: > 99%) were 

procured from M/s. Sigma Aldrich. 

Methyl Thymol Blue 

Methyl thymol blue was obtained from M/s.S D Fine Chemicals. 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 neodymium solution. 

Naphthalene 

Scintillation grade naphthalene was procured from M/s. Loba Chemie Pvt. Ltd. 

 1, 4-Dioxane 

1,4-Dioxane was procured from M/s. Merck Specialities Private Limited, Mumbai and 

purified prior to use to remove the peroxides 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 M/s. Loba Chemie 

Pvt. Ltd. 

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

Scintillation grade 1,4-Bis(5-phenyloxazol-2-yl)benzene (POPOP) was obtained from 

M/s. Koch-Light Laboratories Ltd. Colnbrook Buch, England. 
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Tri-n-octyl phosphinoxide (TOPO) 

Tri-n-octyl-phospinoxide (TOPO) obtained from M/s.Sigma Aldrich. 

  2.2.Radioactive tracers  

(152+154)Eu  

(152+154)Eu dissolved in dilute nitric acid was procured from Board of Radiation and 

Isotope Technology, Mumbai, India and the purity of 152+154Eu was ascertained by γ-

counting technique. 

 241Am  

241Am was procured as Am2O3 from Oak Ridge National Laboratory and it was 

dissolved in nitric acid and purity of 241Am was ascertained by α-counting technique. 

239Pu (NO3)4 and 233UO2 (NO3)2  

 239Pu (NO3)4 and 233UO2 (NO3)2 in nitric acid solution (~ 0.5 M) was obtained from 

Reprocessing Group, Indira Gandhi Centre for Atomic Research, India. Uranium was 

purified by solvent extraction with 5 % TBP/n-DD from 4M HNO3. The loaded organic 

phase was subjected to scrubbing with 4 M HNO3 in order to remove the co-extracted 

impurities. Then 233U was stripped from the organic phase by 0.01 M HNO3 and used as 

tracer. 

 Plutonium was purified by anion exchange method. The isotopic composition of 

plutonium was as follows (values in atom %) 238Pu:0.017; 239Pu: 93.60; 240Pu: 6.24; 

241Pu: 0.12; 242Pu: 0.023. The specific activity of this plutonium tracer was 1.665 x 105 

dpm/μg. The plutonium (IV) tracer was prepared by the following procedure. The 

acidity of the plutonium solution was adjusted to 1 M HNO3 and about 0.2 – 0.4 mL of 

2.5 M NaNO2 solution was added drop-wise with constant shaking. The resulting Pu(IV) 

was extracted with 0.5 M thenoyltrifluoroacetone (TTA)/xylene solution. The organic 

phase was scrubbed with 1 M HNO3 solution to remove the impurities. The loaded 
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plutonium was stripped by 8 M HNO3 and used as a stock solution. For the Pu(III) 

extraction studies, the oxidation state of plutonium was adjusted to Pu(III) by adding 

freshly prepared ferrous sulfamate, and hydroxylamine hydrochloride [159]. 

Tracer solution 

 A tracer solution of all the actinides (233U (VI), 239Pu(IV) & 241Am(III) and 

lanthanide (152+154 Eu(III)) were diluted with double distilled water (~10-4 M) and used 

for all extraction studies. 

2.3 Instrumentation 

2.3.1. Gamma counter 

The activity of gamma emitting radioisotopes such as 241Am and (152+154)Eu was 

measured using a gamma counter with single channel analyzer and well type NaI(Tl) 

detector. The NaI(Tl)-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. 

2.3.2. Liquid scintillation counter 

Alpha activity of samples containing U233 or Pu239 was measured using an in-

house fabricated a liquid scintillation counter. In liquid scintillation counting, the energy 

of alpha particles is absorbed by the 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, 2,5-diphenyloxazole (PPO) was 

used as the primary scintillator. 1,4-di-2-(5-phenyloxazolyl)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 
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single low noise photo multiplier tube. The discriminator was set with 241Am source and 

the efficiency was verified with a plutonium source. 

In addition, the α-radioactivity of various radioisotopes was also estimated by using α-β 

discriminating liquid scintillation counter (300SL TDCR liquid scintillation analyzer, 

Hidex, Finland). The known amount of sample from both organic and aqueous phase 

was taken in ultima gold AB cocktail (Perkin Elmer) for liquid scintillation counting. 

2.3.3. 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. 

2.3.4. 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.  

2.3.5. Vaccum oven 

Vaccum oven (Model-VT-AP-11.) with digital temperature control from M/s. 

Technico was utilized for drying ionic liquids prior to use. The oven was connected to a 

vaccum pump with pressure gauge and pressure control. 

2.3.6 Viscometer 

 The viscosity of ionic liquid phase was measured using Brook- field viscometer 

(model D-II +) with a small sample adapter. The temperature of adapter was maintained 

at a particular temperature using a constant temperature water bath-circulator. 

2.3.7. Mass spectrometer   

A home built reflectron time of flight mass spectrometer and ESI mass 

spectrometer were used for the mass analysis. In TOF-MS, nicotinic acid was used as 
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matrix and fourth harmonic of Nd-YAG laser (266 nm) was used for the 

desorption/ionization. 

2.3.8 NMR spectrometer  

A Brucker Avance III 500 MHz (AV 500) multi nuclei solution NMR 

spectrometer was used the structure analysis of synthesized ionic liquids and extractants. 

MeOD, CDCl3 and CD3COCD3 were used as solvents. 

2.3.9 FT-IR spectrometer 

The infrared spectrum of the sample was recorded using BRUKER TENSOR II 

FT-IR spectrometer equipped with an ATR (attenuated total reflectance) diamond 

crystal.  

2.3.10 CHNS analyzer 

Microelemental CHNS analysis of the samples were carried out by using 

Elementer Vario-EL. 

2.3.11 Electronic single pan balance 

A calibrated electronic single pan balance with a sensitivity of 0.01 mg was used 

to weigh chemicals and solutions 

2.3.12 Thermostatted rotary water bath shaker 

 A refrigerated water bath (PolyScience, Model-9100, USA) with a temperature 

controlling accuracy of + 0.010 K was used for the solvent extraction experiments. A 

JULABO (F33-HE) refrigerated circulator with a temperature controlling accuracy of 

+ 0.010 K and a heating immersion circulator with a temperature controlling accuracy of 

+ 0.010 K were also used for the experiments. 

2.3.13 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 
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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 KarlFischer reagent was used for the determination of water content in the samples. 

2.3.14 Electrochemical system 

All the electrochemical studies in this work were carried out using an Autolab 

electrochemical system (model: PGSTAT – 302N by Eco Chemie B.V, Netherlands) 

equipped with an IF 030 interface. It uses computer based software, namely, General 

Purpose Electrochemical System (GPES) version 4.9. 

2.3.15 Electrochemical cell  

The electrochemical cell had a single leak-tight compartment where the test 

solution for the electrochemical study was kept in a glass beaker. All the electrodes were 

placed in the same compartment (Photograph 1) and kept under argon atmosphere 

during entire study. The total setup was kept in silicone oil bath and heated for attaining 

the required temperatures. 
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Photograph 1 

2.4 Analytical Procedures 

 

2.4.1 Standard EDTA solution 

 

The solution of EDTA was prepared by dissolving required quantity of EDTA salt 

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 (adjusted 

using saturated solution of HMTA) using methyl thymol blue as indicator. 

2.4.2 Preapration of europium nitrate solution 

 Europium nitrate solution was prepared by dissolving Eu2O3 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 0.01 M HNO3. The free acidity of 

Eu(NO3)3 solution was measured by acid base titration along with potassium oxalate 
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solution as a holding agent for Eu(III). The solution was then quantitatively transferred 

to a pre weighed volumetric flask and filled up to the level by 0.01M HNO3.  

2.4.3 Standardisation of europium nitrate solution  

 A known volume of europium nitrate solution was taken in a beaker, diluted with 

distilled water and pH was adjusted to 6 by adding saturated solution of HMTA. Then it 

was titrated using standard EDTA solution with methyl thymol blue as indicator. The 

end point was blue to yellow. From this standard stock solution of Eu(NO3)3, different 

concentrations of Eu(III) solution were prepared as per the requirement. 

2.4.4 Preparation of the solutions of aqueous complexing agents 

 

Appropriate weight of various aqueous complexing agents such as 

acetohydroxamic acid 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 the required concentration by adding calculated amount of 

concentrated nitric acid. 

2.4.5 Preparation of solutions with various concentrations of NO3
- ion or C4mpy+ ion 

or NTf2
- ion 

 Various concentrations of nitrate ion or C4mpy+ or NTf2
-  solution were prepared 

by taking appropriate amounts of sodium nitrate crystal or [C4mpy][Br] or LiNTf2 and 

required quantity of nitric acid with higher concentration in distilled water made up to 

the required volume to get the solutions on molar basis. 

2.4.6 Preparation of europium tris[bis(trifluoromethanesulfonyl)imide (Eu(NTf2)3) 

 Eu(NTf2)3 was prepared as per the procedure given in literature [160]. 0.5 mol of 

Eu2O3 was added to an aqueous solution of 3 mol of HNTf2 and the mixture was stirred 

at 343 K for several hours. Eu(NTf2)3 (1 mol) formed was dried in a rotary evaporator at 

353 K. 



Chapter 2 

43 

 

 

2.4.7 Preparation of uranyl bis(trifluoromethanesulfonyl)imide, UO2(NTf2)2 

 The uranyl bis(trifluoromethanesulfonyl)imide, UO2(NTf2)2, was prepared by the 

procedure described elsewhere [161]. Initially, uranium trioxide (UO3) was prepared by 

heating uranyl nitrate hexahydrate powder (UO2 (NO3)2.6H2O) [162]. UO3 (1.0 g) was 

allowed to dissolve in an 80% solution of bis(trifluoromethanesulfonyl)imide (10 mL) 

by vigorous stirring at 323 K for 3 d. Then the temperature was raised to 353 K and 

refluxed overnight. Water was removed by distillation under vacuum. The acidic 

impurity (HNTf2) present in the system was extracted with dichloromethane (3×20 mL) 

and then the crude product redissolved in ethanol and filtered through a crucible to 

remove any unreacted UO3. Finally,the product, UO2(NTf2)2, was dried under vacuum 

prior to use. 

2.5 Liquid – liquid extraction studies 

  All the extraction experiments were conducted in duplicate at 298 K with 1:1 

aqueous: ionic liquid (or organic) phase ratio and all the results were reported with an 

accuracy of ±5% unless otherwise mentioned. The ionic liquid phase was the solution of 

desired concentration molecular extractant or functionalized ionic liquid in RTIL 

diluent. Organic phase was desired concentration of molecular extractant or 

functionalized ionic liquid in n-dodecane (n-DD) and ionic liquid (or organic) phase was 

pre-equilibrated with desired concentration of nitric acid prior to metal ion extraction. 

The aqueous phase was desired concentration of nitric acid spiked with a radioisotope. 

(In the case of loading experiments, aqueous phase was desired concentration of nitric 

acid containing high concentration of metal ion and spiked with corresponding 

radioisotope).The extraction experiments involved equilibration of equal volumes (1 

mL) of ionic liquid/organic phase and aqueous phase in a 10 mL capacity test tube 
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immersed in a constant temperature water bath and rotated in up-side-down manner for 

about an hour unless otherwise mentioned. After equilibration the radioactivity present 

in both organic or ionic liquid and aqueous phases was measured. The γ-radioactivity for 

241Am(III), and (152+154)Eu(III) isotopes was measured using a well-type NaI(Tl) 

scintillation detector and for α, β – emitting radionuclides, 233U & 239Pu, radioactivity 

was measured by liquid scintillation counter. The distribution ratio (DM) of the metal ion 

was determined using the equation 2.1.  

                      (2.1) 

 

where MIL or org and Maq are the radioactivity of radionuclide in ionic liquid/organic phase 

and aqueous phase respectively. M = 239Pu(IV) or 233U(VI) or 241Am(III) or 

152+154Eu (III).    

 In the loading experiments, the amount of metal ion loaded into the ionic liquid 

phase was calculated using the distribution ratio (DM) and the initial concentration of 

metal ion in aqueous phase as shown in equation 2.2.                                           
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where CIL is the concentration of metal ion loaded in ionic liquid phase and Caq
initial is the 

initial concentration of metal ion in aqueous phase. 

 The separation factors between two metal ions were calculated from the equation 
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The enthalpy change (ΔHtot) accompanied by the extraction of metal ion from the 

desired concentration of nitric acid phase was determined by studying the uptake of 

these metal ions as function of temperature using Van’t Hoff equation of the form shown 
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in equation 2.4.  

                              
R

ΔH

(1/T)

lnD tot





                                                            (2.4) 

where T is temperature and R is gas constant. Plot of ln DPu(IV) against 1/T was drawn 

and the enthalpy of extraction was calculated from the slope of straight line obtained by 

the linear regression of extraction data.  

2.6 Electroanalytical techniques 

The techniques which are used to evaluate the momentary behavior of the analyte 

at the electrode-electrolyte interface in an electrochemical system after a small 

perturbation from its equilibrium position are called as the electrochemical transient 

techniques [163]. These include polarography, voltammetry (galvanostatic and 

potentiostatic) etc. The techniques used in this work have been described below. 

2.6.1 Voltammetry 

 Voltammetric techniques are among the mostly used electrochemical transient 

techniques to study the behaviour of the analyte at an electrode-electrolyte interface. 

Mostly a three electrode cell consisting of a working electrode, a counter electrode and a 

reference electrode is used in voltammetric techniques [164, 165]. The electrolyte could 

be a liquid containing ions or solid. The electrode may be made of metal or non-metal 

which conducts electrons. The electrolyte is an ionic conductor and the electrodes are 

electronic conductors. 

The electrode at which the redox process of interest occurs is called as the 

working electrode. Commonly used working electrodes are glassy carbon rod, Pt, W 

wires, graphite rod etc. The potential and the current of the system are monitored across 

this electrode. The current carrying electrode in the cell is the counter/auxiliary 

electrode at which the counter reaction (counter reaction to the reaction occurring at 
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working electrode) takes place. The third electrode is called the reference electrode, 

which carries no current, and the potential of the working electrode is monitored against 

this reference electrode. The reference electrode should have a constant potential over a 

time and it should be reversible. In general, a standard hydrogen electrode, calomel 

electrode, Ag/Ag+ and quasi-reference electrodes such as Pd or Ag wire are used as 

reference electrodes in both aqueous and non-aqueous electrolyte solutions. These 

voltammetric techniques are in general classified broadly as potentiostatic and 

galvanostatic techniques [164,165]. 

In potentiostatic technique, the potential of the system is controlled and the 

response in the form of current is measured and in the case of galvanostatic technique, 

the current of the system is controlled and the potential response is measured. 

Electroanalytical techniques are further categorized into step (for both and current) and 

sweep (potential) techniques according to the mode of imposition of potential/current. 

Sweep techniques involve continuous scanning of the potential applied at the working 

electrode from one potential to another. Voltammetric methods such as cyclic 

voltammetry and linear sweep voltammetry are sweep techniques. In step techniques, 

the potential or current is varied in a predetermined manner with time. It can have single 

or several steps and chronomethods are step techniques.  

2.6.1.1 Cyclic voltammetry 

Cyclic voltammetry (CV) is very frequently used because it offers a wealth of 

experimental information and insight into both the kinetic and thermodynamic details of 

many chemical systems [166]. It is the most versatile electroanalytical technique for the 

study of electroactive species [167]. In this technique, the potential of the working 

electrode with respect to the standard reference electrode is monitored by potentiostat 

and the current of the system is measured through working and counter electrodes. The 
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potential of the working electrode is scanned from an initial point where there is no 

faradaic process to a specified final point and then switched back to other side of 

potential and then swept to the initial point. The potential of the working electrode is 

changed with time at some particular rate called the sweep rate or scan rate and denoted 

by . It has the units of volts per second, V.s-1. 

The response of the system is obtained in the form of a plot of current (Y-axis) 

versus applied potential (X-axis) called cyclic voltammogram (figure 2.1). In the 

convention used in this thesis, cathodic currents are taken as negative and positive 

potentials are plotted to the right.  In a typical CV experiment, the potential of the 

working electrode is continuously scanned from initial value to final value at a specified 

scan rate. The scan is commenced at a potential where no electrochemical reaction takes 

place (no current) and scanned to a region where electrochemical oxidation or reduction 

takes place.  

It can be well viewed from the figure 2.1 that no current flows at initial or start 

potential (Ei) where no faradaic electrochemical process occurs. If the potential is 

scanned in the cathodic direction (negative direction), reduction takes place at the 

electrode since according to the Nernst equation (equation 2.5) product (R) formed 

towards negative potentials.  

                               R

O'0

C

C
ln

nF

RT
EE 

                                                          

(2.5) 

where CR is concentration of reduced form and CO is concentration of oxidized 

form.When the potential is scanned further, at EOnset, the current starts rising where the 

faradaic process (reduction) starts occurring and the ‘O’ (electroactive species) start to 

diffuse from bulk of the solution to the electrode to compensate for the concentration 

drop at the electrode. Further scanning of the potential to more negative potentials leads 
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to the maximum current, ip (peak), where the concentration of ‘O’ at electrode surface 

falls to zero and the current decays further as controlled by diffusion of ‘O’. Similarly, if 

the potential is scanned in the anodic direction (positive direction) from the switching 

potential (Eλ), oxidation reaction occurs at the electrode.

                                                                    

 

The unique parameters associated with cyclic voltammogram 

 A typical cyclic voltammogram for a redox process is shown in figure 2.1. The 

important characteristics of the voltammogram, which will be used in the analysis of the 

redox process, are given below [164,165]. 

Ep
c = Cathodic peak potential (reduction); Ep

a = Anodic peak potential (oxidation) 

ip
c = Cathodic peak current; ip

c = Anodic peak current 

Ep/2 = Half peak potential (the potential where the ip is ip/2) 

Eλ= Switching potential; E1/2 = half wave potential; Ep – Ep/2 is width of the peak 

E1/2 = half wave potential = 
2

EE Ox

P

dRe

P 
 = E0’ 

 

E
Onset
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Based on the comprehensive analysis of the cyclic voltammetry, the reversibility of the 

electrochemical processes can be judged as discussed below [164,165,168,169].                   

Reversible process 

In reversible process, the rate of electrochemical process is controlled by diffusion 

(mass transfer) but not by charge transfer kinetics and the charge transfer is rapid and 

the mass transfer is slow (rate determining step). The key criterion for a reversible 

charge transfer process is that Ep is independent of scan rate () and the peak separation 

is given by equation 2.6. 

                          nF

RT
EE a

p

c

p 29.2
                                                    (2.6) 

 

The peak current is given by Randles-Sevcik [164].  
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                             (2.7) 

where n is the number of electrons involved in the charge transfer reaction, F is the 

Faraday constant, A is area of the electrode (cm2), CO is the bulk concentration of 

electro-active substance (mol.cm-3), R is the gas constant, T is the absolute temperature 

(K),  is the scan rate (V.s-1) and DO is the diffusion coefficient (cm2.s-1) of ‘O’. 

Irreversible process 

In this process, the rate of the redox process is controlled mostly by charge 

transfer kinetics and the main criterion of the irreversible charge transfer kinetics is the 

shift in the peak potential with scan rate. The peak separation (Ep
c - Ep

a) is very large and 

sometimes the reverse peak (oxidation peak) can not be seen in the scan reversal of the 

          Figure 2.1. A typical cyclic voltammogram of a redox couple 
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cyclic voltammogram. The wave shape is determined by charge transfer coefficient (α) 

which is a measure of the symmetry of the energy barrier and is independent of scan 

rate. For the irreversible process the following equations can be used to deduce the 

important parameters using cyclic voltammetry 

                                  Fn

RT857.1
EE c

2/p

c

p


                                                  (2.8) 

Charge transfer coefficient value is in the range of - 0.1  α  0.9. Equation 2.9 shows 

the current equation used in irreversible processes [164]. 
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                                  (2.9) 

Quasi-reversible process 

 The process in which the rate of the electrochemical reaction is a mixed control of 

both diffusion and charge transfer kinetics is known as quasi-reversible process where 

the peak potential shifts with scan rate and the peak shape visually broadens as scan rate 

is increased. Similarly, the difference between the cathodic and anodic peak potentials 

(Ep) increases with scan rate and the average of the peak potentials ((Ep
a + Ep

c) / 2) is 

constant at different scan rates. 

Heterogeneous charge transfer coefficient, ks, can be obtained by using the following 

equation which was proposed by Klingler and Kochi [165, 170]. 
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   Depending upon the magnitude of ks the electrode reaction can be classified 

[164] as, reversible when ks ≥ 0.31/2 cm.s-1, quasi-reversible when  

0.31/2 ≥ ks
 ≥ 2 x 10-51/2 cm.s-1 and irreversible when ks ≤ 2 x 10-51/2 cm.s-1.  

2.6.1.2 Chronopotentiometry (controlled current technique) 

 In this technique, the controlled current is applied between the working and 

counter electrodes and the potential of the working electrode versus reference electrode 

is monitored/measured simultaneously. A plot of the resulting potential against time is 

called as chronopotentiogram. When the constant current is applied between the working 

and counter electrodes, the concentration of the analyte ion decreases and the potential 

of the working electrode changes. This process continues until the concentration of the 

analyte ion at the electrode becomes zero. Since the concentration of the analyte ion 

changes with time, obviously, the potential of the electrode also changes. The duration 

of this potential change or the concentration change of the analyte ion is called as the 

transition time and is denoted by τ [171]. The relation between the applied current and 

transition time is given by Sand’s relation [164,165] shown in equation 6. The 

experimentally determined value of τ at a particular i, can be used to determine the 

diffusion coefficient (Do) using the above Sand’s equation (equation 2.11). 

                

                     2

2/12/1

2
1 CnFAD

i o 
                                                             (2.11) 

2.6.1.3 Chronoamperometry (Controlled potential technique) 

 Chronoamperometry is one of the potential step techniques and in this method, 

constant potential step is applied to the working electrode and current is measured as a 

function of time [164, 172]. The instantaneous current obtained is given by the Cottrell 

eqation (equation 2.12) [164,165]. The Cottrell plot of i vs t-1/2 is linear with zero-
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intercept and it allows the conclusion of the simple diffusion controlled process and 

from the slope of the plot, diffusion coefficient, Do can be calculated. 

                                        2/1

2/1
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
                                                                  (2.12) 

2.7 Electrochemical studies  

 Cyclic voltammograms of metal ion (Eu(III)/ U(VI)) in ionic liquid medium in the 

presence and absence of extractants were recorded at various scan rates and at various 

temperatures. To determine the diffusion coefficient, the value of αnα was determined 

from equation 2.8. Diffusion coefficient values were calculated using the equation 2.9. 

The charge transfer rate constant, ks (cm/s) was determined using equation 2.10. 

Moreover, the Diffusion coefficient values for Eu(III) in [C4mpy][NTf2] in the presence 

and absence of extractants were determined using chronopotentiometry and 

chronoamperometry techniques also. The chronopotentiogram was recorded at various 

applied current densities at 373 K. Transient time () was obtained by the linear 

extrapolation of the sections on the chronopotentiometry transients before and after the 

inflection. Using the equation 2.11, the diffusion coefficient was calculated. Similarly, 

chronoamperograms for the cathodic reduction of Eu(III) to Eu(II) in [C4mPy][NTf2] at 

373 K was recorded in the presence and absence of ligands and the diffusion coefficient 

of Eu(III) was determined using the equation 2.12. From the cyclic voltammograms 

recorded at 373 K at the scan rate of 0.1 V.s-1 for U(VI)/U(V) or Eu(III)/Eu(II) couple in 

RTIL medium containing various concentrations of extractants, the stability constant (ln 

Kf) and the co-ordination number (m) of metal-complex were determined using the 

equation 2.13 [173,174]. 

        ])ln[)(ln/()()( 2/12/12/1 LmKnFRTEEE fMC          (2.13) 



Chapter 2 

53 

 

where (E1/2)C and (E1/2)M are the half wave potential of complexed and free metal ion, 

respectively, [L] is the ligand concentration in M, n is the number of electrons 

transferred, m is the stoichiometry of the complex and  is the charge transfer 

coefficient. From the magnitude of the intercept and slope obtained from the plot of -

ΔE1/2/(RT/nF) against the logarithmic value of extractant concentration , ln Kf and m 

were determined. 

2.8 Experimental procedures 

2.8.1 Extraction behavior of U(VI) using some tri n-alkyl phosphates (TAlPs) 

present in imidazolium based room temperature ionic liquid  

  

2.8.1.1 Effect of HNO3 concentration 

 A 1.1 M TAlP in [C8mim][NTf2] was prepared and it was pre-equilibrated with 

desired concentration of nitric acid in order to fix the equilibrium acidity. Extraction of 

U(VI) as a function of nitric acid concentration was studied by equilibrating 1 mL of 

pre-equilibrated ionic liquid phase with 1mL of desired concentration of nitric acid 

solution containing 233U(VI) tracer.  

2.8.1.2 Effect of TAlP concentration 

 The extraction of U(VI) as a function of TAlP concentration in the ionic liquid 

phase was studied by equilibrating 1 mL of 3 M nitric acid solution spiked with 233U 

tracer with 1 mL of TAlP/[C8mim][NTf2] (which was pre-equilibrated with 3M HNO3 ) 

for one hour. The concentration of TAlP present in IL was varied from 0.2 M to 1.2 M. 

2.8.1.3 Effect of temperature 

 Enthalpy change accompanied by the extraction of U(VI) in 1.1 M TAlP/ 

[C8mim][NTf2] was determined by measuring the distribution ratio of U(VI) in 3 M 

HNO3 spiked with 233U tracer at various temperatures (298 K to 333 K).  

 



Chapter 2 

54 

 

2.8.1.4 Stripping of U(VI) 

 Stripping of U(VI) from the loaded ionic liquid phase was carried out using 0.01 

M HNO3. The loading of U(VI) from nitric acid phase into the ionic liquid phase was 

performed by equilibrating equal volume of 1.1 M TAlP/ [C8mim][NTf2] (which was 

pre-equilibrated with 3M HNO3 ) with 3 M nitric acid spiked with 233U tracer for about 1 

hour. After equilibration, ionic liquid phase was separated and it was taken into two 

tubes such that each tube containing 1 ml of ionic liquid phase. Then the ionic liquid 

phase was equilibrated, for 1 hour, with the equal volume (1 mL) of 0.01 M HNO3. 

After equilibration, an aliquat was taken from the aqueous phase . The aqueous phase 

from the equilibrated sample was removed and the ionic liquid phase (1 mL) was 

contacted again with fresh 0.01 M HNO3 (1 mL) for 1 hour. Again an aliquat was taken 

from the aqueous phase and the procedure was repeated until the uranium loaded in 

organic phase was recovered completely.  

 

2.8.2 Mutual separation of Pu(IV) from other actinides using 2-hydroxy acetamide 

extractant in room temperature ionic liquid 

2.8.2.1 Effect of nitric acid concentration 

 0.02 M solutions of DAlkHyA/[C4mim][NTf2], DOMeOA/[C4mim][NTf2] and 

DHOA/[C4mim][NTf2] were prepared and they were pre-equilibrated with desired 

concentration of nitric acid. Extraction of Pu(IV) (or U(VI) or Am(III)) as a function of 

nitric acid was studied by equilibrating 1 mL of pre-equilibrated ionic liquid phase with 

1 mL of desired concentration of nitric acid solution containing tracer 239Pu(IV) or 

233U(VI) or 241Am(III).  

2.8.2.2 Effect of concentration of DOHyA 

The extraction of Pu(IV) as a function of DOHyA concentration in the ionic liquid 

phase was studied by equilibrating 1 mL of DOHyA/ [C4mim][NTf2] (which was pre-
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equilibrated with 3M HNO3 ) with 1 mL of 3 M nitric acid solution spiked with 239Pu 

tracer, for one hour. The concentration of DOHyA was varied from 0.005 M to 0.05 M. 

2.8.2.3 Effect of temperature 

 Enthalpy change accompanied by the extraction of Pu(IV) in 0.02 M DOHyA/ 

[C4mim][NTf2] was determined by measuring the distribution ratio of Pu(IV) with 3 M 

HNO3 spiked with 239Pu tracer at various temperatures (298 K to 333 K).  

2.8.2.4 Stripping study 

0.05 M Oxalic acid and 0.5 M acetohydroxamic acid diluted in 0.35 M HNO3 was 

used for stripping of Pu(IV) from the loaded ionic liquid phase. The loading of 

plutonium (IV) from nitric acid phase into the ionic liquid phase was performed by 

equilibrating equal volume of 0.02 M [DOHyA]/[C4mim][NTf2] (which was pre-

equilibrated with 3M HNO3) with 3 M nitric acid spiked with 239Pu tracer for about 1 

hour. After equilibration, ionic liquid phase was separated and it was taken into two 

tubes such that each tube containing 1 ml of ionic liquid phase. Then the ionic liquids 

phase was equilibrated, for 1 hour, with the equal volume (1 mL) of stripping 

formulations (0.35 M nitric acid containing 0.05 M oxalic acid or 0.35 M nitric acid 

containing 0.5 M acetohydroxamic acid). An aliquat was taken from the aqueous phase. 

The aqueous phase from the equilibrated sample was removed and the ionic liquid phase 

(1 mL) was contacted again with fresh stripping solution (1 mL) for 1 hour. Again an 

aliquat was taken from the aqueous phase and the procedure was repeated until the 

plutonium loaded in organic phase was recovered completely.  

2.8.3 Solvent extraction study of americium(III) using benzoylpyrazolone 

extractant dissolved in pyrrolidinium based room temperature ionic liquid 

2.8.3.1 Effect of nitric acid concentration 

0.01 M solutions of HPMBP/[C4mpy][NTf2], MPP/[C4mpy][NTf2] and HPMBP/n-

DD were prepared and it was pre-equilibrated with desired pH solutions. Extraction of 
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Am(III) as a function of pH was studied by equilibrating 1 mL of pre-equilibrated ionic 

liquid phase or n-dodecane phase with 1 mL of desired pH solution containing 

241Am(III) tracer.  

2.8.3.2 Effect of HPMBP concentration 

  The extraction of Am(III) as a function of HPMBP in [C4mpy][NTf2] was studied 

by equilibrating 1 mL of HPMBP / [C4mim][NTf2] (which was pre-equilibrated with 

pH2 solution) with 1 mL of pH 2 solution spiked with 241Am tracer, for one hour. The 

concentration of HPMBP was varied from 0.005 M to 0.03 M. 

2.8.3.3 Effect of C4mpy+ and NO3
- concentration 

 The effect of C4mpy+ and NO3
- concentration on the distribution ratio of Am(III) 

was studied by equilibrating 0.01 M solution of HPMBP/[C4mpy][NTf2] (pre-

equilibrated with pH 2 solution) with pH 2 solution containing various concentrations of 

[C4mpy][Br] (0.01 to 0.06 M) or NaNO3
 (0.1 – 0.7 M) spiked with 241Am(III) tracer. The 

concentration of additives C4mpy+ or NO3
- was varied by adding the required quantity of 

[C4mpy][Br] or NaNO3 in aqueous phase. 

2.8.3.4 Stripping study 

 Stripping of Am(III) from the loaded ionic liquid phase was carried out using 

different different concentrations of nitric acid (0.1 M to 3 M HNO3). The loading of 

Am(III) from nitric acid phase into the ionic liquid phase was performed by 

equilibrating equal volume of 0.01 M HPMBP/ [C4mpy][NTf2] with pH2 solution spiked 

with 241Am tracer for about 1 hour. After equilibration, ionic liquid phase was separated 

and it was taken into two tubes such that each tube contained 1 ml of ionic liquid phase. 

Then the ionic liquid phase was equilibrated, for 1 hour, with the equal volume (1 mL) 

of HNO3 (0.1 M to 3 M). An aliquat was taken from the aqueous phase and Am(III) 

stripped into the aqueous phase was determined. 
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2.8.4 Mutual separation of Pu(IV) from other actinides using TSIL 

2.8.4.1 Effect of nitric acid concentration 

A 0.3 M solution of TSIL/[C4mim][NTf2] and [C4mim][NTf2] were pre-

equilibrated with desired concentration of nitric acid (1-8 M HNO3) in order to fix the 

equilibrium acidity. Extraction of plutonium(IV) (or U(VI) or Am(III)) as a function of 

nitric acid was studied by equilibrating 1 mL of pre- equilibrated ionic liquid phase with 

1 mL of desired concentration of nitric acid solution containing tracer  239Pu(IV) or 

233U(VI) or 241Am(III).  

2.8.4.2 Effect of [BuImPA][NTf2] concentration 

  The extraction of Pu(IV) as a function of [BuImPA][NTf2] concentration in 

[C4mim][NTf2] was studied by equilibrating equal volume of [BuImPA][NTf2] / 

[C4mim][NTf2] (pre-equilibrated with 3 M HNO3) with 3 M nitric acid solution spiked 

with 239Pu tracer, for one hour. The concentration of [BuImPA][NTf2] was varied from 

0.05 M – 0.5 M. 

2.8.4.3 Effect of NTf2
- concentration 

 

The effect of NTf2
- concentration on the distribution ratio of Pu(IV) was studied by 

equilibrating 0.3 M [BuImPA][NTf2] / [C4mim][NTf2] (pre-equilibrated with 5M HNO3) 

with 5M HNO3 containing various concentrations of LiNTf2 (0.1 to 0.9M) spiked with 

239Pu(IV) tracer.  

2.8.4.4 Stripping study 

The stripping study was carried out by using 0.1 M oxalic acid in 0.35 M nitric 

acid medium as the stripping formulation. Loading of Pu(IV) in ionic liqulid phase was 

carried out by equilibrating equal volume of 0.3 M [BuImPA][NTf2]/[C4mim][NTf2] (pre-

equilibrated with 3 M HNO3) with 3 M nitric acid spiked with 239Pu tracer for about 1 

hour. After the extraction, the ionic liquid phase was separated and was equilibrated with 
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the equal volume of 0.35 M nitric acid containing 0.1 M oxalic acid solution for 1 hour. 

After equilibration, an aliquat was taken from the aqueous phase. The aqueous phase from 

the equilibrated sample was removed and the ionic liquid phase (1mL) contacted with 

fresh stripping solution (1mL) for 1 hour. An aliquat was taken again form the aqueous 

phase and the procedure was repeated until the plutonium loaded in organic phase was 

recovered completely. 

2.8.5 Insights into the solvent extraction behavior of U(VI) in PUREX solvent 

containing RTIL with strongly coordinating anion 

2.8.5.1 Effect of nitric acid concentration 

The organic phase was composed of 1.1 M TBP/n-DD or (1.1 M TBP + ionic 

liquid)/ n-DD or (1.1 M TBP + Aliquat NO3)/n-DD or (1.1 M TBP + HDEHP)/n-DD or 

ionic liquid/ n-DD or (Aliquat NO3 + HDEHP + TBP) /n-DD. The organic phase was pre-

equilibrated with desired concentration of nitric acid (0.1 M to 5 M). The extraction 

behaviour of U(VI) as a function of nitric acid concentration was studied by equilibrating 

the pre-equilibrated organic phase (1 mL) with fresh aqueous phase (1 mL) containing 

desired concentration of nitric acid (0.1 M to 5 M) spiked with 233U(VI) tracer. 

2.8.6 Loading behavior of Eu(III) in diglycolamide/room temperature ionic liquid 

system  

2.8.6.1 Effect of nitric acid concentration 

 A solution of 0.01 M TODGA/[C8mim][NTf2], [C8mim][NTf2] , 0.1 M 

TODGA/n-DD, various solutions of TODGA with or without TBP/DHOA in ionic liquid 

and 1M DHOA or 1M TBP in n-DD were pre-equilibrated with desired concentration of 

nitric acid (0.1 to 6 M HNO3). Extraction of europium(III) as a function of nitric acid was 

studied by equilibrating 1 mL of pre- equilibrated ionic liquid phase with 1 mL of desired 

concentration of nitric acid solution containing tracer 152+154 Eu. 
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2.8.6.2 Loading studies 

 The amount of Eu (III) in the nitric acid phase was varied from 1 g/L to 95 g/L. This 

solution was spiked with (152+154)Eu(III) tracer (~10-4 M). Then the aqueous solution was 

mixed with equal volume (1 mL) of ionic liquid phase (DGA in ionic liquid / DGA+ 

(TBP or DHOA) in ionic liquid) for equilibration. Using the distribution ratio obtained 

from the radioactive measurements, the amount of Eu(III) loaded in the ionic liquid phase 

was determined. 

2.8.6.3 Effect of TODGA concentration 

 The extraction of Eu(III) as a function of [TODGA] in [C8mim][NTf2] was studied by 

equilibrating 1 mL of TODGA/[C8mim][NTf2] (pre-equilibrated with 3 M HNO3) with 1 

mL of fresh 3 M nitric acid solution spiked with 152+154Eu tracer, for one hour. The 

concentration of TODGA was varied from 0.005 M – 0.03 M. 

2.8.7 Electrochemical study of U(VI) in the presence of higher homologue of TBP 

dissolved in RTIL medium 

 

2.8.7.1 Preparation of U(VI) solutions in [C4mim][NTf2] 

 A solution of U(VI) in [C4mim][NTf2] was prepared by dissolving the required 

quantity of UO2 (NTf2)2 complex in [C4mim][NTf2] and heating the resulting mixture at 

373 K for few hours under flowing argon gas to ensure the complete removal water before 

carrying out the electrochemical studies. A similar procedure was also adopted when TBP 

and TOP were added to the solution. The water content in the solution was determined to 

be ~100 ppm. 

2.8.7.2 Voltametric studies 

A solution of U(VI) in [C4mim][NTf2] was prepared and in some cases TBP or 

TOP was added. The concentration of U(VI) in [C4mim][NTf2] was 0.1 M, concentration 

of TBP was varied from 0.02 M to 0.120 M and concentration of TOP was varied from 
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0.01 M to 0.08 M in the solution. Voltammetric studies were carried out in a temperature 

range 353 K to 383 K. A glassy carbon rod (cylindrical SA = 0.52 cm2) was used as 

working electrode. A glassy carbon rod and Pd wire acted as counter and quasi-reference 

electrodes respectively. The internal standard, ferrocene was added to [C4mim][NTf2] and 

all the redox potentials were referred against the Fc/Fc+ redox couple. 

2.8.8 Electrochemical study of Eu(III) in the presence of acidic extractants dissolved 

in RTIL medium  

 

2.8.8.1 Preparation of Eu (III) solutions in [C4mpy][NTf2] 

A solution of Eu (III) in [C4mpy][NTf2] was prepared by dissolving the required 

quantity of Eu(NTf2)3 in [C4mpy][NTf2] and heating the resulting mixture at 373 K for 

few hours under flowing argon atmosphere to remove the residual water, if any, prior to 

the electrochemical studies. A similar procedure was also adopted when HDEHP and 

HDGA were added to ionic liquid medium. The water content in the solution was 

determined to be ~120 ppm. 

2.8.8.2 Voltammetric studies 

A solution of Eu(III) in [C4mpy][NTf2] was prepared and in some cases HDEHP 

or HDGA was added. The solution of Eu(III) in the ionic liquid ([C4mpy][NTf2]) phase 

containing various concentration of HDEHP and HDGA were prepared. The 

concentration of Eu(III) in [C4mpy][NTf2] was 100 mM and the concentration of HDEHP 

(or HDGA) was varied from 0.02 M to 0.08 M. A glassy carbon rod (cylindrical SA 

=0.196 cm2) was used as working electrode. A glassy carbon rod and Pd wire acted as 

counter and quasi-reference electrodes respectively. The internal standard, ferrocene was 

added to [C4mpy][NTf2] and all the redox potentials were referred against the Fc/Fc+ 

redox couple.  
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2.9 Synthesis and characterisation of RTILs and extractants 

2.9.1. 1-Alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

([Cnmim][NTf2]) [n = 4, 6 and 8] 

 

 1-Alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide was prepared as 

described elsewhere [72] and the synthetic procedure is depicted in figure 2.2. First step is 

preparation of 1-alkyl-3-methylimidazolium chloride ([Cnmim][Cl]) and it involves 

refluxing a mixture of 1-methylimidazole with 1-chloroalkane in the mole ratio of 1:1.2 at 

343 K for 72 hours. The resulting product ([Cnmim][Cl]) was washed a few times with 

ethyl acetate and acetonitrile .Then the solvent was removed by rotary evaporation and 

product was dried  under vacuum at 343 K for more than 24 hours. A quantitative yield 

was obtained.  

The second step involves in the metathesis reaction between [Cnmim][Cl]) and Lithium 

bis(trifluoromethanesulfonyl)imide (Li+ -N(CF3SO2)2) in the mole ratio of 1:1. This 

reaction mixture was stirred for overnight at 298 K in water medium. After stirring, the 

bottom layer of ionic liquid was removed and washed several times with distilled water in 

order to remove unreacted precursors and LiCl salt. The final product product was 

purified by charcoal treatment and dried at 343 K under vacuum in order to remove the 

moisture [78]. Around 85% yield was obtained for each ionic liquid. 
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Figure 2.2. Synthesis of 1-alkyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ([Cnmim][NTf2] [n = 4, 6 and 8][72] 

 

Characterization: 

 [Cnmim][NTf2] (n=4, 6, 8) 

FT-IR (ν/cm-1): 3157, 3113(CH stretch of imidazole ring), 2964, 2932, 2879 (aliphatic 

C-H stretch), 1568, 1462 (C-C stretch bands of imidazole ring), 1425, 1340 (C-H) 

symmetric stretch of CH3), 1129 (SO2 symmetric strech), 1182 (C-F) asymmetric 

stretch), 1050 (S-N-S asymmetric stretch).  

[C4mim][NTf2] 

1H NMR (500 MHz; MeOD; Me4Si): 8.76 (1H, s), 7.63 (1H, t), 7.58 (1H,t), 4.28 (2H,t), 

3.98 (3H,s), 1.89 (2H,q), 1.36 (2H, m), 0.93 (3H,t). 13C NMR (125 MHz; MeOD; 

Me4Si): 136 (CH), 123.5 (CH), 122.2 (CH), 115 (CF3 x 2), 50 (N-CH2), 36.2 (CH3), 31 

(CH2), 19 (CH2), 13 (CH3).  
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[C6mim][NTf2] 

1H NMR (500 MHz, MeOD, Me4Si): 8.69(1H, s), 7.63 (1H, t), 7.58 (1H,t), 4.15 (2H,t), 

3.93 (3H,s), 1.85 (2H,q), 1.3 (6H, m), 0.88(3H,t). 13C NMR (125 MHz, MeOD, Me4Si): 

135.9 (CH), 123.7(CH), 122.3 (CH), 118.2 (CF3 x 2), 50.15 (N-CH2), 36.2 (N-CH3), 

30.8 (CH2), 29.9 (CH2), 25.6 (CH2), 22.2(CH2), 13.7 (CH3). 

[C8mim][NTf2] 

1H NMR (500 MHz; MeOD; Me4Si): 8.76 (1H, s), 7.3 (1H, t), 7.58 (1H,t), 4.15 (2H,t), 

3.93 (3H,s), 1.83 (2H,m), 1.3 (10H, m), 0.88 (3H,t). 13C NMR (125 MHz; MeOD; 

Me4Si):135.9 (CH), 123.7 (CH), 122.2 (CH), 118 (CF3 x2), 53 (N-CH2), 50.18 (N-CH3), 

36.2(CH2), 31.5(CH2), 29.9 (CH2), 28.7(CH2), 26 (CH2), 22.5 (CH2), 13.9 (CH3). 

2.9.2. N-butyl N-methylpyrrolidinium bis (trifluoromethanesulfonylimide)  

         ([C4mpy][NTf2]) 

 The synthesis of [C4mpy][NTf2] was carried out by two steps as described in the 

literature [175] and synthetic scheme is shown in figure 2.3. First step is the synthesis of 

N-butyl N-methylpyrrolidinium bromide ([C4mpy][Br]) and it involves drop-wise 

addition of N-butyl bromide (0.5 mole, 54 ml) to a solution of N-methylpyrrolidine 

medium at 273 K. The reaction mixture was stirred for 4 hours and left overnight. The 

resulting product [C4mpy][Br] was dried again using rotary evaporator at 343 K and 

purified by recrystallization from acetonitrile. Yield of [C4mpy][Br] is 98%. 

The second step involves in the metathesis reaction between ([C4mpy][Br]) and 

Lithium bis(trifluoromethanesulfonyl)imide (Li+ -N(CF3SO2)2) in the mole ratio of 1:1. 

This reaction mixture was stirred for 4 hours at 298 K in water medium. After stirring, 

the bottom layer of ionic liquid was washed several times with distilled water and the 

product was purified by charcoal treatment. Then it was dried at 343 K under vacuum in 

order to remove the moisture. Around 90% yield was obtained for [C4mpy][NTf2]. 
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Figure 2.3. Synthesis of N-butyl-N-methylpyrrolidinium  

bis(trifluoromethanesulfonyl)imide ([C4mpy][NTf2] [175] 

 

 

Characterization: 

[C4mPy][NTf2] 

Elemental analysis:  (% theoretical value in parenthesis) C: 31.24 (31.27), H: 4.71 

(4.73), N :6.64 (6.63), S: 15.2 (15.16). FT-IR (ν/cm-1):1180 (C-H asymmetric stretch), 

1130 (SO2 symmetric stretch), 1054 (S-N-S asymmetric stretch), 2876 (C-H stretch), 

2970, 2944 (ring C-H stretch), 2179 (ring methylene C-N stretch), 1462, 1345 

(methylene and methyl(C-Nstretch). 1H NMR (500 MHz; CDCl3; Me4Si): 

0.95(t,3H),1.41(m,2H),1.73(m,2H),2.21(m,4H), 2.98(s,2H), 3.06(s,2H), 3.06(s,1H), 

3.32(m,2H), 3.51(m,4H), 2.98(s, 3H), 3.06(s,1H), 3.32(m,2H), 3.51(m,4H), 13C NMR 

(125  MHz; CDCl3; Me4Si): 121.1 (CF3), 118.55 (CF3) ,64.62 (N-CH2 ring), 64.42 (N-
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CH2), 48.53 (ring CH2), 48.24 (ring CH2), 25.74(CH2), 21.56 (CH2), 19.54(CH2), 

13.37(CH3), 13.13 (CH3). 

2.9.3.Diethyl-3-(-3-alkylimidazolium)propylphosphoramide 

bis(trifluoromethanesulfonyl)imide ([BuImPA][NTf2]) 

 

The TSIL, [BuImPA][NTf2], have been synthesized for the first time. The reaction 

scheme for the synthesis of [BuImPA][NTf2] is shown in figure 2.4. A solution of 

diethylchlorophosphate (28 g, 0.162 mol) in dichloromethane (50 ml) was added 

dropwise to a solution of 1-(3-aminopropyl)imidazole (20.3 g, 0.162 mol) and 

triethylamine (32.8 g, 0.324 mol) in dichloromethane (100 ml) at 50C. The reaction 

mixture was stirred over night at 5°C, and the triethylamine hydrochloride formed was 

removed by filtration. The filtrate was dried in a rotary evaporation to obtain a yellowish 

viscous liquid, diethyl-3-imidazoliumpropylphosphoramide (I) with the yield of 60%. 

The product I was dissolved in acetonitrile and added to a solution of butyl bromide in 

acetonitrile (1: 1.1 mol ratio) at 0°C under vigorous stirring. The reaction mixture was 

stirred at room temperature for 72 hours. Acetonitrile was then evaporated and product 

was dried in a rotary evaporator and to obtain a brownish red liquid, diethyl-3-(3-

butylimidazolium)propylphosphoramide bromide (yield~ 88 %) (II). The product II was 

dissolved in deionised water and added slowly to the aqueous solution of 

bis(trifluoromethanesulfonyl) imide lithium salt (1: 1.2) at room temperature. The 

mixture was stirred over night. The top aqueous layer was removed, and the bottom 

ionic liquid phase was washed with deionised water several times. The product was 

dried at 80°C in a rotary evaporator yielding a thick viscous brownish oil (yield ~ 63 %) 

of phosphoramide –functionalised ionic liquid (III). Similar procedure was adopted for 

the synthesis of methyl derivative ([MeImPA][NTf2]) and propyl derivative 

([PrImPA][NTf2]) of the phosphoramide –functionalised TSIL.  
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Figure 2.4. Synthesis of diethyl-3-(-3-alkylimidazolium)propylphosphoramide 

bis(trifluoromethanesulfonyl)imide ([BuImPA][NTf2]/ [PrImPA][NTf2]/ 

[MeImPA][NTf2]) 

 

 

 

Characterization: 

[BuImPA][NTf2]: FTIR (/cm-1): 3356 (NH stetching), 2967-2879 (CH streching), 

1180 (P=O stretching), 1350 (C-N stretching), 1468, 1570 (C-C symmetric stretch in 

imidazole ring), 1049 (C-F stretching). 1H NMR (400 MHz, D3CCOCD3, Me4Si): 0.9(t, 
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3H), 1.78(t,2H), 4.15(t,2H), 2.5(m,2H), 1.9(m,2H), 3.38(m,2H), 3.88 (q,4H), 1.25(t,6H), 

7.2(t,1H), 7.4(t,1H), 7.85(t,1H), 9.2(s,1H). 13C NMR (125 MHz, D3CCOCD3, Me4Si): 

136 (N-CH-N), 121(-CH=CH-), 122(-CH=CH-), 118(CF3), 61.8(O-CH2), 

49.17(NCH2CH2CH2CH3), 32(O-CH2-CH3), (51(NCH2-), 19, 15, 13.8 (various CH2 

group). Mass (ESI): m/z of cation [BuImPA]+ = 318, anion ([NTf2]
-) = 280. 

[PrImPA][NTf2]: FTIR (/cm-1): 3356 (NH stretching), 2967-2879 (CH streching), 

1180 (P=O stretching), 1350(C-N stretching), 1468, 1570(C-C symmetric stretch in 

imidazole ring), 1049 (C-F stretching). 1H NMR (400 MHz, D3CCOCD3, Me4Si): 

0.9(t,3H), 1.55(m,2H), 4.3(t,2H), 2.5(m,2H), 2(m,2H), 3.38(m,2H), 4(q,4H), 1.25(t,6H), 

7.2(t,1H), 7.4 (t,1H), 7.85(t,1H), 9.2(s,1H). 13C NMR (125 MHz, D3CCOCD3, Me4Si): 

137(CH=N) 123(-CH=CH-), 124(-CH=CH-), 118(CF3), 62(O-CH2), 52(CH=NCH2), 

49.17(NCH2CH2CH3), 22, 17(various CH2 group). Mass (ESI): m/z of [PrImPA]+ = 

304, [NTf2]
- = 280. 

 [MeImPA][NTf2]: FTIR (/cm-1): 3356(NH stretching), 2967-2879 (CH streching), 

1180 (P=O stretching), 1355(C-N stretching), 1468, 1570 (C-C symmetric stretch in 

imidazole ring), 1049 (C-F stretching). 1H NMR (400 MHz; D3CCOCD3; Me4Si): 

3.2(s,3H), 2.5(m,2H), 2(m,2H), 3.5(m,2H), 4(q,4H), 1.25(t,6H), 7.4(t,1H), 7.7(t,1H), 

7.85(t,1H), 9.2(s,1H). 13C NMR (125 MHz; D3CCOCD3; Me4Si): 137(CH=N), 123(-

CH=CH-), 124(-CH=CH-), 118(CF3), 62(O-CH2), 57(CH=NCH3), 22, 17(various CH2 

group). Mass (ESI): m/z of [MeImPA]+ = 276, [NTf2]
- = 280. 

2.9.4. 1-Phenyl -3-methyl- 4-benzoyl pyrazalone-5 (HPMBP) 

HPMBP have been synthesized as per the procedure described in the literature 

[176]. And recystallized from slightly acidified methanol-water and characterized by 

NMR, IR and mass spectrometry.Synthetic procedure of HPMBP is shown in figure 2.5. 
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Characterization: 

HPMBP 

Melting point: 120oC,  

FTIR (/cm-1): 1654 (C=O in ring), 1600 (C=O in side chain stretch), 2567 (N-H 

stretch - intramolecular hydrogen bonding), 1561(C-C phenyl stretch), 1514 (C=C=C 

stretch), 950 (C-C6H5 stretch), 1401, 1335 (pyrazole ring stretch), 1169 (C-H plane 

deformation), 3300 (sp C-H stretching). 1H NMR (500 MHz, CD3COCD3, Me4Si): 2.1 

(s, 3H , CH3), 7.28 (s, 1H, pyrazole ring), 7.33 – 7.9 (phenyl protons, m). Mass – TOF: 

m/z: 278 
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Figure 2.5. Synthesis of 1-phenyl -3-methyl- 4-benzoyl pyrazalone-5 (HPMBP) [176] 

 

2.9.5. Tri-n-octylmethylammonium (2-ethyl)hexylphophate ([A336]+[DEHP]-) 

Synthesis of [A336]+[DEHP]- was carried out as per the procedure given 

elsewhere [177]. A thick viscous liquid, which turned to semi solid upon cooling, was 

obtained. The synthetic procedure of [A336]+[DEHP]- is depicted in figure 2.6. The 

purity of the product was ascertained by IR and NMR techniques.  
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Figure 2.6. Synthesis of Tri-n-octylmethylammonium (2-ethyl)hexylphophate      

([A336]+[DEHP]-) [177] 

 

Characterization 

[A336]+[DEHP]--: FTIR (ν/cm-1): 2855, 2925, 2958 (C-H str), 1050 (P-O-C), 

1239(P=O), 1463(CH3-N
+) 1378 (C-H symmetric deformation). 1H NMR (500 MHz, 

CD3COCD3, Me4Si): 0.86-0.88 (9H, m), 1.27 (30H,m), 1.3(12H,m), 3.25 (3H,s), 3.4-

3.45(6H, m), 1.28 (m, 6H), 1.36 (m,4H), 1.4 (m, 1H), 1.66 (m, 6H), 3.9-3.93(m,4H).  

13C NMR (125 MHz, CD3COCD3, Me4Si) : 61.56 (3 x CH2N), 48.98 (CH3N), 31.75, 

30, 29.3, 29.1, 29, 23.69, 23, 22.56, 22.69 (various CH2), 14.1 (3 x CH3), 26.48 (CH2),  

40 (CH), 48.98 (CH2), 10.9 (CH3). 



Chapter 2 

70 

 

2.9.6. Trialkyl phosphates (TAlPs) 

Trialkyl phosphates were prepared as per the procedure described elsewhere 

[178].   The synthetic scheme is shown in figure 2.7. Products were characterized by 

NMR. 
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 Figure 2.7 Synthesis of trialkyl phosphate (TAlP) [178] 

 

Charecterization: 

 TPP: 1H NMR (400 MHz; CDCl3; Me4Si): 4(t, 2H, O-CH2), 1.72(m, 2H, CH2), 0.98(t, 

3H, CH3). 13C NMR (125 MHz; CDCl3; Me4Si): 69( O-CH2), 23.6(O-CH2-CH2-CH3), 

10(CH3). 

TAP:  1H NMR (400 MHz; CDCl3; Me4Si): 4(t, 2H, O-CH2), 1.3 -1.6 (m, 6H, various 

CH2 group), 0.9(t, 3H, CH3).  13C NMR (125 MHz; CDCl3; Me4Si): 67.6( O-CH2), 

30(O-CH2- CH2- CH2), 27(O-CH2- CH2- CH2), 22(O-CH2- CH2-CH2-CH2-CH3), 

13(CH3). 

TiAP: 1H NMR (400 MHz; CDCl3; Me4Si): 4(t, 2H, O-CH2), 1.3 (m, 4H 2xCH2), 1.5 

(m, H, CH-(CH3)), 0.9(t, 3H, CH3). 13C NMR (125 MHz; CDCl3; Me4Si): 66(O-CH2), 

39(O-CH2- CH2- CH-(CH3)2), 24.5(O-CH2- CH2- CH-(CH3)2), 14(CH3). 

 TOP: 1H NMR (400 MHz; CDCl3; Me4Si): 3.95(t, 2H, O-CH2), 1.28 - 1.63(m, various 

- CH2- protons), 0.93(t, 3H, CH3). 13C NMR (125 MHz; CDCl3; Me4Si): 69( O-CH2), 

40(O-CH2- CH2- CH2-), 29(O-CH2- CH2- CH2-),23(-CH2-CH3),14(CH3). 
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2.9.7. N, N-dioctyl-2-methoxyacetamide (DOMeOA) 

N,N-dioctyl-2-methoxyacetamide was synthesized as per the procedure given in 

elsewhere [179] and it is shown in figure 2.8. The product was characterized using NMR 

and IR techniques. 
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Figure 2.8. Synthesis of N, N-di-alkyl-2-methoxyacetamides (DOMeOA) [179] 

 

Characterization 

DOMeOA:FT-IR (𝜈 /cm-1): 2922, 2858 (C–H stretch), 1651(C = O stretch), 1458 (–

CH2–scissoring), 1378 (C–N stretch), 1122 (C–O–C stretch). 1H NMR (500 MHz; 

CDCl3; Me4Si): 4.076 (s, 2H), 3.423(s, 3H), 3.307 (t, 2H), 3.194 (t,2H ), 1.553 (m, 4H), 

1.285 (m, 20H), 0.887 (m, 6H). 13C NMR (125 MHz; CDCl3; Me4Si) 168.25 (CO), 

71.28 (OCH3) , 58.74 (MeO-CH2-CO-), 46.73 (-N-CH2-), 45.46 (-N-CH2-), 31.59, 

29.91, 29.34, 29.14, 27.35, 27.22, 26.73, 22.64 (various CH2 groups), 14.06 (CH3). 

2.9.8. N, N-dialkyl-2-hydroxy acetamide (DAlkHyA) 

DOHyA was synthesized as per the procedure described in literature [180]. The 

synthetic scheme of DOHyA has been shown in figure 2.9. The product was 

characterized using NMR and IR techniques. 
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 Figure 2.9 Synthesis of N,N-dialkyl-2-hydroxy acetamide (DAlkHyA) [180] 

 

Characterization: 

DHHyA: FTIR (ν/cm-1): 3410 (broad, O-H stretch), 2926, 2858 (C-H stretch), 1646 

(C=O stretch), 1462 (-CH2-scissoring), 1402 (C-N stretch), 1278 (-CH2-wagging), 1083 

(C-O stretch of hydroxyl). 1H NMR (500 MHz; CDCl3; Me4Si): 4.142 (d, 2H), 3.727 (t, 

1H), 3.365 (t, 2H), 3.055 (t, 2H), 1.542 (m,4H), 1.255 (m,12H), 0.892 (m, 6H). 13C 

NMR (125 MHz; CDCl3; Me4Si): 170.98 (CO), 59.68 (HO-CH2-CO-), 46.07 (-N-CH2-

), 45.79 (-N-CH2-), 31.58, 31.47, 28.52, 27.53, 26.65, 26.51, 22.58 (various CH2 

groups),14.02 (CH3).  

DOHyA: FTIR (ν/cm-1): 3410 (broad, O-H stretch), 2926, 2858 (C-H stretch), 1646 

(C=O stretch), 1462 (-CH2-scissoring), 1402 (C-N stretch), 1278 (-CH2-wagging), 1083 

(strong, C-O stretch of hydroxyl). 1H NMR (500 MHz; CDCl3; Me4Si): 4.138 (d, 2H), 
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3.706 (t, 1H), 3.361 (t, 2H), 3.047 (t, 2H), 1.538 (m, 4H), 1.286 (m, 20H), 0.883 (m, 

6H). 13C NMR (125 MHz; CDCl3; Me4Si): 171.01 (CO), 59.71 (HO-CH2-CO-), 46.11 

(-N-CH2-), 45.82 (-N-CH2-), 31.77, 29.31, 29.22, 29.12, 28.52, 27.54, 26.96, 26.81, 

22.60 (various CH2 groups), 14.03 (CH3).  

DDHyA: FTIR (ν /cm-1): 3410 (broad, O-H stretch), 2926, 2858 (C-H stretch), 1646 

(C=O stretch), 1462 (-CH2-scissoring), 1402 (C-N stretch), 1278 (-CH2-wagging), 1083 

(C-O stretch of hydroxyl). 1H NMR (500 MHz; CDCl3; Me4Si): 4.138(d, 2H), 3.716 (t, 

1H), 3.359 (t, 2H), 3.046 (t, 2H,), 1.537 (m, 4H), 1.262 (m, 28H), 0.880 (m, 6H). 13C 

NMR (125 MHz; CDCl3; Me4Si) 171.0 (CO), 59.71 (HO-CH2-CO-), 46.11 (-N-CH2-), 

45.83 (-N-CH2-), 31.86, 29.53, 29.46, 29.35, 29.26, 28.51, 27.54, 26.96, 26.81, 22.64 

(various CH2 groups), 14.06 (CH3).  

2.9.9. Tetraalkyldiglycolamide 

 Synthesis of tetraalkyldiglycolamide was carried out as per the procedure 

described in litearture [181] and synthetic procedure is shown in figure 2.10.  
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Figure 2.10. Synthesis of tetraalkyldiglycolamide [181] 
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Characterization: 

TODGA: 1H NMR (500 MHz; CDCl3; Me4Si): 4.307 (s, 4H), 3.291 (t, 4H), 3.177 (t, 

4H), 1.519 (m, 8H), 1.272 (m, 40H), 0.885 (t, 6H), 0.876(t, 6H). 13C NMR (125 MHz; 

CDCl3; Me4Si): 168.32 (CO), 68.97(CH2-O), 46.92(CH2-N), 45.68 (CH2-N), 31.80, 

29.38, 29.29, 29.20, 28.89, 27.56, 27.02, 26.87, 22.64, 22.63 (various CH2 groups), 

13.93(CH3). 

TEHDGA: 1H NMR (500 MHz; CDCl3; Me4Si): 4.3 (s, 4 H); 3.37 (m, 4 H); 3.04 (d, 4 

H), 1.66 (m, 3 H); 1.56 (m, 3 H); 1.25 (m, 30 H); 0.88 (m, 24 H). 13C NMR (125 MHz; 

CDCl3; Me4Si: 169.52 (CO), 68.72 (CH2-O), 49.94(CH2-N), 47.89(CH2-N), 37.91, 

36.63, 30.52, 28.81, 28.79, 23.81, 23.06, 14.07, 14.03, 10.90, 10.61.        

DEHDODGA: 1H NMR (500 MHz; CDCl3; Me4Si): 4.30 (S, 2H), 4.27 (S, 2H), 3.32-

3.20 (m, 4H), 3.17- 3.14 (m, 2H), 3.06 (d, 2H), 1.77-1.65 (m, 2H), 1.50-1.49(m, 6H), 

1.25 (m, 34H), 0.86-0.85 (m, 18H). 13C NMR (125 MHz; CDCl3; Me4Si): 169.53(CO), 

168.49(CO), 69.15(CH2-O), 69.07(CH2-O), 50.06, 47.98, 47.96, 46.94, 45.78, 37.95, 

36.69, 31.78, 31.72, 30.56, 30.49, 29.34, 29.29, 29.20, 29.17, 28.95, 28.81, 28.70, 28.69, 

27.58, 27.01, 26.82, 23.80, 23.78, 23.05, 22.98, 22.59, 22.58, 14.02, 13.98, 10.91, 10.59, 

10.58. 

2.9.10. Di-2-ethylhexyldiglycolamic acid (HDGA) 

 Di-2-ethylhexyldiglycolamic acid (HDGA) was synthesized by the reaction of 

diglycolic anhydride with di-(2-ethyl)hexylamine in dichloromethane as described 

elsewhere [120]. 
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Di-2-ethylhexyldiglycolamic acid 
(HDGA)

Figure 2.11. Synthesis of di-2-ethylhexyldiglycolamic acid (HDGA)[120] 

 

Characterization: 

HDGA: FTIR(ν/cm-1): 3454 (COOH), 1739 (-CO in COOH), 1622(-CO in –CON), 

1226. 1H NMR (500 MHz; CDCl3; Me4Si): 10.67 (s, 1H), 4.32 (s, 2H), 4.11 (s, 2H), 

3.17-3.31 (m, 4H ), 2.96-2.98 (m, 2H), 1.15-1.24 (m, 16H), 0.77-0.84 (m, 12H). 13C 

NMR (125 MHz; CDCl3; Me4Si): 172.22 (CO), 172.14 (CO), 77.21(-OCH2), 71.1(-

CH2O-), 49.34 (-CH2-N), 37.16 (CH), 30.35, 28.47, 23.58, 22.86, 13.9 (various CH2 

groups), 10.47 (CH3). MS (EI+, m/z): 356.5.  
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2.10 Some typical spectra of synthesized ionic liquids and extractants 
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Figure 2.12 FTIR spectra of [Cnmim][NTf2] (n= 4,6,8) 
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Figure 2.13 FTIR spectra of [C4mpy][NTf2] 
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Figure 2.14 FTIR spectrum of [A336]+DEHP]- 
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Figure 2.15 FTIR spectrum of DOHyA 
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Figure 2.16 1H NMR spectrum of DOHyA 
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Figure 2.17 FTIR spectrum of HPMBP 
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Figure 2.18 1H NMR spectrum of HPMBP 

Figure 2.19. IR spectrum  of TSILs - 

[BuImPA][NTf2],[PrImPA][NTf2]&[MeImPA][NTf2] 
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Figure 2.20  ESI-Mass spectrum of TSIL - [BuImPA][NTf2] 
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Figure 2.21  1H NMR spectrum of TSIL - [BuImPA][NTf2] 

 

Figure 2.22  13C NMR spectrum of TSIL - [BuImPA][NTf2] 
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Figure 2.23  31P NMR spectrum of TSIL - [BuImPA][NTf2] 
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ROOM TEMPERATURE IONIC LIQUID AS A DILUENT 

FOR SOLVENT EXTRACTION OF ACTINIDES 

  

3.1 Introduction 

 Over the past few decades, RTILs have been receiving increased attention for 

possible applications in the area of nuclear fuel reprocessing and waste management [111-

115]. Essentially, they are being explored as possible substitute to molecular diluent (n-

dodecane) in solvent extraction procedures due to the distinctive features of ionic liquids 

such as negligible vapour pressure, wide liquid range, and high solubility for organic 

species. Initially, Dai et al. [121] and Visser et al. [117] studied the extraction of group I 

and II metal ions by crown ethers present in ionic liquid. Those investigations revealed 

that ionic liquid diluents provide superior extraction of target metal ion than the 

conventional molecular diluents. The main reasons for high distribution ratio obtained in 

the RTIL system could be the ionic nature and solvating capability of the ionic liquid by 

virtue of which the metal-solvate species gets stabilized in the extracted phase. There has 

been growing interest to study the solvent extraction behaviour of several metal ions of 

nuclear interest in RTIL diluents. 

 In the present chapter, RTIL was explored as diluent and results on solvent 

extraction of actinides namely, U(VI), Am(III) and Pu(IV) using molecular extractants 

present in RTIL diluents have been reported. This chapter has three parts (Part A, B &C). 

Part A discusses the solvent extraction behaviour of U(VI) in some tri-n-alkylphosphates 

(TAlPs) dissolved in imidazolium bis(trifluoromethanesulfonyl)imide. In part II, the 

studies on solvent extraction of U(VI), Am(III) and Pu(IV) using hydroxy acetamide  
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(DOHyA) dissolved in imidazolium bis(trifluoromethanesulfonyl)imide ionic liquid have 

been reported. Part III describes the solvent extraction behaviour of Am(III) in 

benzoylpyrazolone (HPMBP) dissolved in pyrrolidinium 

bis(trifluoromethanesulfonyl)imide ionic liquid.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental parts of the present chapter have been discussed in the section 2.5, 2.8.1, 

2.8.2 and 2.8.3 of the chapter 2.   
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PART A 

Extraction behavior of U(VI) in some tri n-alkyl phosphates (TAlPs) present 

in imidazolium based room temperature ionic liquid 

PUREX process has been in vogue, worldwide, for the recovery of uranium and 

plutonium from the spent nuclear fuel [11,12]. This process uses a solution of 1.1 M tri-n-

butylphosphate (TBP) in n-dodecane (n-DD) for the separation of U(VI) and Pu(IV) from 

the spent nuclear fuel dissolver solution (3–4 M nitric acid). Since TBP exhibited 

excellent selectivity for U(VI) and Pu(IV), high loading capacity and excellent stripping 

behavior, it is indispensable since its introduction for reprocessing of spent nuclear fuels 

from thermal reactors. The dissolver solution of thermal reactor fuel is essentially 

composed of U(VI) in nitric acid medium, as the fuel for thermal reactor is uranium 

oxide. It also contains small amounts of transuranium elements, fission products and 

corrosion products [182]. However, the situation is quite different when dealing with fast 

reactor dissolver solution. In this case, plutonium is the major constituent of dissolver 

solution as the fuel for fast reactor is PuxU1-xC or PuxU1-xO2 (x= 55 or 70). Since the burn-

ups achieved in fast reactors are significantly high [183,184], the fission products content 

in the dissolver solution is also quite significant.  

Plutonium in the dissolver solution exists in tetravalent oxidation state. The third 

phase formation tendency of Pu(IV) and Zr(IV) (fission product) in TBP/n-DD, 

hydrolytic and radiolytic degradation of solvent pose interesting challenges to separations 

[185]. One option to resolve the issue of third phase formation is to develop alternate 

extractants exhibiting lesser tendency for third phase formation, at the same time 

exhibiting the same extraction and stripping behavior as that of TBP. In this context, 

several trialkyl phosphates (TAlPs) such as tri-n-propyl phosphate (TPP), tri-n-amyl 

phosphate (TAP), tri-n-octyl phosphate (TOP), tri-n-iso-amyl phosphate (TiAP), tri-2-
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methyl butyl phosphate (T2MBP) etc. have been synthesized and studied in molecular 

diluent for fast reactor fuel reprocessing applications [178,186,187]. The physicochemical 

properties, batch extraction and third phase formation behavior of these phosphates have 

been evaluated and compared with TBP in a comprehensive manner. The results revealed 

that the higher homologs of TAlP exhibited high capacity to load Pu(IV) and Th(IV) 

without any third phase formation. In addition their extraction behavior was comparable 

to that of TBP [178,187]. When trialkyl phosphates are proposed for fast reactor fuel 

reprocessing, it is necessary to study the extraction behavior of these trialkyl phosphates 

in ionic liquids also.  

The literature studies showed that a large number of studies have been carried out 

on the extraction of U(VI) using TBP in ionic liquid [122,123,129,129]. For example, a 

systematic study on the extraction of U(VI) from nitric acid medium by a solution of TBP 

in [C4mim][PF6] or [C4mim][NTf2] was reported by Giridhar et al. [128,129]. The 

mechanism of U(VI) extraction in TBP dissolved in ionic liquid was investigated in detail 

by Dietz et al. and Billard et al. [122-124]. However, no studies have been reported so far 

on the extraction of U(VI) in homologs of trialkyl phosphate dissolved in ionic liquid 

diluent.  

 Therefore, the objective of the part A in chapter 3 is to report the results on the 

extraction and stripping behavior of U(VI) in some trialkyl phosphates (TAlP) present in 

1-octyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C8mim][NTf2]). The 

extraction of U(VI) was studied as a function of various parameters such as nitric acid 

concentration, temperature, extractant concentration and equilibration time etc.  
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Table 3.1. Structures of molecular extractants and RTILs used in part A of chapter 3 

 

 

 

Name Structure 

              Extractant 

Tri-n-alkyl phosphates 

1.Tri-n-propyl phosphate (TPP) (R: C3H7) 

2.Tri-n-butyl phosphate (TBP) (R: C4H9) 

3.Tri-n-amyl phosphate (TAP) (R: C5H11) 

4.Tri-n-octyl phosphate (TOP) (R: C8H17) 

P

O

OR

OR
OR

 

 

Tri-n-isobutyl phosphate (TiBP) 
P

O

O

O
O

 
 

 

Tri-n-isoamyl phosphate (TiAP) 
P

O

O

O
O

 

              Ionic liquid 

 

1-Alkyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 

([Cnmim][NTf2] 

 

Butyl derivative: [C4mim][NTf2] (R: C4H9) 

Hexyl derivative: [C6mim][NTf2] (R: C6H13) 

Octyl derivative: [C8mim][NTf2] (R: C8H17) 

N N
+

R

(CF3SO2)2N
-

 

 

Synthesis of the ionic liquid and extractants used in part A have been discussed in section 

2.9.1 & 2.9.6 of chapter 2 respectively. 
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3.2 Results and discussions 

3.2.1 Effect of nitric acid concentration 

The solvent extraction behavior of U(VI) in 1.1 M solution of various TAlPs 

present in [C8mim][NTf2] is shown in Figure 3.1 and it shows the extraction of U(VI) in 

1.1 M TBP/n-DD for comparison [187]. The alkyl group present in the tri-n-alkyl 

phosphates was varied from n-propyl to n-octyl group. It can be seen that the distribution 

ratio of U(VI) (DU(VI)) increases gradually in all these TAlPs with increase in the 

concentration of nitric acid. Above 5 M nitric acid, the variation in the DU(VI) is 

insignificant. It is noted that using different tri-n-alkyl phosphates, the distribution ratio of 

U(VI) marginally increases in the order of TPP < TBP < TAP < TOP, which is the 

increasing order of chain length of alkyl group attached to the phosphoryl moiety of tri-n-

alkyl phosphates. As the phosphoryl moiety of tri-n-alkyl phosphates is involved in the 

coordination of uranium during extraction, the increase in the extraction trend observed in 

these tri-n-alkyl phosphates could be attributed to the increase in the basicity of 

phosphoryl moiety upon increasing in the chain length of alkyl group. In addition, it was 

reported that the solubility of the extracted uranium- TAlP complex in n-DD increases 

with increase in the chain length of alkyl group attached to phorphoryl moiety [187]. This 

leads to higher stability of the extracted complex and hence the distribution ratio increases 

with increase in the alkyl chain length of trialkyphosphate. The extraction trend and the 

magnitude of distribution ratios observed in the present study is quite comparable with the 

U(VI) extraction trend reported in these tri-n-alkyl phosphates present in n-dodecane 

diluent, perhaps, this similarity could be due to the employment of octyl-derivative of the 

imidazolium ionic liquid, [C8mim][NTf2]. [122]. 

It was reported by Dietz and Stepinski [122] that the octyl and decyl derivatives of 

imidazolium ionic liquid behave similar to n-dodecane during the extraction of U(VI) 
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from nitric acid medium, unlike hexyl and butyl derivatives of imidazolium ionic liquids. 

It should be noted that the concentration of nitric acid in the present study was varied from 

1 M to 8 M which is in contrast to the Dietz et al. work, wherein the concentration of 

nitric acid was varied from 0.1 M to 8 M [122]. At low nitric acid concentration ( < 0.5 

M), the authors reported the possibility of cation exchange mechanism for U(VI) 

extraction. However, at higher nitric acid concentrations, Dietz et al. reported solvation 

type mechanism. The similarity in the U(VI) extraction trend observed in the present 

study with those obtained by Dietz et al. at higher nitric acid concentration (1 M–8 M) 

indicates the possibility of solvation type mechanism operating for U(VI) extraction in the 

present case also. 

 

Fgure 3.2 compares the distribution ratio of U(VI) ion in isomeric TAlPs dissolved 

in ionic liquid medium. The n-alkyl group in tri-n-alkyl phosphates was compared with its 
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Figure 3.1 Variation in the distribution ratio of U(VI) as a function of nitric acid 

concentration in aqueous phase. Ionic liquid phase: 1.1 M TAlP (TAlP = TPP, TBP, 

TAP, TOP)/ [C8mim][NTf2], Organic phase: 1.1 M TBP/ n-DD. Aqueous phase: 0.5 M 

– 8 M HNO3 spiked with 233U(VI) tracer.  
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iso-alkyl phosphate. It can be seen that the distribution ratio of U(VI) increases with 

increase in the concentration of nitric acid in all these tri-n-alkyl phosphates as expected. 

It is also noted that the DU(VI) achieved in the isomeric TAlPs are comparable. A similar 

behavior was also reported for the extraction of U(VI) in n-DD medium for these isomeric 

TAlPs [187]. 

 

3.2.2 Extraction kinetics 

The variation in the distribution ratio of U(VI) as a function of equilibration time 

is shown in Figure 3.3. It can be seen that the distribution ratio of U(VI) increases with 

increase in the duration of equilibration. The variation in the distribution ratio was 

insignificant after 20 min of equilibration. Therefore, for all extraction studies, the 

equilibration was carried out for 1 h to ensure the equilibrium was established. 
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Figure 3.2. Variation in the distribution ratio of U(VI) as a function of nitric acid 

concentration in aqueous phase.  Ionic liquid phase: 1.1 M TAlP (TAlP = TBP, TiBP, 

TAP, TiAP/ [C8mim] [NTf2], Aqueous phase: 0.5 M – 8 M HNO3 spiked with 233U(VI) 

tracer.  
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3.2.3 Extraction stoichiometry 

As the extraction trend of U(VI) observed in ionic liquid (Figures 3.1 and 3.2) was 

similar to that observed in n-DD [122], the mechanism of U(VI) extraction in these TAlP 

could be similar to those observed in n-DD. Therefore, the extraction of uranium in TAlP 

can be represented by equation 3.1. 

 

ILxILaqaq
TAlPNOUOTAlPxNOUO )()(2 2323

2

2  
                                  (3.1) 

 

The subscripts “aq” and “IL” denote the aqueous and ionic liquid phases, respectively, and 

“x” is the number of TAlP molecules involved in the extraction of uranium. The 

equilibrium constant for the above reaction can be represented by equation 3.2. 
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Figure 3.3. Variation in the distribution ratio of U(VI) as a function of equilibration 

time. Ionic liquid phase: 1.1M TAlP (TAlP = TPP, TBP, TAP, TOP,TiBP, 

TiAP)/[C8mim][NTf2]. Aqueous phase: 3 M HNO3 spiked with 233U(VI) tracer. 

Equilibration time = 5 min – 60 min.  
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Upon rearranging equation 3.2 results in equation 3.3   

 

ILaqexVIU TAlPxNOKD ]log[][log2loglog 3)(                                     (3.3) 

 

To determine the number of molecules of TAlP coordinated to U(VI) in the ionic 

liquid phase, the effect of TAlP concentration on the extraction of uranium (VI) in the 

ionic liquid phase was studied. The slope obtained from the plot of log DU(VI) against log 

[TAlP] gives the number of molecules of TAlP coordinated to uranium in the ionic liquid 

phase. The plot of Figure 3.4 displays the variation in the distribution ratio of U(VI) as a 

function of TAlP concentration in the ionic liquid phase at constant nitrate ion 

concentration (3 M HNO3) in the aqueous phase.  

It can be seen that the distribution ratio of U(VI) increases with increase in the 

concentration of TAlP in the ionic liquid phase. Linear regression analysis of the 

extraction data results in a slope value ranging from 1.8 to 2.1 in all TAlPs. This shows 

that about two molecules of TAlP are involved in the extraction of U(VI) in the ionic 

liquid phase. The U(VI) – (TAlP)2 stoichiometry obtained in the present study is in good 

agreement with the stoichiometry reported for these trialkylphosphates in n-DD medium 

[122,129]. 
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Figure 3.4. Variation in the distribution ratio of U(VI) as a function of concentration 

of TAlP. Ionic liquid phase: 0.2 M – 1.2 M TAlP (TAlP = TPP, TBP, TAP, TOP, TiBP, 

TiAP) in [C8mim][NTf2]. Aqueous phase: 3 M HNO3 spiked with 233U(VI) tracer.  

 

3.2.4 Thermodynamic parameters 

The extraction of U(VI) from 3 M nitric acid medium was carried out in a solution 

of 1.1 M TAlP in [C8mim][NTf2] at various temperatures ranging from 298 K to 333 K, to 

understand the influence of the temperature on extraction of uranium in the ionic liquid 

phase. The variation of log DU(VI) as a function of reciprocal temperature is shown in 

Figure 3.5. 

It can be seen that the distribution ratio of U(VI) decreases with increase of 

temperature. This indicates that the extraction of U(VI) in TAlP/ionic liquid is 

exothermic. The total enthalpy change (ΔHtot) involved in the extraction of U(VI) in 

trialkylphosphate – ionic liquid medium can be calculated from the slope of the plot 

shown in Figure 3.5 and using Van’t Hoff relation of the form shown in equation 3.4. The 

ΔHtot values obtained are shown in Table 3.2  
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It is noted that there is no trend in the ΔHtot values obtained for various TAlP and it 

varies marginally from –11 kJmol–1 to –17 kJmol–1 depending upon the nature of TAlP. 

The correct reason for the similarity in the ΔHtot values is not clear at present, however, 

this could be attributed to the marginal difference in the complexing abilities of these 

TAlP towards U(VI) as shown in Figures 3.1 and 3.2.  
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Figure 3.5. Variation in the distribution ratio of U(VI) as a function of temperature. 

Ionic liquid phase: 1.1M TAlP (TAlP = TPP, TBP, TAP, TOP, TiBP, 

TiAP)/[C8mim][NTf2]. Aqueous phase: 3 M HNO3 spiked with 233U(VI) tracer. 
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in 1.1MTBP/C8mim][PF6] is -22 kJ.mol and 1.1M TBP/n-DD is -13 kJ/mol 

[128, 129] 

 

3.2.5 Effect of ionic liquid cation 

Figure 3.6 presents the distribution ratio of U(VI) in TAlP/ ionic liquid at 3 M 

nitric acid. The alkyl substituent in the ionic liquid [Cnmim][NTf2] (n = 4 to 8) was varied 

from butyl to octyl moiety. It can be seen that the DU(VI) values are almost constant 

irrespective of the nature of the ionic liquid and the distribution ratio of U(VI) increases 

with increase in the chain length of alkyl group in TAlP, as expected. The constancy in the 

distribution ratios of U(VI) in three different ionic liquid indicates that U(VI)–TAlP 

complex seems to be stabilized in the ionic liquid phase to equal extent. However, it 

should be noted that this is applicable only at 3 M nitric acid. 

Table 3.2  for extraction of U(VI) using 1.1 M TAlP/[C8mim][NTf2]. Aqueous 

phase: 3 M HNO3 spiked with 233U(VI) tracer. Organic phase: 1.1M 

TAlP/[C8mim][NTf2]. 

 

1.1M TAlP/ 

[C8mim][NTf2] 

(kJmol-1) 

TPP -11 

TBP* -15  

TAP -16 

TOP -15 

TiBP -17 

TiAP -11 
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3.2.6 Stripping study 

In conventional TAlP/n-dodecane systems, the back extraction of U(VI) from the 

extracted phase is usually carried out by contacting the loaded organic phase with dilute 

nitric acid (~0.01–0.1 M). The stripping behavior of U(VI) from the loaded ionic liquid 

phase in the present system is shown in Figure 3.7. Initially, U(VI) extraction using 1.1 M 

TAlP/[C8mim][NTf2] from 3 M HNO3 was carried out. It can be seen that the recovery of 

U(VI) is ~60% in a single contact with 0.01 M nitric acid for all trialkylphosphates and 

the recovery of uranium (VI) is quantitative in three contacts. Therefore, the study shows 

that the loaded uranium can be quantitatively recovered with dilute nitric acid. 
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Figure 3.6. Variation in the distribution ratio of U(VI) in TAlP as a function of alkyl 

chain length of the ionic liquid. Aqueous phase: 3M HNO3 spiked with 233U(VI) 

tracer. Ionic liquid phase: 1.1M TAlP /[Cnmim][NTf2] (n = 4, 6 and 8).  
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Figure 3.7. Stripping of U(VI) from ionic liquid phase as a function of number of 

stages. Ionic liquid phase: 1.1M TAlP (TAlP = TPP, TBP, TAP, TOP, TiBP, TiAP) 

/[C8mim][NTf2] containing U(VI) extracted from 3 M HNO3. Aqueous phase: 0.01 M 

HNO3.  

 

3.3 Conclusion 

Extraction of U(VI) from nitric acid medium was studied in different types of tri 

alkyl phosphates dissolved in 1-octyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ([C8mim][NTf2]) ionic liquid. The distribution ratio of 

U(VI) increased with increase in the concentration of nitric acid, reaches maximum at 6 M 

nitric acid followed by a plateau with further increase in the nitric acid concentration. The 

extraction of U(VI) in TAlP present in [C8mim][NTf2] was very similar to those observed 

in a molecular diluent, n-dodecane. The distribution ratio of U(VI) increased in the order 

TPP < TBP < TAP < TOP, which was attributed to the increase in the basicity of TAlP 

upon increasing in the chain length of alkyl group attached to the phosphoryl moiety. 

Slope analysis of the extraction data indicated that two molecules of TAlP were 

coordinated to U(VI) in the ionic liquid phase. Change in the nature of ionic liquid hardly 

altered the distribution ratio of U(VI) at 3 M nitric acid. The extraction of U(VI) in all the 
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extractants was found to be exothermic. Complete stripping of loaded U(VI) was achieved 

in 2–3 contacts with dilute nitric acid. The results indicate that TAlP present in ionic 

liquid medium is a promising candidate for fast reactor fuel reprocessing applications.  
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PART B 

Mutual separation of Pu(IV) from other actinides using 2-hydroxy acetamide 

extractant in room temperature ionic liquid 

In the recent past, CHNO based extractants are considered as promising candidates 

for the separation of trivalent acinides from HLLW due to their completely incinerable 

property [30,188]. DGA contains three oxygen donor atoms for complexation with the 

metal ions and hence it acts as tridentate ligand. Among the DGAs, N,N,N′,N′-

tetraoctyldiglycolamide (TODGA) and N,N,N′,N′-tetra-2-ethylhexyldiglycolamide 

(TEHDGA) are studied extensively [32,189-192]. Recently, N,N-dialkyl-2-hydroxy 

acetamide, which is a radiation degradation product and synthetic precursor of DGA was 

identified for the extraction of actinides and lanthanides. Kannan et al. investigated the 

extraction behavior of lanthanides and actinides using N,N-dioctyl-2-hydroxyacetamide 

(DOHyA) in molecular diluent (n-dodecane) [193]. Prathibha et al. studied the modifier 

free separation of Am (III) using N,N-dialkyl-2-hydroxyacetamide in n-dodecane medium 

[180] and also reported [194] the radiolytic stability of various N,N-di-alkyl-2-

hydroxyacetamides and observed that radiation stability was comparable with those for 

parent DGA molecules.However, no work has been reported for the extraction of actinides 

using N,N-dialkyl-2-hydroxyacetamide dissolved in ionic liquid diluent. 

The aim of the part B in chapter 3 is to investigate the extraction and stripping 

behavior of Pu(IV) in a solution of N,N-dioctyl-2-hydroxyacetamide/1-butyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide ([C4mim][NTf2]). The extraction 

was studied as a function of various parameters such as nitric acid concentration, 

temperature, extractant concentration etc. Separation factor of Pu(IV) over U(VI) and 

Am(III) have been reported.  
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Table 3.3. Structures of molecular extractants and RTILs used in part B of chapter 3 

 

 

 

Synthesis of the ionic liquid and extractants used in part B have been discussed in section 

2.9.1, 2.9.7 & 2.9.8 of chapter 2. 

 

 

Name Structure 

 

Extractants 

 

N, N’- Dialkyl 2-hydroxy acetamide 

(DAlkHyA) 

 

i. Hexyl derivative (DHHyA) (R: C6H13) 

ii. Octyl derivative (DOHyA) (R: C8H17) 

iii. Decyl derivative (DDHyA) (R: C10H21) 

 

 

OH
N

O

R

R  

 

 

N,N-Dioctylmethoxyacetamide 

(DOMeOA) 

 

 

 

 

N,N-Dihexyloctanamide (DHOA) 

N

O

 

 

Ionic liquid 

 

 

1-Butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 

([C4mim][NTf2]) 

 

N N
+

(CF3SO2)2N
-

 

O
N

O
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3.4 Results and Discussions 

3.4.1 Effect of nitric acid concentration 

The extraction of Pu(IV) was carried out in various solvent systems comprising of 

[C4mim][NTf2], 0.02 M DOHyA in [C4mim][NTf2] and 0.02 M DOHyA in n-DD. The 

extraction of Pu(IV) was studied as a function of nitric acid concentration and the results 

are shown in figure 3.8. It can be seen that the distribution ratio of Pu(IV) obtained in 

[C4mim][NTf2] alone is negligible at nitric acid concentrations lower than 3 M but it 

starts increasing above 3 M HNO3. From the literature reported results [133] it was 

ascertained that the predominant mode of Pu(IV) transfer in to ionic liquid phase at higher 

nitric acid concentration (>2 M) is through anion exchange of [Pu(NO3)5(H2O)]- and 

[Pu(NO3)6]
2- with NTf2

 - ion of ionic liquid (equation 3.7). The DPu(IV) obtained in 0.02 M 

DOHyA in n-DD is quite similar to that obtained for [C4mim][NTf2] alone.  In contrast to 

both these, the distribution ratio of Pu(IV) obtained in 0.02 M DOHyA/[C4mim][NTf2] is 

much higher than those obtained in DOHyA/n-DD as well as in [C4mim][NTf2] alone . 

This observation indicates that Pu(IV) is extracted to an appreciate value only when 

DOHyA is dissolved in ionic liquid medium. It can be seen that the distribution ratio of 

Pu(IV) decreases with increase in the concentration of nitric acid up to 3 M HNO3 and 

thereafter the DPu(IV) remains constant.  

 The initial decrease can be due to the cation exchange mechanism [122] i.e. the 

exchange of cationic part (C4mim+) of IL with the metal ion and it is shown in equation 

3.8. At high nitric acid concentrations (> 3M HNO3), the distribution ratios remain almost 

same indicating the occurrence of both coordination and anion exchange mechanism. 

Following equations explains probable extraction mechanisms where the value of x can 

be 1 or 2. 

aqILILaq NTfNOPumimCNTfmimCNOPu ][}])(][[{}]][{[])([ 25342453

                 (3.7) 
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aqILxILILaq NTfDOHyAPuxDOHyA   mim][C4)])([)((]mim][NTf[C 4Pu 44224

4

 

(3.8)                                   

                                   

ILxaqILaq NODOHyAPuNOxDOHyAPu })()({4 433

4 
                              (3.9)  

 

 

 

3.4.2 Variation of [DOHyA] 

Figure 3.9 shows the effect of DOHyA concentration in a solution of 

DOHyA/[C4mim][NTf2] on the distribution ratio of Pu(IV) at 3 M HNO3. It can be seen 

that the DPu(IV) increases with increase in the concentration of DOHyA. The slope 

obtained from the log DPu(IV) against log [DOHyA] gives the number of DOHyA 

molecules coordinated to Pu(IV) in ionic liquid phase. A slope of 1.6 was obtained from 
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Figure 3.8. Variation in the distribution ratio of Pu(IV) as a function of the nitric acid 

concentration in aqueous phase. Ionic liquid phase: 0.02 M DOHyA/[C4mim][NTf2] 

or [C4mim][NTf2] alone. Organic phase: 0.02 M DOHyA/n-DD, aqueous phase: 

[HNO3] = 0.5 M - 6 M  spiked with 239Pu(IV) tracer. 
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linear regression analysis of the extraction data indicates that 1 or 2 molecules of DOHyA 

might be involved in the extraction process in the ionic liquid phase. 

 

3.4.3 Role of OH group in DOHyA 

 It is interesting to compare the distribution ratio of Pu(IV) achieved in DOHyA 

with substituted amides. The amides chosen for comparison were N,N-dioctylmethoxy 

acetamide (DOMeOA) and N,N-dihexyloctanamide (DHOA). Substitution of –OH group 

in DOHyA by –OMe group results in DOMeOA and substitution of heptyl group in place 

of –OH, and N,N-dihexyl in place of N,N-dioctyl in DOHyA, results in DHOA (table 3.3). 

The distribution ratio of Pu(IV) in 0.02 M solution of these extractants in [C4mim][NTf2] 

is shown in figure 3.10.  It can be seen that distribution ratio of Pu(IV) in 

DHOA/[C4mim][NTf2] and DOMeOA/[C4mim][NTf2] increases with increase in the 

concentration of nitric acid. It was observed that at all the nitric acid concentrations, the 

DPu(IV) values in DOHyA/[C4mim][NTf2] were much higher than that obtained for DHOA 
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Figure 3.9: Variation in ln DPu(IV) as a function of ln [DOHyA]. Ionic liquid phase : 

0.005 M – 0.05 M DOHyA/[C4mim][NTf2], aqueous phase: [HNO3] = 3 M  spiked with 
239Pu(IV) tracer. 
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or DOMeOA dissolved in [C4mim][NTf2].  Higher DPu(IV) obtained in DOHyA could be 

due to the bidendate coordination of DOHyA and intramolecular hydrogen bonding as 

discussed elsewhere [180,194].  Since DHOA is a monodentate ligand and hydrogen 

bonding is not possible in DOMeOA, these extractants show poor extraction of Pu(IV) as  

compared to DOHyA. However, more studies are needed to confirm this behavior.  

 

 

Comparing the chemical structure of DOHyA and DHOA, the present study 

showed that the oxygen atom at the 2-position of the amidic carbonyl group in DOHyA 

was necessary for the extraction of Pu(IV). Similarly, comparing the methoxy- and 

hydroxy acetamides, the distribution ratio of Pu(IV) indicates that the –OH group at the  

2-position was mandatory in acetamide derivatives for the extraction of Pu(IV) from 

nitric acid medium.  
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Figure 3.10. Variation in the distribution ratio of Pu(IV) as a function of the nitric 

acid concentration in aqueous phase. Ionic liquid phase : 0.02 M 

DOHyA/[C4mim][NTf2] or 0.02 M DHOA/[C4mim][NTf2] or 0.02 M 

DOMeOA/[C4mim][NTf2], aqueous phase: [HNO3] = 0.5 M - 5 M  spiked with 
239Pu(IV) tracer. 
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3.4.4 Extraction of U(VI) & Am(III) 

 In order to understand the selectivity for Pu(IV) in DOHyA over other actinides, 

extraction of U(VI) and Am(III) was carried out in 0.02 M DOHyA/[C4mim][NTf2] and 

compared with the extraction behavior of Pu(IV) at various concentrations of nitric acid 

in figure 3.11. It can be seen that DAm(III) decreases from 2.3 to 0.2 and DU(VI) increases 

from 0.06 to 1 with increase of nitric acid concentration from 0.5 M to 5M. The 

distribution ratio of U(VI) and Am(III) are about two order lower than those achieved for 

Pu(IV) under similar conditions. The separation factor of U(VI) over Am(III), Pu(IV) 

over Am(III) & U(VI) have been compared from distribution ratios and they are tabulated 

in table 3.4. The separation factor of Pu(IV) over U(VI) decreases from 1833 to 78 and 

the separation factor of Pu(IV) over Am(III) increases from 48 to 354, with increase of 

HNO3 concentration from 0.5 M to 5 M. Therefore the study shows the possibility of 

mutual separation of Pu(IV) from U(VI) and Am(III) using 0.02 M 

DOHyA/[C4mim][NTf2]. In addition the study also shows the separation factor of Am(III) 

over U(VI) varies from 38 to 0.2 with increase of HNO3 concentration from 0.5 M to 5 

M. This result indicates that there is an option for individual separation of Pu(IV), U(VI) 

and Am(III) from nitric acid medium using 0.02 M DOHyA in [C4mim][NTf2]. 

 Moreover, in table 3.5, the separation factor of Pu(IV) over U(VI) obtained in 

0.02 M DOHyA/ [C4mim][NTf2] was compared with that obtained in 0.2 M DOHyA/n-

DD (literature reported value) [193]. It can be seen that the concentration of DOHyA 

required in n-DD is an order higher than that used in ionic liquid. In spite of this low 

concentration, the separation factor of Pu(IV) over U(VI) achieved in ionic liquid 

medium is reasonably higher than those observed in n-DD.  

 Similarly, table 3.6 compares the distribution ratio and the separation factor of 

Pu(IV) over U(VI) obtained in the present study with that obtained in 
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TODGA/[C8mim][NTf2] and DOBA (N,N-dioctylbutyramide)/ [C4mim][NTf2] systems 

which were reported in literature [125,133]. The results obtained in the present study 

clearly indicates that DOHyA has advantages over TODGA and DOBA systems to obtain 

high separation factor of Pu(IV) over U(VI) at all nitric acid concentrations. 
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Figure 3.11. Variation in the distribution ratio of actinides as a function of nitric acid 

concentration in aqueous phase. Ionic liquid phase : 0.02 M DOHyA/[C4mim][NTf2], 

aqueous phase: [HNO3] = 0.5 M - 5.0 M  spiked with An tracer (An = 239Pu(IV), 
233U(VI) and 241Am(III)). 
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Table 3.4. Separation factor of Pu(IV) over U(VI) and Am(III) achieved using 

0.02 M DOHyA/[C4mim][NTf2]. Aqueous phase = 0.5 M - 5 M nitric acid. 

 

 

 

 

   [HNO3]eq./M 

Separation factor of actinides in 0.02 M 

DOHyA/[C4mim][NTf2] 

SFAm(III)/U(VI) SFPu(IV)/Am(III) SFPu(IV)/U(VI) 

0.5 38 48 1833 

1 20 50 1000 

2 7.2 50 360 

3 1.9 82 152 

4 0.79 127 100 

5 0.22 354 78 

 

 
 

Table 3.5. Comparision of separation factor of Pu(IV) over U(VI) obtained in 

0.02 M DOHyA/ [C4mim][NTf2] with 0.2 M DOHyA/n-DD (literature 

reported value [193]) 
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3.4.5 Effect of alkyl chain length of the extractant 

 Figure 3.12 shows the comparison in the distribution ratio of Pu(IV) obtained by 

varying the chain length of the alkyl group attached to the amidic nitrogen atom in 

hydroxy acetamide. The alkyl group was varied from C6 to C10. The extraction of Pu(IV) 

was carried out in 0.02 M solution of N,N-dihexyl-2-hydroxyacetamide(DHHyA), N,N-

dioctyl-2-hydroxyacetamide (DOHyA) and N,N-didecyl-2-hydroxyacetamide(DDHyA) in 

[C4mim][NTf2]. It was observed that DPu(IV) remains nearly constant at 1 M HNO3 and 

decreases marginally at nitric acid concentration of >1M with increase in alky chain 

length from octyl to decyl. The decrease in DPu(IV) from hexyl to decyl derivative of 

hydroxyl acetamide could be due to the steric factors, increase in hydrophobicity, and 

Table 3.6. Comparison of distribution ratios of Pu(IV) and U(VI) and their 

separation factors in DOHyA/[C4mim][NTf2] with that of TODGA/[C8mim][NTf2] 

and DOBA/[C4mim][NTf2]. Aqueous phase: 0.5 M – 6 M + 239Pu(IV) (or 233U(VI)) 

tracer. 

 

 
 

[HNO3]

/M 

0.02M DOHyA 

in [C4mim][NTf2] 

0.01 M TODGA 

in [C8mim][NTf2] 

 [125] 

0.5 M DOBA 

in [C4mim][NTf2] 

[133] 

DPu(IV) DU(VI) SF DPu(IV) DU(VI) SF DPu(IV) DU(VI) SF 

0.5 110 0.06 1833 ~1000 ~7 ~143 0.03 0.23 0.13 

1 100 0.1 1000 ~500 ~5 ~100 0.05 0.15 0.33 

2 90 0.25 360 - - - - - - 

3 82 0.54 152 258 3.32 77.5 1 0.13 7.7 

4 80   0.8 100 - - - 3 0.15 20 

5 78   1 78 - - - 5 0.4 12.5 

6 - - - ~10 ~2 ~5 - -         - 
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extent of solubility of the extracted complex in the IL phase. However, more studies are 

needed to understand this observation.  
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Figure 3.12. Effect of alkyl chain length attached to amidic nitrogen atom on the 

distribution ratio of Pu(IV) at various nitric acid concentrations. Ionic liquid phase: 

DHHyA or DOHyA or DDHyA /[C4mim][NTf2], aqueous phase: [HNO3] = 1 M - 5 M 

spiked with 239Pu(IV) tracer. 

 

3.4.6 Temperature Variation 

 In order to study the effect of temperature on the distribution ratio of Pu(IV), the 

extraction studies were conducted at various temperatures ranging from 298 K to 333 K 

using 0.02 M DOHyA/[C4mim][NTf2]. It can be seen that DPu(IV) increases with increase 

of temperature. The plot of ln DPu(IV) against 1/T is shown in figure 3.13. This shows that 

the extraction of Pu(IV) in [DOHyA]/[C4mim][NTf2] is endothermic. The enthalpy 

change involved in the extraction of Pu(IV) can be determined using Vant Hoff’s 

equation which is shown in equation 3.4. From the slope of the straight line, the ∆Htot was 

determined to be 10.6 kJ/mol. 
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3.4.7 Stripping 

Since high distribution ratio of Pu(IV) was obtained in DOHyA/[C4mim][NTf2] at 

all nitric acid concentrations investigated in the present study, stripping of Pu(IV) from 

the loaded ionic liquid phase could not be performed with HNO3, which was usually 

employed in conventional molecular diluents. In view of this, aqueous soluble 

complexing agents such as oxalic acid and acetohydroxamic acid have been tried for back 

extraction of Pu(IV) from the loaded ionic liquid phase. Prior to stripping, the extraction 

of Pu(IV) was carried out using 0.02 M DOHyA/[C4mim][NTf2] at 3 M HNO3. Stripping 

was performed by contacting the loaded ionic liquid phase with 0.05 M oxalic acid/0.35 

M HNO3 as well as with 0.5 M acetohydroxamic acid/0.35 M HNO3. The results of 

stripping are shown in figure 3.14. It can be seen that quantitative stripping of plutonium 

(IV) is achieved in 2 - 3 contacts of loaded ionic liquid phase with oxalic acid and in 3- 4 

contacts with acetohydroxamic acid. 
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Figure 3.13. Variation in the distribution ratio of Pu(IV) as a function of reciprocal 

temperature. Ionic liquid phase : 0.02 M DOHyA/[C4mim][NTf2], aqueous phase: 

[HNO3] = 3 M  spiked with 239Pu(IV) tracer., temperature = 298K – 333K.  
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3.5 Conclusion 

N, N-dioctyl-2-hydroxyacetamide in [C4mim][NTf2] was evaluated for the 

extraction of Pu(IV) from nitric acid medium, for the first time. The distribution ratio of 

Pu(IV) obtained in 0.02 M DOHyA/[C4mim][NTf2] was much higher than those obtained 

for DOHyA /n-DD and [C4mim][NTf2]. The Distribution ratio of Pu(IV) decreased 

marginally with increase in the concentration of nitric acid up to 3 M and thereafter it 

attained a plateau. The distribution ratio of uranium(VI) and amrecium(III) were much 

lower than that obtained for Pu(IV) in DOHyA/[C4mim][NTf2]. Unlike the traditional 

molecular extractant, the separation factor of Pu(IV) over U(VI) was in the order of 103 

and Pu(IV) over Am(III) was of the order of 102. This observations indicated the 

possibility of separating Pu(IV) from other actinides using DOHyA/[C4mim][NTf2]. The 
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Figure 3.14. Stripping of Pu(IV) from ionic liquid phase as a function of number of 

contacts. Ionic liquid phase : 0.02 M DOHyA/ [C4mim][NTf2] containing Pu(IV) 

extracted from 3 M HNO3. Aqueous phase: 0.5 M acetohydroxamic acid (AHA) or 

0.05 M oxalic acid (OA) in 0.35 M HNO3.  
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DPu(IV) obtained by DOHyA/[C4mim][NTf2] was compared with that obtained for 

DOMeOA and DHOA in [C4mim][NTf2]. Extraordinary extraction of Pu(IV) in 

DOHyA/[C4mim][NTf2] compared to DOMeOA/[C4mim][NTf2] and 

DHOA/[C4mim][NTf2] revealed that –OH group at the 2-position is mandatory for the 

extraction of Pu(IV) in acetamide. The effect of temperature on the extraction of Pu(IV) 

was studied and it was found to be endothermic. Quantitative stripping of Pu(IV) from the 

loaded organic phase was achieved using complexing agents. 
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PART C 

Solvent extraction study of americium(III) using benzoylpyrazolone extractant 

dissolved in pyrrolidinium based room temperature ionic liquid 

In the past few decades, pyrazalone based extractants have been investigated for 

the extraction of metal ions from aqueous solutions [195-204]. Among the various 

pyrazalone derivatives, the 1-phenyl-3-methyl-4-benzoylpyrazol-5-one (HPMBP) is 

having relatively low pKa value (4.05) as compared to other well known diketone based 

extractant like thenoyltrifluoroacetone (HTTA) (pKa = 6.25). As a result, HPMBP is more 

acidic and it could facilitate the extraction of metal ions at lower pHs. Therefore, they can 

be employed easily in moderate pH conditions for the separation of metal ions. Pan et al. 

[203] reported the extraction behaviour of rare earth metals using HPMBP dissolved in 

[C4mim][PF6] and very recently, Gujar et al. [204] studied the extraction behaviour of 

trivalent actinides and lanthanides using HPMBP in [C8mim][NTf2]. However, the studies 

on solvent extraction of lanthanides and actinides using HPMBP in room temperature 

ionic liquids is very limited. Moreover, literature [117- 131] shows that imidazolium 

based ionic liquids have been employed extensively as diluent for the solvent extraction 

studies of metal ions but the use of pyrrolidinium ionic liquids as diluents for solvent 

extraction applications is very scant though the role of pyrrolidinium ionic liquids has 

extensively studied as electrolytes in electrochemical study of metal ions. There is only 

one literature wherein Rout et al. employed pyrrolidinium based ionic liquids as diluent 

for rare earth separation [205]. Hence it is appealing to investigate the pyrrolidinium ionic 

liquid as diluent for the solvent extraction studies of actinides. 

  The part C deals with the extraction and stripping behavior of americium (III) in 

1-butyl-3-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([C4mpy][NTf2]) 

containing the extractant, 1-phenyl-3-methyl-4-benzoylpyrazol-5-one (HPMBP). The 
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ionic liquid [C4mpy][NTf2] has been employed for the first time with pyrazolone 

derivative. The dependence of Am(III) extraction on the aqueous phase pH, 

concentrations of extractant, ionic liquid cation and nitrate ion in the feed phase was 

studied to understand the extraction mechanism in ionic liquid medium.  

 

Table 3.7. Structures of molecular extractants and RTIL used in part C chapter 3 

 

 

Synthesis of the ionic liquid and extractant used in part C have been discussed in section 

2.9.2, 2.9.4 of chapter 2. 

Name Structure 

           Extractants 

 

 

1-Phenyl-3-methyl-4-benzoylpyrazol-5-one 

(HPMBP) 

N
N

CH3

O

O

 

 

 

3-Methyl -1-Phenyl-2- pyrazolin-5-one 

(MPP) 

N
N

CH3

O

 

           Ionic liquid 

 

1-Butyl-1-methylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide 

([C4mpy][NTf2]) 

 

 

 

N
+

CH3

CH3

-
N(CF 3SO2)2
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3.6 Results and Discussions 

3.6.1 Effect of aqueous pH 

The extraction behavior of Am(III) from nitric acid medium in 0.01M 

HPMBP/[C4mpy][NTf2] is shown in the figure 3.15. The distribution ratio of Am (III) 

increases with increase of pH, which is the characteristics of 1, 3-diketone based 

extractants. This indicates that the acidic proton from the HPMBP is exchanged with Am 

(III) for extraction. The extraction of Am (III) in the ionic liquid [C4mpy][NTf2] alone is 

also given in the figure 3.15. Negligible extraction of Am (III) at all pH indicates that the 

ionic liquid do not extract Am (III) under the given conditions. This shows that the 

extraction of Am (III) occurs only in the presence of HPMBP in ionic liquid phase and 

ionic liquid alone do not extract americium. 
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Figure 3.15. Variation in the distribution ratio of Am(III) as a function of pH. Ionic 

liquid phase: 0.01M HPMBP (or 0.01 M MPP)/ [C4mpy][NTf2] or [C4mpy][NTf2]. 

Aqueous phase: pH 1 to 3 spiked with 241Am tracer.  
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Figure 3.15 also represents the comparison of the distribution ratio of Am (III) 

using 3-methyl -1-phenyl-2- pyrazolin-5-one (MPP) and its benzoyl derivative, HPMBP 

(0.01M each) in [C4mpy][NTf2] medium. It can be seen that the extraction of Am (III) in 

HPMBP is much higher than MPP. The result shows that the distribution ratio of Am (III) 

increases remarkably upon substitution of benzoyl moiety in MPP. This is obviously due 

to the formation of 1, 3-diketone in pyrazolone, which is a strongly acidic chelating 

ligand. Moreover, the study also shows that the presence of only one carbonyl group in the 

pyrazolone moiety is inadequate for the extraction of Am (III).  

3.6.2 Extraction Kinetics 

Figure 3.16 shows the variation in the distribution ratio of Am(III) in 

HPMBP/[C4mpy][NTf2] as a function of time. The extraction of Am(III) was carried out 

from pH 2 solution. The distribution ratio of Am(III) increases with increase in the 

duration of equilibration. The equilibrium is quickly established in ~60 minutes of 

equilibration; thereafter the variation in the distribution ratio is insignificant. In order to 

ensure establishment of equilibrium, the ionic liquid and aqueous phases were mixed for 

1 hour in all subsequent experiments.  

3.6.3 Extraction stoichiometry 

The distribution ratio of Am (III) was measured as a function of extractant 

concentration in ionic liquid phase and the results are plotted in figure 3.17. The 

distribution ratio of Am (III) increases with an increase in the concentration of HPMBP in 

ionic liquid phase. Linear regression analysis of the extraction data results in a straight 

line with a slope of ~3. This suggests that three molecules of HPMBP could be involved 

in the extraction of Am (III) from aqueous phase. Based on this result, it is quite likely 

that three protons are released to the aqueous phase for the extraction of Am (III) in ionic 

liquid phase.  
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A slope of 1.5 obtained from the figure 3.15 indicates the release of 1 or 2 H+ ions 

during extraction of Am (III). The dependence of Am (III) distribution ratio on nitrate ion 

concentration in aqueous phase was studied and the results are shown in figure 3.18. It can 

be seen that there is hardly any change in the distribution ratio with increase in the nitrate 

ion concentration in the aqueous phase. This observation confirms that nitrate ions do not 

participate in extraction of Am (III) and some other mechanism could be responsible for 

extraction. Since NO3- ion is not participating, it is quite likely that the NTf2
- ion present 

in organic phase itself could compensate the charge of Am (III) ion for maintaining the 

charge neutrality. Therefore, most plausible mechanism for the extraction of Am (III) in 

ionic liquid medium can be given by the equation 3.10. 
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Figure 3.16. Variation in the distribution ratio of Am(III) as a function of equilibration 

time. Ionic liquid phase: 0.01M HPMBP /[C4mpy][NTf2]. Aqueous phase: pH 2 spiked 

with 241Am tracer. Equilibration time = 5 - 120 minutes.  
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Figure 3.17. Variation of logDAm(III) with log[extractant]. Ionic liquid phase : 0.005 

M – 0.02 M HPMBP/[C4mpy][NTf2]. Aqueous phase: pH 2 spiked with 241Am tracer. 
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Figure 3.18. Variation in the distribution ratio of Am (III) as a function of nitrate ion 

concentration in the aqueous phase. Ionic liquid phase : 0.01M HPMBP / 

[C4mpy][NTf2]. Aqueous phase: pH 2 and 1M – 0.7M NO3
- ion (in the form of NaNO3) 

spiked with 241Am tracer.  
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(3.10) 

To verify the mechanism proposed in equation 3.10, the effect of [C4mpy]+ ion in 

aqueous phase on the extraction behavior of Am (III) at pH 2 was studied and the results 

are shown in figure 3.19. The concentration of [C4mpy]+ present in aqueous phase was 

varied from 0.02 M to 0.06 M by adding aqueous soluble [C4mpy][Br]. The distribution 

ratio of Am (III) decreases with increase in the concentration of ionic liquid cation in 

aqueous phase. This indicates that Am (III) is extracted in ionic liquid phase at the 

expense of ionic liquid cation by common ion effect. From all these observations, the 

most plaucible mechanism repoponsible for the extraction of Am (III) in pyrazolone/ionic 

liquid phase can be represented by equation 3.10. 
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Figure 3.19. Variation in the distribution ratio of Am (III) as a function of 

[C4mpy][Br] concentration in the aqueous phase. Ionic liquid phase: 0.01M 

HPMBP / [C4mpy][NTf2]. Aqueous phase: pH 2 and 0.01M – 0.06 M [C4mpy][Br] 
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3.6.4 Comparison of extraction with n-DD 

The extraction of Am (III) in 0.01 M HPMBP in [C4mpy][NTf2] was compared 

with that of n-dodecane (n-DD) and the results are shown in the figure 3.20. It is noted 

that quite high extraction of Am (III) is observed when ionic liquid acted as diluents, as 

compared to n-dodecane. The DAm(III) increases from ~3 to >300 with increase of pH from 

1 to 3 in case of ionic liquid while very insignificant distribution ratio is observed for n-

DD (0.002 to 4 under same experimental conditions). Moreover it is quite likely that the 

mechanism of extraction in both cases is different. It is likely that the dissociation of 

HPMBP is poor in n-dodecane than in ionic liquid phase resulting the lower distribution 

ratio of Am (III) in n-DD phase. 
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Figure 3.20. Comparison of the distribution ratio of Am (III) in ionic liquid and n-

DD. Ionic liquid phase: 0.01M HPMBP/ [C4mpy][NTf2] (or n-DD). Aqueous phase: 

pH 1 to 3 spiked with 241Am tracer. 
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3.6.5 Stripping study 

Figure 3.21 shows the variation of percentage stripping as a function of 

concentration of stripping acid. It is noticed that the percentage of stripping increases with 

increase in aqueous phase acidity. Nearly 50% of Am (III) is recovered in one contact 

from the loaded ionic liquid phase by using 0.5M HNO3 as the stripping solution. About 

80% of Am (III) is back extracted within one contact using 3 M nitric acid and therefore it 

can be expected that rest of Am (III) would be back extracted in the next couple of stages 

using nitric acid itself. 
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Figure 3.21. Percentage stripping as a function of nitric acid concentration. Ionic liquid 

phase : 0.01M HPMBP/ [C4mpy][NTf2] containing Am(III). Aqueous (or stripping 

phase: 0.5 M – 3M nitric acid. 
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 3.7 Conclusion 

 The extraction behavior of americium (III) from the nitric acid medium was 

studied in a solution of HPMBP present in 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethane-sulfonyl)imide ([C4mpy][NTf2]). The ionic liquid [C4mpy][NTf2] 

was explored as diluent for the first time in the extraction of Am(III). The distribution 

ratio of Am (III) increased with increase of aqueous phase pH. The slope analysis of the 

extraction data indicates the involvement of three molecules of HPMBP for the extraction 

of Am (III). Cation exchange mechanism seems to be most plausible mode for the 

extraction of Am (III) in ionic liquid phase. The extraction in ionic liquid was remarkably 

higher than that observed in conventional solvent (n-DD).  Quantitative recovery of Am 

(III) can be achieved in few contacts with dilute nitric acid. 
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ROOM TEMPERATURE IONIC LIQUID AS AN 

EXTRACTANT FOR SOLVENT EXTRACTION OF 

ACTINIDES 

 

4.1 Introduction 

 In addition to the role of diluent, RTILs are being explored as an extractant. In this 

aspect several functionalized ionic liquids (FILs) or task specific ionic liquids (TSILs) in 

which cationic or anionic part tethered covalently with organic functionalities have been 

reported in the recent past [61-65, 133-139,141,142]. These types of ionic liquids exhibit 

the properties of both ionic liquid and organic functionality [55]. The use of 

functionalized ionic liquid could avoid the use of molecular extractants. Since the FILs 

are usually soluble in ionic liquid diluents, the solvent system is completely devoid of any 

molecular entities. Therefore, functionalized ionic liquids in nuclear reprocessing 

applications could offer inherent advantages such as thermal stability and negligible 

vapour pressure etc. Depending upon the nature of functional group attached, the 

selectivity of metal ion was found to be different. Moreover, 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 have also been studied for the metal ion 

extraction[66-70,132,140]. The advantages of such ionic liquids are simple method of 

preparation, higher loading of metals, excellent miscibility with non-polar diluents such 

as toluene, dodecane etc. However, the research in this class of ionic liquids is very 

preliminary and requires further study to establish their various applications in desired 

fields.  
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In this chapter, a novel task specific ionic liquid (TSIL) and a RTIL with strongly 

coordinating anion have been explored as extractants for the extraction of actinides from 

nitric acid medium. This chapter consists of two parts namely part I and part II. Part I 

describes the synthesis of a novel phosphoramide based TSIL and solvent extraction 

studies of Pu(IV), U(VI) and Am(III) using TSIL as an extractant in imidazolium based 

ionic liquid diluent. In part B, insights into the extraction behavior of U(VI) in PUREX 

solvent containing ionic liquid namely, tri-n-octylmethylammonium bis-(2-

ethylhexyl)phosphate ([A336]+[DEHP]-), has been reported. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental parts of the present chapter have been discussed in the section 2.5, 2.8.4, 

and 2.8.5 of the chapter 2.   



Chapter 4 

125 

 

PART I 

Mutual separation of Pu(IV) from other actinides using TSIL 

 Several studies have been reported in literature for the separation of actinides from 

wide variety of feed solutions using functionalized ionic liquids [61-65,133-139, 

141,142,206-209]. For instance, task specific ionic liquids with diglycolamide (DGA) and 

phosphine oxide (CMPO) moiety anchored on imidazolium cation have been reported in 

literature for the solvent extraction of actinides from nitric acid medium [137,209].  The 

authors reported the superior extractability of these FILs over conventional DGA and 

CMPO based extractants. Similarly, Alok et al. studied the separation of actinides and 

fission products using amide ([DOAIm][NTf2]) and phosphonate ([ImP][NTf2]) based 

functionalised ionic liquids [133,134]. These FILs showed remarkably high separation of 

Pu(IV) from U(VI) and Am(III). In the very recent years, couple of TSILs bearing 

phosphate and phosphine oxide moiety have been reported in literature for the extraction 

of U(VI) and Nd(III) from nitric acid medium, respectively [141,142]. However, the 

phosphoramide functionalized ionic liquids have not been studied in detail except one 

literature wherein the authors reported some preliminary extraction results of U(VI) in 

phosphoramide functionalized on ammonium based ionic liquid [63]. Hence it is 

appealing to synthesize a novel phosphoramide based TSIL and study for the solvent 

extraction of actinides. 

The objective of the part I in chapter 4 is to report the synthesis of a novel task 

specific ionic liquid, Diethyl-3-(3-butylimidazolium)propylphosphoramide 

bis(trifluoromethanesulfonyl)imide ([BuImPA][NTf2]) and explore it as an extractant for 

the solvent extraction of Pu(IV), U(VI) and Am(III) from nitric acid medium. 
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 Table 4.1. Structure of TSIL and diluent used in Part I of chapter 4 

 

Synthesis of the ionic liquids used in part I have been discussed in section 2.9.1 & 2.9.3 of  

chapter 2. 

Name  Structure 

TSIL 

Diethyl-3-(3-

alkylimidazolium)propyl 

phosphoramide 

bis(trifluoromethanesulfonyl)imide.  

[BuImPA][NTf2] (R=C4H9) 

[PrImPA][NTf2] (R=C3H7) 

[MeImPA][NTf2] (R=CH3) 

 

N
+

N
NH

P

O

O

O

CH3

CH3

R

(CF
3
SO

2
)
2
N-

 

(Present study) 

diethyl-2-(3-

methylimidazolium)ethyl 

phosphonate 

bis(trifluoromethanesulfonyl)imide, 

(ImPNTf2) 

N N
+

P

O O

O
(CF3SO2)2N

-

 

[134] 
 

 

N,N-dioctyl-2-(3-

methylimidazolium)acetamide 

bis(trifluoromethanesulfonyl)imide 

(DOAImNTf2) 

 

N N
+ N

O

(CF3SO2)2N
-

[133] 

Diluent 

1-Alkyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 

([Cnmim][NTf2] 

 [C4mim][NTf2] (R: C4H9) 

 [C6mim][NTf2] (R: C6H13) 

 [C8mim][NTf2] (R: C8H17) 

N N
+

R

(CF3SO2)2N
-
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4.2 Results and Discussions 

4.2.1 Extraction of Pu(IV) in [BuImPA][NTf2] /[C4mim][NTf2]  

Solvent extraction of Pu(IV) was carried out as a function of nitric acid 

concentration using the diluent ([C4mim][NTf2]) alone and also using phosphoramide 

TSIL ([BuImPA][NTf2]) dissolved in [C4mim][NTf2] and the results are shown in figure 

4.1. 

 

The extraction of Pu(IV) in [C4mim][NTf2] is negligible at nitric acid 

concentrations lower than 3 M. A marginal increase in extraction is observed at nitric 

acid concentration above 3 M. This was attributed to the anion exchange of 

[Pu(NO3)5(H2O)]- or [Pu(NO3)6]
2- species present in aqueous phase with the NTf2

- ion of 

ionic liquid phase, as reported elsewhere [133,134]. However, the distribution ratio of 

Pu(IV) in 0.3 M [BuImPA][NTf2]/[C4mim][NTf2] is much higher than those observed in 
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Figure 4.1. Variation in the distribution ratio of Pu(IV) as a function of the nitric 

acid concentration in aqueous phase. Ionic liquid phase: 0.3 M 

[BuImPA][NTf2]/[C4mim][NTf2] or [C4mim][NTf2] alone, aqueous phase: [HNO3] 

= 1 M – 8 M  spiked with 239Pu(IV) tracer. 



Chapter 4 

128 

 

[C4mim][NTf2] at all nitric acid concentration and it increases with increase in the 

concentration of nitric acid, reaches a maximum value at 5 M nitric acid, followed by 

the attainment of plateau with further increase in nitric acid concentration.   

4.2.2 Comparison of DPu(IV) in phosphramide TSIL with that in amide & phosphonate 

TSIL 

  It is worthwhile to compare the Pu(IV) extraction results obtained in 

phosphoramide-ionic liquid with those obtained in phosphonate [134] and amide [133] 

functionalised ionic liquids reported in literature. The distribution ratios of Pu (IV) 

obtained in these systems are compared in table 4.2. 

 

In amide functionalized ionic liquid ([DOAIm][NTf2]), the extraction of Pu(IV) 

decreased with increase in the concentration of nitric acid, reached a minimum value of 

distribution ratio at 4 - 5 M in nitric acid followed by increase in distribution ratios. In 

phosphonate-ionic liquid ([ImP][NTf2]) the distribution ratio of Pu(IV) decreased with 

increase in the concentration of nitric acid. The decrease in the distribution ratio of 

[HNO3]eq./M 

0.3 M TSIL/[C4mim][NTf2] 

 

[BuImPA][NTf2] 

(present work) 

[DOAIm][NTf2]  

[133] 

[ImP][NTf2] 

[134] 

1 12 44 120 

2 22 37 20 

3 29 30 7 

4 32 21 4 

5 35 20 4 

6 36 21 NA* 

8 35 28 NA* 

Table 4.2. Comparison of the distribution ratio of Pu(IV) in phosphoramide-FIL 

with that of amide and phosphonate-FIL. Ionic liquid phase: 0.3 M FIL/ 

[C4mim][NTf2], aqueous phase: 1 M - 8 M nitric acid. 



Chapter 4 

129 

 

Pu(IV) in amide- and phosphonate -ionic liquids was attributed to competition between 

H+ ion and Pu(IV) ion for coordination with FIL in ionic liquid phase [133,134]. The 

increase in DPu(IV) observed in amide ionic liquids at nitric acid concentrations above 5 

M was attributed to the anion exchange of [Pu(NO3)5(H2O)]- complex with NTf2
- ion of 

ionic liquid phase as reported elsewhere [133]. 

This observation indicates that the mode of Pu(IV) extraction in phosphoramide-

FIL could be similar to those observed in molecular diluents, wherein the Pu(IV) is 

extracted as neutral Pu(NO3)4 species in ionic liquid phase as shown in equation 4.1. 

This mechanism demands the participation of four molecules of nitrate ion for the 

formation of neutral species. Figure.4.2 shows the extraction of nitric acid (nitrate ion) 

in 0.3 M [BuImPA][NTf2]/[C4mim][NTf2]. It can be seen that the amount of nitric acid 

extracted in ionic liquid phase increases from 0.086 M to 1.12 M with increase in 

aqueous phase nitric acid concentration from 1 M to 8 M. This indicates that significant 

amount of nitric acid is extracted into ionic liquid phase and the nitrate ion is readily 

available for aiding the formation of neutral Pu(NO3)4 species in ionic liquid phase. 

In phosphoramide-FIL, the extraction of Pu(IV) increased with increase in the 

concentration of nitric acid, as discussed above. However, in phosphonate-FIL the 

extraction of Pu(IV) decreased with increase in concentration of nitric acid from 1 M to 

5 M (table 4.2). The decrease in extraction observed in phosphonate-FIL was attributed 

to the extraction of nitric acid that competes with Pu(IV) ion for coordination in FIL 

phase. However, the studies on the extraction of nitric acid showed that, the amount of 

nitric acid extracted in phosphoramide-FIL and phosphonate-FIL [134] are similar. But 

the distribution trend of Pu(IV) observed in them is quite different. These results 

indicate that the extracted nitric acid in phosphoramide-TSIL does not seem to compete 

with Pu(IV) for extraction in ionic liquid phase. This could be possible only when the 
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extracted acid predominantly protonates the amidic (-NH-) moiety in phosphoramide-

FIL instead of >P=O which is required for extracting Pu(IV). Upon protonation, the 

anionic plutonium(IV) nitrate complex is co-extracted in to the ionic liquid phase to 

preserve the charge balance in phosphoramide FIL. Since the phosphonate-FIL does not 

contain –NH- moiety in ionic liquid, the extracted acid predominantly protonates the 

>P=O moiety, thus making >P=O unavailable for Pu(IV) extraction. Therefore the 

Pu(IV) distribution ratio decreased in phosphonate FIL and increased in case of 

phosphoramide-FIL with increase in the concentration of nitric acid.  
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Figure 4.2. Nitric acid extraction isotherm of [BuImPA][NTf2]/[C4mim][NTf2]at 

298 K. Ionic liquid phase: 0.3 M [BuImPA][NTf2]/[C4mim][NTf2], aqueous phase: 

 [HNO3] = 1 M - 8 M spiked with 239Pu(IV) tracer 

 

IR spectrum of acid equilibrated 0.3 M [BuImPA][NTf2]/[C4mim][NTf2] was 

compared with that obtained without acid equilibration in order to confirm the 

protonation of H+ with –NH- group of phosphormide-FIL. A strong band occurring at 
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3356 cm-1 in [BuImPA][NTf2] is due to N-H stretching. This band disappears upon acid 

equilibration. Perhaps, the band could have shifted and merged with other strong bands 

appearing at 3000 cm-1. This indicates that the –NH- present in phosphoramide FIL is 

protonated upon acid equilibration. The FTIR spectra are shown in figure 4.3. 
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Figure 4.3 FTIR spectra of ionic liquid phase and acid equilibrated ionic liquid phase 

 

4.2.3 Extraction stoichiometry 

 Since the extraction trend of Pu(IV) in phosphoramide-TSIL is similar to that 

observed in conventional systems such as TBP in n-DD etc. [178,211,212], the plausible 

mechanism of Pu(IV) extraction in [BuImPA][NTf2]/[C4mim][NTf2] at lower nitric acid 

concentration (1 M - 4 M) can be represented by equation 4.1.  

ILyILaqaq NTfPABuNOPuNTfPABuyNOPu ]}][Im[{)(]}][Im[{4 24323

4         (4.1) 

Subscripts “aq.” and “IL” denote the aqueous and ionic liquid phases respectively and “x 

and y” are the number of nitrate ions and phosphoramide ionic liquid involved in the 

extraction of plutonium respectively. 
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 The equilibrium constant for the above reaction can be represented by equation 

4.2. 

                
y

IL2

4

aq

-

3aq

4

243

ex
]}][Im[{][NO]u[

]]}][Im[{)[Pu(NO
K

NTfPABuP

NTfPABu ILy


                                            

(4.2) 

Upon rearrangement, equation 4.2 results in equation 4.3. 

       ILaqexIVPu NTfPABuyNOK ]}][Im[log{][log4loglog 23)( 
D                 (4.3) 

 The effect of [BuImPA][NTf2] concentration on the extraction of plutonium (IV) 

in ionic liquid phase was studied. The slope obtained from the plot of log DPu(IV) against 

log [BuImPA][NTf2] gives the number of [BuImPA][NTf2] coordinated to Pu(IV) in 

ionic liquid phase. Figure 4.4 displays the variation in the distribution ratio of Pu(IV) as 

a function of [BuImPA][NTf2] concentration in ionic liquid phase at constant nitric acid 

concentration (3 M HNO3) in aqueous phase.  
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Figure 4.4. Variation in log DPu(IV) as a function of log [[BuImPA][NTf2]]. Ionic 

liquid phase: 0.05 M – 0.5 M [BuImPA][NTf2]/[C4mim][NTf2], aqueous phase: 

[HNO3] = 3 M  spiked with 239Pu(IV) tracer. 



Chapter 4 

133 

 

It can be seen that the distribution ratio of Pu(IV) increases with increase in the 

concentration of [BuImPA][NTf2] in ionic liquid phase. Linear regression analysis of the 

extraction data results in a slope value of 1.5. This shows that about 1-2 molecules of 

[BuImPA][NTf2] are involved in the extraction of Pu(IV) in ionic liquid phase. In 

addition to this, the extraction of Pu(IV) can also occur by anion exchange mode with 

[BuImPA][NTf2] upon protonation on –NH- moiety as discussed above. Therefore the 

observed slope may be due to both coordination and association of Pu(IV)-complex with 

protonated FIL.  

4.2.4 Anion exchange mechanism  

Above 4 M (figure 4.1), the extraction of Pu(IV) could be due to participation of 

both neutral solvate extraction (as discussed above) and also due to other type of 

mechanism since the diluent, [C4mim][NTf2], also starts extracting Pu(IV) at nitric acid 

concentrations above 4 M due to the exchange of anionic complex of Pu(IV) with NTf2
-. 

To confirm the involvement of anion exchange mechanism in the present case at higher 

acidity, the variation in the distribution ratio of Pu(IV) in 0.3M 

[BuImPA][NTf2]/[C4mim][NTf2] was studied as a function of [NTf2
-] at 5 M nitric acid. 

The results are shown in the figure 4.5. It is observed that the distribution ratio of 

plutonium (IV) decreases with increase in the concentration of NTf2
- ion in aqueous 

phase, as expected. A similar observation was also reported by Alok et al. [134,134]. 

These results confirm the participation of anion exchange mechanism, shown in 

equation 4.4, for the extraction of plutonium (IV) in 0.3 M 

[BuImPA][NTf2]/[C4mim][NTf2] at higher nitric acid concentrations.  

aqILIL NTfNOPumimCNTfmimCNOPu ][]})(][[{}]][{[])([ 25342453

             (4.4)                                     

From the above mentioned studies, the equations 4.1 and 4.4 have been proposed 

for the extraction of plutonium from phosphoramide-FIL medium. However, it should 
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be noted that NTf2
-, water and nitrate ions present in the medium can also co-ordinate 

with Pu(IV) and form other anionic complex and undergo similar kind of extraction. At 

present it is not possible to point out the presence of such species in the system with the 

present data. Therefore, further studies are needed to understand the co-ordination 

chemistry of Pu(IV) in the present ionic liquid system and other possible mechanisms. 

 

4.2.5 The separation factor of Pu(IV) over U(VI) and Am(III) 

  The extraction behavior of Pu(IV) was compared with that of U(VI) and Am(III) 

in [BuImPA][NTf2]/[C4mim][NTf2] as a function of nitric acid concentration and it is 

shown in figure 4.6. It is observed that the distribution ratio of U(VI) decreases 

marginally from 5.4 to 2.4 with increase in nitric acid concentration from 1 M to 8 M 

unlike Pu(IV). In contrast to both U(VI) and Pu(IV) , the distribution ratio of Am(III) is 
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Figure 4.5. Variation in the distribution ratio of Pu(IV) as a function of NTf2

- 

concentration in aqueous phase. Ionic liquid phase: 0.3 M 

[BuImPA][NTf2]/[C4mim][NTf2], aqueous phase: 5 M HNO3 + varied concentration 

of [NTf2
-] ion spiked with 239Pu(IV) tracer. 
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insignificant (10-2) at all acidities. Table 4.3 shows the separation factor of Pu(IV) over 

U(VI), Pu(IV) over Am(III) and U(VI) over Am(III) at all nitric acid concentrations. 
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Figure 4.6. Variation in the distribution ratio of actinides as a function of nitric 

acid concentration in aqueous phase. Ionic liquid phase: 0.3M 

[BuImPA][NTf2]/[C4mim][NTf2], aqueous phase: [HNO3] = 0.1 M - 8.0 M + 

spiked with An tracer (An = 239Pu(IV), 233U(VI) and 241Am(III)). 

Table 4.3. Separation factor of Pu(IV) over U(VI) and Am(III) achieved using 0.3 M 

[BuImPA][NTf2]/[C4mim][NTf2]. Aqueous phase = 1 M - 8 M nitric acid. (Separation 

factor = quotient of distribution ratios). 

 

[HNO3]eq./M 

Separation factor of actinides in 0.3 M 

[BuImPA][NTf2]/[C4mim][NTf2] 

SFPu(IV)/U(VI) SFPu(IV)/Am(III) SFU(VI)/Am(III) 

1 3 120 44 

2 5.5 275 50 

3 8.3 580 70 

5 10 1750 175 

8 15 3500 240 
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 It can be seen that the separation factor of Pu(IV) over U(VI) varies from 3 to 15 

with the increase in the nitric acid concentration from 1 M to 8 M. However, a separation 

factor of < 2 was reported in molecular extractants present in n-DD [178,211,212]. In the 

present study, the separation factor of Pu(IV) over Am(III) varies from 120 to 3500 with 

increase in nitric acid concentration from 1M to 8M. This result indicate that the fissile 

element plutonium can be easily separated from other actinides U(VI) and Am(III) by 

using phosphoramide-FIL. Higher extraction of Pu(IV) over other actinides in 

[BuImPA][NTf2] /[C4mim][NTf2] could be attributed to the extraordinary and specific 

solvating ability of plutonium complexes in ionic liquid phase. Table 4.3 also shows the 

separation factor of U(VI) over Am(III) and it varies from 44 to 240 with the increase in 

nitric acid concentration from 1M to 8M. This observations indicates the possibility of 

individual separation of Pu(IV), U(VI) and Am(III) from a mixture using 

phosphoramide-FIL.  

4.2.6 Effect of alkyl group attached to imidazolium moiety of TSIL 

The effect of alkyl group attached to imidazolium moiety of phosphoramide-FIL 

on the extraction of Pu(IV) as a function of nitric acid concentration have been studied 

and it is shown in figure 4.7. The distribution ratio of Pu(IV) increases with increase in 

the chain length of the alkyl group attached to phosphoramide-FIL at all acidities. This 

could be attributed to the increase in hydrophobicity of phosphoramide-FIL that seems to 

facilitate the extraction of neutral Pu(NO3)4 species in ionic liquid phase.  
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4.2.7 Effect of alkyl group attached to imidazolium moiety of diluent 

The effect of alkyl chain length of [Cnmim][NTf2] ionic liquid on the extraction 

behavior of Pu(IV) in 0.3 M [BuImPA][NTf2]/[Cnmim][NTf2] (n = 4,6 and 8) was 

studied. Figure 4.8 displays the variation in the distribution ratio of Pu(IV) as a function 

of alkyl chain length attached to imidazolium moiety of ionic liquid diluent. It is 

interesting to note that the distribution ratio of Pu(IV) decreases with increase in the 

chain length of the diluent ionic liquid at low acidity (1M – 3M) and increases at high 

acidity (> 3M). The increasing trend observed at higher acidities, could be attributed to 

the increase in the hydrophobicity of the [Cnmim][NTf2] ionic liquid [213]. A similar 

behavior was also reported by us in other ionic liquid system [133]. The reason for the 

 

 

0 1 2 3 4 5 6 7 8 9
5

10

15

20

25

30

35

40

 

 

D
P

u
(I

V
)

[HNO3]/M

 C
4
H

9

 C
3
H

7

 CH
3

 
Figure 4.7. Effect of alkyl chain length of imidazolium moiety on the distribution 

ratio of Pu(IV) at various nitric acid concentrations. Ionic liquid phase: 0.3 M 

[CnH2n+1ImPA][NTf2] (n= 1, 3 and 4) /[C4mim][NTf2], aqueous phase  

[HNO3] = 1 M – 8 M  spiked with 239Pu(IV) tracer. 
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decrease in the distribution ratio of Pu(IV) observed at lower acidities is not clear at 

present and more studies are needed to understand this behavior.  

 

 

4.2.8 Effect of temperature 

 To understand the influence of the temperature on the extraction of 

plutonium (IV) in [BuImPA][NTf2]/[C4mim][NTf2] , the extraction studies were carried 

out at various temperatures ranging from 298 K to 333 K, to understand the influence of 

the temperature on the extraction of plutonium (IV) in ionic liquid phase. The variation 

of log DPu(IV) as a function of reciprocal temperature is shown in figure 4.9. It can be seen 

that the distribution ratio of Pu(IV) at 3 M nitric acid decreases with increase of 

temperature. This shows that the extraction of Pu(IV) in 

[BuImPA][NTf2]/[C4mim][NTf2] is exothermic.  
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Figure 4.8. Effect of alkyl chain length of imidazolium moiety present in ionic liquid 

diluent on distribution ratio of Pu(IV) at various nitric acid concentrations. Ionic 

liquid phase: 0.3 M [BuImPA][NTf2] /[Cnmim][NTf2] (n = 4,6 and 8), aqueous phase: 

[HNO3] = 1 M - 8 M  spiked with 239Pu(IV) tracer. 
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 The total enthalpy change (ΔHtot) involved in the extraction of Pu(IV) in ionic liquid 

medium was calculated using Van’t Hoff relation of the form shown in equation 4.5. 

From the slope of the plot shown in figure 4.9, the ΔHtot was found to be -22 kJmol-1.  

 

                                  
R 2.303

ΔH

(1/T)

logD tot





                                                              (4.5) 

 

 

4.2.9 Stripping of plutonium 

In traditional molecular extraction systems, the back extraction of actinides from 

the loaded organic phase was usually carried out by using dilute nitric acid. However, 

stripping of plutonium (IV) from 0.3 M [BuImPA][NTf2] /[C4mim][NTf2] using dilute 

nitric acid is difficult due to high distribution ratio of Pu(IV) observed at all nitric acid 
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Figure 4.9. Variation in the distribution ratio of Pu(IV) as a function of reciprocal 

temperature. Ionic liquid phase: 0.3 M [BuImPA][NTf2]/[C4mim][NTf2], aqueous 

phase: [HNO3] = 3 M  spiked with 239Pu(IV) tracer. 
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concentration (figure 4.1). Therefore, the complexing agent such as oxalic acid was used 

for stripping of Pu(IV) from the loaded ionic liquid phase. Prior to stripping, the 

extraction of Pu(IV) was carried out from 3 M nitric acid in 0.3 M 

[BuImP][NTf2]/[C4mim][NTf2]. Back extraction was carried out using 0.1M oxalic acid. 

It was observed that quantitative stripping of plutonium (IV) was achieved in 3 - 4 

contacts (1st contact: 69%; 2nd contact: 15% and 3rd contact: 5.7%) with 0.1 M oxalic 

acid.  

4.3 Conclusions 

 A novel phosphoramide functionalized ionic liquid, [BuImPA][NTf2], was 

prepared and studied for the extraction of Pu(IV), U(VI) and Am(III) from nitric acid 

medium. The extraction of Pu(IV) increased with increase in the concentration of nitric 

acid reached a plateau at nitric acid concentration more than 4 M. In contrast to this, the 

extraction of U(VI) and Am(III) showed a decreasing trend and the DU(VI) and DAm(III) 

were much lower than that obtained for Pu(IV). Unlike traditional extractants, the 

separation factor of Pu(IV) over U(VI) was about 10 and that over Am(III) was of the 

order 103, suggesting the possibility of separating the fissile element plutonium from 

other actinides. Below 4 M nitric acid, the primary mode of Pu(IV) extraction in ionic 

liquid phase seems to be through the (Pu(NO3)4–([BuImPA][NTf2])2) neutral species 

extraction. However, above 4 M nitric acid, anion exchange mode also participates in the 

extraction of Pu(IV). The -NH- moiety in phosphormide-TSIL was protonated 

predominantly over >P=O and that seems to facilitate the extraction of Pu(IV) in ionic 

liquid phase.  
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PART II 

Insights into the solvent extraction behavior of U(VI) in PUREX solvent containing 

RTIL with strongly coordinating anion 

In the recent past, the quaternary ammonium salt (Aliquat-336) based ionic liquids 

are becoming popular in the area of solvent extraction, owing to their unique and 

favorable properties [69-70,132,140,210]. Aliquat-336 (trioctylmethylammonium 

chloride, [A336]]+[Cl]-) is regarded as a versatile and affordable cation source for the 

synthesis of new family of hydrophobic ionic liquids. Aliquat-336 based ionic liquids are 

strongly hydrophobic and miscible in many of the non-polar solvents. These ionic liquids 

exhibit a density lower than 0.9 g/mL and negligible solubility in aqueous phase, which 

are indeed desirable for adapting these ionic liquids for counter-current solvent extraction 

applications. In addition, ionic liquids namely trioctylmethylammonium chloride 

([A336]]+[Cl]-)  and trioctylmethylammonium nitrate [A336]]+[NO3]
-)  are available 

commercially and affordable for making a new family of hydrophobic ionic liquids. 

Sun et al. [69] and Ling et al. [70] studied the extraction behavior of rare earths 

from aqueous solution using [A336]+ based ionic liquids. The authors reported that the 

solubility of these ionic liquids in aqueous phase were negligible and did not undergo any 

ion exchange during extraction. Alok et al. synthesized a couple of Aliquat-336 based 

ionic liquids namely tri-n-octylmethylammonium bis-(2-ethylhexyl) phosphate 

([A336]+[DEHP]-) and tri-n-octylmethylammonium bis-(2-ethylhexyl)diglycolamate 

([A336]+[DGA]-) and studied for extraction of Eu(III) and Am(III) from aqueous 

solutions [132] and also studied the extraction behavior of U(VI), Pu(IV) and Am(III) 

from nitric acid medium in using [A336]+[DEHP]-[140]. The miscibility of 

[A336]+[DEHP]- ionic liquid in n-DD was exploited to modify the extractive properties of 

the PUREX solvent, 1.1 M TBP/n-DD, to exhibit selectivity towards Pu(IV). However, 
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the mechanistic aspects of extraction of actinides using [A336]+[DEHP]- were not 

studied. 

The aim of part II in chapter 4 is to report the results on the extraction of U(VI) in 

[A336]+[DEHP]- ionic liquid as well as in 1.1 M TBP/n-DD solution containing small 

concentrations of [A336]+[DEHP]-. The extraction of U(VI) was also studied in the 

constituents of [A336]+[DEHP]- ionic liquid, namely [A336]+[NO3]
- and bis-(2-

ethylhexyl)phosphoric acid (HDEHP), to bring out the insights of extraction. 

Table 4.4 Structures of RTILs and molecular extractants used in part II of  

chapter 4 

 

Name of RTIL Structure 

 

Tri-n-octylmethylammonium bis-(2-

ethylhexyl)phosphate 

([A336]+[DEHP]-) N
+ O

-

P

O

O

O

 

 

Tri-n-octylmethylammonium nitrate 

([A336]+[NO3]
-) 

N
+

NO
3

-

 

 

Di(2-ethylhexyl)phosphoric acid 

(HDEHP) 

P
O

O O

OH

 
 

 

Tri-n-butylphosphate (TBP) P

O

O

O

O

CH3

CH3

CH3

 
 

 Synthesis of the ionic liquid used in part II has been discussed in section 2.9.5 of chapter 

2. 
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4.4 Results and Discussion 

4.4.1 Extraction of U(VI) in TBP in presence of ionic liquid 

The extraction behavior of U(VI) in PUREX solvent (1.1 M TBP/n-DD) was 

studied in the presence and absence of [A336]+[DEHP]- as a function of nitric acid 

concentration and it is depicted in figure 4.10.  

 

The distribution ratio of U(VI) in 1.1 M TBP/n-DD increases with increase in 

concentration of nitric acid as described elsewhere [158]. The extraction behavior 

observed in the presence of 0.03 M [A336]+[DEHP] is remarkably different from the 

other. A two fold increase in the distribution ratio of U(VI) was observed in the presence 

of ionic liquid at low nitric acid concentrations (~ 0.1 M). The distribution ratio of U(VI) 

initially decreases with increase in concentration of nitric acid, reaches a minimum at 
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Figure 4.10. Effect of adding of [A336]+[DEHP]- ionic liquid in 1.1 M TBP/n-DD on 

the extraction of U(VI) from nitric acid medium. Organic phase: 1.1 M TBP/n-DD or 

1.1 M TBP + 0.03 M [A336]+[DEHP] /n-DD. Aqueous phase: Nitric acid 

concentrations ranging from 0.1 to 5 M spiked with 233U(VI) tracer. 
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 0.5 M nitric acid, followed by gradual increase in distribution values. The distribution 

ratios in presence of ionic liquid are similar to that observed in TBP/n-DD at acidities 

more than 2 M.  

This extraction trend is quite similar to the trend observed for the extraction of 

U(VI) in 1.1 M TBP in [C4mim][NTf2] medium reported by Giridhar et al. [158] as well 

as by Dietz et al. [122]. In addition, Dietz et al. [122] also studied the mechanism of 

U(VI) extraction in TBP/[Cnmim][NTf2] solution. The decrease in extraction trend 

observed at low acidities was attributed to the cation exchange mechanism, and the 

mechanism was reported to change from ion exchange to solvation type with the increase 

of alkyl chain length attached to the imidazolium moiety from butyl to decyl group. 

Therefore, the initial decrease in the distribution ratios observed in the present study 

suggests the possibility of cation exchange at low acidities. However, it is necessary to 

probe the possibility of such ion exchange in systems containing A336+ cation, which is 

regarded as strongly hydrophobic.  

4.4.2 Extraction of U(VI) in Ionic liquid ([A336]+[DEHP]-) 

The extraction of U(VI) by ionic liquid alone was studied as a function of nitric 

acid concentration to understand the role of ionic liquid when it was dissolved in 

PUREX solvent. Since the ionic liquid, [A336]+[DEHP]- contains strongly coordinating 

anion, bis(2-ethylhexyl) phosphate (DEHP), it is quite likely that U(VI) is extracted by 

ionic liquid itself. Figure 4.11 shows the variation in the distribution ratio of U(VI) in 

0.03 M [A336]+[DEHP]-/n-DD. It is observed that the distribution ratio of U(VI) 

decreases with increase in the concentration of nitric acid. The decreasing trend suggests 

the possibility of cation exchange. The cation exchange could occur by the exchange of 

A336+ cation with UO2
2+ or {UO2(NO3)

+} ion as shown in the equation 4.8 and 

4.9.
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(4.9)                  A336   )(DEHP)(NO UO [DEHP][A336]   )(NOUO

(4.8)    .                              A336 2  (DEHP) UO [DEHP][A336] 2  UO

aq.IL32IL
-

aq.32

aq.IL22IL
-

aq.

2

2









 

However, such possibility is quite unlikely as the A336+ cation is strongly hydrophobic. 

Another possibility for the extraction of U(VI) by [A336]+[DEHP]- could be through the 

ion exchange of H+ from HDEHP with UO2
2+ or UO2(NO3)

+ ion by the reactions shown 

in equations 4.10 and 4.11. However, such a possibility requires conversion of [DEHP]- 

ion present in organic phase to HDEHP during equilibration with nitric acid. 

 

(4.12)                             HDEHP  ][NO[A336]  HNO  [DEHP][A336]

(4.11)                                 H  )(DEHP)(NO UO HDEHP  )(NOUO

(4.10)                         H 2  (DEHP)(HDEHP)  UO (HDEHP) 2  UO

ILIL
-

3.aq3IL
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.aqIL32ILaq.32

aqIL222IL2aq.
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Figure 4.11. Extraction of U(VI) in ionic liquid and constituents of ionic liquid. 

Organic phase: Ionic liquid or constituents of ionic liquid in n-DD. Aqueous 

phase: Nitric acid concentrations ranging from 0.1 to 5 M spiked with 233U(VI) 

tracer. 
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Figure 4.12 shows the extraction of nitric acid in 0.03 M [A336]+[DEHP]-/n-DD. 

It can be seen that the extraction of nitric acid increases with increase in the 

concentration of nitric acid in aqueous phase. Nearly 0.02 M of nitric acid is extracted 

into 0.03 M [A336]+[DEHP]- even at the aqueous phase concentration of 1 M. This 

indicates that the ionic liquid [A336]+[DEHP]- present in organic phase is converted to 

its constituents [A336]+[NO3]
- and HDEHP by the reaction shown in equation 4.12. 

Therefore it is quite likely that U(VI) is extracted by HDEHP as well as [A336]+[NO3]
- 

under this condition. In view of this, the extraction of U(VI) in [A336]+[DEHP]- can be 

visualized to consist of extractions contributed by [A336]+[NO3]
- and HDEHP. 

Therefore, it is necessary to study the extraction of U(VI) in [A336]+[NO3]
-/n-DD as 

well as HDEHP/n-DD and compare with [A336]+[DEHP]-. 
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Figure 4.12. Extraction of nitric acid in ionic liquid and TBP + ionic liquid. Organic 

phase: 0.03 M [A336]+[DEHP] /n-DD or 1.1 M TBP + 0.03 M [A336]+[DEHP] /n-

DD. Aqueous phase: Nitric acid concentrations ranging from 0.1 to 5 M. 
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4.4.3 Extraction of U(VI) in HDEHP and [A336]+[NO3]-  

 The extraction behavior of U(VI) in 0.03 M HDEHP/n-DD is shown in figure 

4.11 The results are compared with 0.03 M [A336]+[DEHP]- in n-DD. The distribution 

ratio of U(VI) in 0.03 M HDEHP/n-DD decreases with increase in the concentration of 

nitric acid as expected for the ion exchange mechanism [122] shown in equations 4.10 & 

4.11 at low acidities (< 2 M). Above 2 M nitric acid, the distribution ratio of U(VI) in 

0.03 M HDEHP/n-DD increases marginally due to the solvation type of mechanism 

operating for extraction, as described elsewhere [214]. It is important to note that the 

distribution ratios observed in HDEHP are lower than those observed in 

[A336]+[DEHP]-. This could perhaps be due to the participation of [A336]+[NO3]
- in 

facilitating the extraction of U(VI) in [A336]+[DEHP]-. To confirm this, it is necessary to 

study the extraction of U(VI) in [A336]+[NO3]
-. Since [A336]+[NO3]

- was not soluble in 

n-DD, the distribution ratio of U(VI) in 0.03 M [A336]+[NO3]
-/n-DD could not be 

measured. Instead, the distribution ratio of U(VI) was measured in a solution of 0.03 M 

[A336]+[NO3]
- present in an aromatic diluent, toluene, and results are plotted in figure 

4.11. It is observed that the distribution ratios vary from 10-3 to 0.23 with increase in 

nitric acid concentration from 0.1 M to 5 M, indicating that U(VI) is inextracable by 

[A336]+[NO3]
-. However, higher distribution ratios observed in [A336]+[DEHP]- shows 

that the presence of [A336]+ ion facilitates the extraction of U(VI). This could be 

possible only when [A336]+[NO3]
- in conjunction with HDEHP, synergically extracts 

U(VI) from nitric acid medium.  

 To verify this hypothesis, the distribution ratio of U(VI) was measured in a 

solution of 0.03 M [A336]+[NO3]
- + 0.03 M HDEHP/n-DD and compared with 0.03 M 

[A336]+[DEHP]-/n-DD. The results are also shown in figure 4.11. It should be noted that 

[A336]+[NO3]
- is soluble in n-DD in the presence of HDEHP and TBP. It is interesting 
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to note that the distribution ratio of U(VI) in both the systems are comparable, even 

though the [A336]+[NO3]
- and HDEHP are added independently in n-DD. This shows 

that the presence of [A336]+[NO3]
- in conjunction with HDEHP/n-DD facilitates the 

extraction of U(VI). The result also confirm that [A336]+[DEHP]- reacts with nitric acid 

by the reaction shown in equation 4.12, leading to the formation of [A336]+[NO3]
- and 

HDEHP. The synergic combination of these constituents in organic phase seems to 

govern the extraction of U(VI).  

 

4.4.4 Extraction of U(VI) in TBP/n-DD containing IL constituents 

 Based on the above studies, the difference in the extraction of U(VI) observed in 

the presence of ionic liquid in case of 1.1 M TBP/n-DD shown in figure 4.13 ,could be 

attributed to the extraction governed by the constituents of ionic liquid. It is evident from 

figure 4.12 that significant amount of nitric acid is extracted into 1.1 M TBP + 0.03 M 

[A336]+[DEHP]-/n-DD, leading to the formation of ionic liquid constituents in organic 

phase. Therefore, it is necessary to study the extraction behavior of U(VI) in 1.1 M 

TBP/n-DD in the presence of ionic liquid constituents [A336]+[NO3]
- and HDEHP. The 

extraction behavior of U(VI) in 1.1 M TBP + 0.03 M [A336]+[NO3]
-/n-DD is shown in 

figure 4.13. The distribution ratio of U(VI) obtained in this case is comparable to that 

obtained in 1.1 M TBP/n-DD. 

 This shows that the presence of [A336]+[NO3]
- in TBP/n-DD does not play any 

role. Similarly, the variation in the distribution ratio of U(VI) in 1.1 M TBP + 0.03 M 

HDEHP/n-DD is also shown in figure 4.13. It is interesting to note that the distribution 

ratios observed in this case are comparable with those observed in 1.1 M TBP + 0.03 M 

[A336]+[DEHP]-. This indicates that the extraction of U(VI) in TBP + [A336]+[DEHP]- 

is governed essentially by the extraction in TBP and HDEHP. A twofold increase in the 
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distribution ratio observed at low acidities and a comparable distribution ratios observed 

at higher acidities can be thus attributed to the synergic extraction of U(VI) by a solution 

of TBP and HDEHP present in n-DD [215].  

 The extraction of U(VI) in a combined solution of 1.1 M TBP + 0.03 M 

[A336]+[NO3]
- + 0.03 M HDEHP/n-DD is also shown in figure 4.13  

 

The extractants [A336]+[NO3]
- and HDEHP were added independently in 1.1 M TBP/n-

DD to obtain this solution. The distribution ratios obtained in this case are comparable 

with those obtained in 1.1 M TBP + 0.03 M HDEHP/n-DD as well as 1.1 M TBP + 0.03 

M [A336]+[DEHP]-/n-DD. These results indicate that [A336]+[NO3]
- present in the 

organic phase does not play any role in the present solution, which is in contrast to that 
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Figure 4.13 Comparison in the extraction behavior of U(VI) in 1.1 M TBP/n-DD in 

presence of [A336]+[DEHP]-, [A336]+[NO3]- and HDEHP at various concentrations 

of nitric acid. Organic phase: 1.1 M TBP or 1.1 M TBP + ionic liquid or 1.1 M TBP + 

ionic liquid constituents in n-DD. Aqueous phase: Nitric acid concentrations ranging 

from 0.1 to 5 M spiked with 233U(VI) tracer. 
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observed in the extraction of U(VI) by [A336]+[DEHP]- alone. It appears that the 

presence of TBP in organic phase nullifies the role of [A336]+[NO3]
-. This fact can be 

evident by comparing the distribution ratios of U(VI) observed in 0.03 M 

[A336]+[DEHP]-/n-DD in the presence and absence of TBP as shown is figure 4.14.  

 It can be seen that the presence of TBP in 0.03 M [A336]+[DEHP]-/n-DD 

lowers the distribution ratio of U(VI) at nitric acid concentration lower than 2 M. This 

could be perhaps due to the protonation of DEHP- ion by nitric acid, which is extracted 

by the organic phase to a larger extent in the presence of TBP. (figure 4.12). As the nitric 

acid concentration in aqueous phase is increased the availability of DEHP- seems to 

decrease remarkably by protonation and above 2 M nitric acid, TBP and HDEHP 

(perhaps the mixed species) controls the extraction of U(VI) as discussed above. The 

result thus confirms that the presence of TBP at low nitric acid concentration (< 2 M) 

nullifies the participation of [A336]+[NO3]
- for extraction. Moreover, the study also 

indicates that the extraction of U(VI), in TBP+[A336]+[DEHP]-/n-DD from nitric acid 

medium is accompanied by the extraction of nitric acid leading to the formation of ionic 

liquid constituents, namely [A336]+[NO3]
- and HDEHP. The constituents present in 

conjunction with TBP/n-DD seems to control the extraction of U(VI) from nitric acid 

medium. Based on the above observations, the following equations 4.12 & 4.13 could be 

proposed for the extraction of U(VI) in TBP+[A336]+[DEHP]-/n-DD.  

 

(4.12)                          HDEHP  ][NO[A336]  HNO  [DEHP][A336] ILIL
-

3.aq3IL
-  

 

202 0     where

xH(TBP)(DEHP))(NOUO y)TBP(2 HDEHPx  x)NO(2UO y)(2xx)(232orgorg3

2 

2



 




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In this equation the two molecules of TBP is considered for extraction, which is well 

established [11]. Both HDEHP and TBP are proposed to participate in the extraction of 

uranium (VI) at all acidities [215]. However, the contribution of HDEHP is predominant 

at lower acidity and that of TBP at higher acidity. 

 

4.5 Conclusion 

The extraction behavior of U(VI) in the PUREX solvent, 1.1 M TBP/n-DD, was 

studied in the presence of a paraffin soluble ionic liquid, [A336]+[DEHP]-. Remarkable 

enhancement in the distribution ratio of U(VI) was observed in the presence of ionic 

liquid. The extraction of U(VI) in [A336]+[DEHP]-/n-DD alone was studied to 

understand the role of ionic liquid in the PUREX solvent during extraction. The 
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Figure 4.14. Comparison in the extraction behavior of U(VI) in [A336]+[DEHP]-

/n-DD and  TBP + [A336]+[DEHP]-/n- DD at various concentrations of nitric acid. 

Organic phase: 0.03 M [A336]+[DEHP]-/n-DD or 1.1 M TBP + 0.03 M 

[A336]+[DEHP]-/n-DD. Aqueous phase: Nitric acid concentrations ranging from 

0.1 to 5 M spiked with 233U(VI) tracer. 
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distribution ratio of U(VI) in [A336]+[DEHP]-/n-DD decreased with increase in the 

concentration of nitric acid. The extraction of U(VI) in [A336]+[DEHP]- medium was 

accompanied by the extraction of nitric acid leading to the formation of ionic liquid 

components namely [A336]+[NO3]
- and HDEHP in organic phase. The presence of these 

constituents facilitated the extraction of U(VI) in organic phase. Synergic extraction of 

U(VI) was observed when HDEHP was employed in conjunction with [A336]+[NO3]
- 

and TBP. The study revealed that the distribution ratio of U(VI) obtained in presence of 

ionic liquid was due to the synergic contributions of ionic liquid components and TBP.  
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LOADING BEHAVIOUR OF Eu(III) IN 

DIGLYCOLAMIDE/ROOM TEMPERATURE IONIC 

LIQUID SYSTEM 

 

5.1 Introduction 

The third phase formation is an undesirable event in solvent extraction procedures 

and usually it occurs due to the incompatibility of polar metal-solvate (or acid-solvate) 

with non-polar hydrocarbon diluents at metal loadings beyond a particular value referred 

as limiting organic concentration (LOC) and the corresponding aqueous phase 

concentration of metal ion is called as critical aqueous concentration (CAC) [185]. The 

organic phase splits into two phases during the course of solvent extraction with the 

heavier one, rich in metal—solvate, and the lighter phase rich in diluent. The heavy phase 

is known as “Third Phase”. The formation of third phase creates an inhomogeneous 

density and changes in the viscosity of organic phase leading to complication in the 

hydrodynamics of solvent extraction process. The third phase formation is one of the 

major problems in the extraction of actinides due to the accumulation of fissile elements 

at third phase, causing criticality problems. Therefore, elimination of third phase 

formation is essential for the successful operation of solvent extraction procedures, 

especially during the extraction of actinides. The third phase formation is dependent on 

several parameters such as temperature, equilibrium aqueous phase acidity, structure of 

the extractant and nature of diluent etc. [216]. 

Several studies have been reported to avoid the third phase formation by adding 

phase modifiers to the organic phase, in significant concentration [192,217,218]. The 
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phase modifiers in such cases are usually another extractant or long chain aliphatic 

alcohol. However, the addition of phase modifier to the solvent phase increased the 

extraction of unwanted metal ion, and decreased the selectivity of target metal ions. 

Therefore, it is envisaged that the solvent phase without any phase modifier would be 

desirable for the extraction of target metal ions from aqueous medium. 

The use of room temperature ionic liquids as diluent in solvent extraction 

would be expected to change the physical and chemical properties of organic phase 

[122] due to the ionic nature of RTILs. It is expected that ionic liquids could stabilize 

the polar metal-solvate complex in organic phase and could prevent the undesirable 

third phase formation, if ionic liquids are used as diluent in place of conventional 

diluent, n-dodecane. Recently, the loading behavior of europium(III) from nitric acid 

medium in a solution of n-octyl(phenyl)-N,N-isobutylcarbamoylmethylphosphine 

oxide (CMPO) and tri-n-butylphosphate (TBP) dissolved in 1-butyl-3-

methylimidazolium bis(trifluoromethanesulfonyl) imide ([C4mim][NTf2]) was 

reported in literature [219] and nearly ~ 40 mg/mL loading could be achieved with the 

use of 0.2 M CMPO - 1.2 M TBP/[C4mim][NTf2] phase without any third phase 

formation while the LOC of Eu(III) in n-DD was ~9 mg/mL. 

 In the recent past, Diglycolamides (DGAs), N,N,N’,N’-alkyl- 3-oxapentane-1, 

5-diamide derivatives have been receiving much attention due to their completely 

incinerable property [188]. They have been considered as possible alternative to 

CMPO due to their excellent extraction behavior towards trivalent actinide ions. 

Among the various DGAs, the octyl-substituted derivatives such as N,N,N’,N’-

tetraoctyl diglycolamide (TODGA) and N,N,N’,N’-tetra-2-ethylhexyl diglycolamide 

(TEHDGA) have been studied extensively in molecular diluent (n-dodecane) medium 

[190,191,220]. However, both these reagents form third phase when 0.1 M DGA/n-
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DD was contacted with 6 M nitric acid [181,221]. In addition, they form third phase 

with trivalent metal ions also when the concentration of trivalent metal ion in 3 M 

nitric acid exceeds 1 g/L. In contrast to this, the concentration of trivalent metal ions in 

nuclear waste could vary from 0.5 to 3 g/L depending upon the burn-up of the fuel 

[222]. The third phase formation limit goes down further with increase in the 

concentration of nitric acid in the feed [181]. These diglycolamides form third phase 

during the extraction of trivalent metal ion from nuclear waste and they require 

organic phase modifiers to overcome the third phase formation. However, no studies 

have been reported so far in literature to understand the loading behavior of trivalent 

metal ions in a solution of diglycolamides dissolved in RTIL diluent at high aqueous 

phase concentrations, even though the ionic liquids are known to stabilize the polar 

metalsolvate complexes. 

 Therefore, the objective of the present chapter is to report the results on the 

extraction behaviour of Eu(III) in a solution of N,N,N’,N’-tetraoctyl diglycolamide 

(TODGA) present in 1-octyl-3-methylimidazolium bis (trifluoromethanesulfonyl) 

imide ([C8mim][NTf2]) ionic liquid medium at higher Eu(III) loading conditions 

ranging from 1 to 95 g/L Eu(III). 

 

 

 

 

 

 

Experimental parts of the present chapter have been discussed in the section 2.5 and 

2.8.6 of the chapter 2.   
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Table 5.1. Structures of RTILs and molecular extractants studied in chapter 5 

 

Name Structure 

Extractant 

 

N,N,N’,N’-tetraalkyl diglycolamides  

 

i.) N,N,N’,N’-tetraoctyl diglycolamide 

(TODGA) [ where R= R1 = Octyl] 

 

ii.) N,N,N’,N’-tetra-2-ethylhexyl 

diglycolamide (TEHDGA) 

 [R=R1 = 2-ethylhexyl] 

 

iii.) N,N,N’,N’-di-2-ethylhexyl-dioctyl 

diglycolamide (DEHDODGA)  

[R= Octyl, R1 =2-ethylhexyl)   
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Ionic liquid 

 

1-Alkyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide 

([Cnmim][NTf2]) 

 

 [C4mim][NTf2]  (R: C4H9) 

 [C6mim][NTf2] (R: C6H13) 
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Synthesis of the ionic liquid and extractants used in this chapter have been discussed in 

section 2.9.1 & 2.9.9 of chapter 2. 
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5.2 Results and Discussion 

5.2.1 Effect of nitric acid concentration 

 

Solvent extraction of Eu(III) using a solution of TODGA dissolved in 

[C8mim][NTf2] as function of nitric acid concentration was carried out and the results 

are shown in figure 5.1. Concentration of Eu(III) in this case was ~10-4 M. The 

distribution data obtained in 0.01 M TODGA/ [C8mim][NTf2] was compared with that 

reported in a molecular diluent (i.e. 0.1 M TODGA/n-DD) as well as with ionic liquid 

alone in figure 5.1. It can be seen that the distribution ratios of Eu(III) (DEu(III)) in 

[C8mim][NTf2] alone are negligible (~10-2) at all acidities investigated in the present 

study. However, remarkable increase in the DEu(III) values was observed in presence of 

TODGA. Moreover, DEu(III) in 0.01 M TODGA/[C8mim][NTf2] decreases with 

increase in concentration of nitric acid. In contrast, the distribution ratio of Eu(III) in 

0.1 M TODGA/n-DD (molecular diluent) increases with increase in the concentration 

of nitric acid reaches a plateau at 2–3 M in nitric acid. The decrease in DEu(III) with 

increase in the concentration of nitric acid observed in TODGA/[C8mim][NTf2] 

system could be attributed to the competition between the proton and Eu(III) ion for 

extraction by TODGA. A similar extraction trend was also reported by Shimojo et al. 

for the extraction of trivalent lanthanides (La(III), Eu(III), and Lu(III)) in a solution of 

TODGA present in 1-ethyl-3-methylimidazolium bis(trifluoromethylsulphonyl)imide 

([C2mim][NTf2]) ionic liquid [126] and proposed the involvement of cation exchange 

mechanism for the extraction of lanthanides in TODGA/[Cnmim][NTf2] (n = 2, 4, 6) 

and it is shown in equation 5.1. Similarly, Prathibha et al. studied the extraction 

behavior of Am(III) in TODGA/[C4mim][NTf2] and proposed a similar mechanism 

[223]. 

  aqn

3

3

3  mim]3[C  )(][33Ln
ILILnILaq TODGALnmimCTODGA            (5.1)                
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Therefore, the extraction trend observed in the present case (i.e. in 0.01 M 

TODGA / [C8mim][NTf2]) also indicates the possibility of cation exchange 

mechanism, which is prevalent in imidazolium based ionic liquids.  

 

It should be noted from figure 5.1 that the distribution ratio of Eu(III) obtained 

at lower acidities in TODGA/ionic liquid is about two to three order more than that 

observed in n-DD, even though the concentration of TODGA employed in n-DD is an 

order (0.1 M) more than that employed in ionic liquid (0.01 M) medium. Similarly, the 

distribution ratio of Eu(III) observed in TODGA/ionic liquid phase is quite appreciable 

even at higher acidities (DEu(III) = 5 at 6 M HNO3, 83% extraction), even though the 

distribution values in ionic liquid becomes lower than that obtained in n-DD, at 

acidities greater than 1 M. These distribution values indicate that complete extraction 

0 1 2 3 4 5 6
1E-3

0.1

10

1000

 

 

D
E

u
(I

II
)

[HNO3]/M

 TODGA/[C8mim][NTf2]

 TODGA/n-DD

 [C8mim][NTf2]

above this 

third phase formation

 

Figure 5.1.Variation in the distribution ratio of Eu(III) as a function of nitric acid 

concentration in aqueous phase. Ionic liquid phase: 0.01 M TODGA/ [C8mim] 

[NTf2] or [C8mim][NTf2] alone, organic phase: 0.1 M TODGA/ n-DD and aqueous 

phase: 0.1 M – 6.0 M HNO3 spiked with (152+154)Eu(III) tracer.  
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of Eu(III) in ionic liquid phase could be achieved in few contacts even at 

 6 M nitric acid.  

The most important outcome of the present study is that the extraction of 

Eu(III) in TODGA/[C8mim][NTf2] phase does not result in undesirable third phase 

formation. In contrast to this, a solution of 0.1 M TODGA in n-DD, forms third phase 

when contacted with 6 M nitric acid as well as with a solution containing trace level 

concentration Eu(III) (~10-4 M) present in 5 M nitric acid. In view of this, the 

distribution ratio of Eu(III) in 0.1 M TODGA/n-DD could not be measured at acidities 

above 4 M HNO3 (figure 5.1). Since the third phase was not observed in ionic liquid 

phase at trace levels of Eu(III) (~10-4 M), it is interesting to study the loading behavior 

of Eu(III) in ionic liquid phase at higher Eu(III) concentrations. 

5.2.2. Loading of europium (III) as a function of [HNO3] 

The variation in the loading of Eu(III) in 0.1 M TODGA/[C8mim][NTf2] as a 

function of Eu(III) concentration in 3 M nitric acid phase is shown in figure 5.2. It can 

be seen that the loading of Eu(III) increases marginally with increase in the amount of 

Eu(III) present in aqueous phase, reaches a plateau at the loading of ~4g/L in ionic 

liquid phase. This can be attributed to the increased extraction of Eu(III) with increase 

in the amount of Eu(III) present in aqueous phase followed by saturation in extraction. 

Since the concentration of nitric acid in nuclear waste could vary from 3 to 4 M, the 

loading behavior of Eu(III) in 0.1 M TODGA/[C8mim][NTf2] was also studied at 4 

and 5 M HNO3. The results are also shown in figure 5.2. It can be seen that the loading 

of Eu(III) in ionic liquid phase increases marginally with increase in the concentration 

of nitric acid in aqueous phase. The Eu(III) loading of ~ 4 to 5 g/L (~0.03 M) was 

achieved. This observation indicates that Eu(III) could be loaded to the extent of 1:3 

(Eu: TODGA) stoichiometry in ionic liquid phase. It is evident from the loading 
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studies that third phase formation was not observed even at the initial concentration of 

Eu(III) reaches the value of 95 g/L, whereas the third phase formation was reported in 

0.1 M TODGA/n-DD at the initial concentration of trivalent metal ion (Nd(III)) 

reaches the value of ~1.1 g/L in 3 M HNO3 [181, 221]. This indicates that the ionic 

liquid, [C8mim][NTf2], stabilizes the polar metal solvate (Eu(III)-TODGA) complex in 

ionic liquid phase and overcomes the undesirable third phase formation.  

 

  

5.2.3. Loading of Eu(III) using isomeric diglycolamides 

The loading behavior of Eu(III) was also studied in other isomeric 

diglycolamides. They differ only in the nature of alkyl group attached to the amidic 

nitrogen atom. The results are also shown in figure 5.3. It can be seen that the loading 
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Figure 5.2 Variation in the loading of Eu(III) in the ionic liquid phase as function of 

europium present in aqueous phase. Ionic liquid phase: 0.1 M 

TODGA/[C8mim][NTf2]. Aqueous phase: 3 M - 5 M nitric acid containing 10 g/L – 95 

g/L Eu(III), spiked with (152+154)Eu(III) tracer.  Equilibration time = 2 hr. 
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behavior in T2EHDGA and DEHDODGA is quite similar to TODGA. The saturation 

in loading is observed at ~4 g/L Eu(III) in ionic liquid phase. These findings clearly 

indicate that changing alkyl chain length does not affect the loading of Eu(III) in ionic 

liquid phase; however, a marked difference in loading has been reported when n-DD 

[221] was used as diluent in these isomeric diglycolamides. 

 

5.2.4. Stoichiometry of europium(III) loading 

The saturation of Eu(III) loading observed at 4 g/L (~0.026 M Eu(III)) in figure 

5.2 indicates that the ionic liquid phase seems to reach the stoichiometric levels of 

Eu(III) loading. To determine the stoichiometry of metal-solvate in ionic liquid phase, 

the distribution ratio of Eu(III) in TODGA/[C8mim][NTf2] was determined as a 

function of TODGA concentration in ionic liquid phase at 3 M HNO3. The results are 
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Figure 5.3. Effect of changing the extractant structure on loading of Eu(III) in 

ionic liquid phase.  Ionic liquid phase: 0.1 M TODGA (or T2EHDGA or 

DEHDODGA)/[C8mim][NTf2]. Aqueous phase: 3 M nitric acid containing 1 g/L – 

56 g/L Eu(III), spiked with (152+154)Eu(III) tracer.  Equilibration time = 2 hr. 
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shown in figure 5.4 The distribution ratio of Eu(III) increases with increase in the 

concentration of TODGA in ionic liquid. Linear regression analysis of the extraction 

data resulted in a slope of 3. This shows that three molecules of TODGA are involved 

in the extraction of Eu(III) ion.  

 

The use of 0.1 M TODGA in ionic liquid should therefore result in a loading of 

about 0.033 M of Eu(III) in ionic liquid phase. The loading of Eu(III) observed (~0.03 

M) in 0.1 M TODGA/[C8mim][NTf2] (figure 5.2) at all acidities is in good agreement 

with the expected loading of 0.033 M from figure 5.4. 
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Figure.5.4: Variation of DEu (III) with concentration of TODGA.  Ionic liquid phase:  

0.005 M – 0.03 M TODGA/[C8mim][NTf2]. Aqueous phase: 3 M HNO3 spiked with 
(152+154)Eu(III) tracer.  
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5.2.5. Effect of alkyl group attached to imidazolium moiety of RTIL 

Figure 5.5 shows the comparison in the loading behavior of Eu(III) in a 

solution of 0.1 M TODGA present in various ionic liquids. The ionic liquids compared 

are [C4mim][NTf2], [C6mim][NTf2] and [C8mim][NTf2]. It can be seen that the loading 

of Eu(III) in [C4mim][NTf2] phase (~1 g/L) is four to five times lower than that 

observed in other ionic liquids (~5 g/L). The loading behavior of Eu(III) in 

[C6mim][NTf2] and [C8mim][NTf2] ionic liquid phases are quite similar.  

 

The exact reason for the lower loading observed in [C4mim][NTf2] is not clear. 

The probable reason for such behavior could be due to the lower stability of Eu(III)-

TODGA solvate in [C4mim][NTf2] medium, perhaps due to lower hydrophobicity, as 
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Figure 5.5. Variation in the loading of Eu (III) in ionic liquid phase as function of 

concentration of europium present in aqueous phase. Ionic liquid phase: 0.1 M 

TODGA/ [C8mim][NTf2] (or [C6mim][NTf2] or [C4mim][NTf2]). Aqueous phase: 3 M 

nitric acid containing 9.4 g/L – 83 g/L, Eu (III), spiked with (152+154)Eu(III) tracer. 

Equilibration time = 2 hr.  
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compared to [C8mim][NTf2] ionic liquid. However, it was noted that in all cases the 

third phase formation was not observed. 

5.2.6. Loading of europium (III) as a function of [TODGA] 

Table 5.2 compares the loading behavior of Eu(III) observed in [C8mim][NTf2] 

phase containing different concentrations of TODGA. The loading of Eu(III) increases 

with increase in the concentration of TODGA from 0.1 to 0.2 M, which is obviously 

due to the higher availability of TODGA for extraction 

 

Table 5.2 Comparison in the loading of Eu(III) in ionic liquid phase as function of 

TODGA concentration. Ionic liquid phase: 0.1 M and 0.2 M 

TODGA/[C8mim][NTf2]. Aqueous phase: 3 M nitric acid containing 9.4 g/L – 95 g/L 

Eu (III), spiked with (152+154) Eu (III) tracer. Equilibration time = 2 hr.  

 

 

5.2.7 Effect of co-extractants 

In conventional molecular diluent systems, the co-extractants (or phase 

modifiers) such as tri-n-butyl phosphate (TBP) and dihexyloctanamide (DHOA) are 

usually added to the n-DD phase, to overcome the undesirable third phase formation 

[188,191]. The phase modifiers in those cases do not play much role except that they 
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overcome the limitation of third phase formation by stabilizing the polar metalsolvate 

complex. It can be expected that phase modifiers do have some role in the present 

extraction system and therefore the variation in the loading of Eu(III) from  

3 M HNO3 as a function of concentration of a phase modifiers, TBP and DHOA, was 

studied and the results are shown in figure 5.6. It is noted that the addition of phase 

modifier, TBP, in 0.1 M TODGA/[C8mim][NTf2] increases the loading of Eu(III). 

However, the same is not true for DHOA as the modifier in 0.1 M TODGA/[C8mim] 

[NTf2] and the increase in loading is marginal. 

 

The increase in loading of Eu(III) observed in the presence of TBP (Figure 5.6) 

could be due to the extraction by TBP itself in ionic liquid phase. Therefore, the 

distribution ratio of Eu(III) was determined in a solution of TBP (or DHOA) present in 

0.0 0.2 0.4 0.6 0.8

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

 

 

 [TBP] or [DHOA] / M

L
o

a
d

in
g

 o
f 

E
u

(I
II

) 
in

 i
o

n
ic

 l
iq

u
id

 /
g

.L
-1

 TBP + TODGA in [C8mim][NTf2]

 DHOA + TODGA in [C8mim][NTf2]

only TODGA in [C8mim][NTf2]

 

Figure 5.6: Variation in the loading of Eu(III) in the ionic liquid phase as a function of 

TBP and DHOA concentration. Ionic liquid phase: 0.1M TODGA + TBP (or DHOA )/ 

[C8mim][NTf2]. Aqueous phase: 3 M nitric acid containing 20g/L Eu (III), spiked with 
(152+154) Eu (III) tracer. Equilibration time = 2 hr. 
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[C8mim][NTf2] (i.e. without TODGA).The results are shown in Table 5.3. It can be 

seen that distribution ratio of Eu(III) in these systems are of the order 10-2 indicating 

that the extraction of Eu(III) occurs only in the presence of TODGA and facilitated 

synergically only in a solution of TODGA containing TBP in ionic liquid phase. 

 

Table 5.3. Variation in the distribution ratio of Eu(III) in the ionic liquid phase as a 

function of nitric acid concentration. Ionic liquid phase: 1M TBP (or 

DHOA)/[C8mim][NTf2]. Aqueous phase: 0.1 M – 5 M nitric acid spiked with 
(152+154)Eu(III) tracer.  

 

5.2.8 Dependence of TBP and TODGA 

 To understand the synergism and dependence of Eu(III) extraction on TBP 

present in ionic liquid phase, the effect of TBP concentration in 0.01 M TODGA + 

TBP/[C8mim][NTf2] was studied and the results are shown in figure 5.7. It can be seen 

that the slope obtained is dependent on the concentration of TBP taken in ionic liquid 

phase. The extraction of Eu(III) is less dependent on TBP at low concentrations (0.01–

0.1 M), and the dependence increases at higher concentrations of TBP. This shows that 

the participation of TBP in the synergic extraction of Eu(III) in TODGA + 

TBP/[C8mim][NTf2] phase increases with increase in the concentration of TBP in 

ionic liquid. 
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Similarly, the variation in the distribution ratio of Eu(III) in a solution of 

TODGA + 0.05 M TBP/[C8mim][NTf2] was studied as a function of TODGA 

concentration in ionic liquid phase at 3 M nitric acid. The results are shown in figure 

5.8. The TODGA concentration in ionic liquid was varied from 0.002 to 0.02 M. It can 

be seen that the distribution ratio of Eu(III) in ionic liquid phase increases with 

increase in the concentration of TODGA. Linear regression analysis of the extraction 

data resulted in a slope of 2.2, which is lower than the slope of 3.0 obtained in the 

absence of TBP (figure 5.4). This shows that the presence of TBP lowers the 

dependence of Eu(III) extraction on TODGA. This can be due to the synergic 

participation of TBP in the extraction of Eu(III) from aqueous phase. 

A marginal increase in the loading of europium from 3.2 g/L in the absence of 

TBP to 6.5 g/L was observed in the presence of 0.5 M TBP in ionic liquid phase, again 

indicating the saturation of Eu(III) loading in ionic liquid phase due to 1: 3 

stoichiometry. Therefore, the result obtained in the presence of TBP indicates that the 

increase in Eu(III) extraction observed in ionic liquid phase is due to the synergic 

participation of both TODGA and TBP. 
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Figure 5.7: Variation of DEu(III) with concentration of TBP. Ionic liquid phase: 

0.01 M – 0.5 M TBP in 0.01 M TODGA/[C8mim][NTf2]. Aqueous phase: 3 M 

HNO3 spiked with (152+154)Eu(III) tracer.  
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5.3 Conclusion 

The extraction of Eu(III) from its high feed condition was studied in a solution 

of TODGA present in ionic liquid medium. The extraction of Eu(III) in 

TODGA/[C8mim][NTf2] decreased with increase in the concentration of nitric acid. 

The loading of Eu(III) in TODGA/[C8mim][NTf2] increased marginally with increase 

in the amount of Eu(III) present in nitric acid phase. Unlike molecular diluents 

systems the third phase formation was not observed even at 95 g/L Eu(III) present in 

3–5 M nitric acid phase, perhaps due to the stabilization of polar Eu(III)-TODGA 

complex by ionic liquid. The study revealed that Eu(III) could be loaded to the extent 

of 1:3 stoichiometry in ionic liquid phase without any third phase formation. There 

was hardly any change in the loading values by changing the structure of TODGA into 

its isomeric forms. The addition of phase modifier, TBP, to TODGA/[C8mim][NTf2] 

increased the distribution ratio of Eu(III) due to synergic participation of both TODGA 

and TBP. 

 

 

Figure 5.8. Variation of DEu(III) with concentration of TODGA. Ionic liquid phase: 

0.002 M – 0.02 M TODGA in 0.05 M TBP/[C8mim][NTf2]. Aqueous phase: 3 M 

HNO3 spiked with (152+154)Eu(III) tracer.  
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ELECTROCHEMICAL STUDIES OF METAL IONS IN 

RTIL MEDIUM CONTAINING EXTRACTANTS 

 

6.1 Introduction  

  

  The properties of room temperature ionic liquids (RTILs) such as wide 

electrochemical window, solubility of various extractants and unusual extraction of 

target metal ions from aqueous medium etc. facilitates the development of novel and 

environment benign procedures for the treatment of wide variety of aqueous waste 

using ionic liquid as medium. One such method is the extraction-electrodeposition 

(EX-EL) approach [115]. This approach exploits a couple of interesting properties of 

ionic liquid namely the hydrophobicity and wide electrochemical window [115]. It is 

an advanced procedure aimed at the separation and recovery of the metal ions from 

aqueous wastes. In EX-EL approach, the ionic liquid can be used either as extractant 

or as diluent in conjunction with the molecular extractant, for the liquid-liquid 

extraction of target metal ions from aqueous feeds. However, unlike the conventional 

solvent extraction procedure, the extracted metal can be recovered by 

electrodeposition directly from the extracted ionic liquids phase. Therefore, the 

process holds promise of separating the target metal ion with high separation factor (or 

decontamination factor), one obtained during liquid-liquid extraction and the other 

during electrodeposition. Moreover, the metal recovered by electrodeposition is 

usually in metallic or metal-oxide form such that handling of the final product is easy. 

In this context, the extraction– electrodeposition approach for the recovery of 

uranium as uranium oxide and palladium as metallic palladium, using ionic liquid as a 
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medium have been demonstrated previously [146,147,149,158]. Sililarly, Matsumiya et 

al. investigated the extraction and electrodeposition behaviour of some lanthanides such 

as praseodymium, neodymium and dysprosium in a solution composed of tri-n-butyl 

phosphate (TBP) and ionic liquid [148]. 

 In the recent past, there have been increasing studies on the electrochemical 

behavior of metal ions in the presence of extractants dissolved in RTIL medium [150-

154]. For instance, Gupta et al. studied the electrochemical behavior of Eu(III) in ionic 

liquid medium to bring out the co-ordination behavior of Eu(III) with dihexyl N,N-

diethylcarbamoylmethylphosphonate (DHDECMP) extractant [150]. Similarly, Hussey  

et al. reported the coordination behavior of N,N,N,N-tetraoctyl diglycolamide with 

lanthanide ions (Ln = Sm, Eu, and Yb) studied by electrochemical and spectroscopic 

investigations in 1-(1-butyl)trimethyl ammonium bis(trifluoromethylsulfonyl)imide 

(BuMe3NTf2N) and 1-butyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 

(BuMePyrTf2N) ionic liquids [151]. Sengupta et al. reported the electrochemical study on 

Np(IV) complexes with task-specific ionic liquid containing 3-dodecylimidazolium cation 

appended with diphenylcarbamoylmethylphosphine oxide and 

bis(trifluoromethylsulfonyl)imide anion dissolved in 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide and also with task-specific ionic liquid functionalized 

with diglycolamide moiety (DGA-TSIL) dissolved in the room-temperature ionic liquid 

1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([C4mim][NTf2]) 

[153,154].  

 The present chapter describes the electrochemical behaviour of metal ions in the 

presence of extractants in RTIL electrolytic medium. Metal ions such as uranium(VI) and 

europium(III) have been studied. This chapter consists of two parts namely part 1 and 
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 part 2. Part 1 describes the electrochemical study of U(VI) in the presence of tri-n-

alkylphosphate dissolved in the ionic liquid, 1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ([C4mim][NTf2]) and in the part 2 electrochemical 

behavior of Eu(III) in a solution containing acidic extractants, di(2-ethylhexyl)phosphoric 

acid (HDEHP) and N,N’-di(2-ethylhexyl) diglycolamic acid(HDGA) dissolved in 1-butyl-

1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([C4mpy][NTf2]) ionic liquid 

have been reported. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental parts of the present chapter have been discussed in the section 2.7, 2.8.7 

and 2.8.8 of chapter 2. 
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PART 1 

Electrochemical study of U(VI) in the presence of higher homologue of TBP 

dissolved in RTIL medium 

 In the recent past, higher homologs of tri-n-butyl phosphate such as tri-n-amyl 

phosphate, tri-n-octyl phosphate have been proposed for fast reactor fuel reprocessing 

[178,187]. In the view of this, Rama et al. studied the extraction behaviour of U(VI) in 

various trialkyl phosphates present in imidazolium ionic liquid medium and compared 

their extraction behavior [119]. It was shown that the distribution ratio of U(VI) in ionic 

liquid medium was quite similar to those observed in n-dodecane and the distribution 

ratio of U(VI) increased with the increase in the chain length of alkyl group attached to 

the phosphoryl group of trialkyl phosphate. This observation was attributed to the 

efficient complexation of U(VI) by trialkyl phosphate due to the increased basicity of 

trialkyl phosphate with increase of chain length [187].When higher homologs of trialkyl 

phosphates are proposed for the extraction of U(VI) and Pu(IV) from fast reactor fuel 

solution and if extraction-electrodeposition procedure is also proposed for the recovery of 

metal ions from the extracted phase, it is necessary to understand the electrochemical 

behaviour of these actinides in the presence of higher homologs of TBP present in ionic 

liquid medium. 

 The aim of part 1 in chapter 6 to investigate the electrochemical behaviour of the 

actinide representative, U(VI), present in 1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ([C4mim][NTf2]) containing higher homolog of 

trialkyl phosphate namely tri-n-octyl phosphate (TOP). 

 

 

 



 Chapter 6 

 

175 

 

Table 6.1 Structure of RTIL and extractants studied in part 1 of chapter 6 

 

Synthesis of the ionic liquid and extractant used in part 1 have been discussed in section 

2.9.1 & 2.9.6 of chapter 2. Preparation of UO2 (NTf2)2 was mentioned in section 2.4.7 of 

chapter 2.  

 

6.2 Results and discussion 

6.2.1 Cyclic voltammetric study of U(VI) in [C4mim][NTf2] 

The cyclic voltammogram of [C4mim][NTf2] recorded at glassy carbon working 

electrode at the scan rate of 0.1Vs-1 at 373 K is shown in figure 6.1. It can be seen that the 

ionic liquid [C4mim][NTf2] offers an electrochemical windows of 4.7 V. Figure 6.1 also 

shows the cyclic voltammogram of U(VI) in [C4mim][NTf2] recorded at the scan rate of 

0.1Vs-1 at 373 K. The voltammogram shows the onset of reduction current occurring at 

+0.25 V (Vs. Fc/Fc+) that results in a cathodic peak at the potential (Ep
c1) of -0.24 V. A 

couple of oxidation waves (Ep
a1 & Ep

a2) are observed at +0.45 V (Vs. Fc/Fc+) and +0.66 V 

(Vs. Fc/Fc+) during scan reversal at -1.0 V. The reduction of U(VI) to U(V) could be 
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responsible for the cathodic wave observed at -0.24 V. The reason for the occurrence of a 

couple of oxidation waves is not clear at present, perhaps it could be attributed to the 

adsorption of the reduced product U(V) on to glassy carbon working electrode. The first 

anodic wave (Ep
a1) could be due to the oxidation of U(V) to U(VI) and Ep

a2 could be due 

to the oxidation of adsorbed U(V) to U(VI). Such adsorption behavior has been reported 

by several authors in other systems [224,225]. 

 

The cyclic voltammagram of U(VI) in [C4mim][NTf2] recorded at glassy carbon 

working electrode at various scan rates is shown in figure 6.2. It is observed that the 

cathodic peak potential (Ep
c1) is shifted cathodically and the cathodic peak current (ip

c1) 

increased with increase of scan rate. Similarly, the anodic peak potential Ep
a1 is shifted 

anodically to some extent and Ep
a2 is shifted to a larger extent. The anodic peak currents 

(ip
a1 & ip

a2) increase with increase of scan rate, however, ip
a2 increases more than ip

a1. All 
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Figure 6.1. Cyclic voltamogram of [C4mim][NTf2] and U(VI) in [C4mim][NTf2] 

recorded at glassy carbon electrode. [U(VI)] = 0.1 M, scan rate = 0.1Vs-1 , temperature 

= 373 K. 
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these observations indicate that the reduction of U(VI) to U(V) and the subsequent 

oxidation of U(V) during scan reversal are not completely reversible. The relation 

between the cathodic peak current (ip
c) is related to the square root of scan rate () is 

provided by Randles-Sevcik equation [164], shown in equation 6.1. 
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                           (6.1) 

where A is the electrode area in cm2 (0.52 cm2), Do is the diffusion coefficient in cm2/s, n 

is the number of electrons exchanged (=1),  is the sweeping potential and Co is the U(VI) 

concentration in mol cm-3 (1 x 10-4 mol cm-3), R is the gas constant and T is absolute 

temperature (K). 

 

A plot of ip
c1 against 1/2 for the reduction of U(VI) to U(V) obtained at 373 K is 

shown in figure 6.3. A linear dependence of ip
c1 with 1/2 indicates that the electron 
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Figure 6.2. Cyclic voltamogram of U(VI) in [C4mim][NTf2] recorded at glassy carbon 

electrode at various scan rates. [U(VI)] = 0.1 M , temperature = 373 K. 
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transfer is diffusion controlled and allows the determination of diffusion coefficient of 

U(VI) in [C4mim][NTf2] medium. To determine the diffusion coefficient, the value of αnα 

is required and that can be determined from equation 6.2. 

 

                         
Fn

RT857.1
EE c

2/p

c

p




                                                 

 (6.2)  

 

where Ep/2
c1 is the cathodic half-peak potential, Ep

c1 is cathodic peak potential, α is charge 

transfer coefficient and (α, 0.1 ≤ α ≤ 0.9) is a measure of symmetry barrier in a non-

reversible (both quasi- and irreversible process) electrode reaction.  
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Figure 6.3. Plot of ip
c1 against square root of scan rate (1/2) for the reduction of U(VI) 

to U(V) in [C4mim][NTf2] at various temperatures. Temperature: 353 K to 383 K. 

 

The value of αnα was determined found to be vary from 0.22 to 0.34 at 373 K with 

the increase of scan rate from 0.02 to 0.1Vs-1. Using equation 6.1, the diffusion 

coefficient of U(VI) was determined and the values are provided in table 6.2. A diffusion 
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coefficient of 10.5 X 10-7 cm2/s at 373 K and 0.1Vs-1 scan rate obtained in the present 

case. Previously, Giridhar et al. reported a diffusion coefficient of 1.7 x 10−8 cm2/s at 373 

K [156] and Asanuma et al. reported a value of 4.8x10−8 cm2/s at 353 K for U(VI) in 

[C4mim][Cl] medium [226]. Higher value of diffusion coefficient obtained in the present 

study could be due to the low viscosity of [C4mim][NTf2] (42 cP at 298 K) as compared 

to [C4mim][Cl] (solid at RT). 

 

The cyclic voltammograms of U(VI) in [C4mim][NTf2] recorded at glassy carbon 

working electrode at the scan rate of 0.1Vs-1 at various temperatures is shown in figure 

6.4. It can be seen that the cathodic peak potential (Ep
c1) is shifted anodically and the 

cathodic peak current (ip
c1) is increased with increase of temperature. The cyclic 

voltammogram of U(VI) in [C4mim][NTf2] as a function of scan rate was recorded at 

 

Temperature 

/K 

D x 107/cm2s-1 

U(VI) in  

[C4mim][NTf2] 

U(VI) in  

TBP + 

[C4mim][NTf2] 

U(VI) in  

TOP + 

[C4mim][NTf2] 

353 5.8 5.4 3 

363 8.0 6.2 3.5 

373 10.5 8.8 4.7 

383 13.8 10.5 5.1 

             ks x 104/cms-1 

353 3.07 3.04 1.56 

363 3.62 3.22 2.18 

373 6.39 5.41 3.10 

383 7.21 5.70 3.75 

Table 6.2. The diffusion coefficients (D) and heterogeneous rate constant (ks) for the 

reduction of U(VI) to U(V) in [C4mim][NTf2] at glassy carbon electrode at various 

temperatures. [U(VI)] = 0.1 M and [TBP] or [TOP] = 0.03 M. 



 Chapter 6 

 

180 

 

different temperatures and from the plot of ip
c1 against square root of scan rate (1/2), the 

diffusion coefficient at various temperatures was determined. The values are tabulated in 

table 6.2. It can be seen that the diffusion coefficient increases with increase of 

temperature. This could be due to the enhanced diffusion of U(VI) in [C4mim][NTf2] with 

increase of temperature.  

 

 

A marginal shift in the cathodic peak potential with the increase of scan rate, 

shown in figure 6.2 indicates that the reduction of U(VI) at glassy carbon electrode could 

be quasi-reversible. This indicates that the reduction of U(VI) to U(V) is not only 

controlled by diffusion of U(VI) ion at the working electrode, but also the rate of charge 
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Figure 6.4. Cyclic voltamogram of U(VI) in [C4mim][NTf2] recorded at glassy carbon 

electrode at various temperatures. [U(VI)] = 0.1 M, scan rate: 0.1 M Vs-1, temperature: 

353 K to 383 K. 
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transfer reaction between the electrode electrolyte inter phase. The charge transfer rate 

constant, ks (cm/s) was determined using equation 6.3 [165]. 
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Substituting the diffusion coefficient (D0) of U(VI) in equation 6.3, the magnitude of rate 

constants were determined at various temperatures and the values are tabulated in table 

6.2. It can be seen that the value of ks increases with increase of temperature and the 

magnitude of ks lies in the range of 0.31/2 ≥ ks ≥ 2x10-51/2, confirming that the reduction 

of U(VI) at glassy carbon electrode is quasi-reversible [165]. The increase in ks with 

increase of temperature could be due to the facilitated electron transfer at the electrode-

electrolyte inter phase at higher temperatures. 

6.2.2 Cyclic voltammetric study of U(VI) in TBP/[C4mim][NTf2] 

The cyclic voltammogram of U(VI) in a solution of tri-n-butyl phosphate (TBP) in 

[C4mim][NTf2] at 373 K is shown in figure 6.5. The voltammogram is compared with the 

voltammogram obtained in the absence of TBP under the similar condition. It can be seen 

that the cathodic wave occurs at the onset of -0.20 V (Vs. Fc/Fc+), leading to a prominent 

cathodic wave at the peak potential of -0.35 V (Vs. Fc/Fc+) is due to the reduction of 

U(VI) to U(V). The corresponding oxidation wave occurs at the peak potential of 0.36 V 

(Vs. Fc/Fc+). Comparing the peak potentials observed in the presence and absence of 

TBP, the voltammogram shows that the presence of TBP shifts the reduction of U(VI) to 

more negative potentials possibly due to the co-ordination of U(VI) with TBP. Since the 

co-ordinated U(VI) requires higher potentials for reduction, the peak potential is shifted 

cathodically for U(VI) –TBP in ionic liquid system.  
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The cyclic voltammogram of U(VI) in 30 mM TBP/[C4mim][NTf2] at various 

scan rates at 373 K is shown in figure 6.6. It can be seen that the cathodic peak current 

potential (Ep
c1) is shifted cathodically with increase of scan rate and the magnitude  

|Ep
c1 - Ep/2

c1| (=0.26 V) is larger than the value needed for the reversible one electron 

transfer process (0.07 mV) at 373 K. This shows that the reduction of U(VI) in 

TBP/[C4mim][NTf2] is also not reversible. The value of n in the present case was 

determined to be 0.36 at 373K at 0.02Vs-1. This value is comparable to the value 

determined in the absence of TBP (= 0.34 at 0.02Vs-1).   

 

The plot of the cathodic current (ip
c1) obtained at various temperatures against 

1/2 is shown in figure 6.7.Using equations 6.1 and 6.2, the diffusion coefficient of U(VI) 

in 0.03 M TBP /[C4mim][NTf2] was determined and compared with that determined in the 
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Figure 6.5. Cyclic voltammogram of U(VI) in [C4mim][NTf2], in TBP/[C4mim][NTf2] 

and in TOP/[C4mim][NTf2] recorded at glassy carbon electrode. [U(VI)] = 0.1 M, 

[TBP] = 0.03 M, [TOP] = 0.03 M, scan rate = 0.1Vs-1 , temperature = 373 K. 
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absence of TBP in table 6.2. A marginal shift in the cathodic peak potential with increase 

of scan rate, shown in figure 6.6, indicates that the reduction of U(VI) in 

TBP/[C4mim][NTf2] at glassy carbon electrode is quasi-reversible. The rate constant (ks) 

for the charge transfer between the electrodes – electrolyte interphase was determined 

using equation 6.3. The values thus obtained are tabulated in table 6.2. It can be seen that 

ks values are lowered marginally in the presence of TBP, possibly due to the co-

ordination of U(VI) by TBP. ks values increased with increase of temperature and the 

magnitude of ks lies in the range of 0.31/2 ≥ ks ≥ 2x10-51/2, confirming that the reduction 

of U(VI) at glassy carbon electrode in the presence of TBP is quasi-reversible. 
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Figure 6.6. Cyclic voltammogram of U(VI) in TBP/[C4mim][NTf2] recorded at glassy 

carbon electrode at various scan rates. [U(VI)] = 0.1 M, [TBP] = 0.03 M, 

 temperature = 373 K. 
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6.2.3 Stoichiometry and stability constant of U(VI)-TBP complex 

The cyclic voltammogram of U(VI) in TBP/[C4mim][NTf2] at various 

concentrations of TBP at 373 K is shown in figure 6.8. It can be seen that the cathodic 

peak current decreases and the peak potential is shifted cathodically with increase in the 

concentration of TBP, as expected. The number of molecules of TBP co-ordinated to 

U(VI) and the logarithmic stability constant (ln Kf) of the U(VI) - (TBP)m complex was 

determined from the voltammogram by using the relation shown in equation 6.4. 

[173,174]. 

])ln[)(ln/()()( 2/12/12/1 LmKnFRTEEE fMC      (6.4) 

0.0 0.1 0.2 0.3

0.0

0.2

0.4

0.6

0.8

 

 

 

 

i p

c
 /m

A


1/2

/V.s
-1

 353 K

 363 K

 373 K

 383 K

 

Figure 6.7. Plot of ip
c1 against square root of scan rate (1/2) for the reduction of U(VI) 

to U(V) in TBP/[C4mim][NTf2] at various temperatures. [U(VI)] = 0.1 M, 

 [TBP] = 0.03 M, temperature: 353 K to 383 K. 
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where (E1/2)c and (E1/2)M are the half- wave potential of complexed and free metal ion, 

respectively and [L] is the ligand concentration (in M), n is the number of electrons 

transferred, m is the co-ordination number of the complex and  is the charge transfer 

coefficient. The plot of -ΔE1/2/(RT/nF) against the logarithmic value of TBP 

concentration is shown in figure 6.9. 

   

It can be seen that the magnitude of -ΔE1/2/ (RT/nF) increases linearly with increase in 

the concentration of TBP. From the magnitude of intercept and slope, the stability 

constant (ln Kf) and the co-ordination number can be determined to be 2.5 and 0.55 

respectively. This shows that the stoichiometry of U(VI) to TBP is 2:1 in ionic liquid 

phase. However, it was reported in literature [122] that about two molecules of TBP were 

involved during the extraction of U(VI) in a solution of 1.1 M TBP/ [C4mim][NTf2]. 
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Figure 6.8. Cyclic voltammogram of U(VI) in TBP/[C4mim][NTf2] recorded at glassy 

carbon electrode for various concentrations of TBP. [U(VI)] = 0.1 M, [TBP] = 0.03 to 

0.120 M, scan rate = 0.1Vs-1, temperature = 373 K. 
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Lower value of the coordination number observed in the present case could be due to the 

employment of equimolar ratio of U(VI) and TBP  

(U(VI) = 0.1 M, TBP varied from 0.02 M to 0.120 M) during the measurement. In 

contrast to this, the stoichiometry obtained from solvent extraction measurement used 

only trace level of U(VI) for their extraction in 1.1 M TBP/[C4mim][NTf2].  

 

6.2.4. Cyclic voltammetric study of U(VI) in TOP/[C4mim][NTf2] 

Higher homolog of TBP has been proposed for the extraction of U(VI) and Pu(IV) 

from fast reactor fuel reprocessing solution. In this context, tri-n-octyl phosphate (TOP) 

has been chosen as the representative for the extraction of U(VI), and the related solvent 

extraction studies of U(VI) in TOP/[C4mim][NTf2] is discussed elsewhere [119]. The 

cyclic voltammogram of U(VI) in 0.03 M solution of TOP in [C4mim][NTf2] recorded at 
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Figure 6.9. Plot of -ΔE1/2/ (RT/αnF) against ln [TBP]. [TBP] = 0.03 M –  0.120 M,  

scan rate = 0.1Vs-1, temperature = 373 K. 
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the scan rate of 0.1Vs-1at glassy carbon electrode at 373 K is shown in figure 6.5. The 

voltammogram is compared with those obtained in the absence of TOP and that obtained 

in the presence of TBP in [C4mim][NTf2]. A cathodic wave occurs at the peak potential of 

-0.45 V (Vs. Fc/Fc+) and the anodic wave occurs at 0.42 V (Vs. Fc/Fc+). Comparing the 

peak potential observed in the presence and absence of TOP, the study shows that the 

presence of TOP shifts the reduction potential to more cathodic values. Moreover, the 

presence of TOP shifts the peak potential to more negative values as compared to TBP. 

This shows that the stability of U(VI) - TOP complex could be more than the U(VI) - 

TBP complex in [C4mim][NTf2]. 

The cyclic voltammogram of 0.1 M U(VI) in 0.03 M TOP/[C4mim][NTf2] at 

various scan rates is shown in figure 6.10. The cathodic peak potential increases and is 

shifted cathodically with increase of scan rate indicating that the reduction of U(VI) 

present in TOP/[C4mim][NTf2] is not reversible. The plot of cathodic peak current against 

1/2 obtained at various temperatures is shown in the figure 6.11. The data was fitted by a 

straight line. Using equations 6.1 and 6.2, the diffusion coefficient was determined and 

compared with those obtained in other systems in table 6.2. It can be seen that the 

diffusion coefficients are lowered in the presence of TOP possibly due to the bulky nature 

of TOP as compared to TBP.  

The charge transfer rate constant (ks) in TOP/[C4mim][NTf2] was also determined 

and the values thus obtained are tabulated in table 6.2. Similar to diffusion coefficients, 

the ks values also lowered in the presence of TOP. The magnitude of ks lies in the range 

of 0.31/2 ≥ ks ≥ 2x10-51/2, confirming that the reduction of U(VI) at glassy carbon 

electrode in the presence of TOP is also quasi-reversible. 
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Figure 6.10. Cyclic voltammogram of U(VI) in TOP/[C4mim][NTf2] recorded at glassy 

carbon electrode at various scan rates. [U(VI)] = 0.1 M, [TOP] = 0.03 M, temperature = 

373 K. 
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Figure 6.11. Plot of ip

c1 against square root of scan rate (ν1/2) for the reduction of U(VI) 

to U(V) in TOP/[C4mim][NTf2] at various temperatures.[U(VI)] = 0.1 M, 

 [TOP] =0.03 M, temperature: 353 K to 383 K. 
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6.2.5 Stoichiometry and stability constant of U(VI)-TOP complex 

The number of molecules of TOP co-ordinated to U(VI) and the logarithmic 

stability constant (ln Kf) of the U(VI) - (TOP)m complex was determined using the 

relation shown in equation 6.4. Figure 6.12 shows the cyclic voltammogram of U(VI) in 

TOP/[C4mim][NTf2] at various concentrations of TOP at 373 K . It can be seen that the 

cathodic peak current decreases and the peak potential is shifted cathodically with 

increase in the concentration of TOP, similar to that observed for U(VI)-TBP in ionic 

liquid.  

 

The plot of -ΔE1/2/(RT/αnF) against the logarithmic concentrations of TOP is 

shown in figure 6.13. From the intercept and slope, the stability constant (ln Kf) and the 

number of TOP ligands co-ordinated to U(VI) were determined to be 2.9 and 0.53 
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Figure 6.12. Cyclic voltammogram of U(VI) in TOP/[C4mim][NTf2] recorded at glassy 

carbon electrode for various concentrations of TOP. [U(VI)] = 0.1 M, [TOP] = 0.01 to 

0.08 M, scan rate = 0.1 Vs-1, temperature = 373 K. 
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respectively. This shows that the stoichiometry of U(VI) to TOP is 2:1 in ionic liquid 

phase. It was also noted that the stability constant for U(VI) - TOP complex is slightly 

higher than that for obtained for U(VI) - TBP. This behavior is in line with extraction 

studies reported for U(VI) in TBP/[Cnmim][NTf2] and TOP/[Cnmim][NTf2][119]. It was 

reported that the extraction of U(VI) was higher in TOP as compared to TBP in both ionic 

liquid and molecular diluents (n-dodecane) medium. This was attributed to the increased 

basicity of TOP, due to the presence of longer chain length of alkyl group (+I effect) 

attached to phosphoryl group, as compared to TBP. Therefore, the extraction and stability 

constant of U(VI) – TOP complex is higher than U(VI) - TBP. 
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Figure 6.13. Plot of -ΔE1/2/ (RT/αnF) against ln [TOP]. [TOP] = 0.01 to 0.08 M, 

  scan rate = 0.1 Vs-1, temperature = 373 K. 
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6.3. Conclusion 

The electrochemical behaviour of U(VI) in [C4mim][NTf2] was studied in the 

presence of TBP and TOP. The cathodic wave responsible for the reduction of U(VI) to 

U(V) shifted cathodically and the peak current lowered in the presence of these ligands. 

Since the octyl moiety attached to TOP was bulkier and offered more basicity to the 

phosphoryl moiety as compared to TBP, the stability constant of U(VI)-TOP determined 

from the voltammogram was slightly higher than that observed for U(VI)-TBP complex. 

The diffusion coefficient of U(VI) and the heterogeneous electron transfer rate constant in 

[C4mim][NTf2] decreased in the order U(VI) > U(VI) – TBP > U(VI) –TOP. All these 

observations indicate that the electrochemical behaviour of U(VI) in [C4mim][NTf2] 

medium would show a strong dependence on the nature of ligand employed for 

extraction. 
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PART 2 

Electrochemical study of Eu(III) in the presence of acidic extractants dissolved in 

RTIL medium 

 In the recent past, several authors have reported the separation of lanthanides and 

actinides using various acidic extractants by solvent extraction procedures [120,227-232]. 

Among the series of acidic extractants, di(2-ethylhexyl)phosphoric acid (HDEHP) is a 

well-established extractant for the mutual separation of trivalent lanthanides and 

actinides. As the pKa of HDEHP is 3.21, it is strongly acidic in nature and complexes 

with trivalent metal ions through –POO− moiety [120, 227,228]. Similarly, diglycolamic 

acids (HDGA) are receiving increased attention in the recent past for the separation of 

lanthanides and actinides from dilute acid medium [120, 229-232]. Essentially, HDGA 

coordinates through carboxyl group (-COO−) as well by the etheric oxygen present in it. 

In view of this, HDGA is regarded as a strongly coordinating ligand as compared to 

HDEHP though the pKa of HDGA is 4.11 (more than that of HDEHP). Recently, Alok  

et al. [120] has reported the mutual separation of europium(III) from americium(III) using 

a solution of HDEHP/HDGA in imidazolium based ionic liquid. However, there is no 

report available in literature on the electrochemical of behavior of lanthanide(III) or 

actinide(III) ions present in the solution of HDEHP or HDGA in ionic liquid medium. 

Since these acidic extractants play a dominant role at the back end of fuel cycle, it is 

essential to investigate the electrochemical behavior of trivalent lanthanides and actinides 

in the presence of these acidic extractants dissolved in RTIL medium. Therefore, the 

objective of part 2 in chapter 6 is to report electrochemical behavior of Eu(III) in RTIL 

medium containing acidic extractants, HDEHP and HDGA. 
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Table 6.3 Structure of RTIL and extractants studied in part 2 of chapter 6 

 

 

Synthesis of the ionic liquid and extractant used in part 2 have been discussed in section 

2.9.2 & 2.9.10 of chapter 2. Preparation of Eu(NTf2)3 was discussed in section 2.4.6 of 

chapter 2. 
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6.4 Results and Discussion 

6.4.1 Cyclic voltammetric study of Eu(III) in [C4mpy][NTf2] 

Cyclic voltammogram of [C4mpy][NTf2] and Eu(III) in [C4mpy][NTf2]  was 

recorded at glassy carbon electrode at 373K at the scan rate of 0.1Vs-1. The ionic liquid, 

[C4mpy][NTf2] exhibits an electrochemical window of 5.5 V. Eu(III) in [C4mpy][NTf2] 

shows a prominent reduction wave occurring at the onset of -0.01 V (vs. Fc/Fc+) that 

results in a peak at the cathodic potential (Ep
c) of -0.40 V (vs. Fc/Fc+) due to the reduction 

of Eu(III) to Eu(II). The corresponding oxidation wave occurs at the peak potential of  

-0.05 V (vs. Fc/Fc+). These results are shown in figure 6.14. 
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 Figure 6.14. Cyclic voltamogram of [C4mpy][NTf2] and recorded Eu(III) in 

[C4mpy][NTf2]  at glassy carbon electrode. [Eu(III)] = 0.1 M, temperature = 373 K, 

scan rate = 0.1 V/s. 
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The cyclic voltammogram of Eu(III) in [C4mpy][NTf2] recorded at various scan 

rates at glassy carbon electrode at 373 K is shown in figure 6.15. It can be seen that the 

cathodic current (ip
c) increases and the cathodic peak potential (Ep

c) is shifted cathodically 

with increase of scan rate. This indicates that the reduction of Eu(III) to Eu(II) at glassy 

carbon electrode is not reversible. The difference in the value of |Ep
c - Ep/2

c| is quite 

significant (0.13 V at 373 K) than the value needed for a reversible (0.07 mV at 373 K) 

one electron transfer process. This shows that the reduction of Eu(III) to Eu(II) is not 

reversible.The charge transfer coefficient was determined from the magnitude of 

 Ep
c-Ep/2

c using equation 6.2. The value of n was determined to be ~0.5 at 373 K in a 

range of scan rates from 0.01 Vs-1/s to 0.1Vs-1.  
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Figure 6.15. Cyclic voltamogram of Eu(III) in [C4mpy][NTf2] recorded at glassy 

carbon electrode at various scan rates. [Eu(III)] = 0.1 M, temperature = 373 K. 
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A plot of ip
c against the square root of the scan rate (1/2) at 373 K for the 

reduction of Eu(III) to Eu(II) in [C4mpy][NTf2] is shown in figure 6.16. The linear 

dependence of the cathodic peak current with zero-intercept indicates the validity of 

equation 6.1 and allows the determination of the diffusion coefficient of Eu(III) in 

[C4mpy][NTf2] medium. From the slope of the straight line, the diffusion coefficients of 

Eu(III) was determined and provided in table 6.4. A diffusion coefficient of  

3.84 x10-11 m2/s at 373 K was obtained in the present study in [C4mpy][NTf2] at 373 K 

and it compares well with the diffusion coefficients reported, 2.7 x10-11 m2/s, for Eu(III) 

in [C4mpy][NTf2] at 373 K by Jagadeeswara Rao et al. [160] and with the value  

1.2 x10-11 m2/s in the same ionic liquid but at lower temperature of 323 K reported by Pan 

et al [151]. 
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Figure 6.16. Plot of ip

c against square root of scan rate (ν1/2) for the reduction of 

Eu(III) to Eu (II) in [C4mpy][NTf2] at various temperatures. Temperature: 343 K to 

373 K. 
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Table 6.4. The diffusion coefficients (D) and heterogeneous rate constant (ks) for the 

reduction of Eu(III) to Eu (II) in [C4mpy][NTf2] at glassy carbon electrode at various 

temperature [Eu(III)] = 0.1 M and [HDGA] or [HDEHP] = 0.02 M. 

   

The cyclic voltammograms of Eu(III) in [C4mpy][NTf2] recorded at glassy carbon 

working electrode at various temperatures are shown in figure 6.17. The peak potential 

(Ep
c) is shifted anodically and the cathodic peak current (ip

c) increased with increase of 

temperature. The cyclic voltammogram of Eu(III) in [C4mpy][NTf2] as a function of scan 

rate was obtained at different temperatures and from the plot of ip
c against the square root 

of the scan rate (1/2) (figure 6.16), the diffusion coefficient at various temperatures was 

determined. The values are tabulated in table 6.4. It can be seen that the diffusion 

coefficients increase with increase of temperature. This could be attributed to the decrease 

in viscosity of the medium with increase of temperature and enhances the diffusion 

coefficients. 

 

 

Temperature 

/K 

D x 1011/m2s-1 

Eu(III) in  

[C4mpy][NTf2] 

Eu(III) in 

HDEHP / 

[C4mpy][NTf2] 

Eu(III) in 

HDGA/ 

[C4mpy][NTf2] 

343 0.73 0.72 0.39 

353 1.30 1.13 0.57 

363 2.30 1.63 0.87 

373 3.84 2.22 1.12 

                              ks x 107/ms-1 

343 12.00 7.20 2.50 

353 12.90 9.00 4.50 

343 14.50 9.40 6.90 

373 15.60 10.50 9.50 
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A marginal shift in the cathodic peak potential with the increase of scan rate, 

shown in figure 6.15 indicates that the reduction of Eu(III) at glassy carbon electrode 

could be quasi-reversible. It is observed that Ep
c is shifted cathodically and Ep

a is shifted 

anodically with increasing scan rate. This indicates that the reduction of Eu(III) to Eu(II) 

is not only controlled by diffusion of Eu(III) ion at the working electrode, but also the rate 

of charge transfer reaction between the electrode electrolyte inter phase. Substituting the 

diffusion coefficient of Eu(III) in equation 6.4, the magnitude of charge transfer rate 

constants were determined at various temperatures and the values are tabulated in table 

6.4.  

 It can be seen that the value of ks increases with increasing temperature and the 

magnitude of the ks lies in the range of 0.3 1/2 ≥ ks ≥ 2 x10-5 1/2 cm/s, confirming that the 
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Figure 6.17. Cyclic voltamogram of Eu(III) in [C4mpy][NTf2] recorded at glassy 

carbon electrode at various temperatures. [Eu(III)] = 0.1 M, scan rate: 0.1 Vs-1 , 

temperature: 343 K to 373 K. 
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reduction of Eu(III) at glassy carbon electrode is quasi-reversible. The increase of ks with 

increasing temperature could be attributed to the decrease in viscosity of the ionic liquid 

medium with increase in temperature, resulting in the increase in the abundance of Eu(III) 

ions at the working electrode surface. Therefore, the heterogeneous charge transfer rate 

(ks) occurring between the electrode-electrolyte interphase (to Eu(III) ion) increases with 

increase of temperature.  

6.4.2 Cyclic voltammetric study of Eu(III) in HDGA/[C4mpy][NTf2] 

The cyclic voltammogram of Eu(III) in a solution of 0.02 M bis(2-

ethylhexyl)diglycolamic acid (HDGA) in [C4mpy][NTf2] at the scan rate of 0.1Vs-1 at  

373 K is shown in figure 6.18. The voltammogram is compared with the voltammogram 

obtained in the absence of HDGA. It can be seen that the cathodic wave occurs at the 

onset of -0.2 V (Vs. Fc/Fc+), leading to a prominent cathodic wave at the peak potential of 

-0.47 V is due to the reduction of Eu(III) to Eu(II). The corresponding oxidation wave 

occurs at the peak potential of -0.27 V (Vs. Fc/Fc+). Comparing the peak potentials 

observed in the presence and absence of HDGA, the voltammogram shows that the 

presence of HDGA shifts the reduction of Eu(III) to more negative potentials possibly 

due to the co-ordination of Eu(III) with HDGA. Since the co-ordinated Eu(III) requires 

higher potentials for reduction, the peak potential is shifted cathodically for Eu(III) –

HDGA in ionic liquid system. The shift of the peak potential of the HDGA complex 

against the non-complexed Eu(III) gives information about the strength of the co-

ordindation. 
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The cyclic voltammogram of Eu(III) in 0.02 M HDGA/[C4mpy][NTf2] at various 

scan rates at 373 K is shown in figure 6.19. It can be seen that the cathodic peak current 

potential (Ep
c) is shifted cathodically with increasing scan rate and the magnitude |Ep

c - 

Ep/2
c| (= 0.1 V) is larger than the value needed for the reversible one electron transfer 

process at 373 K. This shows that the reduction of Eu(III) in HDGA/[C4mpy][NTf2] is 

also not reversible. The value of n in the present case was determined to be ~0.6 at  

373 K in a range of scan rates from 0.01Vs-1 to 0.1Vs-1.  

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 
i/

m
A

E/V(Vs. Fc/Fc
+

)

 0.1 M Eu(III) in [C4mPy][NTf2]

 0.1 M Eu(III) +0.02 M HDGA in [C4mPy][NTf2]

 0.1 M Eu(III) +0.02 M HDEHP in [C4mPy][NTf2]

 
 

Figure 6.18. Cyclic voltammogram of Eu(III) in [C4mpy][NTf2], in 

HDGA/[C4mpy][NTf2] and in HDEHP/[C4mpy][NTf2] recorded at glassy carbon 

electrode. [Eu(III)] = 0.1 M, [HDGA] = 0.02 M, [HDEHP] = 0.02 M, scan rate = 0.1 

Vs-1, temperature = 373 K. 
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The plot of the cathodic current (ip
c) obtained at various temperatures against 

1/2 is shown in figure 6.20. From the slope of the straight line, equations 6.1 and 6.2, the 

diffusion coefficient of Eu(III) in 0.02 M HDGA /[C4mpy][NTf2] was determined and 

compared with that determined in the absence of HDGA in table 6.4. The rate constant 

(ks) for the charge transfer between the electrode – electrolyte interphase was determined 

using equation 6.3. The values thus obtained are tabulated in table 6.2. It can be seen that 

ks values indicated that reductionof U(VI) in the presence of HDGA is quasireversible 

and ks values are lowered marginally in the presence of HDGA, due to the co-ordination 

of Eu(III) by HDGA. 
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Figure 6.19. Cyclic voltammogram of Eu(III) in HDGA/[C4mpy][NTf2] recorded at 

glassy carbon electrode at various scan rates. [Eu(III)] = 0.1 M, [HDGA] = 0.02 M, 

temperature = 373 K. 



 Chapter 6 

 

202 

 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

 

 

 


1/2
/V.s

-1

i p
c /m

A
0.1 M Eu(III) + 0.02 M HDGA in [C4mPy][NTf2]

 343 K

 353 K

 363 K

 373 K

 
 

Figure 6.20. Plot of ip
c against square root of scan rate (ν1/2) for the reduction of 

Eu(III) to Eu (II) in HDGA/[C4mpy][NTf2] at various temperatures.[Eu(III)]  

=0.1 M, [HDGA] = 0.02 M, temperature: 343 K to 373 K. 

 

6.4.3 Stoichiometry stability constant of Eu(III)-HDGA complex 

The cyclic voltammogram of Eu(III) in HDGA/[C4mpy][NTf2] at various 

concentrations of HDGA at 373K is shown in figure 6.21. It can be seen that the cathodic 

peak current decreases and the peak potential is shifted cathodically with increase in the 

concentration of HDGA, as expected. The number of molecules of HDGA co-ordinated to 

Eu(III), and the logarithmic stability constant (ln Kf) for the Eu(III) - (HDGA)m complex 

was determined from the voltammogram by using the relation shown in equation 6.4. The 

plot of -ΔE1/2/(RT/nF) against the logarithmic value of HDGA concentration is shown in 

figure 6.22. It can be seen that the magnitude of -ΔE1/2/(RT/nF) increases linearly with 

increase in the concentration of HDGA. From the magnitude of the intercept and slope, 

the stability constant (ln Kf) and the co-ordination number can be determined to be 5.65 

and 0.97 respectively.  
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Figure 6.21. Cyclic voltammogram of Eu(III) in HDGA/[C4mpy][NTf2] recorded at 

glassy carbon electrode for various concentrations of HDGA. Eu alone (A), Eu(III) 

+ 0.02 M HDGA (B), Eu(III) + 0.04 M HDGA (C), Eu(III) + 0.06 M HDGA (D) and 

Eu(III) + 0.08 M HDGA (E),[Eu(III)] = 0.1 M, scan rate = 0.1 Vs-1 , temperature = 

373 K. 
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Figure 6.22. Plot of -ΔE1/2/ (RT/αnF) against the ln [HDGA]. [HDGA] = 0.02 M – 

0.08 M, scan rate = 0.1 Vs-1 , temperature = 373 K. 



 Chapter 6 

 

204 

 

6.4.4. Cyclic voltammetric study of Eu(III) in HDEHP/[C4mpy][NTf2] 

 The cyclic voltammogram of Eu(III) in 0.02 M solution of HDEHP in 

[C4mpy][NTf2] recorded at the scan rate of 0.1Vs-1 on the glassy carbon electrode at 373 

K is shown in figure 6.18. The voltammogram is compared with those obtained in the 

absence of HDEHP and that obtained in the presence of HDGA in [C4mpy][NTf2]. A 

cathodic wave occurs at the peak potential of -0.46 V and the anodic wave occurs at -0.19 

V (vs. Fc/Fc+). Comparing the peak potential observed in the presence and absence of 

HDEHP, HDEHP shifts the reduction potential to more cathodic values. The shift in the 

reduction potential of Eu(III) to Eu(II) in the presence of HDEHP is comparable with that 

obtained in the presence of HDGA. This shows that the stability of Eu-HDEHP complex 

in [C4mpy][NTf2] is comparable with the Eu- HDGA complex in [C4mpy][NTf2]. The 

cyclic voltammogram of 0.1M Eu(III) in 0.02 M HDEHP/[C4mpy][NTf2] at various scan 

rates is shown in figure 6.23. The cathodic peak potential increases and shifted 

cathodically with increasing scan rate indicating that the reduction of Eu(III) present in 

HDEHP/[C4mpy][NTf2] is not reversible. The cathodic peak current iP
c against ν

1/2 

obtained at various temperatures is shown in figure 6.24. The data was fitted by a straight 

line. From the slope of the straight line and using equations 1 and 2, the diffusion 

coefficient was determined and compared with those obtained in other systems in table 

6.4. The diffusion coefficients decreased in the order Eu(III) in [C4mPy][NTf2] > Eu(III) 

in HDEHP in [C4mPy][NTf2] > Eu(III) in HDGA in [C4mPy][NTf2]. These results are in 

good agreement with the stability constants obtained for HDEHP and HDGA complexes 

with Eu(III). The charge transfer rate constant (ks) in HDEHP/[C4mpy][NTf2] was also 

determined and the values are tabulated in table 6.4. It can be seen that the ks values are 

marginally lower than that obtained in the absence of ligands. 
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Figure 6.24. Plot of ip
c against square root of scan rate (ν1/2) for the reduction of 

Eu(III) to Eu (II) in HDEHP/[C4mpy][NTf2] at various temperatures. [Eu(III)] = 0.1 

M, [HDEHP] = 0.02 M, temperature: 343 K to 373 K. 
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Figure 6.23. Cyclic voltammogram of Eu(III) in HDEHP/[C4mpy][NTf2] recorded 

at glassy carbon electrode at various scan rates. [Eu(III)] = 0.1 M, [HDEHP] = 

0.02 M, temperature = 373 K. 
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6.4.5 Stoichiometry and stability constant of Eu(III)- HDEHP complex 

The Eu-HDEHP stoichiometry and the stability constant (ln Kf) were determined 

using the relation shown in equation 6.4. Figure 6.25 shows the cyclic voltammogram of 

Eu(III) in HDEHP/[C4mpy][NTf2] at various concentrations of HDEHP at 373 K . It can 

be seen that the cathodic peak current decreases and the peak potential is shifted 

cathodically with increasing concentration of HDEHP similar to that observed for Eu(III)-

HDGA.  
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Figure 6.25. Cyclic voltammogram of Eu(III) in HDEHP/[C4mpy][NTf2] recorded 

at glassy carbon electrode for various concentrations of HDEHP. Eu alone (A), 

Eu(III) + 0.02 M HDEHP (B), Eu(III) + 0.04 M HDEHP (C), Eu(III) + 0.06 M 

HDEHP (D) and Eu(III) + 0.08 M HDEHP (E), [Eu(III)] = 0.1 M, scan rate = 0.1 

Vs-1 , temperature = 373 K. 
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The plot of -ΔE1/2/ (RT/αnF) against the logarithmic concentrations of HDEHP is 

shown in figure 6.26. From the intercept and slope, the stability constant (ln Kf) and the 

number of HDEHP ligands co-ordinated to Eu(III) are determined to be 5 and 0.92 

respectively. This shows that about 1 molecule of HDEHP is co-ordinated to Eu(III) in 

ionic liquid phase.  
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Figure 6.26. Plot of -ΔE1/2/ (RT/αnF) against the ln [HDEHP]. [HDEHP] = 0.02 M – 

0.08 M, scan rate = 0.1 Vs-1, temperature = 373 K. 

 

A marginally lower value of stability constant was obtained for HDEHP as 

compared to HDGA, shows that the stability of Eu(III) - HDEHP and Eu(III) – HDGA 

complexes are comparable. Previously, Alok et al. studied the solvent extraction behavior 

of radioactive (152+154)Eu(III) in HDGA or HDEHP present in ionic liquid medium [120]. 

In those studies, the Eu(III) (concentration of radioactive tracer = 10-5 M) distribution 

ratios were measured in 0.05 M solution of HDGA or HDEHP present in ionic liquid 

medium. From these measurements, the Eu(III) – ligand stoichiometry of 1:3 was 
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reported. However, to carry out the electrochemical measurements in the present study, 

significant concentration of Eu(III) ion in ionic liquid medium was required to obtain 

good current response in the voltammogram. Therefore, the concentration of Eu(III) in 

ionic liquid was fixed at 0.1 M and the ligand concentration was varied from 0.02 M to 

0.08 M to determine the stoichiometry. From these measurements, the stoichiometry of 

Eu(III): ligand was determined to be 1:1, which can be attributed to the high 

concentration of metal ion employed in electrochemical measurements. 

6.4.6 Chronopotentiometric study (CP) 

The electrochemical behavior of Eu (III) in [C4mpy][NTf2] was studied using 

chronopotentiometry also. The chronopotentiogram was recorded at various applied 

current densities at glassy carbon electrode and the traces are shown in figure 6.27. The 

relation between the applied current and transition time is given by Sand’s relation [164, 

165] shown in equation 6.5. 

                             2

2/12/1

2
1 CnFAD

i o 
                                           (6.5) 

 

The transient time (τ) shown in figure 6.27 is a measure of the time elapsed between the 

commencement of constant potential regime and the time at which the concentration of 

electroactive species resulting from diffusion reaches zero at the electrode. Transient time 

can be obtained by the linear extrapolation of the sections on the chronopotentiometry 

transients before and after the inflection. The τ observed is due to the reduction of Eu(III) 

to Eu(II). The product iτ1/2 determined from various transients is tabulated in table 6.5. It 

can be seen that iτ1/2 is nearly constant. The plot of i against τ-1/2, shown in figure 6.28 is 

linear and thus enables the determination of the diffusion coefficient.  
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Figure 6.28. Plot of i vs τ−1/2 for the reduction of Eu(III) to Eu (II) in [C4mpy][NTf2] 

or HDEHP + [C4mpy][NTf2] or HDGA + [C4mpy][NTf2] at 373 K. 
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Figure 6.27. Comparison of chronopotentiograms for the reduction of Eu(III) to 

Eu(II) in [C4mpy][NTf2] at 373 K at the applied current of −0.2 mA (A), −0.25 mA (B), 

−0.3 mA (C) and −0.35 mA (D). Working and counter electrode: glassy carbon. 
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The chronopotentiograms of Eu(III) to Eu(II) is recorded in the presence of 

ligands (HDEHP and HDGA) and they are compared in figure 6.29. The product iτ1/2 is 

constant (Table 6.5) and the plot of i against τ-1/2 is linear as shown in figure 6.28. The 

diffusion coefficient values for the reduction of Eu(III) to Eu(II) determined from 

chronopotentiometry are shown in table 6.5. It can be seen the diffusion coefficients are 

lower in the presence of ligands. The diffusion coefficients obtained by 

chronopotentiometry are in good agreement with result obtained by cyclic voltammetry. 

 

6.4.7 Chronoamperometric study (CA) 

The chronoamperograms for the cathodic reduction of Eu(III) to Eu(II) in 

[C4mPy][NTf2] at 373 K was recorded in the presence and absence of ligands (HDEHP 

and HDGA) and they are shown in figure 6.30.The linearity with zero-intercept obtained 

 

       

0 2 4 6 8 10 12 14 16
-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

 

 

E
/V

(V
s.

 F
c/

F
c+

)

t/s

 0.1 M Eu(III) in [C4mPy][NTf2]

 0.1 M Eu(III)+ 0.02 M HDEHP in [C4mPy][NTf2]

 0.1 M Eu(III)+ 0.02 M HDGA in [C4mPy][NTf2]

 
 

Figure 6.29. Comparison of chronopotentiograms for the reduction of Eu(III) to Eu(II) 

in [C4mPy][NTf2] or HDEHP + [C4mPy][NTf2] or HDGA + [C4mPy][NTf2] at 373 K at 

the applied current of −0.2 mA. Working and counter electrode: glassy carbon. 
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from the plot of i against t−1/2 (Cottrell plot, Figure 18 inset) gives the validity of simple 

diffusion controlled reduction and the diffusion coefficient of Eu(III) was determined 

using equation 6.7 [164,165]. The diffusion coefficient of Eu(III) is determined to be 

1.6 x 1011/m2s-1 at 373 K. 
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Figure 6.30. Comparison of chronoamperograms for the reduction of Eu(III) to 

Eu(II) in [C4MPy][NTf2] or HDEHP + [C4MPy][NTf2] or HDGA + [C4MPy][NTf2] at 

373 K at the applied potential(-0.2 V). Inset: Cottrell plot for the reduction of Eu(III) 

to Eu(II). 
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 The diffusion coefficient of Eu(III) was determined from chronoamperograms in the 

presence of ligands also using equation 6.7. The diffusion coefficients are tabulated in 

table 6.6 that compares the values obtained with other techniques. The values indicate 

that the diffusion coefficient of Eu(III) decreases in the presence of ligand in the order 

HDEHP > HDGA, and the diffusion coefficient obtained by various techniques are 

comparable. 

 

 

 

 

 

 

 

 

 

Table 6.5. Chronopotentiometric constant (i1/2) and diffusion coefficient of Eu(III) 

obtained from chronopotentiograms at 373 K for the reduction of Eu(III) (0.1 M) at 

glassy carbon electrode at constant current in the presense and absent of ligands. 

 

System    i/mA /s i1/2/mA s Diffusion 

coefficient, 

D x 1011/m2s-1 

 

Eu(III) in [C4mpy][NTf2] 

 

0.20 

0.25 

0.30 

0.35 

 

13.1 

9.2 

7.4 

5.8 

 

0.72 

0.76 

0.82 

0.84 

 

 

4.2 

 

Eu(III) + HDEHP in 

[C4mpy][NTf2] 

 

0.20 

0.25 

0.30 

0.35 

 

11.3 

9.0 

6.5 

4.7 

 

0.67 

0.75 

0.76 

0.76 

 

 

2.7 

 

Eu(III) + HDGA in 

[C4mpy][NTf2] 

 

0.20 

0.25 

0.30 

0.35 

 

8.0 

5.7 

4.0 

3.0 

 

0.57 

0.60 

0.60 

0.60 

 

 

1.5 



 Chapter 6 

 

213 

 

Table 6.6. Comparison of diffusion coefficient of Eu(III) obtained in various 

techniques for the reduction of Eu(III) in [C4mpy][NTf2] at 373 K. 

 

 

6.5 Conclusion 

The electrochemical behavior of Eu(III) in [C4mpy][NTf2] was studied on glassy 

carbon as working electrode in the presence and absence HDEHP and HDGA by cyclic 

voltammetry, chronopotentiometry and chronoamperometry . The cyclic voltammogram 

of Eu(III) exhibited a prominent quasi-reversible redox couple in the potential range -1 V 

to +0.5 V. The addition of HDEHP and HDGA to the Eu(III)/[C4mpy][NTf2] solution 

lowered the cathodic peak current and shifted the cathodic peak potential cathodically due 

to the co-ordination of Eu(III) with ligands in the ionic liquid medium. The magnitude of 

the diffusion coefficients obtained by different electrochemical methods was comparable. 

In the presence of ligands, the diffusion coefficients and heterogeneous rate constants 

decreased in the order Eu(III) > (Eu(III) + HDEHP) > (Eu(III) + HDGA) in the ionic 

liquid. Both diffusion coefficient and heterogeneous charge transfer rate constant 

increased with increase of temperature. The stability constant (ln Kf) of Eu(III)-ligand 

complex was determined to be 5 and 5.65 for (Eu(III)-HDEHP) and (Eu(III)- HDGA) 

complexes respectively, which was in accordance with diffusion coefficients. 
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SUMMARY AND SCOPE OF FUTURE STUDIES 

 

  

In this chapter, the summary of the work discussed in various chapters and the 

scope of the future work are discussed. 

7.1 ROOM TEMPERATURE IONIC LIQUID AS A DILUENT FOR SOLVENT 

EXTRACTION OF ACTINIDES 

 

Room temperature ionic liquids such as 1-alkyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ([Cnmim][NTf2]) and 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethane-sulfonyl)imide ([C4mpy][NTf2]) have been explored as diluents in 

solvent extraction applications. Extractants such as tri-n-alkyl phosphates, N, N-dialkyl 2-

hydroxyacetamide and benzoyl pyrazalone have been dissolved in RTIL diluents and 

used for extraction of actinides. 

7.1.1 Extraction behavior of U(VI) in some tri n-alkyl phosphates (TAlP) present in 

imidazolium based room temperature ionic liquid 

 

The extraction behavior of U(VI) in some tri-n-alkylphosphates dissolved in 1-

octyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C8mim][NTf2]) was 

studied to compare the interaction of U(VI) in ionic liquid vis-à-vis n-DD medium for fast 

reactor fuel reprocessing application. The distribution ratio of U(VI) increased with 

increase in the concentration of nitric acid, reached maximum at value 5 M nitric acid 

followed by a plateau with further increase in the nitric acid concentration. The extraction 

of U(VI) in TAlP present in [C8mim][NTf2] was 

very similar to those observed in a molecular diluent, n-dodecane. The distribution ratio 

of U(VI) increased in the order TPP  <  TBP <  TAP < TOP, which was attributed to the 
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increase in the basicity of TAlP upon increasing in the chain length of alkyl group 

attached to the phosphoryl moiety. Stoichiometry of U(VI)-TAlP solvate was found to be 

1:2 for all TAlPs. Change in the nature of ionic liquid hardly altered the distribution ratio 

of U(VI) at 3 M nitric acid. The extraction of U(VI) in all the extractants was found to be 

exothermic. The extraction mechanism in ionic liquid medium was strongly dependent on 

the chain length of alkyl group attached to the imidozolium moiety and neutral solvation 

mechanism was applicable for the extraction of U(VI) when the octyl derivative of 

imidazolium ionic liquid was employed as diluent. Complete stripping of U(VI) from the 

loaded ionic liquid phase was achieved using dilute nitric acid in 2–3 contacts. The results 

showed that TAlP present in ionic liquid medium was a promising candidate for fast 

reactor fuel reprocessing applications.  

7.1.2 Mutual separation of Pu(IV) from other actinides using 2-hydroxy acetamide 

extractant in room temperature ionic liquid  

 

N,N-dioctyl-2-hydroxyacetamide (DOHyA) in 1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)amide ([C4mim][NTf2]) was employed for the extraction of 

actinides from nitric acid medium. The extraction of Pu(IV) was studied as a function of 

various parameters such as concentration of nitric acid, extractant concentration, 

temperature, alkyl chain length attached to amidic nitrogen of the extractant etc. The 

distribution ratio of plutonium (IV) (DPu(IV)) obtained in DOHyA/[C4mim][NTf2] was 

compared with that obtained in DOHyA/ 

n-dodecane. Extradinary extraction of Pu(IV) was achieved when ionic liquid was 

employed as a diluent. The Distribution ratio of Pu(IV) decreased marginally with 

increase in the concentration of nitric acid up to 3 M and thereafter it attained a plateau. 

The distribution ratio of uranium(VI) and amrecium(III) were much lower than that 

obtained for Pu(IV) in DOHyA/[C4mim][NTf2]. Unlike the traditional molecular 



Chapter 7 

 

217 

 

extractant, the separation factor of Pu(IV) over U(VI) was in the order of 103 and Pu(IV) 

over Am(III) was of the order of 102. These results indicated the possibility of separating 

Pu(IV) from other hexavalent (e.g. U(VI)) and trivalent actinides (e.g. Am(III)) using 

DOHyA/[C4mim][NTf2]. The DPu(IV) obtained by DOHyA/[C4mim][NTf2] was compared 

with that obtained for N, N-di-alkyl-2-methoxyacetamides (DOMeOA) and N,N-

Dihexyloctanamide (DHOA) in [C4mim][NTf2]. Extradinary extraction of Pu(IV) in 

DOHyA/[C4mim][NTf2] compared to DOMeOA/[C4mim][NTf2] and 

DHOA/[C4mim][NTf2] revealed that –OH group at the 2-position is mandatory for the 

extraction of Pu(IV) in acetamide. The effect of temperature on the extraction of Pu(IV) 

was studied and it was found to be endothermic. Quantitative stripping of Pu(IV) from the 

loaded ionic liquid phase was achieved using complexing agents. 

7.1.3 Solvent extraction study of americium(III) using benzoylpyrazolone extractant 

dissolved in pyrrolidinium based room temperature ionic liquid 

 

The extraction behavior of americium (III) from the nitric acid medium was 

studied in a solution of 1-phenyl-3-methyl-4-benzoylpyrazol-5-one (HPMBP) dissolved 

in 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([C4mpy][NTf2]). 

The extraction behavior of Am(III) in ionic liquid phase was investigated as a function of 

various parameters, such as pH of aqueous phase, duration of equilibration, concentration 

of ionic liquid and nitrate in aqueous phase. The distribution ratio of Am (III) increased 

with increase of aqueous phase pH. Appreciable extraction of Am(III) was obtained at 

low pH medium (< pH 2) unlike other diketone based extractant. Stoichiometry of metal 

– solvate was found to be 1:3. Cation exchange mechanism seems to be most plausible 

mode for the extraction of Am (III) in ionic liquid phase. The extraction of Am(III) in 

ionic liquid was remarkably higher than that observed in conventional solvent (n-DD). 

Stripping of Am (III) from loaded ionic liquid phase increases from 54% to 80% using 
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the stripping phase of 0.5M to 3 M nitric acid in one contact. Quantitative recovery of Am 

(III) can be achieved in few contacts with dilute nitric acid. 

7.2 ROOM TEMPERATURE IONIC LIQUID AS AN EXTRACTANT FOR 

SOLVENT EXTRACTION OF ACTINIDES 

  

  Phosphoramide functionalized ionic liquid, diethyl-3-(-3-butylimidazolium) 

propylphosphoramide  bis(trifluoromethanesulfonyl)imide ([BuImPA][NTf2]) and RTIL 

containing strongly coordinating anion, tri-n-octylmethylammonium bis-(2-

ethylhexyl)phosphate ([A336]+[DEHP]-) have been explored as extractants for the 

extraction of actinides from nitric acid medium. [BuImPA][NTf2] was synthesized and 

studied for the selective separation of Pu(IV) from the other actinides such as Am(III) and 

U(VI). The extraction mechanism of U(VI) using PUREX solvent in the presence of 

small concentration of the RTIL, [A336]+[DEHP]- have been investigated. 

7.2.1 Mutual separation of Pu(IV) from other actinides using TSIL 

 A novel phosphoramide task specific ionic liquid, diethyl-3-(-3-

butylimidazolium)propylphosphoramide bis(trifluoromethanesulfonyl)imide 

([BuImPA][NTf2]), was synthesized and characterized by NMR, mass and FTIR 

spectroscopy for the first time. The extraction behaviour of Pu(IV), U(VI) and Am(III) 

from nitric acid medium was studied using [BuImPA][NTf2] dissolved in [C4mim][NTf2]. 

The extraction of Pu(IV) was studied as a function of various parameters such as 

concentration of nitric acid, extractant concentration, temperature, alkyl chain length 

attached to imidazolium moiety etc. The extraction of Pu(IV) increased with increase in 

the concentration of nitric acid reached a plateau at nitric acid concentration more than  

4 M. In contrast to this, the extraction of U(VI) and Am(III) showed a decreasing trend 

and the DU(VI) and DAm(III) were much lower than that obtained for Pu(IV). Unlike 

traditional extractants, the separation factor of Pu(IV) over U(VI) was about 10 and that 
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over Am(III) was of the order 103, suggesting the possibility of separating the fissile 

element plutonium from other actinides. Below 4 M nitric acid, the primary mode of 

Pu(IV) extraction in ionic liquid phase seems to be through the (Pu(NO3)4–

([BuImPA][NTf2])2) neutral species extraction. However, above 4 M nitric acid, anion 

exchange mode also participates in the extraction of Pu(IV). The -NH- moiety in 

phosphormide-TSIL was protonated predominantly over >P=O and that seems to 

facilitate the extraction of Pu(IV) in ionic liquid phase.  

7.2.2 Insights into the solvent extraction behavior of U(VI) in PUREX solvent 

containing RTIL with strongly coordinating anion 

 

The extraction behavior of U(VI) in the PUREX solvent namely 1.1 M tri-n-butyl 

phosphate (TBP) in n-dodecane (n-DD) was studied in the presence and absence of the 

ionic liquid, tri-n-octylmethylammonium bis-(2-ethylhexyl)phosphate ([A336]+[DEHP]-). 

Remarkable enhancement in the distribution ratio of U(VI) was observed in the presence 

of ionic liquid. The extraction of U(VI) in [A336]+[DEHP]-/n-DD alone was studied to 

understand the role of ionic liquid in the PUREX solvent during extraction. The 

distribution ratio of U(VI) in [A336]+[DEHP]-/n-DD decreased with increase in the 

concentration of nitric acid. The extraction of U(VI) in [A336]+[DEHP]- medium was 

accompanied by the extraction of nitric acid leading to the formation of ionic liquid 

components namely [A336]+[NO3]
- and HDEHP in organic phase. The presence of these 

constituents facilitated the extraction of U(VI) in organic phase. Synergic extraction of 

U(VI) was observed when HDEHP was employed in conjunction with [A336]+[NO3]
- and 

TBP. The study revealed that the distribution ratio of U(VI) in the presence of 

[A336]+[DEHP]-) was due to the synergic contributions of ionic liquid components and 

TBP.  
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7.3 LOADING BEHAVIOUR OF Eu(III) IN DIGLYCOLAMIDE/ROOM 

TEMPERATURE IONIC LIQUID SYSTEM   

  

 Extraction of europium(III) from nitric acid medium was studied in a solution of 

N,N,N’,N’-tetra-n-octyldiglycolamide (TODGA) dissolved in 1-methyl-3-

octylimidazolium bis(trifluormethanesulfonyl)imide ([C8mim][NTf2]) at higher Eu(III) 

loading conditions in aqueous phase. The extraction of Eu(III) in 

TODGA/[C8mim][NTf2] decreased with increase in the concentration of nitric acid. The 

loading of Eu(III) in TODGA/[C8mim][NTf2] increased marginally with increase in the 

amount of Eu(III) present in nitric acid phase. Unlike molecular diluents systems the third 

phase formation was not observed even at ~100 g/L Eu(III) present in 3–5 M nitric acid 

phase, perhaps due to the stabilization of polar Eu(III)-TODGA complex by ionic liquid. 

The study revealed that Eu(III) could be loaded to the extent of 1:3 stoichiometry in ionic 

liquid phase without any third phase formation. There was hardly any change in the 

loading values by changing the structure of TODGA into its isomeric forms. The addition 

of phase modifier, TBP, to TODGA/[C8mim][NTf2] increased the distribution ratio of 

Eu(III) due to synergic participation of both TODGA and TBP. 

7.4 ELECTROCHEMICAL STUDIES OF METAL IONS IN RTIL MEDIUM 

CONTAINING EXTRACTANTS 

  

 The electrochemical study of U(VI) in the presence of tri-n-alkyl phosphates (tri-

n-butyl phosphates (TBP) and tri-n-octyl phosphate (TOP)) and Eu(III) in the presence of 

acidic extractants such as di(2-ethylhexyl)phosphoric acid (HDEHP) and diglycolamic 

acids (HDGA) have been carried out using RTIL as electrolytic medium. 

7.4.1 Electrochemical study of U(VI) in the presence of higher homologue of TBP 

dissolved in RTIL medium 

 

The electrochemical behaviour of U(VI) in tri-n-octyl phosphate (TOP) in the 

ionic liquid, 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 
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([C4mim][NTf2]) was studied by cyclic voltammetry. The results were compared with 

those obtained with reference extractant, tri-n-butyl phosphate in [C4mim][NTf2]. The 

cyclic voltammogram of U(VI) in [C4mim][NTf2] exhibited a prominent quasi-reversible 

reduction wave at -0.24 V(Vs. Fc/Fc+) was due to the reduction of U(VI) to U(V) and a 

couple of oxidation waves at +0.45 V(Vs. Fc/Fc+) and +0.66 V (Vs. Fc/Fc+). The cathodic 

wave responsible for the reduction of U(VI) to U(V) shifted cathodically and the peak 

current lowered in the presence of these ligands. Since the octyl moiety attached to TOP 

was bulkier and offered more basicity to the phosphoryl moiety as compared to TBP, the 

stability constant (ln Kf) of U(VI)-TOP (2.9) determined from the voltammogram was 

slightly higher than that observed for U(VI)-TBP (2.7) complex. The diffusion coefficient 

of U(VI) and the heterogeneous electron transfer rate constant in [C4mim][NTf2] 

decreased in the order U(VI) > U(VI) – TBP > U(VI) –TOP. All these observations 

indicate that the electrochemical behaviour of U(VI) in [C4mim][NTf2] medium would 

show a strong dependence on the nature of ligand employed for extraction. 

7.4.2 Electrochemical study of Eu(III) in the presence of acidic extractants dissolved in 

RTIL medium  

 

The electrochemical behavior of Eu(III) in the room temperature ionic liquid, 1-

butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([C4mpy][NTf2]) was 

studied in the presence and absence of  HDEHP and HDGA by various transient 

electrochemical techniques such as cyclic voltammetry, chronopotentiometry and 

chronoamperometry. The cyclic voltammogram of Eu(III) exhibited a prominent quasi-

reversible redox couple in the potential range -1 V to +0.5 V. The addition of HDEHP 

and HDGA to the Eu(III)/[C4mpy][NTf2] solution lowered the cathodic peak current and 

shifted the cathodic peak potential cathodically due to the co-ordination of Eu(III) with 

ligands in the ionic liquid medium. The magnitude of the diffusion coefficients obtained 
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by different electrochemical methods was comparable. In the presence of ligands, the 

diffusion coefficients and heterogeneous rate constants decreased in the order Eu(III) > 

(Eu(III) + HDEHP) > (Eu(III) + HDGA) in the ionic liquid. The stability constant (ln Kf) 

of Eu(III)-ligand complex was determined to be 5 and 5.65 for (Eu(III)-HDEHP) and 

(Eu(III)- HDGA) complexes respectively, which was in accordance with diffusion 

coefficients. 

7.5 SCOPE OF THE FUTURE STUDY 

 In this thesis, RTILs have been studied for various applications and the results 

indicate that RTILs are promising candidates for the nuclear fuel cycle applications. 

Though these results hold great promise, there are some of the studies yet to be done to 

bring a robust technology based on RTIL medium. They are, 

1. Since the solvent extraction & electrochemical studies in RTIL medium have been 

reported only for a limited number of metal ions (U(VI), Am(III), Eu(III) & 

Pu(IV)) in the present work, the other metal ions which are likely to be present in 

HLLW also need to be studied using RTIL medium. 

2. Phosphoramide based TSIL have been reported for the selective separation of 

Pu(IV) from U(IV) and Am(III). Similarly, various novel functionalized ionic 

liquids need to be identified for the mutual separation of lanthanide (III) and 

actinide (III) from HLLW. 

3.  The coordination environment of metal ions with the extractant in the ionic liquid 

phase need to be investigated carefully to bring out the correct mechanism 

associated with the solvent extraction of metal ions in RTIL medium. 

4. Interesting results have been obtained in the present study using imidazolium or 

pyrrolidinium based RTIL diluents as compared to the molecular diluent (n-DD) 
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but there is a loss of ionic liquid cation or anion into the aqueous phase during the 

solvent extraction of metal ions. Hence, it is required to synthesize ionic liquid 

with lower aqueous solubility and study for solvent extraction of actinides and 

fission products. 

5. In the present thesis, quantitave stripping of actinides from the loaded ionic liquid 

phase was achieved using dilute HNO3 or in some cases using complexing agents. 

Since ionic liquids have wide electrochemical window, the extracted metal ion can 

also be recovered by electrodeposition directly from the extracted ionic liquid 

phase (EX-EL process) which holds promise of separating the target metal ion 

with high separation factor.  In this aspect, only a limited number of studies are 

available in literature and more studies need to be done for the EX-EL process of 

actinides and fission products. 

6. Loading behavior of Eu(III) in DGA/[C8mim][NTf2] system have been 

investigated and unlike molecular diluent (n-DD) system, the third phase 

formation was not observed even at ~100 g/L Eu(III) present in 3–5 M nitric acid 

phase. Loading behavior of actindes and other fission products also need to be 

investigated in RTIL medium.  

7. A systematic understanding of aggregation behavior of metal – ligand complex in 

RTIL medium was not reported and it can be studied in various types of RTILs 

and compared with molecular diluent to have clear understanding on ionic liquid 

based system. 

8. Different thermophysical and physicochemical properties of ionic liquid based 

extractant systems such as molecular extractants or functionalized ionic liquids 

dissolved in RTIL diluents need to be investigated.  
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Glossary 

Abbreviations Full Name 

ADS Accelerator driven system 

AHA   Acetohydroxamic acid 

AHWR   Advance heavy water reactor 

Aliquat336  Tri-n-octylmethylammonium chloride 

[A336]+[DEHP]- Tri-n-octylmethylammonium di (2-ethylhexyl)phosphate 

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

[A336]+[NO3]
- Tri-n-octyl-methylammonium nitrate 

An   Actinide 

BF4
- Tetrafluoroborate 

[BuImPA][NTf2] Diethyl-3-(3-alkylimidazolium)propylphosphoramide 

bis(trifluoromethanesulfonyl)imide 

BWR Boiling Water Reactor 

CAC   Critical aqueous concentration 

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

[Cnmim][NTf2] 1-Alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

[C4mpy][NTf2] 1-Butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 

[C3mim][NTf2] 1-Propyl-1-methylpiperidinium bis(trifluoromethanesulfonyl)imide 

[C2mim][NTf2] 1-Ethyl-1-methylpiperidinium trifluoroacetate 

CA Chronoamperometry 

CP Chronopotentiometry 

CV Cyclic voltammetry 

DM   Distribution ratio of metal ion 

DAlkHyA N, N-Dialkyl-2-hydroxy acetamide 

DCH18C6 Di-cyclohexano- 18 –crown 6 

DCM Dichloromethane 

DGA   Diglycolamide 

DHOA N,N-Dihexyloctanamide 

DIAMEX    Diamide extraction 

DIDPA   Diisodecylphosphoric acid 
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DOAImNTf2 N,N–dioctyl-2-(3-methyl  imidazolium)  

bis(trifluoromethanesulfonyl)imide 

DOBA   Dioctylbutyramide 

DOMeOA N, N-Dioctyl-2-methoxyacetamide 

EDTA   Bis(ethylenediamine)tetraacetic acid 

EX-EL Extraction-Electrodeposition 

FBTR   Fast breeder test reactor 

FILs Functionalized ionic liquids 

FP Fission product 

HbetNTf2 Betaine bis (trifluoromethylsulfonyl imide) 

HDGA Bis(2-ethylhexyl)diglycolamic acid 

HDEHP Di(2-ethylhexyl)phosphate 

HLLW   High level liquid waste 

HMTA Hexamethylenetetramine 

HPMBP 1-Phenyl -3-methyl- 4-benzoyl pyrazalone-5 

IL Ionic liquid 

ImPNTf2 Diethyl-2-(3-methylimidazolium)ethylphosphonate  

bis(trifluoromethansulfonyl)imide 

KAMINI KAlpakkam MINI reactor 

LiNTf2 Lithium bis(trifluoromethansulfonyl)imide 

Ln   Lanthanide  

LOC   Limiting organic concentration 

MA Minor actinide 

MeBu3NTf2 Tri-n-butylmethylammonium bis(trifluoromethansulfonyl)imide 

MPP 3-Methyl -1-phenyl-2- pyrazolin-5-one 

n-DD   n-Dodecane  

NFC Nuclear fuel cycle 

NTf2
- Bis(trifluoromethansulfonyl)imide  

OA Oxalic acid 

Otf- Trifluoromethanesulfonate 

PF6
- Hexafluorophosphate 

PFBR   Prototype fast breeder reactor 

PHWR   Pressurized heavy water reactor  
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POPOP   1,4-Bis (5-phenyloxazol-2-yl) benzene 

PPO   2,5-Diphenyl Oxazole  

P&T Partitioning & Transmutation 

PUREX   

 

Plutonium Uranium Reduction Extraction  

or Plutonium Uranium Recovery by Extraction 

PWR Pressurized water reactor  

RTIL   Room temperature ionic liquid  

SETFICS   Solvent Extraction for Trivalent f-elements Intragroup Separation in 

CMPO-complexant solvent  

SF Separation factor  

TALSPEAK   

 

Trivalent actinides and lanthanide Separation by Phosphorus  

Extractants from Aqueous Komplexes 

TAlP   Tri alkylphosphate 

TEA Triethylamine 

THF Tetrahydrofuran 

TODGA N,N,N’N’-Tetraoctyldiglycolamide 

TEHDGA N,N,N′,N′-tetra-2-ethylhexyldiglycolamide 

DEHDODGA N,N,N’,N’-di-2-ethylhexyl-dioctyl diglycolamide 

TOPO   Tri-n-octyl phosphinoxide 

TRPO   Trans Uranium Extraction 

TSIL Task specific ionic liquid 

TRUEX   Transuranic extraction 

TTA Theonyltrifluoroacetonate 

VOCs   Volatile organic compounds 

VVER Water - Water Energetic Reactor 
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