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ABSTRACT 

 

Room temperature ionic liquids (RTILs) are organic salts, melt at temperatures 

< 100°C. They have several fascinating properties suitable for industrial exploitation. The 

properties such as negligible vapor pressure, ability to dissolve organic and inorganic 

compounds, good thermal and radiation stability, possibility of separating target metals from 

aqueous phase followed by electrodeposition directly from the ionic liquid phase etc, makes 

them suitable for nuclear fuel cycle applications.  

The work reported in this thesis involved evaluation of some room temperature ionic 

liquids, synthesized in the laboratory, for studying the electrochemical behaviour of 

lanthanides and actinides (uranium), and studies on the recovery of these metal ions by 

electrodeposition from the ionic liquid medium containing organic ligands coordinated to 

these metal ions. For this purpose, the oxidative dissolution behaviour of U3O8 in ionic liquid 

medium was studied and electrochemical behaviour of UO2
2+

 was investigated in presence 

and absence of fission products such as Pd
2+

, Eu
3+

 and Ru
3+

. The electrochemical behaviour 

of UO2
2+

 in ionic liquid medium containing tri-n-butylphosphate and chloride ion, and UO2
2+

 

in dicyanamide ionic liquid was investigated to achieve improved solubility of UO2
2+

 in ionic 

liquid and to tame the uranium-TBP complex during electrodeposition. In addition, the 

electrochemical behaviour of Zr(IV) and U(IV) in RTIL medium was studied to understand 

the technical feasibility of using ionic liquid for metallic fuel reprocessing applications of U-

Pu-Zr ternary alloy fuels. The results obtained from these studies are reported in the thesis. 
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RTILs are compounds composed only of ions and melt at temperatures lower than 373 K. RTILs 

have been explored for possible electrochemical applications in nuclear fuel cycle owing to the 

favourable properties such as good solubility of actinides, excellent conductivity and wide 

electrochemical window. In the present work, the RTILs were explored as electrolytic medium 

for applications related to non-aqueous reprocessing of spent nuclear fuels. RTILs were also 

employed as organic phase for the extraction of metal ions from acidic/aqueous medium and 

studied for the feasibility of direct electrodeposition of the metal from loaded organic phase.  

 

 The present work involves the electrochemical behaviour of uranium and fission products 

in RTIL medium, and the recovery of these metal ions by electrodeposition from the RTIL 

medium containing organic ligands coordinated to these metal ions. For this purpose, the 

oxidative dissolution behaviour of U3O8 in the presence of small amount of nitric acid in ionic 

liquid medium was studied and electrochemical behaviour of UO2
2+

 was investigated in presence 

and absence of fission products such as Pd
2+

, Eu
3+

 and Ru
3+

. The electrochemical behaviour of 

UO2
2+

 in C4mimNTf2 ionic liquid containing tri-n-butylphosphate was investigated in the 

presence of chloride ions to facilitate the electrodeposition of uranium oxide.  The solubility of 

UO2
2+

 in ionic liquid was improved by employing dicyanamide based RTILs and 

electrochemical behaviour of UO2
2+

 was also investigated in dicyanamide ionic liquids. The co-

ordination environment of uranium in ionic liquid was investigated by FTIR, Raman and UV-

Visible spectroscopy.  

To understand the technical feasibility of using ionic liquid for metallic fuel reprocessing 

applications of U-Pu-Zr ternary alloy fuels, the anodic dissolution of U and Zr metals was 

performed and the electrochemical behaviour of Zr(IV) and U(IV) was investigated in 

C4mpyNTf2 ionic liquid medium. In addition, the neutral ligand ionic liquid (NLIL) containing 

rare earth ions was prepared by the dissolving of Ln(NTf2)3 (Ln = Eu, Nd, Dy) in DHOA to 

improve the solubility of trivalents in ionic liquid. The added Ln(NTf2)3 undergoes facile 

dissolution in DHOA, resulting in the formation of NLIL, [Ln(DHOA)3]
3+

[(NTf2)3]
-
, and the 

electrochemical behavior of Ln
3+

 present in NLIL was investigated by cyclic voltammetry. The 

coordination and speciation behavior of uranium and lanthanides in ionic liquid medium was 

probed by the spectroscopic studies such as UV-Visible, Raman and FTIR spectroscopy. 
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Chapter 1: Introduction 

1.1. Nuclear fuel cycle and Indian nuclear programme 

Uranium is one of the major fissile elements found in the earth crust. The nuclear 

fuel cycle is a series of industrial processes, that involves mining of uranium, production 

of electricity from nuclear fission reaction of U in a nuclear power reactor, reprocessing 

of spent nuclear fuel and the disposal of nuclear waste (shown in figure 1.1) [1, 2]. The 

process that includes the steps of mining and milling, conversion, enrichment and 

preparation of the U bearing fuel in a suitable form of its fabrication as a fuel element are 

collectively called as 'front end' of the nuclear fuel cycle. After uranium gets burnt in a 

reactor to produce electricity, the used fuel is subjected to a series of processes including 

its temporary storage, reprocessing, recycling of U & Pu and the disposal of radioactive 

waste. Collectively these steps are called as the 'back end' of the fuel cycle.  

In 1950s, Dr. Homi Jahangir Bhabha proposed a three-stage nuclear programme 

for India, based on a closed nuclear fuel cycle, in order to ensure the effective utilization 

of the limited uranium resources and abundant reserves of thorium in India [3]. In the first 

stage pressurised heavy water reactors (PHWR), that use natural uranium as the fuel 

would be operated to produce power. The spent fuel obtained from PHWRs containing a 

small amount of the fissile isotope 
239

Pu [4], is reprocessed for recovering the residual 

uranium and plutonium from the fission products. Currently, there are 18 PHWRs, two 

BWRs, and one PWR operating in India with a total installed capacity of 6780 MWe. The 

second stage involves utilization of plutonium recovered from PHWRs, to fuel Fast 

breeder reactors (FBRs) [5]. In the FBRs, the fertile thorium is used as a blanket in order 

to breed more fuel than that is consumed by converting the fertile 
232

Th into fissile 
233

U. 

A Fast Breeder Test Reactor (FBTR) with the capacity of 40 MWt in operation at 



Chapter 1 

2 
 

Kalpakkam since 1985 is part of the second stage. India’s first commercial fast breeder 

reactor, the Prototype Fast Breeder Reactor (PFBR) (500 MWe) is in an advanced stage 

of completion. The third stage aims to utilize 
233

U, generated in the second stage to fuel 

thermal breeders (PHWRs), partly this could also be accomplished through the AHWRs. 

The viability of the third stage has been demonstrated by using a (30 kWt) research 

reactor named KAlpakkam MINI (KAMINI) Reactor fuelled with 
233

U that is currently at 

Kalpakkam [6]. 

 

Figure 1.1. Schematic representation of Nuclear fuel cycle. 

1.2.  Reprocessing 

The spent nuclear fuel discharged from the nuclear reactor is composed of fissile 

elements such as plutonium and depleted uranium and several other elements formed by 

the nuclear fission reaction, known as fission products. The spent nuclear fuel is therefore 

reprocessed for the recovery of these fissile elements, for the refabrication of nuclear fuel 

from the recovered U & Pu. Two different technologically viable methods that are 

available for reprocessing the spent nuclear fuel [7, 8]. These methods are based on (1) 
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Aqueous reprocessing and (2) Non-Aqueous reprocessing, partitioning of the chemical 

elements in the solution made by dissolution of the spent fuel 

1.2.1. Aqueous Process 

 PUREX (Plutonium and Uranium Recovery by Extraction) process is an 

industrially well established, aqueous solvent extraction process. The PUREX process 

involves the dissolution of spent nuclear fuel in nitric acid followed by the selective 

extraction of uranium and plutonium into an organic solution composed of 1.1 M tri-n-

butylphosphate (TBP) in n-dodecane (DD). The first step of PUREX process involves 

chopping of the fuel pins and dissolution of spent fuel in nitric acid followed by 

adjustment of the pH and valence of Pu suitable for co-extraction of uranium and 

plutonium. The second step involves the co-extraction of uranium and plutonium from the 

spent fuel solution by using 1.1 M TBP/n-DD, and subsequently the partitioning and 

recovery of uranium and plutonium from the loaded organic phase. The final step 

involves the purification and conversion of the recovered uranium and plutonium into 

their respective oxides. The ligand TBP can selectively extract uranium and plutonium 

from a nitric acid feed solution. The raffinate rejected after the extraction of uranium and 

plutonium constitutes as the High Level Liquid Waste (HLLW).  

During partitioning, the organic phase containing U & Pu is equilibrated with an 

aqueous solution containing ferrous sulfamate or uranous nitrate stabilized with 

hydrazine, in order to selectively reduce Pu(IV) present in the organic phase into 

inextractable Pu(III). The resultant Pu(III) now contained in the organic is then stripped 

(or back extracted) into the aqueous phase. The uranium present in the organic phase is 

then recovered with dilute nitric acid, followed by concentration and precipitation of 

uranium as ammonium diuranate. The precipitate is then calcined to obtain uranium 

oxide. The recovered plutonium(III) product in the aqueous phase is once again purified 
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by ion exchange method or by solvent extraction and then finally precipitated as 

plutonium oxalate. The precipitate is filtered and calcined to obtain plutonium oxide [9]. 

However, the undesirable limitation of the PUREX process is the chemical and radiolytic 

degradation of the solvent system and the generation of large volume of secondary waste 

[9]. The flammability of hydrocarbons employed in the PUREX process is also another 

disadvantage [9]. 

1.2.2. Non-aqueous Process 

 Non-aqueous reprocessing is a high temperature (pyrochemical) method. In non-

aqueous reprocessing, an inorganic molten salt (~ at 773 K) medium composed of 

chlorides of alkali or alkaline earth metals is used as the electrolyte for reprocessing the 

spent nuclear fuel. This method exploits the differences in the thermodynamic stabilities 

of the chlorides of various actinides and fission products for the dissolution of spent 

nuclear fuel in the inorganic molten salt medium. The different electrochemical methods 

viz., electrowinning, electrorefining, fluoride volatility and direct oxide reduction have 

been used in the non-aqueous reprocessing [10-13]. 

 Non-aqueous reprocessing of spent oxide fuels by oxide-electrowinning is one of 

the promising methods for the recovery of actinides viz., uranium and plutonium as 

oxides [12]. In this oxide-electrowinning method, the oxides of uranium and plutonium 

are dissolved as chlorides or oxychlorides in the molten salt (LiCl-KCl) through the 

chlorination reaction. Subsequently UO2 is electrodeposited by the electrolysis of 

uranium oxychloride present in the molten salt and plutonium is precipitated as PuO2 by 

purging Cl2 and O2 mixture. Before performing uranium oxide deposition, pre-electrolysis 

of the molten salt is carried out in order to separate the noble metal fission products viz., 

ruthenium, rhodium and palladium etc. This is due to the close proximity of the reduction 

potential of UO2
2+

 to UO2 to those of the noble metal ions.  
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 Electrorefining is another type of pyrochemical method, especially used for 

reprocessing of spent metallic fuels [14-16]. In the electrorefining process, chopped 

pieces of spent metal fuel are taken in the anode basket of the electrorefining cell 

containing LiCl-KCl eutectic salt (~ 773 K) as electrolyte and liquid cadmium or stainless 

steel as the cathode. This process is depends on the differences in the thermodynamic 

stabilities of the chlorides of U, Pu and those of fission products. The electrorefining 

process involves different steps such as anodic dissolution of spent nuclear fuel 

containing fissile elements and fission products (FPs) in the molten salt electrolyte, 

selective deposition of uranium on a solid metal cathode and recovery of other actinide 

elements (Pu, Am, Np and Cm) in a molten cadmium cathode pool. 

 Pyrochemical methods have several advantages over the conventional PUREX 

process that include higher margin for criticality, less number of process steps, lower 

volumes of waste, lesser radiolytic degradation and relatively easier waste management. 

These methods also have some disadvantages viz., tedious purification of the feed salts 

need for sophisticated equipments, need for carrying out the process under inert 

atmosphere, high temperature of operation, much lower separation factors for actinides 

from fission products and the use of corrosive halides. 

1.3. Room temperature ionic liquids 

In the recent past, the idea of clean and green technology is being pursued in many 

an industry with an objective to develop of environmentally benign processes, that aims st 

minimizing the waste generation at source to a minimum acceptable level [17]. The idea 

of green technology includes the design of the environmentally safe chemical processes to 

minimize or to eliminate the use and generation of hazardous materials (eg. volatile 

organic compounds). The green chemistry protocols [18] for the chemical processes 

include the use of aqueous solvents, dense phase or supercritical fluids, immobilized 
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solvents, ionic liquids (ILs), and solvent less processes [19]. Among these alternatives, 

room temperature ionic liquids are regarded as the most promising candidates for 

adapting to green chemistry/technology protocol due to their fascinating properties, viz., 

negligible vapour pressure, wide liquid range, high thermal stability and high solubility 

for organic species [20-24]. 

 Room temperature ionic liquids (ILs) are organic compounds, composed entirely 

of dissociated ions. They exhibit a melting point ≤ 373 K [20-24]. ILs comprise of 

asymmetric and bulky organic cations such as tetra-alkylammonium, 1-alkyl-3-

methylimidazolium, N-alkyl-N-methylpyrrolidinium, 1-alkylpyridinium and 4-

alkylmorpholinium ions, along with an inorganic or poly nuclear organic anion that could 

be halides, dicyanamides, PF6
-
, BF4

-
, tosylates, triflates, 

bis(trifluoromethanesulfonyl)imide etc. Earle and Seddon [17, 25] estimated that there is 

a possibility of making 10
12

 ILs from the cations and anions cited in the literature. By 

knowing the properties of the reactants and products, it is possible to design these ILs for 

a specific application and in this context, the ILs are regarded as designer solvents and are 

often called as tailor-made ionic liquids [17, 25]. 

The history of ILs has been reviewed by Seddon and Wilkes [23, 24] and several 

reports are available in literature for the application of ILs. Gabriel synthesized the protic 

IL, ethanol ammonium nitrate having a melting point of 55
0
C [26]. In 1914, Walden 

synthesized the first stable IL, namely ethyl ammonium nitrate with the melting of 12.5
0
C 

[27]. ILs can be classified into three generations based on their properties [28, 29]. The 

first generation ILs are those that are made up of of bulky organic chlorides and AlCl3. 

This type of ILs are again classified into three different sub-divisions based on the 

amount of AlCl3 present in them, viz., acidic, basic and neutral chloroaluminates [30]. 

The important properties of the AlCl3 based RTILs are that they exhibit low melting 
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points, tunable viscosity and variable melt acidity [30]. However, the AlCl3 based ILs 

have the disadvantage that, they require inert atmosphere for handling because they are 

hygroscopic. 

The second generation of ILs are compounds that are stable towards moisture and 

these ILs contain anions like BF4
-
, PF6

-
 etc. [31]. Among these, the BF4

-
 containing ILs 

are miscible with water and those having PF6
-
, perfluoroalkylphosphate (FAP) and 

bis(trifluoromethanesulfonyl)imide (NTf2
-
) anions are hydrophobic. The third generation 

ILs are known as ‘task specific ionic liquids (TSILs)’ [32-37]. In this type of ILs, the 

cationic or anionic part of the IL is covalently tethered with an organic functional moiety. 

This type of ILs are also known as functionalized ionic liquid [32-37]. These TSILs 

exhibit the properties of both organic functionality and an IL. Another sub class of TSILs 

is known as ILs with strongly coordinating anion, wherein the anion of the IL itself acts 

as a functional moiety [38-41].  

1.3.1. Synthesis of ILs 

 Several reports are available for the synthesis of ILs [42, 43]. Most of the ILs are 

synthesized by alkylation followed by an anion exchange reaction (metathesis) [42, 43]. 

The alkylation of organic compounds such as N-methylimidazole, pyridine, N-

methylpyrrolidine or N-methylpiperidine using alkyl halides results in the formation of 

organic halides. The anion exchange of these organic halides with some metal salts results 

in the formation of ILs. The ILs, after the synthesis is usually purified by solvent 

extraction followed by charcoal treatment [44]. An illustration of the synthesis of IL is 

described in figure 1.2. 



Chapter 1 

8 
 

 

Figure 1.2. Synthetic procedure for the preparation of ILs 

1.3.2. Properties of ILs 

 ILs have several fascinating properties, unique to the combination of a particular 

cation and anion. These include negligible vapor pressure at ambient temperatures, wide 

liquid range, high thermal stability, solubility of organic species, appreciable electrical 

conductivity and a wide electrochemical window (thermodynamic stability) [20-24]. 

Some properties of the ILs relevant to the present study are described below. 

1.3.2.1. Melting Point 

 The melting points of ILs depend on the size and asymmetry of the ions, crystal 

structure, charge density of the ions, efficiency of hydrogen bonding and vander waal’s 

interaction etc. [45-47]. The reduction in the melting points of ILs compared to that of 

inorganic salts is due to replacement of small inorganic cations with bulky asymmetric 

organic cations. For instance, melting point of NaCl is 803 
o
C and that of C4mimCl is 

67 
o
C. Most of the ILs containing halides (Cl, Br etc.) as anions exhibits melting 

temperature slightly higher than room temperature but ILs containing NTf2
-
, 
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dicyanamides (ex. m.p. of [C3mPip][NTf2]  is 9 
o
C) as anions exists in liquid form at 

room temperature. 

1.3.2.2. Density 

 The densities of most of the ILs are more than that of water and these values are in 

the range of 1.12 to 2.4 g cm
-3

 [45]. The densities of many ILs have been reported in the 

book ‘Ionic liquid in synthesis’ edited by Wasserscheid and Welton [45]. In the case of 

imidazolium based ILs, the density of an IL decreases with an increase in the chain length 

of the alkyl group attached to the imidazolium cation [48]. For quaternary ammonium 

based ILs with different anions such as [NO3]
-
, Cl

-
 and [CH3COO]

-
, the density is in the 

range of 0.8-0.9 [49]. The presence of impurities and water has an influence on their 

densities [49] to a large extent. However, their density is less influenced by temperature 

[45].  

1.3.2.3. Viscosity 

 The viscosity of ILs is two to ten times greater than the viscosity of the 

conventional organic solvents due to the strong electrostatic and other interaction forces 

between the oppositely charged ions. For example, the viscosity of C4mimPF6 is ~430 cP, 

C4mimBF4 is ~154 cP, and C4mimNTf2 is ~52 cP at 25
o
C [48, 50]. Since, viscosity of the 

IL is directly affected by electrostatic interaction, it is assumed that ILs composed of an 

ion with delocalization of charge shows lower viscosity [50-53]. Mcfarlane et al. [54] 

reported that ILs based on dicyanamide anions show very low viscosities, for instance, 

the viscosity of C4mimN(CN)2 is 21 cP at 25
o
C. Seddon et al. [48] reported that the 

viscosity of 1-alkyl-3-methylimidazolium based ILs increases with increasing the alkyl 

chain length attached to imidazolium cation. Moreover, it was reported that quaternary 

ammonium based ILs are more viscous than imidazolium based ILs containing the same 

anion [55].  
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1.3.2.4. Vapour pressure 

 The pressure exerted by a vapour in equilibrium with its liquid phase is known as 

vapour pressure. Generally, ILs exhibit very low vapour pressure due to their ionic nature 

[56, 57]. Therefore, ILs have been recognized as non-volatile liquids at normal pressures 

and even at high temperatures. ILs have been suggested as electrolytic media for 

electrochemical applications due to their negligible vapour pressure. However, Zaitsau et 

al. reported that the vapor pressures of some alkyl-methylimidazolium bistriflamide ILs 

around 0.01 to 0.1 Pa at temperature above 457 K using Knudsen effusion method [56]. 

Seddon et al. [58] reported that many known ILs could be evaporated at 573 K under high 

vacuum. 

1.3.2.5. Thermal stability 

Most of the ILs have high thermal stability due to their ionic nature. [59]. For 

instance, Bonhote et al. [51] reported that C4mimNTf2 was stable up to 400
o
C and 

decomposes rapidly above 440
o
C. Ngo et al. [60] reported that the thermal stabilities of 

imidazolium based ILs increase with alkyl chain length attached to the imidazolium 

cation. Jagadeeswara Rao et al. [61] have investigated and reported the thermochemical 

properties of ILs such as HbetNTf2, C3mPipNTf2 and C4mPyNTf2.  

1.3.2.6. Electrical conductivity 

 The specific conductivities of ILs are in the range of 0.1-18 mS.cm
-1

 due to the 

presence of cations and anions [62]. The conductivities of ILs are less than that of strong 

aqueous electrolytes. For example, the specific conductivity of 30 wt.% H2SO4 is about 

730 mS.cm
-1

 [63] which is more than one order of magnitude higher than that of ILs. 

However, the specific conductivities of ILs are adequate for using them as electrolyte for 

electrochemical applications (electrical conductivity of electrolytic medium either ionic 

liquid or organic/aqueous solvent containing supporting electrolyte could be 
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recommended in the order of 1 mS.cm
-1

). The conductivities of ILs can be influenced by 

viscosity, temperature and presence of impurities (mostly moisture). Galinski et al. [63] 

discussed the influence of viscosity and temperature on specific conductivities of ILs and 

Widegren et al. [64] reported that the conductivities of some 1-alkyl-3-

methylimidazomium ILs in the presence of residual moisture. Oliver Zech et al. [65] 

reported that the electrical conductivities of some imidazolium based ILs with different 

anions at different temperatures.  

1.3.2.7. Electrochemical window 

The range of potential over which the IL/electrolyte is stable is called as its 

electrochemical window. The large electrochemical stability of ILs enables them to be 

used as electrolytes in electrochemical applications. ILs have wide electrochemical 

window, of the order of 5 to 6 V which is higher than that of aqueous electrolytes [66]. 

Some of the ILs have cathodic stability range upto -3.5 V and anodic stability upto 2.5 V. 

Basically, phosphonium and pyrrolidinium based ILs exhibit a larger electrochemical 

window than the immidazolium based ILs, especially ILs containing 

bis(trifluoromethanesulfonyl)imide as anion exhibit large electrochemical window as 

compared to others [69]. Maan Hayyan et al. [69] reported the electrochemical stabilities 

of some ILs with the combination of different cations and anions, they found that those 

ILs exhibit large electrochemical window and the nature of both cation and anion of these 

ILs affect the electrochemical window of them. Recently, Banerjee et al. [68] reported 

that electrochemical stabilities of some imdazolium based ILs are greatly affected by the 

structure of the anion. Reports are also available in the literature on electrochemical 

stabilities of ILs with different combinations of cations and anions [66-70].  
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1.3.3. Applications of RTILs 

   The ILs have potential applications in many areas of science and technology due 

to their fascinating properties. The applications of ILs are on the increase in various fields 

such as organic synthesis, electrochemistry, catalysis, analytical chemistry, separation 

technology, cellulose processing and biochemistry etc. [71].  

Initially, the ILs were proposed as solvents to be used in organic synthesis by Fry 

and Pienta [72]. The applications of RTILs in the organic synthesis have also been 

discussed by Sethi et al. [73] as well as in the book ‘Ionic Liquids in Organic Synthesis’ 

edited by Malhotra [74]. Reviews on various applications of RTILs by Koel [75], 

applications of task specific ILs as catalysts authored by Geirnoth [34], electrodeposition 

of metals using ILs by Simka et al. [76] and applications of ILs in electrochemical 

sensors by Wei et al. [77] have been reported. Similarly, Davis et al. [32] and D. Han et 

al. [78] reported the applications of ILs in different areas of separation technology. In 

addition to academic research, ILs have also been used in several industrial applications. 

For instance, some reviews on the applications of ILs in the chemical industry have been 

reported by Plechkova and Seddon [67]. The industrial application of ILs as performance 

additives was reported by Weyershausen et al. [79]. The first attempt made of using ILs 

in industrial process was in BASIL (Biphasic Acid Scavening utilizing ILs) process by 

BASF. Moreover, Eastman operated an IL based plant for the synthesis of 2,5-

dihdrofuran from 1996 to 2004 [67]. Several other applications of RTILs in various fields 

also have been reported in the literature [80-83]. 

1.3.4. The role of ILs in nuclear fuel industry 

 ILs are receiving an upsurge for their possible applications in the different stages 

of the nuclear fuel cycle. ILs are being studied for various applications in both aqueous 

and non-aqueous reprocessing.  
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In aqueous reprocessing, ILs have been used as diluent and extractant for solvent 

extraction. The replacement of molecular diluent (n-dodecane) with IL in solvent 

extraction process was introduced by Huddenston et al. [83] and Dietz and Dzielawa [84]. 

Dai et al. [85] reported that the extraction of strontium from aqueous medium by crown 

ether in an imidazolium based IL, Visser et al. [86] extensively studied the extraction of 

cesium and strontium from nitric acid medium in a solution containing various crown 

ethers in [Cnmim][PF6] (n = 4, 6, 8). Xie et al. [87] studied the extraction behaviour of 

uranium(VI) in malonamide using IL as diluent. Rama et al. [88] investigated the 

extraction of U(VI) in trialkylphosphates in IL. Alok et al. [89] reported the mutual 

separation of europium(III) and americium(III) using IL as diluent with acidic extractents. 

Exploration on the “metal ion” specific extractions from aqueous solutions has 

urged the researchers to look at ILs as a potential and viable option. The organic 

functionalities that can perform specific applications are covalently tethered to the 

cationic or anionic parts of the ILs are known as functionalized ionic liquids (FILs) or 

task specific ionic liquids (TSILs). The presence of the functional group and ionic 

moieties in the resultant FIL is expected to show the properties of both organic 

functionality and IL. In this context, various studies have been reported in the recent past 

for the separation of actinides and fission products from a wide variety of acid feed 

solutions using FILs [36-38, 90-97].  

1.3.5. ILs for non-aqueous reprocessing 

 In the past two decades, ILs have been extensively investigated as electrolytic 

medium for applications related to non-aqueous reprocessing of spent nuclear fuels [98-

111]. The electrochemical studies of actinides and some other metal ions in 

chloroaluminate based ILs were reported few decades ago. Initially, the studies on 

electrochemistry of uranium in acidic and basic (AlCl3 + N-(n-butyl)pyridinium chloride) 
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chloroaluminate melt was reported by D’Oliieslanger et al. [98]. But these 

cholroaluminates showed less electrochemical window with poor cathodic stability [98, 

99].  

The second generation ILs especially bis(trifluoromethanesulfonyl)imide based 

ILs exhibited wide electrochemical window and large cathodic stability [100-108]. The 

spectroscopic and electrochemical behaviour of U(IV)-hexachloro complexes in 

C4mimNTf2 and Bu3MeNNTf2 (Bu3MeN = tri-n-butylmethyl ammonium) was 

investigated by Nikitenko et al. [100] and reported that redox behaviour of U(IV) to 

uranium metallic form. Electrochemical behaviour of U(IV) dissolved as U(NTf2)4 in 

MPPiNTf2 was studied by Rao et al. [105]. Some reports are available on the redox 

behavior U(VI) to U(IV) in various ILs [107, 110-113]. In the recent past, 

electrochemical studies on the behaviour of different metal ions in ILs containing 

molecular extractants has been reported [101-104, 116, 117]. In this context, Rama et al. 

[102, 103] extensively investigated the electrochemical behavior of U(VI) and Eu(III) in 

the presence of different extractants in IL.  

The conventional liquid-liquid extraction procedures involve the extraction of a 

desired metal ion from the aqueous phase at a particular feed condition followed by 

stripping by using aqueous reagents. However, the extracted metal ion could also be 

electrodeposited as the metal oxide directly from the organic phase, provided the organic 

phase has a suitable electrochemical window and good conductivity. This method is 

known as extraction-electrodeposition (EX-EL) [112-117]. The EX-EL method has been 

employed for the recovery of valuable metals from aqueous solutions in two steps (i) the 

extraction of metal ions from acid feed solutions by using ILs containing an extractant in 

the organic phase (ii) the electrochemical recovery of extracted metal ions present in IL 

phase as metal or metal oxide by electrodeposition from the IL. Giridhar et al. [112] 
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reported that extraction of U(VI) and electrodeposition of uranium oxide from an 

imidazolium based IL. Recently, Matsumiya et al. [116] investigated the extraction and 

electrochemical behaviour of rare earth elements in IL using tributylphosphate. Murakami 

et al. [117] also studied the extraction and electrochemical behavior of rare earth elements 

in tetraoctylglycolamide (TODGA) present in IL.  

Some of the key features of ILs that make them the potential candidates for 

nuclear fuel applications are; (i) selective extraction of a target metal by choosing an 

appropriate IL with a desirable combination of cation-anion, (ii) possible recovery of 

metals by electrodeposition in an IL, (iii) functionalization of ILs with a moiety to the 

given application , (iv) designing ILs with incinerable constituents, rendering them 

suitable for easy management of spent organic waste, (v) insignificant vapour pressure of 

ILs.  

1.4. Objectives of the present study 

The objective of the present study is to explore the possibility of using ILs for the 

separation and recovery of actinides and fission products from both aqueous and non-

aqueous media. They are 

(i) The oxide-electrowinning method involves the dissolution of spent oxide fuel in 

IL. During this process, the oxides of uranium, plutonium and fission products present in 

the spent nuclear fuel are converted to the corresponding oxychloride and chloride salts. 

Practical considerations of electrolysis demand the operation of cathodic reduction to be 

performed at high current density for quantitative recovery of uranium. Under such 

conditions, it is quite likely that the fission products present in the molten salt medium, 

albeit in low concentration, also undergo reduction or interfere in the electrochemical 

behaviour of UO2
2+

. In view of this, the electrochemical behaviour of UO2
2+

 in 1-butyl-3-
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methylimidazolium chloride (C4mimCl) IL in the presence of fission products such as 

palladium(II), ruthenium(III) and europium(III) was investigated by using cyclic 

voltammetry. These fission products were chosen for electrochemical interference studies 

since they are formed in significant concentration during fission reaction and their 

reduction potentials are very close to the reduction potential of UO2
2+

 to UO2. Since the 

dissolution of uranium oxide such as U3O8 was quite slow during chlorination, an attempt 

has been made to dissolve U3O8 in the IL, C4mimCl, in the presence of a small quantity of 

nitric acid and the uranyl species present in the resultant solution was characterized by 

UV-Visible, ATR-FTIR and Raman spectroscopy. The electrochemical behaviour of 

UO2
2+

 present in the resultant solution was studied at glassy carbon electrode by cyclic 

voltammetry and chronopotentiometry to understand the feasibility of using the resultant 

solution for the recovery of uranium oxide.  

(ii) The EXtraction-ELectrodeposition (EX-EL) approach has been proposed for the 

separation of the uranyl ion from nitric acid medium by a solvent phase containing tri-n-

butyl phosphate (TBP) in IL, followed by electrodeposition of uranium oxide directly 

from  the uranium(VI) extracted IL phase. However, the efficiency of electrodeposition 

was significantly low. To enhance the recovery or uranium oxide by electrodeposition, 

the electrochemical behaviour of UO2(NO3)2 in a solution of TBP present in 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (C4mimNTf2) IL was studied in the 

presence of chloride ion by adding C4mimCl.  It was expected that the presence of 

chloride ion in organic phase can decomplex uranyl ion (UO2
2+

) ion from TBP 

coordination, and favour underpotential reduction of UO2
2+

. The complexes formed in IL 

phase were characterized by UV-Visible, ATR-FTIR and Raman spectroscopy.  

(iii) The solubility of uranyl nitrate in many ILs was invariably very low. For 

electrowinning applications, it was necessary to dissolve significant amount of uranium 
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salt in IL that exhibits low viscosity also. In view of this, the dissolution of uranyl nitrate 

in IL containing dicyanamide anion was studied and the coordination and electrochemical 

behaviour of uranyl ion in IL was investigated by advanced spectroscopic and 

electrochemical techniques. Similarly to enhance the solubility of rare earth metals, the IL 

containing lanthanide specific ligands and neutral ligand-ionic liquid were prepared and 

electrochemical and coordination behaviour of lanthanide salts present in those ILs was 

investigated by voltammetry and FTIR spectroscopy.  

(iv) The metallic fuel in a nuclear reactor is composed of an alloy of uranium and 

zirconium (5-10 wt.%). Non-aqueous electrorefining method was employed for the 

reprocessing of spent nuclear fuel in molten salt medium. In electrorefining process, U-Zr 

alloy was anodically dissolved into electrolytic medium and the uranium was recovered 

as metal on the cathode material from zirconium and fission products. To understand the 

feasibility of using ILs for reprocessing of spent metallic fuels, the anodic dissolution of 

U and Zr metals and electrochemical behaviour of U(IV) and Zr(IV) was studied in the 

room temperature ILs such as C4mPyNTf2 and C4mimNTf2.  

The results obtained from these studies are reported in this thesis. 
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Chapter 2: Experimental techniques, equipment, facilities and instrumentation 

This chapter describes experimental procedures involved in the electrochemical 

studies and spectroscopic investigation of some actinides and fission products. The 

synthesis of room temperature ionic liquids (ILs) used in the present study have been 

described in this chapter. Methods and materials employed for the electrochemical and 

spectroscopic studies as well as the details of the instruments used have been described 

here. Basic principles behind the voltammetric techniques viz., cyclic voltammetry, 

chronoamperometry and chronopotentiometry have also been explained. 

2.1. Chemicals and reagents 

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

“as received” unless otherwise mentioned. 

1-Methylimidazole (Purity: 99%) was procured from M/s. Fluka, United Kingdom and it 

was used after distillation. 

N-Methylpyrrolidine (Purity: > 97%) was procured from M/s. Fluka, United Kingdom 

and it was used after distillation. 

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

Germany. It was washed with dilute sodium carbonate solution (~0.2 M) followed by 

distilled water and then dried under vacuum before use. 

DHOA was obtained from Heavy Water Board, Tuticorin, India. 

1-Chlorobutane (Purity: > 99%) was procured from M/s. Sigma Aldrich, USA and it was 

purified by distillation. 
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1-Bromobutane (Purity: 99%) was procured from M/s. Merck, Germany / M/s SD Fine 

Chemical, India Limited. 

LiNTf2 (Bis(trifluoromethanesulfonyl)imide lithium salt) was procured from M/s Sigma 

Aldrich (> 99%), USA / M/s. Iolitec (>98%), Germany. 

Bis(trifuoromethanesulfonyl)imide (80% aqueous solution) was procured from M/s. 

Iolitec, Germany. 

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

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

Anhydrous Zirconium (IV) chloride (99.9 %) was procured from M/s. Sigma Aldrich, 

USA. 

Anhydrous palladium (II) chloride (99.9 %) was procured from M/s. Sigma Aldrich, 

USA.  

Ruthenium chloride hydrate and Europium (III) chloride hexahydrate (99.99 %) were 

procured from M/s. Sigma Aldrich, USA.  

Uranium oxychloride, uranyl nitrate and U3O8 were obtained from Nuclear Fuel 

Complex, India, and the uranium content was estimated by Davies and Grey method. 

Sodium tetrafluoroborate (NaBF4(H2O)6) (98%) and sodium dicyanamide 

(Na(N(CN)2(H2O)6) (> 98.0%) were procured from TCI chemicals, Japan. 

Eu2O3, Nd2O3 and Dy2O3 were obtained from M/s. SD Fine Chemicals, India. 

Glassy Carbon and Palladium wires were obtained from M/s. Johnson Matthey, UK. 
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Metallic uranium and zirconium were obtained from Nuclear Fuel Complex, Hyderabad, 

India. 

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

Ethylacetate, Dichloromethane and Chloroform were obtained from M/s. Fischer 

Inorganics and Aromatics Limited, Chennai, India and they were used as such. 

Concetrated acids HNO3, HCl, HClO4 (GR grade) were procured from M/s. Merck 

Specialities Private Limited, Mumbai, India 

Sodium hydroxide (AR grade) was obtained from M/s. SD Fine Chemicals, India / M/s 

Sigma Aldrich, USA. 

Phenolpthalein (Merck Specialities Private Limited, India) solution was prepared by 

dissolving ~ 500 mg of solid in 100 mL of 1:1 mixture of distilled water and methanol. 

Sodium nitrite was obtained from M/s. SD Fine Chemicals, Mumbai, India. 

2.2. Equipment 

All the electrochemical experiments in the present 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. This electrochemical cell 

had a single leak-tight glass container and all electrodes were placed in the same 

container. The glass assembly was kept in an oil bath maintained at a constant 

temperature (±0.1
o
C). The cell was purged with argon gas for one hour to drive away the 

moisture, if any, and kept under with argon atmosphere during electrochemical 

measurements. 
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A rotary evaporator (model: R-3000 from M/s. Buchi Laboratories Technique AG, 

Switzerland) was used for drying ILs samples at 353 K and to distill off volatile solvents 

under vacuum. 

A glove box with argon atmosphere maintained at a positive pressure with respect 

to the ambient was used to preserve and handle air sensitive ILs. The argon gas in the 

glove box was purified by passing through a column containing molecular sieves and 

deoxo copper catalyst respectively in order to maintain the amount of oxygen and 

moisture below 10 ppm. 

A vacuum oven (Model-VT-AP-11 from M/s. Technico) with digital temperature 

controler was used for drying the ILs prior to use. This oven was connected to a vacuum 

pump with a pirani guage and a pressure regulator. All the samples were dried initially by 

using this oven at the desired temperatures. 

A Karl- Fischer Titrator (AT 36 from Spectralab) was used for the determination 

of the residual moisture. This titrator was initially calibrated by using a known quantity of 

water. Samples with known weight (typically about 1-100 mg) were taken for the 

determination of water content.  

The UV-Visible-NIR spectra of all the samples were recorded by using Shimadzu 

UV-VIS-NIR spectrophotometer (UV-3600). Quartz cuvettes with 1 cm path length were 

used in all these spectroscopic measurements. 

The Fourier transform infrared (FTIR) spectrum of the sample was recorded by 

using BRUKER TENSOR II FT-IR spectrometer equipped with an ATR (attenuated total 

reflectance) diamond crystal and deuterated-triglycine sulfate (DTGS) detector. 
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Raman spectra were recorded on an inVia Raman microscope system (Renishaw 

plc, Gloucestershire, UK) equipped with a Leica microscope using 785 nm excitation 

laser with a power of 300 mW and a charge couple devise (CCD) as the detector. A 20X 

objective lens was used and the laser exposure time was 10 s. 

The X-ray diffraction patterns of the deposits were obtained by using Philips 1011 

X-ray diffractometer (operating with 40 KV and 45 mA) with Cu Kα (1.5406 Å) 

radiation. 

Field emission gun-scanning electron microscopy (FEG-SEM) images were 

obtained using TESCAN MIRA 3 model, Tescan, Czech Repuclic at 15 kV.  

Energy dispersive X-ray spectral analysis (EDX) was carried out in order to 

examine elemental composition of the deposit. 

Size of aggregates in the IL phase were measured using Zetasizer-3000 (nano ZS) 

DLS spectrometer (Malvern Instrument Company, UK) with a 5 mW He-Ne laser beam 

at a wavelength of 632.8 nm. The scattering angle for measurement was set at 90° in a 

cell of 4 mm path length. All these experiments were carried out at 298 + 10 K. Standard 

colloidal suspension (polystyrene latex) was used for the verification of the particle size 

measured by this DLS instrument. 

All the luminescence spectra were recorded by using Edinburgh 

spectrofluorimeter FLS920 (Edinburgh instruments, UK) with a 450 W xenon lamp as the 

excitation source. Fused silica cuvette with a path length of 2 mm was used as the sample 

cell for recording these luminescence spectra. The band pass of 3 nm was set for both the 

excitation and emission monochromators. A long-wavelength pass filter (UV–39, 

Shimadzu) with a maximum and uniform transmittance (>85%) >400 nm was placed in 
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front of the emission monochromator, to reduce the scatter of the incident beam into the 

emission monochromator. Spectra were recorded at room temperature with a 90° 

collection geometry. 

2.3. Analytical procedures 

2.3.1. Preparation of lanthanide tris[bis(trifluoromethanesulfonyl)imide 

(Ln(NTf2)3) 

Ln(NTf2)3 (Ln = Eu, Nd and Dy) was prepared as per the procedure reported in 

reference [1]. 0.5 mol of Ln2O3 was added to an aqueous solution of 3 mol of HNTf2 and 

the mixture was stirred at 343 K for six hours. Ln(NTf2)3 (1 mol) formed was dried in a 

rotary evaporator at 353 K. 

2.4. Experimental procedures 

The experimental procedures adapted for obtaining the results discussed in each 

chapter are presented here.  

2.4.1. Electrochemical interference of some fission products during the 

electrodeposition of uranium oxide from 1-butyl-3-methylimidazolium chloride ionic 

liquid 

 

2.4.1.1. Sample preparation for voltammetric studies 

50 mM solutions each of Pd
2+

, UO2
2+

, Ru
3+

 and Eu
3+

 in C4mimCl were prepared 

by dissolving independently the anhydrous PdCl2, UO2Cl2, RuCl3 and EuCl3, respectively 

in C4mimCl at 353 K. The solution required for studying the combination of two different 

metal ions was prepared by mixing equal fractions (by weight basis) of the above the 

prepared solutions. Cyclic voltammograms  pertaining to the redox reactions of UO2
2+

, 

Pd
2+

, Eu
3+

 and Ru
3+

 in IL medium were recorded at glassy carbon working electrode 

(cylindrical SA=0.16 cm
2
). A glassy carbon rod (cylindrical SA=0.25 cm

2
) and Pd wire 

(cylindrical SA=0.10 cm
2
) acted as counter and quasi-reference electrodes respectively. 
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2.4.2. Dissolution of U3O8 in 1-butyl-3-methylimidazolium chloride and 

spectroscopic and electrochemical behavior of U(VI) in the resultant solution 

 

2.4.2.1. Dissolution studies of U3O8  

All the dissolution studies were carried out under ambient conditions. The 

dissolution of U3O8 in C4mimCl was performed by adding a desired quantity of U3O8 (of 

particle size 50 μm) in 10 g of C4mimCl taken in a beaker. This beaker was kept in an oil 

bath and heated to 353 K. A required volume of 5 M nitric acid was added dropwise to 

the solution such that the HNO3 : U ratio was either 4 : 1 or 6 : 1 or 8 : 1. The solution 

was stirred by magnetic stirrer until U3O8 was completely dissolved (based on uranium 

analysis in the solution) to give a clear solution. For all the spectroscopic measurements 

the C4mimCl samples were dried under vacuum at 373 K. 

2.4.2.2. Sample preparation for spectroscopic measurements 

The ILs C4mimNTf2 and C4mimCl were dried at 373 K under vacuum for 24 h 

before use. Uranyl nitrate in C4mimNTf2 was prepared by dissolving the required quantity 

of UO2(NO3)2(H2O)6–7 in C4mimNTf2 containing C4mimCl, such that the mole ratio of Cl 

: U was varied from 0 : 1 to 6 : 1. The solution obtained after dissolution was heated to 

353 K under vacuum for about six hours and kept in an inert argon box few hours. The 

UV–Visible spectra of the sample were recorded at 298 K from 200 nm to 700 nm, using 

a quartz cell containing C4mimNTf2 + C4mimCl in some cases as reference.  

Since C4mimCl was solid at room temperature, this could not be taken in a 

reference cell for recording UV–Visible absorption spectrum. Therefore, C4mimCl was 

dissolved in acetonitrile and taken in the reference cell for recording the UV–Visible 

absorption spectrum. Similarly, an aliquot was taken from the dissolver solution i.e. U3O8 

dissolved in C4mimCl in the presence of nitric acid, and diluted with acetonitrile before 

recording the UV–Visible absorption spectrum of uranium.  
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After the UV–Visible measurements of all samples indicated above, few 

microlitres of each sample was placed on a diamond disk for ATR-FTIR analysis. The 

ATR-FTIR spectrum was recorded from 600 cm
−1

 to 4000 cm
−1

. For each sample the data 

were acquired in about 16 scans with a resolution of 4 cm
−1

. The acquired data was 

corrected from the background spectrum (without sample) and presented as ATR-FTIR 

spectrum of the sample. In each case, all the spectroscopic measurements were checked 

their reproducibility. 

After dissolution of U3O8 (Section 2.5.2.1), an aliquot was taken from the solution 

for recording the Raman spectrum, using a macrosampling unit. In these cases ~2 mL of 

sample was taken in a vial (1 cm diameter) and spectra were recorded for 50 

accumulations in order to achieve good signal to noise ratio. After the measurement, the 

spectrum was refined by correcting it for the background. The results obtained after these 

measurement were compared with that of C4mimCl. 

2.4.2.3. Voltammetric studies 

The electrochemical behaviour of C4mimCl, UO2
2+

 (UO2Cl2 dissolved) and UO2
2+

 

(U3O8 dissolved in the presence of nitric acid) in C4mimCl was investigated by cyclic 

voltammetric studies at glassy carbon working electrode (cylindrical SA = 0.16 cm
2
). A 

glassy carbon rod (cylindrical SA =0.25 cm
2
) and Pd wire (cylindrical SA =0.10 cm

2
) 

acted as counter and quasi-reference electrodes respectively. The Cl
-
/Cl2 was aslo 

considered as internal reference for CV measurements. 

2.4.3. Electrochemical Behavior of U(VI) in Imidazolium Ionic Liquid Medium 

Containing Tri-n-butyl Phosphate and Chloride Ion and Spectroscopic 

Characterization of Uranyl Species 

 

2.4.3.1. Sample Preparation 
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The ILs, C4mimNTf2 and C4mimCl were dried under vacuum in a rotary 

evaporator, at 373 K about 24 hours before use. The required quantity of 

UO2(NO3)2(H2O)6-7 and TBP were added to C4mimNTf2 to prepare a solution of 80 mM 

uranyl nitrate + 160 mM TBP/ C4mimNTf2. The uranium concentration in IL was then 

estimated by ICP-AES measurements after destroying the organics by perchloric acid. 

Ultima C spectroanalyser (John Yvon, France) equipped with ICP excitation source was 

used in the present study. The required amount of C4mimCl  added to the IL solution to 

vary the mole ratio of U : NO3 : TBP : Cl from 1 : 2 : 2 : 0 to 1 : 2 : 2 : 6. The solution 

thus prepared was dried in a rotary evaporator, at 373 K under vacuum for 24 hours and 

kept in an inert argon box.  

2.4.3.2. Voltammetric studies 

The U(VI) samples prepared at diffrent mole ratio of U : Cl, as mentioned in the 

previous section were investigated by cyclic voltammetric studies. A glassy carbon rod 

(cylindrical SA =0.16 cm
2
) was used as working electrode. A glassy carbon rod 

(cylindrical SA= 0.25 cm
2
) and palladium wire (cylindrical SA=0.10 cm

2
) acted as 

counter and quasi-reference electrodes respectively during voltammetric measurements.  

2.4.3.3. Spectroscopic Measurements 

The UV-Visible spectra of the sample were recorded at 298 K from 350 nm to 550 

nm, a quartz cell containing C4mimNTf2 used as reference. After the UV-Visible 

measurements, few microlitres of the sample was placed on a diamond disk of ATR for 

ATR-FTIR analysis. The ATR-FTIR spectrum was recorded from 600 cm
-1

 to 4000 cm
-1

 

with the resolution of 4 cm
-1

. For each sample the data were acquired in about 16 scans 

and the acquired data was corrected with the background spectrum (C4mimNTf2) and 

presented as differential ATR-FTIR spectrum of the sample. In all these cases, the 
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spectrum was recorded at least three times in order to check the consistency and 

reproducibility of these results. The Raman spectrum of sample was recorded using a 

liquid macro-sampling unit. The IL samples (about 2 mL) were taken in a 1 cm diameter 

sealed vial and spectra were recorded for about 50 accumulations in order to obtain a 

good signal to noise ratio. After the measurement, the collected spectrum was refined by 

background correction and presented. 

2.4.4. Coordination and electrochemical behavior of U(VI) in dicyanamide IL 

2.4.4.1. Sample preparation for spectroscopic measurements  

The samples for spectroscopic studies was prepared by adding the required 

quantity (in gram) of UO2(NO3)2(H2O)6 and C4mimDCA in C4mimBF4 such that the mole 

ratio of U : NO3 : DCA was varied from 1 : 2 : 2 to 1 : 2 : 5 and the uncertainty in the 

composition was less than 5%. The uranium content in UO2(NO3)2(H2O)6 was estimated 

by a standard procedure [2]. Based on this value the required quantity of 

UO2(NO3)2(H2O)6 was added in order to obtain the requisite mole ratio of U : DCA. The 

solution was dried in a rotary evaporator for about ten hours at 343 K under vacuum to 

remove the traces of moisture. The water content present in the IL was estimated (Karl 

Fischer method) to be < 0.5 wt%. The structures of the ILs are shown in Fig. 4.9. 

2.4.4.2. Voltammteric and spectroscopic studies of U(VI) in dicyanamide ILs 

Uranyl nitrate added to C4mImDCA and C4mPyDCA under inert atmosphere at 

room temperature and kept the solution under ultrasonication for about 30 min. The 

solution obtained after complete dissolution was used for spectroscopic and 

electrochemical measurements in this study. A glassy carbon rod (cylindrical SA=0.3 

cm
2
) was used as working electrode. A glassy carbon rod (cylindrical SA=0.5 cm

2
) and 

Pd wire (cylindrical SA=0.10 cm
2
) acted as counter and quasi-reference electrodes 

respectively during voltammetric studies. 
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2.4.5. Electrochemical behavior of zirconium(IV) in 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl) imide IL 

 

2.4.5.1. Voltammetric and electrodeposition studies 

A solution of Zr(IV) (30 mM) in C4mimNTf2 was prepared by dissolving 

anhydrous ZrCl4 in C4mimNTf2, under constant stirring at room temperature. 

Voltammetric studies were carried out in a temperature range 353–383 K. A glassy 

carbon rod (cylindrical SA = 0.16 cm
2
) was used as working electrode. A glassy carbon 

rod (cylindrical SA = 0.25 cm
2
) and Pd wire (cylindrical SA=0.10 cm

2
) acted as counter 

and quasi-reference electrodes, respectively. For open circuit potential measurements, 

zirconium metal rod (cylindrical SA = 0.32 cm
2
) was used as working electrode. 

Electrodeposition was conducted on glassy carbon working electrode under inert 

atmosphere, with glassy carbon acted as counter electrode and palladium wire acted as 

quasi-reference electrode. After deposition, the electrode was washed extensively with 

acetone and deionized water before subjecting it for thermal analysis and surface 

morphology. 

2.4.5.2. Sample preparation for SEM-EDX and XRD measurement  

Sample for SEM-EDX and XRD measurement was prepared by electrodepositing 

zirconium metal on a glassy carbon substrate (cylindrical SA=0.25 cm
2
) and Pd wire 

(cylindrical SA=0.10 cm
2
) acted as counter and quasi-reference electrodes, respectively. 

A solution of Zr(IV) (30 mM) in C4mimNTf2 was prepared by dissolving anhydrous 

ZrCl4 in C4mimNTf2, under constant stirring at room temperature. To obtain this deposit, 

electrolysis of Zr(IV) in C4mimNTf2 was carried out for about 1 hour at glassy carbon 

working electrode at -1.7 V (Vs Pd). The deposit was washed with moisture-free acetone 

and dried in air. The zirconium deposit present on the glassy carbon substrate was 
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subjected to SEM-EDX analysis. For XRD measurements, the electrodeposited sample 

was removed and smeared on an aluminium sample holder before recording. 

2.4.6. Anodic Dissolution of Uranium and Zirconium Metals and Electrochemical 

Behavior of U(IV) and Zr(IV) in IL 

 

2.4.6.1. Linear sweep voltammetry of uranium and zirconium 

The metallic uranium or zirconium was used as the working electrode for 

recording linear sweep voltammograms as well as for the anodic dissolution of uranium 

or zirconium in IL C4MPyNTf2 in presence and absence of HNTf2. A glassy carbon rod 

(cylindrical SA = 0.55 cm
2
) and palladium wire (cylindrical SA = 0.10 cm

2
) were used as 

counter and quasi-reference electrodes, respectively. 

2.4.6.2. Anodic dissolution of metallic uranium and zirconium 

The anodic dissolution of uranium and zirconium in C4MPyNTf2 in the presence 

and absence of HNTf2 was carried out by applying the required anodic potential, to the 

uranium or zirconium working electrode (0.4 cm
2
), which was immersed in IL medium 

for about 2 hours. For dissolving uranium, an anodic potential of 1.5 V was applied to the 

working electrode, and for dissolving zirconium an anodic potential of 0.5 V was applied. 

After dissolution, the solution was dried at 353 K for 24 hours under vacuum in a rotary 

evaporator, and then it was subjected to voltammetric measurements. An aliquot was 

taken from this solution in order to determine the concentration of uranium and zirconium 

in the aliquot. The aliquot was added to an excess of perchloric acid and evaporated to 

dryness. The dried product thus obtained was redissolved in dilute nitric acid and the 

amount of uranium and zirconium present in the solution was determined by inductively 

coupled plasma - optical emission spectroscopy (ICP-OES). 
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2.4.6.3. Sample preparation for spectroscopic measurements of U(IV) samples 

The solution obtained after the anodic dissolution of metallic uranium was dried at 

353 K for about 24 hours under vacuum and kept in an inert argon box for few hours 

before recording the visible absorption spectrum. The solution containing uranium was 

placed in a quartz cell and the visible absorption spectrum was recorded from 400 nm to 

700 nm against C4MPyNTf2 as a reference. In another sample, the required quantity of 

C4MPyCl was added to the solution of C4MPyNTf2 containing U(IV). The solution was 

dried at 353 K under vacuum in a rotary evaporator for about 24 hours and kept in an 

inert argon glove box. The visible spectrum of the solution was then recorded from 400 to 

700 nm, against the solution of C4MPyNTf2 + C4MPyCl as reference. 

2.4.6.4. Voltammetric measurements 

The solution obtained after anodic dissolution of uranium or zirconium was dried 

at 353 K under vacuum in a rotary evaporator for 24 hours. The water content present in 

the IL was determined to be < 0.5 wt%. The electrochemical cell consisted of a three 

electrode assembly in which a glassy carbon rod (cylindrical SA = 0.20 cm
2
) acted as 

working electrode for recording cyclic voltammograms. A glassy carbon rod (cylindrical 

SA = 0.55 cm
2
) and palladium wire (cylindrical SA = 0.10 cm

2
) were used as counter and 

quasi-reference electrodes, respectively.  

2.4.7. Electrochemical and spectroscopic investigation of Eu(III) in T2EHDGA–

[C4mim][NTf2] mixture 

 

2.4.7.1. Preparation of Eu (III) solutions in [C4mim][NTf2]  

A solution of Eu(III) in [C4mim][NTf2] was prepared by dissolving the required 

quantity of Eu(NTf2)3 in [C4mim][NTf2] and heating the resulting mixture at 373 K for 

few hours under argon atmosphere [1]. The solution was dried in a rotary evaporator 

under vacuum at 353 K for ~24 h prior to electrochemical studies. For T2EHDGA 
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containing IL solution, the required quantity of T2EHDGA and Eu(NTf2)3 were added to 

[C4mim][NTf2]. The resulting mixture was heated at 373 K for 3 h under argon 

atmosphere. The solution was then dried by rotary evaporation as discussed above. 

2.4.7.2. Voltammetric studies 

The solution of Eu(III) in the IL ([C4mim][NTf2]) phase containing various 

concentration of T2EHDGA was prepared. The concentration of Eu(III) in 

[C4mim][NTf2] was 0.1 M and the concentration of T2EHDGA was fixed at 0.02 M in 

[C4mim][NTf2] medium. Voltammetric studies were carried out in a temperature range 

343 K to 373 K. A glassy carbon rod (cylindrical SA = 0.3 cm
2
) was used as working 

electrode. A glassy carbon rod and Pd wire acted as counter and quasi-reference 

electrodes, respectively. All the redox potentials were referred against Fc/Fc
+
 [7-9]. 

2.4.8. Voltammetric investigation of some lanthanides in neutral ligand-ionic liquid 

2.4.8.1. Preparation of Neutral Ligand-Ionic Liquid (NLIL) 

 The NLIL was prepared by dissolving the required quantity of lanthanide 

tris[bis(trifluoromethylsulfonyl)imide] (Ln(NTf2)3) (Ln = Eu, Nd and Dy) in 

dihexyloctanamide (DHOA), which is kept under inert atmosphere. The beaker containg 

solution was kept in a sonicator for about one hour. The solution obtained after 

dissolution was heated to 353 K about six hours to drive away the moisture and kept in an 

inert argon box. 

2.4.8.2. Dissolution of lanthanide oxides in DHOA…HNTf2 adduct 

For the dissolution of lanthanide oxides in ligand phase, the DHOA was 

equilibrated with HNTf2 to obtain DHOA…HNTf2 adduct in organic phase. The Ln2O3 

were added to DHOA…HNTf2 adduct with the mole ratio of Ln : HNTf2 as 1 : 3. The 

solution was heated to 353 K and stirred the solution for about 2 hours. After the 
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dissolution of Ln2O3 in DHOA, this solution was dried in a rotary evaporator at 343 K 

and the NLIL was stored in an inert argon atmosphere glove box. The structures of the 

chemicals used in present work are shown in figure 6.9. 

2.4.8.3.Voltammetric studies 

A solution of 100 mM Ln(III) in DHOA (NLIL) was prepared by the procedure 

mentioned in section (2.5.8.1).  For voltammetric experiments a glassy carbon rod was 

used as working (cylindrical SA=0.20 cm
2
) and counter (cylindrical SA=0.30 cm

2
) 

electrode. A palladium wire (cylindrical SA=0.10 cm
2
) acted as quasi-reference electrode.  

2.5. Synthesis of Ionic liquids 

2.5.1. 1-Butyl-3-methylimidazolium chloride (C4mImCl)  

1-Butyl-3-methylimidazolium chloride was prepared as described elsewhere [3] 

and the synthesis scheme is shown in figure 2.1. The preparation of 1-butyl-3-

methylimidazolium chloride (C4mImCl) involves refluxing a mixture of 1-

methylimidazole with 1-chlorobutane in the mole ratio of 1:1.2 at 343 K for 72 hours. 

The resulting product (C4mImCl) 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 353 K for more than 24 hours. A quantitative yield was obtained. 

 

Fig. 2.1. Synthesis of 1-Butyl-3-methylimidazolium chloride 
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2.5.2. 1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

(C4mImNTf2) 

The preparation involves a metathesis reaction between C4mImCl and Lithium 

bis(trifluoromethanesulfonyl)imide (Li
+
 

-
N(CF3SO2)2) in the mole ratio of 1:1 [3]. This 

reaction mixture was stirred for overnight at 298 K in water medium. After stirring, the 

bottom layer of IL was removed and washed several times with distilled water in order to 

remove unreacted precursors and LiCl salt. The final product was treated with charcoal 

and dried at 343 K under vacuum in order to remove the moisture [4]. Around 85% yield 

was obtained for each IL. 

 

Fig. 2.2. Synthesis of 1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

2.5.3. N-butyl N-methylpyrrolidinium chloride (C4MPyCl) 

N-Butyl-N-methylpyrrolidinium chloride was prepared as described elsewhere [5] 

and the synthetic procedure is depicted in figure 2.3. The preparation of N-butyl-N-

methylpyrrolidinium chloride (C4MPyCl) involves refluxing a mixture of N-

methylpyrrolidine with 1-chlorobutane in the mole ratio of 1:1.2 at 343 K for 72 hours. 

The resulting product (C4MPyCl) was washed a few times with ethyl acetate. The excess 

ethyl acetate was removed under vacuum at 353 K and the product was purified by 

recrystallization in acetonitrile medium. Yield of C4MPyCl is 85%.  
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Fig. 2.3. Synthesis of N-butyl-N-methylpyrrolidinium chloride 

 

2.5.4. N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 

(C4MPyNTf2) 

The synthesis involves a metathesis reaction between C4MPyCl and Lithium 

bis(trifluoromethanesulfonyl)imide (Li
+
 

-
N(CF3SO2)2) in the mole ratio of 1:1 [5]. This 

reaction mixture was stirred for 4 hours at 298 K in water medium. After stirring, the 

bottom layer of IL was washed several times with distilled water and the product was 

treated with charcoal. Then it was dried at 353 K under vacuum in order to remove the 

moisture. Around 90% yield was obtained for C4MPyNTf2. 

 

Fig. 2.4. Synthesis of N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 
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2.5.5. 1-Butyl-3-methylimidazolium dicyanamide (C4mImDCA) 

The synthesis involves in the reaction between C4mImCl and Sodium 

dicyanamide (Na
+
 
-
N(CN)2) in the mole ratio of 1:1 [6]. This reaction mixture was stirred 

for 6 hours at 298 K in water medium. After stirring, the solution was dried at 353 K and 

the product was dissolved dry acetonitrile/acetone for removing NaCl by filtration. Then 

it was dried at 353 K in order to remove acetonitrile and the absence of Cl
-
 in the final 

product was ascertained by testing it with AgNO3 solution. 

 

Fig. 2.5. Synthesis of 1-Butyl-3-methylimidazolium dicyanamide 

2.5.6. 1-Butyl-3-methylpyrrolidinium dicyanamide (C4mPyDCA) 

The synthesis involves in the reaction between C4mPyCl and Sodium dicyanamide 

(Na
+
 

-
N(CN)2) in the mole ratio of 1:1. This reaction mixture was stirred for 6 hours at 

298 K in water medium [6]. After stirring, the solution was dried at 353 K under vaccum 

and the product was dissolved dry acetonitrile/acetone for removing NaCl by filtration. 

Then it was dried at 353 K in order to remove acetonitrile and the absence of Cl
-
 in the 

final product was ascertained by testing it with AgNO3 solution. 
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Fig. 2.6. Synthesis of N-butyl-N-methylpyrrolidinium dicyanamide 

 

The basis behind the electrochemical techniques used in the present study was 

described in the Annexure. 
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Chapter 3:  Interference of some fission products and nitric acid during the 

electrochemical reduction of UO2
2+

 in ionic liquid medium 

Introduction 

The high-temperature electrochemical methods, viz., oxide-electrowinning and 

electrorefining are popular for reprocessing of spent nuclear fuels [1-2]. The traditional 

oxide-electrowinning method involves the oxidative dissolution of spent oxide fuel in a 

high-temperature molten salt mixture composed of alkali and alkaline-earth metal 

chlorides, by chlorination reaction. In this process, the oxides of uranium, plutonium and 

fission products present in the spent nuclear fuel are converted to the corresponding 

oxychloride and chloride salts [3]. The uranium oxychloride present in the molten salt is 

then recovered as UO2 by electrolysis and the plutonium remaining in the melt is 

precipitated as PuO2 by passing a mixture of chlorine, oxygen and nitrogen gases. It is 

important to note that the operating temperature required for this process is usually above 

873 K, depending upon the composition of the chosen alkali metal chloride eutectic.  

In contrast to the high-temperature molten salts, the demployment of ILs in place 

of molten inorganic chlorides could facilitate a near ambient condition. In this context, 

Asanuma and co-workers [4] proposed a new approach for reprocessing the spent nuclear 

fuel by using IL. The proposed method involved oxidative dissolution of spent nuclear 

fuel in an IL by passing Cl2 gas. The solution was then subjected electrolysis to reduce 

UO2
2+

 to UO2. However, these authors studied only the electrochemical behaviour of 

UO2
2+

 in three different ILs viz., 1-butyl-3-methylimidazolium chloride (C4mimCl), 1-

butyl-3-methylimidazolium tetrafluoroborate (C4mimBF4) and 1-butyl-3-

methylimidazolium nonafluorobutanesulfonate (C4mimNfO) [5]. The electrochemical 

reduction of UO2
2+

 in C4mimNfO at -1.0 V (Vs Ag/AgCl) was reported to produce a 
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uranium oxide deposit on a carbon electrode. In the recent past, Biju joseph et al. [6] 

reported the dissolution behaviour of uranium oxides, UO3 and UO2, in C4mimCl medium 

by chlorination reaction at 353 K and the electrochemical behaviour of UO2
2+

 in the 

resultant solution.  

The dissolution behaviour of UO2CO3 in the neat and “wet” IL namely trimethyl-

n-butylammonium bis(trifluoromethanesulfonyl)imide and its electrochemical behaviour 

of the resultant solution was examined by Pemberton et al. [7]. These authors reported 

that UO2CO3 can be dissolved to some extent in this IL. However, the rate of dissolution 

and quantity of uranium in this IL could be enhanced by the addition of a mixture of 

water and bis(trifluoromethanesulfonyl)imide (HTFSI). The dissolution of UO2CO3 

increased from 5 mM to 50 mM with the addition of HTFSI and water. The UO2
2+

 present 

in IL medium after dissolution underwent a two electron transfer reduction to uranium 

oxide at the working electrode. Similarly, Freiderich et al. [8] studied the direct 

electrodeposition of uranium oxide from a solution of uranyl 

bis(trifluoromethanesulfonyl)imide present in 1-ethyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide IL. These authors reported a two-step one-electron 

transfer reduction of UO2
2+

 to uranium oxide in this IL.  
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3.1. Electrochemical interference of some fission products during the 

electrodeposition of uranium oxide from ionic liquid medium 

Uranium in molten choride salt medium exists in the form of [UO2Cl4]
2-

 while the 

fission products exists as their chlorides or oxychlorides [9]. During electrolysis, 

[UO2Cl4]
2-

 undergoes a two electron transfer reduction to uranium oxide (UO2) at a 

particular reduction potential and is deposited at the cathode. Practical considerations of 

electrolysis demand that the cathodic reduction be performed at a high current density in 

order to ensure quantitative recovery of uranium. In this context, the potential of the 

cathode is usually kept at a higher negative potential, beyond the potential pertaining to 

the reduction of UO2
2+

 to UO2. Under such conditions, it is quite likely that the fission 

products present in the molten salt medium, albeit in low concentration, also would 

undergo reduction or would interfere with the electrochemical reactions of UO2
2+ 

[10]. 

This interference could be more severe when the reduction potential of a given fission 

product overlaps with that of the UO2
2+

. Knowledge of electrochemical series [10] 

indicates that the noble metals viz., Pd
2+

, Rh
3+

 and Ru
3+ 

that have a very similar reduction 

potential to that of UO2
2+

 could interfere considerably in the electrochemical reactions of 

UO2
2+

. Since these noble metals are formed in significant quantities during nuclear their 

interference in the electrolytic process for the recovery of uranium would be rather 

significant. In addition, the one electron reduction potential of some trivalent lanthanide 

ions into their respective divalent ions (for e.g. Eu
3+

 to Eu
2+

) [10] is very close to the 

reduction potential of UO2
2+

 to UO2 [10].  Therefore, these lanthanides also pose interfere 

in the recovery of uranium. However, there is no report available in literature on the 

studies related to the interference of fission products during electrodeposition of uranium 

oxide, neither in room temperature ILs nor in high temperature molten salts. 
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Therefore, in the present work is to the electrochemical behaviour of UO2
2+

 in 1-

butyl-3-methylimidazolium chloride (C4mimCl) IL medium in the presence of fission 

products such as palladium(II), ruthenium(III) and europium(III), has been studied. The 

electrochemical behaviour of UO2
2+

 both in the presence and absence of these elements 

has been studied by cyclic voltammetry.  

The experimental procedure pertaining to the sample preparation has been 

discussed in the section 2.4.1 and synthesis of IL (C4mimCl) has been detailed in the 

section 2.5.1.   
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3.1.1. Results and Discussions 

3.1.1.1. Cyclic voltammetry of UO2
2+

 in C4mimCl 

Figure 3.1 shows the cyclic voltammogram of C4mimCl recorded at a glassy 

carbon working electrode at a scan rate of 100 mV.s
-1

 at 353 K. This IL, C4mimCl, 

exhibits an electrochemical window of 2.5 V which is depicted in figure 3.1. This figure 

also shows the cyclic voltammogram pertaining to UO2
2+

 recorded at glassy carbon 

working electrode at a scan rate of 100 mV.s
-1

 at 353 K. This voltammogram shows that 

the onset of reduction at -0.5 V (Vs Pd) resulting in a cathodic peak at the potential (Ep
c1

) 

of -0.7 V (Vs Pd). A couple of oxidation waves (Ep
a1 

& Ep
a2

) are also observed at -0.54 V 

(Vs Pd) and 0.30 V (Vs Pd) respectively during the scan reversal at -1.0 V. The reduction 

of UO2
2+

 into UO2 is responsible for the cathodic wave observed at -0.55 V (Vs Pd), as 

reported in our previous work [11]. A similar behaviour was also reported by others [4, 

5]. However, the reason for the occurrence of a couple of oxidation waves is not clear. 

Perhaps there could be attributed to the adsorption of the reduced product UO2 on to the 

glassy carbon working electrode. The first anodic wave (Ep
a1

) could be due to the 

oxidation of UO2 to UO2
2+

 and Ep
a2

 could be due to the oxidation of adsorbed UO2 to 

UO2
2+

. Such adsorption behaviour has been reported by some authors in other systems 

[12]. The difference in the value of Ep
c1 
–Ep/2

c1
 is marginally higher (68 mV at 353 K) as 

compared to the value needed for a reversible (33.5 mV at 353 K) two-electron process 

[13, 14]. This shows that the reduction of UO2
2+

 to UO2 could be quasi-reversible. 
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Figure 3.1. Cyclic voltammogram (CV) of  neat C4mimCl and its solutions containing 50 

mM UO2
2+

 or 50 mM Pd
2+

 or (25 mM UO2
2+

 + 25 mM Pd
2+

) recorded at a glassy carbon 

working electrode at a scan rate of 100 mV.s
-1

 at 353 K. 

 

3.1.1.2. Cyclic voltammetry of Pd
2+

 in C4mimCl 

The cyclic voltammogram of Pd
2+

 recorded at a glassy carbon working electrode 

at a scan rate of 100 mV.s
-1

 at 353 K, is shown in figure 3.1. A prominent reduction wave 

(Ep
c2

) observed at -0.78 V (Vs Pd) is due to the reduction of Pd
2+

 to Pd, and two oxidation 

waves are observed at -0.20 V (Ep
a3

) and 0.17 V (Ep
a4

), when the scan is reversed at -1.1 

V. A nucleation loop is observed at -0.57 V. The difference between the values of Ep
c1

 

and Ep/2
c1

 is higher (42 mV at 353 K) than the value needed for a reversible (33.5 mV at 

353 K) two-electron reduction [13, 14]. This shows that the reduction of Pd
2+

 to Pd could 

be quasi-reversible. These observations are similar to those reported in our previous work 

[15]. However, the cyclic voltammogram clearly indicates that the presence of Pd
2+

 in the 

IL could pose a strong interference during the electrochemical recovery of UO2, due to 
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the close proximity in the onset of reduction of both UO2
2+

 to UO2 and Pd
2+

 to Pd. 

Therefore, it would be interesting to study the electrochemical behaviour of a mixture 

containing both UO2
2+

 and Pd
2+

 in C4mimCl IL. 
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Figure 3.2. CV of a mixture (UO2
2+

 + Pd
2+

) in C4mimCl recorded at a glassy carbon 

electrode at various scan rates. [UO2
2+

] = 25 mM, [Pd
2+

] = 25 mM, T at 353 K. 

 

The voltammogram of a solution containing 25 mM UO2
2+

 + 25 mM Pd
2+

 in 

C4mimCl recorded at a scan rate of 100 mV.s
-1

 at 353 K is shown in figure 3.1. The total 

concentration of metal ions (UO2
2+

 and Pd
2+

) in the mixture is 50 mM, which is 

equivalent to the individual concentration of either Pd
2+ 

or UO2
2+

 alone in C4mimCl used 

in the other solution. The voltammogram perataining to the mixture shows the onset of 

cathodic wave at -0.5 V leading to a cathodic wave (Ep
c3

) at -0.7 V. Three prominent 

anodic waves, Ep
a5

, Ep
a6

 and Ep
a7

 are observed during the scan reversal. The magnitude of 
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the cathodic peak current observed in the mixture (50 mM total) is similar to that of the 

cathodic current observed independently in Pd
2+

 (50 mM) and UO2
2+

 (50 mM) solutions. 

However, the anodic current observed with the mixture is much lower than that observed 

in the individual solutions. A comparison of the relative position of anodic waves 

observed in the mixture with that of the individual solutions indicates that Ep
a5

 could be 

attributed to the oxidation of UO2, while Ep
a6

 and Ep
a7

 could be due to the oxidation of the 

palladium deposit. Therefore, this study indicates that the presence of palladium in the IL 

is likely to interfere in the electrodeposition of uranium oxide. 

3.1.1.3. Diffusion coefficients 

Figure 3.2 shows the cyclic voltammogram of a mixture containing 25 mM UO2
2+

 

and 25 mM Pd
2+

 in C4mimCl, recorded at different scan rates at 373 K. It could be seen 

that the cathodic peak current (Ip
c3

) increases, while the peak potential (Ep
c3

) is shifted 

cathodically with an increase in scan rate. This result shows that the reduction of UO2
2+

 to 

UO2 and Pd
2+

 to Pd in the mixture is not reversible. It also indicates that the reduction is 

not only controlled by the diffusion of the metal ions towards the working electrode but 

also by the transfer of electron across the electrode electrolyte interface suggesting a 

heterogeneous charge transfer kinetics. The charge transfer coefficient (α, 0.1≤ α ≤ 0.9) 

which is a measure of the symmetryof the barrier in a non-reversible electrode reaction 

can be determined from the magnitude of │Ep
c3

 ─ Ep/2
c3
│ by using equation (3.1) [14]. 

Ep
c3 
–Ep/2

c3
 =1.857RT/nF                                 (3.1) 

Where nα pertains to the number of electrns involved and F is the Faraday’s constant. 

Using equation (3.1) the magnitude of αnα was found to vary from 0.8 to 0.9 with the 

increase in scan rate from 10 mV.s
-1

 to 100 mV.s
-1

 at 353 K.  
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Figure 3.3. Plot of cathodic peak current against the square root of scan rate (ʋ
1/2

) 

pertaining to the reduction of UO2
2+

, Pd
2+

 and their mixture in C4mimCl at 353 K. 

 

The cathodic peak current (Ip
c3

) observed in the combined system is related to scan rate, is 

given by equation (3.2). 

Ip
c3

 = 0.496 nFCAD
1/2

 ((αnα) Fʋ/RT)
1/2

     (3.2) 

where the electrode area (A) is 0.16 cm
2
, the concentration (C) of metal ion is 0.05 

mol.cm
-3

 (50 mM) and the number of electrons exchanged is 2. The concentration of the 

metal ion in equation (3.2) is taken as 50 mM, since both the reduction of Pd
2+

 and UO2
2+

 

are responsible for the observed cathodic peak current, (Ip
c3

). Figure 3.3 shows the 

cathodic peak current (Ip
c3

) plotted as a function of the square root of the scan rate (ʋ
1/2

). 

It can be seen that the cathodic peak current increases with ʋ
1/2

. Linear dependence of 

cathodic peak current with zero intercept indicates the validity of equation 3.2 and allows 
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the determination of the diffusion coefficient. The diffusion coefficient of (UO2
2+

 + Pd
2+

) 

in the mixture was determined from the slope of the straight line shown in figure 3.3. The 

diffusion coefficient of the mixture (UO2
2+

 + Pd
2+

) is of the order 10
-8

 cm
2
/s. 

To compare the diffusion coefficient obtained in a mixture of cations with that 

obtained for the individual cations, the cyclic voltammogram of 50 mM UO2
2+

 in 

C4mimCl and 50 mM Pd
2+

 in C4mimCl were recorded at different scan rate at 353 K. 

These results are shown in figure 3.4. The cathodic peak current obtained in these 

individual voltammograms was plotted as a function of scan rate in figure 3.3 for 

comparison. Linear dependence of cathodic peak current with zero-intercept in these 

cases also indicates the validity of equation (3.2). From the slope of this straight line, the 

individual diffusion coefficients of Pd
2+

 and UO2
2+

 in C4mimCl were determined and 

compared with the diffusion coefficient of the mixture UO2
2+

 and Pd
2+

 in C4mimCl. 

These values are presented in table 3.1. It can be seen that the values of all the diffusion 

coefficients are comparable and are of the order 10
-8

 cm
2
/s. This shows that the presence 

of Pd
2+

 in the melt strongly interferes in the electrodeposition of UO2. Tan et al. [23] 

reported a diffusion coefficient of 4.74 x 10
-8

 cm
2 

s
-1

 for U(VI) in C4mimCl at 367 K, 

which is in very close agreement with the value of 6.2 x 10
-8

 cm
2 

s
-1

 obtained in the 

present study for the same IL at 353 K. Moreover, these authors [23] also determined the 

diffusion coefficients of U(VI) in C4mimCl in the presence of a small amount of water 

that varied from 0.1 wt% to 5 wt%. It was reported that the diffusion coefficient increases 

from 4.74 x 10
-8

 cm
2 

s
-1

 to 2.1 x 10
-7

 cm
2 

s
-1

 with an increase in the water residue. The 

value of diffusion coefficient of 6.2 x 10
-8

 cm
2 

s
-1 

obtained in the present study shows that 

the amount of water in the IL is insignificantly low (~0.1 wt.%).  
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Figure 3.4. CV of (a) UO2
2+

 and (b) Pd
2+

 in C4mimCl recorded at a glassy carbon 

electrode at various scan rates. [UO2
2+

] = 50 mM, [Pd
2+

] = 50 mM, T at 353 K. 
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3.1.1.4. Cyclic voltammetry of Eu
3+

 in C4mimCl 

The cyclic voltammogram of Eu
3+

 recorded at a glassy carbon working electrode 

at a scan rate of 100 mV.s
-1

 at 353 K, is shown in figure 3.5. This voltammogram is 

compared with that pertaining to UO2
2+

 in C4mimCl and a mixture containing UO2
2+

 and 

Eu
3+

 in C4mimCl under similar conditions. A prominent reduction wave (Ep
c4

) observed 

in the cyclic voltammogram of Eu
3+

 at -0.85 V (Vs Pd) is due to the reduction of Eu
3+

 to 

Eu
2+

  and the corresponding oxidation wave, while the peak potential (Ep
a8

) is observed at 

-0.53 V could be attributed to the oxidation of Eu
2+

 [16]. The difference between the 

values of Ep
c4

 and Ep/2
c4

 is marginally higher (75 mV at 353 K) than the value needed for 

a reversible (33.5 mV at 353 K) one-electron transfer process [13, 14]. This shows that 

the reduction of Eu
3+

 to Eu
2+

 is probably quasi-reversible. A comparison of the reduction 

of Eu
3+

 with that of UO2
2+ 

and the proximity of their reduction potentials indicates that 

the presence of Eu
3+

 in the IL could interfere in the electrochemical recovery of uranium.   

Figure 3.5 also shows the voltammogram obtained for the solution containing 25 

mM UO2
2+

 and 25 mM Eu
3+

, in C4mimCl recorded at a scan rate of 100 mV.s
-1

 at 353 K. 

The total concentration of metal ions (UO2
2+

 and Eu
3+

) in this mixed solution was 

maintained at 50 mM. The voltammogram of the mixed solution shows a couple of 

cathodic waves, Ep
c5

 and Ep
c6

 occurring at -0.67 V and -0.9 V (Vs Pd) respectively. The 

cathodic wave Ep
c5

 could be due to the reduction of UO2
2+

 to UO2 and Ep
c6

 is due to the 

reduction of Eu
3+

 to Eu
2+

. It is noted that the presence of europium shifts marginally the 

reduction potential of U(VI) to the anodic half (20 to 30 mV), indicating the 

underpotential deposition of uranium oxide in the presence of europium(III). The 

oxidation wave Ep
a9

 corresponds to the combined oxidation of UO2
2+

 and Eu
3+

 and Ep
a10 

is 

similar to Ep
a2

.  
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Figure 3.5. CV of C4mimCl and its solutions containing 50 mM UO2
2+

 or 50 mM Eu
3+

 or 

(25 mM UO2
2+

 + 25 mM Eu
3+

) recorded at a glassy carbon working electrode at a scan 

rate of 100 mV.s
-1

 at 353 K. 

 

The diffusion coefficient of UO2
2+

 in the combined system could be determined 

from Ep
c5

. The cyclic voltammogram of the solution containing 25 mM UO2
2+

 and 25 mM 

Eu
3+

 in C4mimCl was recorded as a function of scan rate at 353 K.  These results are 

shown in figure 3.6.  This figure also shows the cyclic voltammogram of 50 mM Eu
3+

 in 

C4mimCl recorded at various scan rates at 353 K. The cathodic peak currents (Ip
c4

 and 

Ip
c5

) obtained in these voltammograms has been plotted as a function of the square root of 

scan rate, in figure 3.7. Linear dependence of the cathodic peak current with a zero-

intercept in these cases also indicates the validity of Delahey equation (3.2). Using 

equation (3.1) and (3.2), the diffusion coefficients of Eu
3+

 in C4mimCl and UO2
2+

 in the 
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mixed solution were determined and the same have been compared with the diffusion 

coefficients of other metal ions in table 3.1. It is seen that the values of all these diffusion 

coefficients both individual and mixed solutions are comparable and they are of the order 

10
-8

 cm
2
/s. The diffusion coefficients increased in the following order, UO2

2+
 in (UO2

2+
 + 

Eu
3+

) < Eu
3+

 < UO2
2+

. 
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Figure 3.6. CV of (a) Eu
3+ 

(50 mM) and (b) mixure (25 mM UO2
2+

 and 25 mM Eu
3+

) in 

C4mimCl recorded at a glassy carbon electrode at different scan rates, T at 353 K. 
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Figure 3.7. Plot of cathodic peak current against square root of scan rate (ʋ
1/2

) pertaining 

to the reduction of UO2
2+

, Eu
3+

 and that of their mixture in C4mimCl at 353 K. 

 

3.1.1.5. Cyclic voltammetry of Ru
3+

 in C4mimCl 

 

Figure 3.8 shows the cyclic voltammogram of Ru
3+

 recorded at a glassy carbon 

working electrode at a scan rate of 100 mV.s
-1

 at 353 K. This voltammogram is compared 

with that of UO2
2+

 in C4mimCl and a mixture containing UO2
2+

 and Ru
3+

 in C4mimCl 

under similar conditions. Three prominent reduction waves (Ep
c7

, Ep
c8

, Ep
c9

) are observed 

in the cyclic voltammogram pertaining to Ru
3+

 at -0.15V, -0.6 V and -0.83 V (Vs Pd).  A 

couple of prominent oxidation waves are observed at -0.26 V and 0.6 V. Since the redox 

chemistry of ruthenium is very complex, it is difficult to characterize these redox 

reactions happening at various potentials and the nature of reductions. A comparison of 

the reduction waves observed for Ru
3+ 

and UO2
2+

 reveals that the proximity in the 

reduction potential (especially Ep
c7

 and Ep
c8

) shows that the presence of Ru
3+

 in IL could 

interfere in the electrochemical recovery of uranium. 
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Figure 3.8. CV of C4mimCl and its solutions containing 50 mM UO2
2+

, 50 mM Ru
3+

, (25 

mM UO2
2+

  and 25 mM Ru
3+

) recorded at a glassy carbon working electrode at a scan rate 

of 100 mV.s
-1

 at 353 K. 

 

Figure 3.8 also shows the voltammogram obtained from the solution containing 25 

mM UO2
2+

 + 25 mM Ru
3+

 in C4mimCl recorded at a scan rate of 100 mV.s
-1

 at 353 K. 

The voltammogram of the mixed solution shows a three cathodic waves, Ep
c10

, Ep
c11

 and 

Ep
c12

 occurring at -0.3 V, -0.5 V and -0.7 V (Vs Pd) respectively. The cathodic wave Ep
c7

 

occuring in Ru
3+

 seems to have shifted cathodically to Ep
c10 

when Ru
3+

 was mixed with 

UO2
2+

. The Ep
c12 

could be due to the reduction of both to UO2
2+ 

and ruthenium. The 

presence of Ru
3+

 shifts marginally the reduction potential of U(VI) to anodic side (20 to 

30 mV) indicating the underpotential deposition of uranium oxide in the presence of 

ruthenium(III). The wave Ep
a13

 corresponds to the oxidation of UO2 and Ep
a14

 corresponds 

to the oxidation of the reduced form of ruthenium.  
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Figure 3.9. CV of (a) Ru
3+ 

(50 mM) and (b) combined system (25 mM UO2
2+

 + 25 mM 

Ru
3+

) in C4mimCl recorded at glassy carbon electrode at various scan rates. Temperature 

= 353 K. 

 

The cyclic voltammogram of the solution containing 25 mM UO2
2+

 + 25 mM Ru
3+

 

in C4mimCl was recorded as a function of scan rate at 353 K. The results are shown in 

figure 3.9. The figure also shows the cyclic voltammogram of 50 mM Ru
3+

 in C4mimCl 

recorded at various scan rates at 353 K. It is difficult to derive the diffusion coefficients 



Chapter 3 

70 
 

of UO2
2+

 and Ru
3+

 from these voltammograms as the redox reactions and nature of 

voltammograms are very complex. 

 

Table 3.1. Diffusion coefficients of UO2
2+

, Pd
2+

, Eu
3+

, Ru
3+

 in C4mimCl and UO2
2+

 in 

the combined solution containing (UO2
2+

 + Pd
2+

) or  (UO2
2+

 + Eu
3+

) in C4mimCl 

determined by cyclic voltammetry. T = 353 K 

Metal ion in C4mimCl Diffusion coefficient x 10
8
/ 

cm
2
.s

-1
  

ks x 10
4
/cm.s

-1
 

UO2
2+ 

Pd
2+

 

Eu
3+

 

Ru
3+

 

(UO2
2+

 + Pd
2+

)  

UO2
2+

 in (UO2
2+

 + Eu
3+

)  

6.2 

5.4 

3.2 

4.5 

4.8 

0.2 

2.01 

0.04 

0.25 

 

 

The uncertainty in the measurement of diffusion coefficients is less than 5% 

3.1.1.6. Cathodic peak potentials in combined system. 

 

Table 3.2 compares the cathodic peak potential of UO2
2+

 to UO2 reduction in 

C4mimCl with those observed in the mixed solutions.  It could be seen that the reduction 

of UO2
2+

 to UO2 in C4mimCl occurs at -0.67 to -0.68 V.  In the presence of Pd
2+

, Eu
3+

 and 

Ru
3+

, the cathodic peak potential pertaining to the reduction of UO2
2+

 to UO2 is shifted 

anodically by a margin of ~10 mV in many cases, indicting the underpotential deposition 

of uranium oxide in the presence of these metal ions. 
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3.1.1.7. Quasi-reversibility 

A marginal shift in the cathodic peak potential with an increase in the scan rate, 

shown in figure 3.4 and 3.6 indicates that the reduction of UO2
2+

 or Pd
2+

 or Eu
3+

 at the 

glassy carbon electrode could be quasi-reversible. This indicates that the reduction of 

these metal ions is not only controlled by their diffusion to at the working electrode, but 

also by the rate of the charge transfer between the electrode electrolyte interface [17, 18]. 

The charge transfer rate constant, ks (cm/s), in such cases could be determined by using 

equations (3.3) to (3.5) [17, 18]. 

           ks = 2.18 [DU(VI) (n) ʋF/RT]
1/2 

exp [
2
nF/RT(Ep

c1
-Ep

a1
)]   (3.3) 

Table 3.2. Cathodic peak potentials of UO2
2+

 in C4mimCl separately and in presence of 

Pd
2+

, Eu
3+

 and Ru
3+

 at 353 K. 

Scan rate / 

mV.s
-1

 

Cathodic peak potential (in V (Vs Pd)) of 

UO2
2+

/ C4mimCl 

UO2
2+

 in  

(UO2
2+

 + Pd
2+

) 

/ C4mimCl 

UO2
2+

 in  

(UO2
2+

 + Eu
3+

) 

/ C4mimCl 

UO2
2+

 in  

(UO2
2+

 + Ru
3+

) / 

C4mimCl 

10 -0.672 -0.624 -0.649 -0.644 

30 
-0.677 -0.646 -0.650 -0.665 

50 -0.679 -0.669 -0.652 -0.675 

70 -0.682 -0.684 -0.658 -0.678 

90 -0.686 -0.697 -0.666 -0.684 

100 -0.688 -0.699 -0.673 -0.687 
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           ks = 2.18 [DPd(II) (n) ʋF/RT]
1/2 

exp [
2
nF/RT(Ep

c2
-Ep

a3
)]  (3.4) 

           ks = 2.18 [DEu(III) (n) ʋF/RT]
1/2 

exp [
2
nF/RT(Ep

c4
-Ep

a8
)]  (3.5) 

where D pertains to the diffusion coefficient of the ion, R is the universal gas constant, T 

is the temperature and the other factors have the same meaning as explained before. 

From the values of ks, these electrode reactions could be classified [25] into reversible 

when ks   ≥  0.3 ʋ
1/2

, quasi-reversible when 0.3 ʋ
1/2 

≥ ks ≥ 2×10
-5

 ʋ
1/2 

and irreversible when 

ks ≤  2 × 10
-5 
ʋ

1/2
. Inserting the diffusion coefficient of UO2

2+
, Pd

2+
 and Eu

3+
 into 

equations (3.3), (3.4) and (3.5) respectively, the magnitude of these rate constants were 

determined at 353 K and the values are tabulated in table 3.1. It can be seen that the 

magnitude of ks lies in the range of 0.3 ʋ
1/2 

≥ ks ≥ 2 x 10
-5

 ʋ
1/2

, confirming that the 

reduction of UO2
2+

 or Pd
2+

 or Eu
3+

 at the glassy carbon electrode is quasi-reversible [17, 

18]. For Ru
3+

 (individually) as well as in the mixtures, this equation could not be used as 

the anodic and cathodic peak potentials could not be delineated well. Therefore, table 3.1 

shows the ks values peartining to UO2
2+

, Pd
2+

 and Eu
3+

 reductions in C4mimCl medium. 
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3.1.2. Conclusions 

The electrochemical behaviour of UO2
2+

 in C4mimCl was studied in the presence 

of Pd
2+

, Eu
3+

 and Ru
3+

. The cathodic wave pertaining to the reduction of UO2
2+

 to UO2 

was shifted anodically in the presence of these metal ions. Both Pd
2+

 and UO2
2+

 

underwent reduction at cathodic potentials quite close to that of their mixture whereas the 

cathodic potentials needed for the reduction of Eu
3+

 and Ru
3+

 were quite different than 

that pertaining to the reduction of UO2
2+

 to UO2. The apparent diffusion coefficients of 

UO2
2+

, Pd
2+

, Eu
3+

, Ru
3+

 in C4mimCl and UO2
2+

 in the presence of other metal ions were 

of the order 10
-8

 cm
2
/s. However, the presence of Pd

2+
 and Eu

3+
 was found to deminish 

the diffusion coefficient of UO2
2+

 in a mixture. The diffusion coefficient of metal ions in 

their individual solution increased in the following order: Eu
3+

 < Ru
3+

 < Pd
2+

 < UO2
2+

. 

The close proximity of these reduction potentials indicates that the presence of Pd
2+

, Eu
3+

, 

Ru
3+

 could reduce the current efficiency during the electrodeposition of uranium oxide 

from UO2
2+

 in an IL.   
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3.2. Dissolution of U3O8 in 1-butyl-3-methylimidazolium chloride and  

Spectroscopic and the electrochemical behavior of U(VI) in the resultant solution 

Most studies reported in the literature pertaining to the dissolution of uranium 

compounds indicate that the freely soluble uranium salt ([UO2Cl4]
2-

, [UO2(NO3)3]
3-

 etc.,) 

was taken for the dissolution of uranium in IL [5, 19]. However, the spent nuclear fuel 

contains uranium oxide, that is poorly soluble in the IL. Therefore, the dissolution of 

uranium oxide in an IL calls for the development of a suitable procedure. In this context, 

Biju joseph et al. [6] studied the dissolution behaviour of UO2 and UO3 in C4mimCl 

medium by passing Cl2 gas. Eventhough this procedure was tedious, it was reported that 

with the help of this method, UO2 completely dissolved in C4mimCl. Nevertheless, from 

practical application point of view, it is desirable to develop an easy and technically 

viable method for the dissolution of uranium oxide. Moreover, further methods need to be 

derived through electrochemical studies for the subsequent recovery of uranium from the 

resultant solution. Billard et al. [19] studied the dissolution behaviour of uranium oxide in 

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

presence of small amounts of HNO3 and characterized the uranyl species in IL. However, 

the electrochemical behaviour of UO2
2+

 in the resultant solution was not reported. 

In this chapter, we report the oxidative dissolution of uranium oxide (U3O8) in 

C4mimCl IL in the presence of small quantities of nitric acid, marginally higher than the 

stoichiometric amount, needed for the dissolution of U3O8 and investigations on the 

electrochemical behaviour of UO2
2+ 

present in the resultant solution by cyclic 

voltammetry and chronopotentiometry. The speciation of uranium in C4mimCl solution 

containing nitric acid, was investigated by UV-Visible, ATR-FTIR and Raman 

spectroscopy. C4mimCl was chosen in the present study, since the Cl
-
 ions present in this 

IL could facilitate the easy dissolution of UO2
2+

, that was obtained after the oxidation of 
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U3O8 by nitric acid. It is well-known fact that UO2
2+ 

present in traditional high 

temperature molten salts, composed of alkali-alkaline earth chlorides, complexes with Cl
-
 

ions present in molten salt medium [20]. Therefore, it can be expected that the Cl
-
 ion of 

C4mimCl also form stable complex with UO2
2+ 

and facilitate oxidative dissolution of 

U3O8 in C4mimCl.  

Experimental procedure for the present study has been discussed in the section 

2.4.2 and synthesis of IL (C4mimCl) has been detailed in the section 2.5.1. 
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3.2.1. Results and discussions 

3.2.1.1. Dissolution of U3O8 

Table 3.3.  Dissolution behavior of U3O8 in C4mimCl in the presence of nitric acid.  

 

Uranium taken 

as U3O8 / 

mmoles 

Weight of 

C4mimCl / g 

HNO3 added / 

mmoles 

HNO3/U 

mole ratio 

Time taken for 

complete 

dissolution / hours 

0.75 

0.75 

0.75 

0.75 

10 

10 

10 

10 

0 

3 

4.5 

6 

0 : 1 

4 : 1 

6 : 1 

8 : 1 

No dissolution 

58 

52 

45 

 

The first step in the oxide-electrowinning method for the non-aqueous 

reprocessing of spent nuclear fuel involves the dissolution of the spent fuel oxide in a 

molten salt medium [21]. Table 3.3 shows the results on the dissolution of U3O8 in 

C4mimCl in the presence and absence of nitric acid. The uranium to HNO3 mole ratio 

needed for the stoichiometric oxidation of U3O8 is 1 : 2.3 [22]. In the absence of nitric 

acid the solubility of U3O8 in C4mimCl was very poor, even after contacting U3O8 with 

C4mimCl for more than 100 h. However, addition of a small quantity of HNO3 facilitates 

the dissolution of U3O8. When the U : HNO3 mole ratio was matianed at 1 : 4, complete 

dissolution of U3O8 was achieved in about 58 h. Further increase in nitric acid 

concentration reduced the time required for the complete dissolution of U3O8. After 

dissolution, the U(VI) present in the resultant solution could co-ordinate either with the 

nitrate or chloride ions present in the IL. Therefore, it is useful to understand and speciate 

the uranyl complex present in the resultant solution. For this purpose, a detailed 
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characterization of the uranium complex present in the C4mimCl was carried out by using 

UV-Vis, FT-IR and Raman spectroscopy.  

3.2.1.2. UV-Visible absorption spectroscopy 

In order to character the uranyl species by UV-Visible absorption spectroscopy, a 

reference U(VI) spectrum is needed. For this purpose, the UV-Visible absorption 

spectrum of uranyl nitrate dissolved in a different IL, 1-butyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide (C4mimNTf2) was recorded in the presence and 

absence of different quantities of C4mimCl. The purpose of choosing C4mimNTf2 was 

that NTf2
-
 is a non-complexing anion [23, 24] and C4mim

+
 is a common cation present 

both in C4mimNTf2 and C4mimCl. The UV-Visible absorption spectrum pertaining to 

uranyl nitrate in C4mimNTf2 is shown in figure 3.10. The absorption spectrum is 

characterized by many bands at 428 nm, 440 nm, and 466 nm. The intensity of the other 

bands is less. The UV-Visible absorption spectrum of UO2
2+

 obtained in C4mimNTf2 was 

found to match well [19, 25] with the absorption spectrum reported for the solution of 

uranyl nitrate in 14 M nitric acid. At 14 M nitric acid, Billard et al. [19] computed the 

composition of various uranyl species viz., ~ 2% UO2
2+

, ~ 65 % UO2(NO3)
+
 and 33 % of 

UO2(NO3)2 at 14 M HNO3. Since the absorption spectrum of uranyl nitrate in C4mimNTf2 

matches well with the absorption spectrum of uranyl nitrate in 14 M nitric acid medium, it 

is reasonable to presume that majority of uranyl species present in C4mimNTf2 is 

UO2(NO3)2. Moreover, the NTf2
-
 anion present in the IL is poorly co-ordinating [19, 23, 

24] as compared to NO3
-
 ions. Therefore, it was concluded that the uranyl ions present in 

C4mimNTf2 co-ordinates predominantly with NO3
- 

ions and exist as UO2(NO3)2 in 

C4mimNTf2 [25, 26], as well. 
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Figure 3.10. UV-Visible absorption spectrum pertaining to uranyl nitrate in C4mimNTf2, 

in the presence and absence of C4mimCl. The mole ratio of Cl : U is 0 : 1 in (A), 1 : 1 in 

(B), 2 : 1 in (C), 4 : 1 in D and 6 : 1 in (E). The spectrum F represents the UV-Visible 

absorption spectrum of UO2
2+

 obtained after the dissolution of U3O8 in HNO3 (HNO3 : U 

mole ratio = 4 : 1) present in C4mimCl IL. 

 

Figure 3.10 also shows the absorption spectrum peartaining to uranyl nitrate in 

C4mimNTf2 in the presence of varying quantities of C4mimCl. It is interesting to note that 

the intensity of the bands at 451 nm, 466 nm, and 482 nm decreases and that of 403 nm, 

415 nm and 428 nm increases with in the quantity of C4mimCl present in the solution. 
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When the mole ratio of Cl
-
 : UO2

2+
 is lower than 4 : 1, the intensity of bands at 428 nm 

and 440 nm are comparable. At higher Cl
-
 : UO2

2+
 ratios (more than 4 : 1), the intensity of 

the bands at 428 nm is more than that of the other bands. A similar result was also 

reported by Gillard et al. [27] for the UV-Visible absorption spectrum of UO2
2+

 in 

C4mimNTf2 in the presence of varying quantities of tetrabutylammonium chloride. In 

addition, these authors also speciated the uranyl ion in this IL solution with the help of 

EXAFS. It was reported that when the mole ratio of NO3
-
 : Cl

-
 : UO2

2+
 was 2 : 4 : 1, the 

UO2
2+

 in the solution exists in the form of [UO2Cl3(NO3)]
2-

. At higher Cl
-
 concentrations, 

the uranyl ion is completely converted into [UO2Cl4]
2-

. In view of this, as well as due to 

the similarity of the UV-Visible absorption spectrum obtained in the present study with 

that reported by Gaillard et al. [27] the uranyl ion in C4mimNTf2, in the presence of Cl
-
 

ion at 4 : 1 (Cl
-
 : UO2

2+
) mole ratio, is likely to exist as [UO2Cl3(NO3)]

2-
. 

At higher mole ratios of Cl
-
 : UO2

2+
 more than 4 : 1, the bands are further split 

into doublets as shown in figure 3.10. When U3O8 in C4mimCl was dissolved in the 

presence of nitric acid, the UV-Visible absorption spectrum of the resultant solution also 

shows the splitting of the bands into doublets. A similar observation was reported by 

Gaillard et al. [27]. These authors attributed the splitting of the absorption bands to the 

presence of [UO2Cl4]
2-

. Therefore, it is reasonable to conclud that at higher Cl
-
 : UO2

2+
 

mole ratios than 4 : 1, the uranyl ion present in this IL gets converted entirely into 

[UO2Cl4]
2-

 [27, 28].  

3.2.1.3. ATR-FTIR spectroscopy 

The formation of [UO2Cl4]
2- 

species in C4mimCl medium could be supported 

further by FTIR spectroscopy investigations. The FTIR spectroscopic studies on uranyl 

compounds reported in the literature indicate that the asymmetric stretching bands of 
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UO2
2+

 occur at 900-950 cm
-1

 [29]. This transmittance band is strongly influenced by the 

nature of ligands co-ordinated to the uranyl ion. When UO2
2+

 is co-ordinated with the 

nitrate ions, the UO2
2+

 asymmetric stretching bands occur at ~940 cm
-1

. However, co-

ordination of a strong field ligand like Cl
-
 with UO2

2+
, results in the weakening of U=O 

bonds and shifts the UO2
2+

 asymmetric stretching bands to a lower wave number (~920 

cm
-1

). Figure 3.11 shows the ATR-FTIR spectrum of C4mimNTf2 and uranyl nitrate 

dissolved in C4mimNTf2. The ATR-FTIR spectrum (spectrum A) shows the transmittance 

bands at ~940 cm
-1

, which could be attributed to the asymmetric stretching of UO2
2+

. It 

should be noted that C4mimNTf2 also gives a weak transmittance band at 940 cm
-1

 

(spectrum F). However, the intensity of this band increases significantly (spectrum A) 

with the addition of UO2(NO3)2. The presence of the UO2
2+

 asymmetric stretching bands 

at 940 cm
-1

 confirms the existence of uranyl nitrate specie, UO2(NO3)2, in C4mimNTf2 

medium. It would be interesting to notice the changes in the FTIR spectrum brought 

about by the addition of C4mimCl to asolution of uranyl nitrate solution in C4mimNTf2. 

  Figure 3.11 also shows the ATR-FTIR spectrum (spectrum B to E) of a solution of 

uranyl nitrate in C4mimNTf2 at different mole ratios of Cl
-
 : UO2

2+
. The Cl

-
 : UO2

2+
 ratio 

was varied from 1 : 1 to 6 : 1. In the absence of Cl
-
, the UO2

2+
 asymmetric stretching 

bands occur at 940 cm
-1

, as indicated above (spectrum A). It is interesting to note that the 

intensity of the band at 940 cm
-1

 decreases with an increase in the Cl
-
 : UO2

2+
 mole ratio. 

When the ratio of Cl
-
 : UO2

2+
 is 4 : 1, the intensity of the band at 940 cm

-1
 due to UO2

2+
 

stretching completely disappears and merges with the bands of C4mimNTf2. Further 

addition of Cl
-
 ion to this solution (more than 4 : 1 ratio) does not change the nature of 

these bands at 940 cm
-1

. All these observations indicate that that uranyl ion in 

C4mimNTf2 exists as uranyl nitrate species, [UO2(NO3)2]. However, the addition of Cl
-
 

ion to this solution decreases the abundance of uranyl nitrate species. When the ratio of 
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Cl
-
 : UO2

2+
 is 4 : 1 or more, the nitrate ion in uranyl nitrate seems to completely get 

replaced with Cl
- 
ions leading to the formation of [UO2Cl4]

2-
. These results are nearly in 

good agreement with those obtained from UV-Visible absorption spectra of UO2
2+

 in 

C4mimNTf2 at different concentrations of C4mimCl.  
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Figure 3.11. ATR-FTIR spectrum of uranyl nitrate in C4mimNTf2, in the presence and 

absence of C4mimCl. The mole ratio of Cl
-
 :  U is (A) 0 : 1, (B) 1 : 1, (C) 2 : 1, (D) 4 : 1, 

(E) 6 : 1 and (F) C4mimNTf2 alone, (I) represents the FTIR spectrum of UO2
2+

 obtained 

after dissolving U3O8 in HNO3 (HNO3 : U mole ratio = 4 : 1) present in the C4mimCl.  G 

and H are the FTIR spectra of neat C4mimCl and C4mimCl + HNO3. The dotted line 

represents the initial (950 cm
-1

) and final (918 cm
-1

) position of UO2
2+

 asymmetric bands. 

 

The formation of [UO2Cl4]
2-

 with the addition of C4mimCl is evident from the 

enhancement of the intensities of the bands pertaining to [UO2Cl4]
2-

 at ~920 cm
-1

. It is 

that an increase in the mole ratio of Cl
-
 : UO2

2+
 from 1 : 1 to 4 : 1 results in the shift of the 
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bands at 940 cm
-1

 to 930 cm
-1

 at the mole ratio 2 : 1, and to 920 cm
-1

 at the mole ratio 4 : 

1. Increase in the Cl
-
 : UO2

2+
 ratio does not result in any further shift of the UO2

2+
 

asymmetric bands beyond 920 cm
-1

. These observations indicate that the specei 

[UO2Cl4]
2-

 is formed at mole ratios above 4 : 1. Therefore, it could be concluded that the 

observation of the bands in between 940 cm
-1

 and 920 cm
-1

 pertain to the formation of 

mixed complexes viz., [UO2Clx(NO3)4-x]. The extent of shift to a lower wavenumber 

region depends upon the degree of substitution of nitrate ion by chloride ion. When U3O8 

in C4mimCl was dissolved in the presence of nitric acid, the ATR-FTIR spectrum of the 

resultant solution (spectrum I) also showed a transmittance band at 920 cm
-1

, confirming 

the formation of [UO2Cl4]
2-

 species in that solution. In the figure 3.11 the ATR-FTIR 

spectrum of C4mimCl (spectrum G) is also shown for comparison. 

3.2.1.4. Raman spectroscopy 

Figure 3.12 shows the Raman spectrum U3O8 dissolved in C4mimCl in the 

presence of HNO3. This spectrum was compared with the Raman spectrum obtained in 

the absence of uranyl ion. The sectrum of pure C4mimCl liquid was also recorded for 

comparison. The Raman spectrum obtained in the present study for C4mimCl compares 

well with the Raman bands of C4mimCl reported in the literature [30, 31]. Addition of 

nitric acid to C4mimCl results in the appearance of a new band at 1030 cm
-1

, due to nitrate 

ion, and there is no change in the position of other bands. Literature reports on the Raman 

spectrum of uranyl compounds indicates that uranyl nitrate exhibits absorption bands at 

860 cm
-1

 and the chlorocomplex of uranyl ion, [UO2Cl4]
2-

 shows absorption bands at 830 

cm
-1

 [26].  It is evident from figure 3.12 that there is a band at 830 cm
-1

 in C4mimCl itself. 

The Raman spectrum of the uranyl solution in C4mimCl, shows an increase in the 

intensity of the bands at 830 cm
-1

as well as 1030 cm
-1

. There is no change in the nature of 

bands at 860 cm
-1

. This indicates that the uranyl ion in C4mimCl solution exists as a 
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chloro complex, [UO2Cl4]
2-

. Therefore, all these spectroscopic studies on U(VI) in 

C4mimCl solution, that were obtained after the dissolution of U3O8 in C4mimCl in the 

presence of nitric acid, unambiguously confirm the presence of  [UO2Cl4]
2-

 species in IL 

medium.  
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Figure 3.12. Raman spectrum of the solution obtained after the dissolution of U3O8 in 

C4mimCl in the presence of nitric acid at HNO3 : U mole ratio 6 : 1. The spectrum shows 

(A) C4mimCl, (B) C4mimCl + HNO3, (C) 75 mM UO2
2+

 in C4mimCl + HNO3, (D) 150 

mM UO2
2+

 in C4mimCl + HNO3. 

 

3.2.1.5. Cyclic voltammetry 

The cyclic voltammogram of C4mimCl recorded at a glassy carbon electrode at a 

scan rate of 10 mV/s is shown in figure 3.13. Figure 3.13 also shows the cyclic 

voltammogram of UO2
2+

 in C4mimCl in the presence of a small quantity of nitric acid. 

This solution was obtained by the dissolution of U3O8 in C4mimCl in the presence of 
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nitric acid. This solution was subjected to voltammetric measurements without any 

pretreatment (i.e. without drying). The voltammogram (figure 3.13B) shows a weak 

cathodic wave (Ep
c1

) at -0.4 V (Vs Pd) followed by a prominent cathodic wave at the peak 

potential (Ep
c2

) of -0.85 V (Vs Pd). When the sweeping potential was reversed at -1.1 V, 

the cyclic voltammogram shows a weak anodic wave at the potential (Ep
a1

) of -0.6 V (Vs 

Pd). In addition, a couple of oxidation waves, Ep
a2

 and Ep
a3

, are observed at the peak 

potential of -0.03 V and 0.2 V (Vs Pd) respectively. 
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Figure 3.13. CV of (A) C4mimCl and its solutions containing 150 mM UO2
2+

 (U3O8 

dissolved in the presence of nitric acid) (B) before drying and (C) after drying recorded at 

glassy carbon working electrode at the scan rate of 100 mV.s
-1

 at 373 K. 

 

The CV pertaining to the dried solution (353 K, vaccum, 24 h) was recorded at a 

glassy carbon electrode at a scan rate of 100 mV/s at 373 K is shown in figure 3.13. The 

voltammogram (figure 3.13C) shows cathodic waves occurring at the peak potential 
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(Ep
c3

) of 0.1 V, due to the reduction of nitric acid, and another wave at the peak potential 

(Ep
c4

) of -0.9 V (Vs Pd), perataining to the reduction of UO2
2+

 to UO2. The oxidation 

waves observed at Ep
a4

 is due to the oxidation of UO2. Therefore, the couple, Ep
c3

and Ep
a5

, 

could be the redox reactions occurring due to the presence of nitric acid in C4mimCl. 

In order to confirm that Ep
c3

 and Ep
a5

 are occurring due to the presence of nitric 

acid in C4mimCl, the uranyl chloride hexahydrate (UO2Cl2(H2O)6) was dissolved in 

C4mimCl and the resultant solution was dried at 353 K under vacuum for 24 hours. The 

cyclic voltammogram was recorded at a glassy carbon working electrode at a scan rate of 

100 mV/s at 373 K. This CV displayed in figure 3.14, shows a cathodic wave occurring at 

the peak potential (Ep
c5

) of -0.8 V (Vs Pd) which colud be assaigned to the reduction of 

UO2
2+

 to UO2 and its corresponding oxidation wave is observed at the peak potential of -

0.6 V (Vs Pd) [5, 10]. This CV (figure 3.14C) is compared with that obtained after the 

dissolution of U3O8 in C4mimCl in the presence of nitric acid after drying (figure 3.14D). 

Comparison of these two CVs clearly indicates that the couple occurring at Ep
c3

 and Ep
a5

 

is only due to the presence of nitric acid. This inference is further confirmed by recording 

a CV after adding nitric acid to C4mimCl and drying the solution (at 353 K for 24 hours 

under vacuum). The CV pertaining to C4mimCl in the presence of nitric acid is shown in 

figure 3.14. This CV (figure 3.14B) shows a redox couple occuring at the peak potential 

of Ep
c6

 and Ep
a7

. These peaks are absent in the CV pertaining to C4mimCl (figure 3.14A) 

recorded in the absence of nitric acid under identical conditions. Moreover, the potential 

span pertaining to the redox reactions of nitric acid Ep
c6

 and Ep
a7

, in the CV 3.14D is 

similar to the span between Ep
c3

 and Ep
a5

. This observation confirms that Ep
c3

 and Ep
a5

 are 

due to the redox reaction involving nitric acid dissolved in C4mimCl.  
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Figure 3.14. CV of (A) C4mimCl and its solutions containing (B) 0.6 M HNO3 or (C) 50 

mM UO2
2+

 (UO2Cl2 dissolved)  or (D) 150 mM UO2
2+

 (U3O8 dissolved in presence of 

nitric acid) recorded at a glassy carbon working electrode at a scan rate of 100 mV.s
-1

 at 

373 K. 

 

The electrochemical reactions occurring at Ep
c4

 and Ep
a4 

are due to the redox 

reactions of UO2
2+

 to UO2. Controlled potential electrolysis of a solution of U(VI) in 

C4mimCl obtained after the dissolution of U3O8 in C4mimCl in the presence of nitric acid 

at -1.0 V (Vs Pd) results in the deposition of UO2 on the surface of the glassy carbon 

electrode. A similar behavior was reported by other authors [5-6, 10]. It is evident from 

figure 3.14D that the magnitude of the anodic current Ip
a4

 is lesser than that of Ip
c4

. This 

could be due to the oxidation of uranium oxide deposit by nitric acid present in C4mimCl. 

The oxidation results in lowering of the available concentration of uranium oxide at the 

working electrode. Therefore the anodic current Ip
a4

 observed in the CV (figure 3.14D) is 
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lower than Ip
c4

. However, it is to be noted that in the absence of nitric acid (figure 3.14C) 

the reduction current Ip
c5

 and oxidation current Ip
a6

 are quite comparable.  

3.2.1.6. Diffusion coefficients  

The CVs of UO2
2+

 in C4mimCl recorded at a glassy carbon working electrode at 

373 K at different scan rates are shown in figure 3.15. The open circuit potential was 

fixed at 0.2 V (Vs Pd). The cathodic and anodic switching potentials were fixed at -1.2 V 

(Vs Pd) and 0.8 V respectively. It is evident from figure 3.15 that the cathodic peak 

potential (Ep
c4

) gets shifted cathodically and the anodic peak potential (Ep
a4

) gets shifted 

anodically with an increase in scan rate. The cathodic and anodic peak current also 

increases with an increase in scan rate. These observations are characteristic of an 

irreversible or quasi-reversible reduction (of UO2
2+

 to UO2). This indicates that the 

reduction of UO2
2+ 

is governed not only by the diffusion of UO2
2+

 at the working 

electrode, but also by the kinetics of the electron transfer occurring across the electrode-

electrolyte interface. Moreover, the nature of the electron transfer across the electrode-

electrolyte interface could be determined by measuring the quantity │Ep
c4

 ─ Ep/2
c4
│, 

where Ep/2
c4

 is the half peak potential. If this value is more than 33 mV for the two 

electron transfer reaction at 373 K, then the electrode reaction occurring at the electrode-

electrolyte interface could be regarded as irreversible or quasi-reversible. The value of 

│Ep
c4

 ─ Ep/2
c4
│was found to span from 80 mV to 128 mV at different scan rates of 10 

mV/s to 100 mV/s. This observation confirms that the reduction of UO2
2+

 to UO2 at the 

working electrode is not only governed by diffusion of UO2
2+

 but also by heterogeneous 

charge transfer kinetics occurring across the electrode-electrolyte interface [13, 14].  
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Figure 3.15. CV of 150 mM UO2
2+

 (U3O8 dissolved in C4mimCl in presence of nitric 

acid) recorded at a glassy carbon electrode at different scan rates, at 353 K. 

 

The heterogeneous charge transfer coefficient (α) is a measure of the symmetry of 

the barrier in a non-reversible electron transfer reaction and it can have the values ranging 

from 0.1 to 0.9. The charge transfer coefficient for the reduction of UO2
2+

 to UO2 could 

be determined by using equation (3.6) [14]. 

Ep
c4
–Ep/2

c4
 =1.857RT/nF                                                                 (3.6) 

where Ep
c4

 and Ep/2
c4

 are peak and half-peak potentials responsible for the reduction of 

UO2
2+

 to UO2. By substituting the values of │Ep
c4

 ─ Ep/2
c4
│determined from the CV, 

shown in figure 3.13, the value of αnα was determined. It was found to vary from 0.42 to 

0.49 with an increase in scan rate from 10 mV/s to 100 mV/s at 373 K. Since these 

variations in the magnitude of charge transfer coefficient are rather less, a value of 0.45 
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was taken as the value for αnα, for determining diffusion coefficients over the entire scan 

rate. 

The Berzin-Delahey relation for the irreversible or quasi-reversible reduction of 

soluble-insoluble (UO2
2+

 to UO2) couple is shown in equation A.5 (Annexure). The 

concentration of U(VI) present in C4mimCl is 150 mM, and n is the number of electron 

transferred (=2). The plot of Ip
c4

 against square root of scan rate (ʋ
1/2

) at 373 K is shown 

in figure 3.17. It could be seen that this plot is linear and has a zero intercept. This 

indicates the validity of Berzin-Delahay equation for the reduction of UO2
2+

 to UO2 and 

enables the determination of the diffusion coefficient from the slope of the fitted straight 

line. The value of αnα was taken to be 0.45, which was applicable over the entire scan rate 

(10 mV/s to 100 mV/s), for determining the diffusion coefficient. The apparent diffusion 

coefficient thus determined at 373 K is shown in table 3.3. A value of 3.1 X 10
-12

 m
2
/s 

was obtained for the diffusion of UO2
2+

 at the working electrode. This value compares 

well with the value of UO2
2+

 diffusion coefficients determined by others [6, 11, 32]. 

3.2.1.7. Effect of temperature 

Figure 3.16 shows the cyclic voltammogram of UO2
2+

 in C4mimCl recorded at a 

glassy carbon working electrode at a scan rate of 100 mV/s at four different temperatures. 

A solution containing uranyl ions was obtained by the dissolution of U3O8 in C4mimCl in 

presence of nitric acid. Subsequently this solution was dried at 353 K under vacuum for 

24 h. The CVs show that the peak current Ip
c4

 increases with temperature. In addition, the 

cathodic peak potential Ep
c4

 gets shifted anodically and the anodic peak potential gets 

shifted cathodically with an increase in temperature. Thus it is transfer reaction pertaining 

to the reduction of UO2
2+

 to UO2 is facilitated with an increase in temperature. 
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Figure 3.16. CV of 150 mM UO2
2+

 (U3O8 dissolved in C4mimCl in presence of nitric 

acid) recorded at a glassy carbon electrode at different temperatures at the scan rate = 

100 mV.s
-1

. 

 

The CV pertaining to UO2
2+

 in C4mimCl was recorded as a function of scan rate at 

different temperatures. From those voltammograms and using equation 3.6, the 

magnitude of αnα was determined at there temperatures. The average value of αnα at a 

particular temperature is shown in table 3.4. It is evident that the magnitude of αnα 

decreases with temperature, indicating a heterogeneous charge transfer symmetry barrier 

decreases with an increase in temperature. From the CV obtained at different scan rates 

and temperatures, the cathodic peak current was plotted as a function of square root of the 

scan rate. These results are shown in figure 3.17.  
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Figure 3.17. Plot of cathodic peak current against the square root of scan rate (ʋ
1/2

) 

pertaining to the reduction of 150 mM UO2
2+

 (U3O8 dissolved in C4mimCl in presence of 

nitric acid) at different temperatures. (Insert: Plot of ln D against reciprocal temperature) 

 

It is evident that the peak current (Ip
c4

) increases with increase of temperature. 

Using the value of αnα determined at different temperatures and from the slope of the 

straight line shown in figure 3.17, the diffusion coefficient was determined at each of 

these temperatures using equation A.5 (Annexure). These D values are tabulated in table 

3.4. It is obvious that the diffusion coefficient increases from 2.0 x 10
-12

 m
2
/s to 5.1 x 10

-

12
 m

2
/s when the temperature is raised from 363 K to 393 K. The temperature dependence 

of the diffusion coefficient is given by the Arrhenius relation shown in equation 3.8  

ln D = ln A – Ea/RT                                                                                              (3.8) 
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where A is the pre-exponential factor and Ea is the energy of activation. The plot of ln D 

against 1/T is shown as an insert in figure 3.17. From the slope of this fitted straight line, 

the value of Ea was determined to be 36 kJ/mol.  

Table 3.4. Diffusion coefficient of U(VI) determined by cyclic voltammetry and 

chronopotentiometry. 

Temperature 

/ K 

αnα Diffusion coefficient X 10
12 

by cyclic voltammetry /m
2
.s

-

1 

Diffusion coefficient X 10
12

 

by chronopotentiometry 

/m
2
.s

-1
 

363 

373 

383 

393 

0.49 

0.45 

0.43 

0.42 

2.0 

3.1 

3.8 

5.1 

3.0 

3.6 

4.1 

4.8 

 

3.2.1.8. Chronopotentiometry 

The electrochemical behavior of UO2
2+

 in C4mimCl containing nitric acid was 

further studied by chronopotentiometry. The solution was obtained by the dissolution of 

U3O8 in C4mimCl medium in the presence of nitric acid and the solution was dried at 353 

K under vacuum for 24 hours. Figure 3.18 shows the chronopotentiogram of UO2
2+

 in 

C4mimCl recorded at a glassy carbon working electrode at different applied currents, 

varying from -0.25 mA to -0.35 mA. The chronopotentiogram shows a sudden surge in 

the cathodic potential of the working electrode to a potential value corresponding to the 

reduction of UO2
2+

 to UO2. These after the potential of the electrode remain constant over 

a period of time depending upon the applied potential. Subsequently, the cathodic 
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potential increases again with increase of time. As indicated in figure 3.18, the transition 

time () is the duration at which the potential of the working electrode remains constant. 

The relation between the applied current and the transition time is given by the Sand 

relation shown in equation A.7 (Annexure) 

The plot of i against 
-1/2 

is shown in insert in figure 3.18.  Linear regression of the 

experimental data results in a straight line with a zero intercept. This indicates the validity 

of Sand equation and enables the determination of diffusion coefficient from the slope of 

the fitted linear relation and using equation 2.7. 

 

Figure 3.18. Comparison of cathodic chronopotential transients for 150mM UO2
2+

 (U3O8 

dissolved in C4mimCl in presence of nitric acid) at different applied currents, at 373 K. 

(Insert: Plot of applied current against inverse of square root of transient time) 
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Figure 3.19 shows the chronopotentiogram of UO2
2+

 in C4mimCl recorded at 

different temperatures. It is evident that the transition time () increases with increase of 

temperature. This is plaussibly due to the increase in the diffusion of UO2
2+

 from bulk 

leading to an increase in the abundance of UO2
2+

 ions at the working electrode at higher 

temperatures. Therefore, the potential of the working electrode remains constant for 

longer duration. Similar to the procedure indicated above, the diffusion coefficients of 

UO2
2+

 was determined at different temperatures, from the slope obtained from the plot 

shown in figure 3.19. The diffusion coefficients are listed in table 3.4. It is seen from this 

tabulation that the D values increases with temperature and the values obtained in the 

chronopotentiometry runs are comparable with those obtained in cyclic voltammetry.  
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Figure 3.19. Comparison of the cathodic chronopotential transients for 150mM UO2
2+

 

(U3O8 dissolved in C4mimCl in presence of nitric acid) at various temperatures at an 

applied potential of -0.35 mA. 
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3.2.2. Conclusions 

U3O8 could be dissolved in C4mimCl only in the presence of a small amount of 

nitric acid. The UO2
2+

 ion present in the resultant solution forms a variety of complexes 

with both nitrate as well as chloride ions present in the medium. UV- Visible absorption 

spectra indicate that U(VI) could exist in the form of mixed complexes, [UO2Clx(NO3)4-

x]
2-

, in the IL when the ratio of Cl : UO2
2+

 is 4 : 1 or less. Beyond 4 : 1 mole ratio, the 

specie [UO2Cl4]
2-

 dominates, as evidented by the splitting of the bands in the UV-Visible 

spectrum. The ATR-FTIR spectroscopic studies also indicate that the addition of Cl
-
 ion 

to uranyl nitrate sequentially leads to the substitution of nitrate ions by Cl
-
 ions. At a mole 

ratio of Cl
-
 : UO2

2+
 is 4 : 1 or above, the transmittance bands get shifted to 920 cm

-1
 

indicating the formation of [UO2Cl4]
2-

. All the spectroscopic studies including Raman 

spectroscopy clearly established the formation of [UO2Cl4]
2-

 in the C4mimCl solution. 

The electrochemical behavior of [UO2Cl4]
2-

 in the IL, C4mimCl was investigated 

by CV and CP. The reduction of UO2
2+

 to UO2 occurred at a potential of -0.8 V (Vs Pd) 

and the redox reaction of the residual nitric acid present in the IL occurred at 0.1 V (Vs 

Pd). The diffusion coefficient of UO2
2+

 in the dissolver solution was determined to be of 

the order of 10
-8

 cm
2
/s and increased with temperature. This study showed that [UO2Cl4]

2-
 

underwent a two electron transfer electrochemical reduction yeilding UO2 at the working 

electrode. 
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Chapter 4. Electrochemical behavior of uranium and spectroscopic investigation of 

uranyl species in ionic liquid medium. 

Introduction 

In the previous couple of decades, researchers have exploited the desirable and 

environmentally benign properties of ILs for developing many advanced technological 

applications in different domains [1-6]. In nuclear fuel cycle, the ILs have been 

extensively investigated as electrolytic medium for applications related to non-aqueous 

reprocessing of spent nuclear fuels [1-5]. For advanced electrochemical applications such 

as electrowinning and electrorefining of nuclear fuels, it is essential for the IL to have a 

reasonable solubility of actinides in IL medium, high electrochemical stability and also 

displays low viscosity [5, 7, 8]. 

 

4.1. Electrochemical behavior and spectroscopic investigation of U(VI) in 

C4mimNTf2 in presence of tri-n-butyl phosphate, nitrate and chloride 

ILs have been used in the process of EXtraction-ELectrodeposition (EX-EL) [9-

11]. In this method, the hydrophobicity of the IL is taken advantage of for its deployment 

as a diluent to extarct the metal ion from aqueous wastes by solvent extraction. Coupled 

with this, the wide electrochemical stability of ILs has been ingeneously used to recover 

the extracted metal in a convenient solid form, by electrodeposition from the IL phase. 

Such a process helps produce the desired solid end product and avoids many intermediate 

steps. 

In this context, Hussey et al. [12] investigated the feasibility of the 

electrodeposition of cesium and strontium containing calixerenes and crown ether ligands 
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ionophores from IL. In addition, they also investigated the electrochemical behaviour of a 

solution containing some trivalent lanthanide ions, the neutral tridentate ligand, 

N,N,N′,N′-tetra(n-octyl)diglycolamide (TODGA) and choride ion in IL [13]. Matsumiya 

et al. [11] investigated the extraction and electrodeposition behaviour of some lanthanides 

(Pr, Nd and Dy) in a solution composed of tri-n-butyl phosphate (TBP) and IL. The 

extraction behaviour of rare earth elements in TODGA-IL system was investigated by 

Murakami et al. [14].  

In the extracted phase, the electrochemical behavior and electrodepositon of the 

metal ion is governed by the nature of diffusing species at the working electrode and 

therefore, on the size of the complex and strength of the ligand coordinated to the metal 

ion. It has been reported that the diffusion of electroactive species at the working 

electrode is lowered in the presence of ligands and reduction potential of the electroactive 

species is shifted to more cathodic potentials [10, 12]. In such cases, the electrode process 

at the working electrode is very complex and irreversible in the presence of ligands. One 

way of minimising/eliminating this kind of complication is to add a new ligand preferably 

a monoatomic anion, whose coordinating ability with the metal ion is higher than the 

organic ligand. The addition of such a strong field ligand to the electrolytic medium 

displaces the big neutral organic ligand from the metal co-odination sphere, and the 

product formed after decomplexation is expected to undergo faster diffusion at the 

working electrode. In addition, the required ligand can be selected in such a way that it 

undergoes easy oxidation at the counter electrode during the reduction of metal species at 

the working electrode. One such monoatomic ligand could be a halide anion [13, 15, 16].  

The electrochemical behaviour of UO2
2+

 in IL solution containing TBP was 

reported by Giridhar et al. [10]. The electrochemical reduction of UO2
2+

 in IL was very 

complex and the cathodic current was invariably very low, owing to the presence of TBP 
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in the IL solution [10]. In order to tame the electrochemical behaviour of UO2
2+

 in the 

presence of TBP, the voltammetric behaviour of UO2
2+

 in presence of Cl
-
 ions, added in 

the form of 1-butyl-3-methylimidazolium chloride (C4mimCl) was investigated. In this 

chapter, the effect of varying the chloride ion content in IL phase on the decomplexation 

behaviour UO2
2+

 from TBP coordination, and the possibility of underpoential deposition 

of uranium oxide in C4mimNTf2 was investigated. The electrochemical and spectroscopic 

studies were carried out with mole ratio of U : NO3 : TBP : Cl in IL solution was varied 

from of 1 : 2 : 2 : 0  to 1 : 2 : 2 : 6. The nature of uranyl species formed at various mole 

ratios was characterized by UV–Visible, ATR-FTIR and Raman spectroscopy. The 

diffusion behavior of UO2
2+

 species was investigated at various chloride ion 

concentrations to calculate the diffusion coefficients with the nature of uranyl species. 

Experimental parts of the present study have been discussed in 2.4.3 and synthesis 

of IL mentioned in 2.5.2 of chapter 2. 
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4.1.1. Results and discussion 

4.1.1.1. Cyclic voltammetry of U(IV) in ionic liquid medium 

The CV of C4mimNTf2 is shown in figure 4.1. It can be seen that C4mimNTf2 

offers an electrochemical window of 5 V. The CV pertaining to UO2(NO3)2 (U = 80 mM) 

present in a solution of TBP (160 mM) in C4mimNTf2, recorded at a glassy carbon 

working electrode at the scan rate of 100 mV/s is also shown in figure 4.1. The uranyl 

nitrate in TBP/C4mimNTf2 shows the onset of reduction occurring at the potential of -0.5 

V (Vs Pd) resulting in a weak peak, at the potential (Ep
c1

) of -0.9 V (Vs Pd), which could 

be attributed to the reduction of UO2
2+

 to UO2 [10]. The corresponding oxidation wave 

occurs at the peak potential (Ep
a1

) of -0.1 V (Vs Pd). When the scan was reversed at -2 V, 

the voltammogram showed a continuous surge of cathodic current beyond the peak 

current (Ip
c1

). It should be noted that the magnitude of peak current density is quite low 

and the peak potential is more negative than the peak potential reported for the reduction 

of UO2
2+

 to UO2 in other ILs [7, 14-16]. For instance, the cyclic voltammogram of 80 

mM UO2Cl2 in C4mimCl, under identical conditions is shown in the same for comparison. 

The the poor cathodic current density and overpotential observed for the reduction of 

UO2
2+

 to UO2 in TBP/C4mimNTf2 could be attributed to the formation of bulky 

electroactive species [UO2(NO3)2(TBP)2] in the C4mimNTf2 phase. It is well-recognised 

that uranyl nitrate forms 1 : 2 (U : TBP) complex with TBP in ILs as well as other 

molecular diluent media [17, 18]. The anion NTf2
-
 does not co-ordinate with uranyl ion, 

since NTf2
-
 is a weak field ligand as compared to NO3

-
 [15, 16, 19, 20].  
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Figure 4.1. CV of (a) C4mimNTf2, (b) 80 mM UO2(NO3)2 dissolved in C4mimNTf2 

containing TBP (160 mM) and (c) 80 mM UO2Cl2 dissolved in C4mimCl recorded at a 

glassy carbon working electrode at the scan rate of 100 mV.s
-1

 at 373 K. 

 

4.1.1.2. Cyclic voltammetry of U(VI) in the presence of C4mimCl 

The CV pertaining to uranyl ion in C4mimNTf2, recorded at a glassy carbon 

working electrode at a scan rate of 100 mV/s, at 373 K showed in figure 4.2. The mole 

ratio, U : NO3 : Cl  was varied from 1 : 2 : 0 to 1 : 2 : 6. The TBP was also present in the 

solution at the U : TBP mole ratio of 1 : 2.  It is evident that the current density of UO2
2+

 

reduction increases in all cases with the Cl
-
 content. The cathodic peak potential observed 

for the reduction of UO2
2+

 increases in the following order; Ep
c1

 < Ep
c3

 < Ep
c4

 < Ep
c5

, that 

corresponds to an increasing order of Cl
-
 ion content in the IL. However, at the mole ratio 

1 : 1 of U : Cl, a weak cathodic peak is observed at Ep
c2

, whose potential is higher than 

Ep
c5

 i.e. Ep
c5

 < Ep
c2

. All these observations indicate that the addition of Cl
-
 to the IL is 

likely to convert the UO2(NO3)2(TBP)2 specie into various anionic chloro complexes of 

uranium, as discussed above. Since TBP does not co-ordinate with these anionic uranyl 
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chloro complexes, it gets displaced from the uranyl coordination sphere. The 

decomplexed uranyl specie (from TBP), thus produced, seems to undergo faster diffusion 

and favourable reduction at the working electrode. However, it is necessary to confirm 

the nature of the electroactive specie reduced at different potentials (Ep
c2

, Ep
c3

, Ep
c4

, Ep
c5

) 

in order to understand its electrochemical behavior. In this context, the speciation of 

uranyl ion in the presence of nitrate, Cl and TBP was investigated by UV-Visible, ATR-

FTIR and Raman spectroscopy and the results are discussed below. 
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Figure 4.2. CV pertaining to 80 mM UO2(NO3)2 in C4mimNTf2 containing TBP (160 

mM) recorded at a glassy carbon electrode at a scan rate of 100 mV.s
-1

 at 373 K, in the 

presence and absence of C4mimCl. The mole ratio of U : NO3 : TBP : Cl is (a) 1 : 2 : 2 : 

0, (b) 1 : 2 : 2 : 1, (c) 1 : 2 : 2 : 1 but reversed at -1.45 V, (d) 1 : 2 : 2 : 2, (e) 1 : 2 : 2 : 4 

and (f) 1 : 2 : 2 : 6. 
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4.1.1.3. Speciation of Uranyl Ion in ionic liquid medium 

In order to increase the current density and reduce the overpotential needed for the 

reduction of UO2
2+

 to UO2, C4mimCl was added to the uranyl nitrate - TBP solution. The 

added chloride ion could form a series of complexes with uranyl ion depending upon the 

mole ratio of U : NO3 : Cl. The following reactions could be proposed for the 

complexation of neutral uranyl nitrate with chloride ion. 

 

UO2(NO3)2 + Cl
-
   ⥨ [UO2(NO3)2Cl]

-
    (4.1) 

UO2(NO3)2 + 2Cl
-
 ⥨ [UO2(NO3)2Cl2]

2-
    (4.2) 

UO2(NO3)2 + 2Cl
-
 ⥨ [UO2(NO3)Cl2]

-
 + NO3

-
   (4.3) 

UO2(NO3)2 + 3Cl
-
 ⥨ [UO2(NO3)Cl3]

2-
 + NO3

-
   (4.4) 

UO2(NO3)2 + 4Cl
-
 ⥨ [UO2Cl4]

2-
 + 2NO3

-
    (4.5) 

 

It should be noted that the abundance of the different uranyl species in 

C4mimNTf2 medium depends upon relative mole ratio of U : NO3 : Cl, as well as on the 

relative stability of the resultant complex in the IL. In this context, Gaillard et al. [12] 

studied the competitive complexation of nitrates and chlorides with uranyl ion in 

C4mimNTf2 and reported the coordination behaviour uranyl ion in that solution. When the 

mole ratio of U : NO3 : Cl was 1 : 2 : 1, the most dominant specie was [UO2(NO3)2Cl]
-
, 

and at higher Cl : U ratio (4 or higher), the uranyl ion forms mixture of complexes such as 

[UO2Cl3(NO3)]
2-

 and [UO2Cl4]
2-

. However, it is important to note that TBP was not 

present in the IL medium, investigated by Gaillard et al. [15]. 
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Nevertheless, literature indicates that TBP and NO3
-
 were not “strong field” 

ligands as compared to Cl
-
 ions, and they could be easily substituted from uranyl 

coordination sphere by a near stoichiometric or slightly excess quantity of Cl
-
 ions [15, 

16, 19-21]. Moreover, it should be noted that TBP being a neutral ligand, could form a 

complex essentially with neutral uranyl species like [UO2X2], where X = Cl
-
 or NO3

-
. 

Therefore, the addition of C4mimCl to [UO2(NO3)2(TBP)2] in C4mimNTf2 could result in 

the displacement of TBP from uranyl co-ordination sphere and facilitate the formation of 

anionic chloro complexes of uranyl ion as indicated in equations (4.1) to (4.5). Since the 

co-ordination of TBP was responsible for the low cathodic current and overpotential 

reduction of UO2
2+

 to UO2, the decomplexation of TBP from uranyl coordination sphere 

is expected to facilitate the reduction of UO2
2+

 to UO2 at lower negative potentials and 

increase the current density. 

4.1.1.4. Visible Absorption Spectroscopy of uranyl ion in ionic liquid medium 

The co-ordination environment of uranyl ion can be ascertained to some extent by 

comparing the visible absorption spectrum of the uranyl species obtained at various mole 

ratios of Cl
-
 ion with those reported in the literature [15, 16]. It should be noted that in all 

visible absorption spectrum investigations, the ratio U : NO3 : TBP was kept at 1 : 2 : 2 

and C4mimCl was added to this solution to increase the Cl
-
 ion concentration, such that 

the U : NO3 : TBP : Cl  could be varied from 1 : 2 : 2 : 0 to 1 : 2 : 2 : 6. This visible 

absorption spectrum of uranyl nitrate in C4mimNTf2 at U : NO3 : TBP mole ratio of 1 : 2 : 

2 is shown in figure 4.3. This spectrum of uranyl nitrate in TBP/C4mimNTf2 is 

characterised by the presence of bands at 428 nm, 440 nm, 451 nm and 465 nm. The 

intensity of other bands is less. The absorption spectrum of uranyl nitrate in 14 M nitric 

acid, shown in the same figure 4.3 matches well with the visible absorption spectrum of 

uranyl nitrate in TBP/C4mimNTf2. Literature indicates that a major fraction of the of 
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uranyl ion exists as neutral UO2(NO3)2 in 14 M nitric acid [22]. The similarity in the 

absorption bands of uranyl nitrate in TBP/C4mimNTf2 with those observed for uranyl 

nitrate in 14 M nitric acid, indicates that the overall structure of uranyl nitrate specie in 

the IL is not affected to a great extent by the addition of TBP. Therefore, it is quite likely 

that uranyl nitrate is essentially solvated by TBP and exists as UO2(NO3)2(TBP)2 in 

C4mimNTf2 [21, 22]. Moreover, it should be noted that the anonic component NTf2
-
 of 

this IL is relatively bulky and is a weak field ligand [15, 16, 19-21] as compared to 

nitrate. Therefore, NTf2
-
 does not participate in the coordination with UO2

2+
 ion in the 

presence of nitrate. 
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Figure 4.3. UV-Visible absorption spectrum of (a) 80 mM UO2(NO3)2 dissolved in 

C4mimNTf2 containing TBP (160 mM) and (b) 80mM UO2(NO3)2 dissolved in 14 M 

HNO3. 

 

It would be be interesting to understand the variation in the visible-absorption 

bands of uranyl species in the presence of Cl
-
 ions. Figure 4.4 shows the visible-
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absorption spectrum of uranyl species at different mole ratios of U : NO3 : TBP : Cl. In all 

these cases the ratio U : NO3 : TBP was maintained constant at 1 : 2 : 2. It could be seen 

that the addition of Cl
-
 ions decreases the intensity of the absorption bands at 451 nm, 467 

nm and 482 nm and increases the intensity of those at 403 nm, 415 nm and 423 nm. When 

the mole ratio of U : NO3 : TBP : Cl is 1 : 2 : 2 : 4, a couple of new bands emerge at 457 

nm and 475 nm and become prominent when the mole ratio of U : NO3 : TBP : Cl reaches 

1 : 2 : 2 : 6. In addition, these bands are further broadened at 1 : 2 : 2 : 6 (U : NO3 : TBP : 

Cl) mole ratio.  
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Figure 4.4. UV-Visible absorption spectra of 80 mM UO2(NO3)2 dissolved in 

C4mimNTf2 containing TBP (160 mM), in the presence and absence of C4mimCl. The 

mole ratio of U : NO3 : TBP : Cl is (a) 1 : 2 : 2 : 0, (b) 1 : 2 : 2 : 1, (c) 1 : 2 : 2 : 2, (d) 1 : 2 

: 2 : 4 and (e) 1 : 2 : 2 : 6. 
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Gaillard et al. [15] reported a similar behaviour in the UV-Visible absorption 

spectrum of uranyl nitrate in C4mimNTf2. These authors added tetrabutylammonium 

chloride to vary the U : NO3 : Cl content in this IL. Gaillard et al. [15] also studied the 

speciation of uranyl ion by EXAFS in the presence of Cl
-
 ions. But TBP was not present 

in the solution. When the mole ratio of U : NO3 : Cl was 1 : 2 : 2, majority  of the uranyl 

species was reported to exist in the form of [UO2Cl(NO3)2]
-
. At 1 : 2 : 6 mole ratio, the 

dominant species reported was a mixture of [UO2Cl4]
2-

 and [UO2Cl3(NO3)]
2-

. Thus, the 

visible absorption spectra of uranyl ion in the presence of Cl
-
 and TBP with those 

reported by Gaillard et al. [15] are quite similar. Thus it is reasonable to conclude that the 

uranyl ion in the presence of TBP exists in the form of anionic complexes viz., 

[UO2Cl(NO3)2]
-
 or [UO2Cl3(NO3)]

2-
 or [UO2Cl4]

2-
, depending upon the mole ratio of U : 

NO3 : TBP : Cl. Since TBP is a neutral and a weak ligand as compared to NO3
-
 and Cl

-
, it 

is not likely to be involved in co-ordination with these anionic uranyl species. 

4.1.1.5. Raman Spectroscopy of “Free” Nitrate 

The equations (4.1) to (4.5) indicate that the addition of Cl
-
 ions to UO2(NO3)2 

present in C4mimNTf2 leads to the substitution of nitrate ion by Cl
-
 ions. The nitrate ion 

released from uranyl coordination sphere could be easily monitored by the NO3
-
 

symmetric stretching bands in Raman spectra at 1042 cm
-1

 [23]. For instance, when the U 

: NO3 : Cl mole ratio is 1 : 2 : 1 the following reactions could take place.  

UO2(NO3)2+ Cl
-
   ⥨ [UO2(NO3)2Cl]

-
    (4.6) 

UO2(NO3)2+ 2Cl
-
 ⥨ [UO2(NO3)Cl2]

-
 + NO3

-
   (4.7) 

The added Cl
-
 reacts with the uranyl nitrate leading to the formation of 

[UO2(NO3)2Cl]
-
 or the uranyl nitrate present in the solution is partially converted to 

[UO2(NO3)Cl2]
-
. During the partial conversion, the unreacted UO2(NO3)2 remains in the 
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IL. Among these two reactions, the reaction (4.7) results in the release of nitrate ion from 

uranyl coordination sphere. Monitoring the liberated “free” or “unco-ordinated” nitrate 

ion in Raman spectrum at 1042 cm
-1

 would provide more insights into the possibility of 

the above reactions and the relative abundance of uranyl species. It should be noted that 

the absorption bands of nitrate ion “co-ordinated” to uranyl ion occurs at 1010 to 1030 

cm
-1

. Since these bands are completely masked by the absorption bands pertaining to the 

IL at 1020 cm
-1

, the co-ordinated nitrate bands could not be observed in the Raman 

spectra. 
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Figure 4.5. Raman spectrum of 80 mM UO2(NO3)2 dissolved in C4mimNTf2 containing TBP 

(160 mM), in the presence and absence of C4mimCl. The mole ratio of U : NO3 : TBP : Cl is 

(a) 1 : 2 : 2 : 0, (b) 1 : 2 : 2 : 1, (c) 1 : 2 : 2 : 2, (d) 1 : 2 : 2 : 4, (e) 1 : 2 : 2 : 6. 
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Figure 4.5 shows the Raman spectra pertaining to uranyl ion at U : NO3 : TBP : Cl 

mole ratio ranging from 1 : 2 : 2 : 0 to 1 : 2 : 2 : 6. It is evident that the bands pertaining 

to the unbound (free) nitrate at 1042 cm
-1

 are not present, in the absence of Cl
-
 ion i.e., at 

1 : 2 : 2 : 0 mole ratio as well as at 1 : 2 : 2 : 1 mole ratio. This indicates that NO3
-
 ion is 

not “free” in both these cases. The absence of “free” nitrate ion peaks in the Raman 

spectra indicates that the dominant uranyl specie is [UO2(NO3)2Cl]
-
 at 1 : 2 : 2 : 1 mole 

ratio. At 1 : 2 : 2 : 2 mole ratio of U : NO3 : TBP : Cl, the reactions shown in (4.2) and 

(4.3) are possible. The Raman spectrum of the IL solution at 1 : 2 : 2 : 2 mole ratio, shows 

the presence of a new band at 1042 cm
-1

 indicating the presence of “free” nitrate ion in IL 

medium. This nitrate ion is possibly liberated from the uranyl ion co-ordination sphere by 

the reactions shown in equation (4.3). This indicates that the dominant uranyl specie at 1 : 

2 : 2 : 2 mole ratio is likely to be [UO2(NO3)Cl2]
-
. It is also noted that increasing the 

concentration of Cl
-
 ions increases the intensity of 1042 cm

-1
 band. This indicates the 

sequential substitution of NO3
-
 ions present in the uranyl co-ordination sphere by Cl

-
 ions 

upon the reactions shown in equations (4.4) and (4.5). All these observations confirm that 

[UO2(NO3)2(TBP)2] present in IL is gradually converted to different anionic species by 

the addition of C4mimCl, and the abundance of these uranyl species increases as we 

proceed from reaction (4.1) to (4.5) i.e. with an increase in the mole ratio of Cl
-
 ion in the 

solution. At higher mole ratio of U : NO3 : TBP : Cl, i.e., at 1 : 2 : 2 : 6, the dominant 

specie likely to be present in the solution is [UO2Cl4]
2-

. 

The gradual substitution of NO3
-
 ions present in the uranyl ion coordination sphere 

by Cl
-
 ions could also be monitored by recording the position of U=O stretching bands in 

the Raman spectrum. Literature reports on the Raman spectrum of uranyl compound 

indicate that uranyl nitrate can be easily identified by the presence of an absorption band 

at 860 cm
-1

 and that of chlorocomplex, [UO2Cl4]
2-

 by the absorption bands at 830 cm
-1
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[24]. Figure 4.5 shows the Raman spectrum of uranyl species at various mole ratios of U : 

NO3 : TBP : Cl varied from 1 : 2 : 2 : 0 to 1 : 2 : 2 : 6. These Raman spectra show the 

presence of an absorption band at 860 cm
-1

, which is characteristic to uranyl nitrate as 

expected at 1 : 2 : 2 : 0 mole ratio. The absorption band at 830 cm
-1

 could be attributed to 

the IL, C4mimNTf2. It is noted that the relative intensity of 860 cm
-1

 and 830 cm
-1

 are 

comparable at 1 : 2 : 2 : 0 mole ratio. The addition of Cl
-
 ion to UO2(NO3)2(TBP)2 

solution results in the gradual shift of 860 cm
-1

 to lower frequencies. At the mole ratio U : 

NO3 : TBP : Cl of 1 : 2 : 2 : 1, the 860 cm
-1

 absorption band is partially shifted to 850 cm
-

1
 and the original band at 860 cm

-1
 appears as a shoulder to the 850 cm

-1
 band. The 

presence of a weak shoulder at 860 cm
-1

 indicates that UO2(NO3)2(TBP)2 is still present in 

the solution, possibly with low abundance. However, the dominant specie seems to be 

[UO2(NO3)2Cl]
-
 at 1 : 2 : 2 : 1 mole ratio. Further, addition of Cl

-
 ion, shifts the position 

of U=O stretching bands to 830 cm
-1

, with negligible intensity at 860 cm
-1

. This indicates 

that the abundance of UO2(NO3)2(TBP)2 species is negligible at U : NO3 : TBP : Cl mole 

ratio of 1 : 2 : 2 : 2. The intensity of 830 cm
-1

 (due to IL) and 850 cm
-1

 (due to U=O 

stretching) at 1 : 2 : 2 : 2 mole ratio are equal in this case. At 1 : 2 : 2 : 4 mole ratio of U : 

NO3 : TBP : Cl, the U=O stretching band is shifted further from 850 cm
-1

 to 840 cm
-1

 and 

appear as a shoulder to the 830 cm
-1

 band. At 1 : 2 : 2 : 6 mole ratio, the U=O band 

completely merges with the IL band at 830 cm
-1

. Further addition of Cl
-
 did not shift the 

position of 830 cm
-1

 band further. Therefore, this study indicates that uranyl nitrate-TBP 

complex is gradually converted to various chloro complexes with the addition of 

C4mimCl. At 1 : 2 : 2 : 1 mole ratio of U : NO3 : TBP : Cl, majority of the uranium 

species exists as [UO2(NO3)2Cl]
-
 with residual [UO2(NO3)2(TBP)2] and at 1 : 2 : 2 : 6 

mole ratio and above, the dominant uranium specie is [UO2Cl4]
2-

. 
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4.1.1.6. ATR-FTIR Spectroscopy of U=O and P=O Stretching 

The formation of chloro complexes of uranium in C4mimNTf2 could be further 

evidenced by probing the transmittance bands of U=O stretching frequencies by FTIR 

spectroscopy. The FTIR spectroscopic studies on uranium complexes reported in 

literature indicate that O=U=O asymmetric stretching bands occur at 900 to 950 cm
-1

. The 

position of this asymmetric stretching band in FTIR spectrum depends upon the nature of 

ligands co-ordinated to uranyl ion. When UO2
2+

 was co-ordinated by two molecules of 

nitrate ion, the O=U=O stretching band occurs at 940 cm
-1

. The [UO2(NO3)2(TBP)2] 

complex has also reported to show the O=U=O asymmetric bands at 940 cm
-1

 [24]. 

However, the co-ordination of strong field ligands like Cl
-
 ion as compared to TBP and 

NO3
-
 ion, results in weakening of U=O bonds and shift the O=U=O asymmetric stretching 

bands from 940 cm
-1

 to a lower wavenumber. [UO2Cl4]
2-

 complex was reported to show a 

band pertaining O=U=O transmittance band 918 cm
-1

 [25]. 

When the position and shift of U=O and P=O (of TBP) stretching bands with the 

addition of Cl
-
 ions was probed by ATR-FTIR spectroscopy, it was found that the region 

from 1500 to 800 cm
-1

 was completely masked by the strong transmittance bands of the 

IL, C4mimNTf2. In view of this, it was necessary to correct the spectrum of the sample 

with respect to the C4mimNTf2 background and present as the differential ATR-FTIR 

spectrum of the sample. Several authors have reported such differential spectra when the 

FTIR spectrum of the sample was masked by the solvent [26-28]. Figure 4.6 shows the 

differential ATR-FTIR spectrum of UO2(NO3)2 in C4mimNTf2. The uranyl nitrate 

spectrum was corrected with respect to the spectrum of C4mimNTf2 and presented as 

differential spectrum in figure 4.6. The corrected spectrum shows the presence of 

transmittance bands at 950 cm
-1

.  This indicates that UO2
2+

 is co-ordinated to nitrate ions 

in the form of UO2(NO3)2 in IL. The addition of TBP to UO2(NO3)2/C4mimNTf2, at U : 



Chapter 4 

116 
 

NO3 : TBP mole ratio of 1 : 2 : 2, results in the shift of O=U=O asymmetric stretching 

bands from 950 cm
-1

 to 942 cm
-1

. This can be attributed to the co-ordination of uranyl 

nitrate complex by TBP resulting in the weakening of U=O bands. 
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Figure 4.6. ATR-FTIR spectrum of 80 mM UO2(NO3)2 dissolved in C4mimNTf2 

containing TBP (160 mM), in the presence and absence of C4mimCl. The mole ratio of U 

: NO3 : TBP : Cl is (a) 1 : 2 : 2 : 0, (b)  1 : 2 : 2 : 1, (c) 1 : 2 : 2 : 2, (d) 1 : 2 : 2 : 4, (e) 1 : 2 

: 2 : 6, (f) 1 : 2 : 2 : 0 and (g) 10 mM UO2(NO3)2 dissolved in C4mimNTf2 without TBP. 

 

Figure 4.6 also shows the differential ATR-FTIR spectrum of uranyl nitrate 

solution in C4mimNTf2, at various mole ratios of U : NO3 : TBP : Cl, varied from 1 : 2 : 2 

: 0 to 1 : 2 : 2 : 6. The differential spectrum shows the gradual shift of O=U=O 

asymmetric stretching bands from 942 cm
-1

 to 916 cm
-1

 when the mole ratio of U : NO3 : 
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TBP : Cl was increased from 1 : 2 : 2 : 0 to 1 : 2 : 2 : 4. Further addition of Cl
-
 ions does 

not shift the position of transmittance bands from 916 cm
-1

. All these observations 

indicate that uranyl nitrate in TBP/C4mimNTf2 exists in the form of UO2(NO3)2(TBP)2; 

however the addition of Cl
-
 ions to the solution gradually substitutes the nitrate ion 

present in the uranium coordination sphere by Cl
-
 ions. When the mole ratio of U : NO3 : 

TBP : Cl is 1 : 2 : 2 : 4 or above (i.e., Cl
-
 is more) a major fraction of the uranyl ion exists 

in the form of  [UO2Cl4]
2-

 in IL. These results are in good agreement with the visible 

absorption and Raman spectrum of uranyl species discussed above. 

 The ligand TBP exhibits a strong P=O stretching transmittance bands at ~1280 

cm
-1

 [26]. Literature shows that co-ordination of uranyl nitrate with TBP results in the 

shift of P=O stretching bands from 1280 cm
-1

 (uncoordinated P=O) to 1170 cm
-1

 

(coordinated P=O). However, the IR region spanning from 1240 cm
-1

 to 1320 cm
-1

 is 

completely masked by the transmittance bands of the IL. Therefore, it was difficult to 

arrive at any meaningful conclusion on the co-ordination behaviour of TBP with uranyl 

ion by FTIR spectroscopy. Nevertheless, the differential ATR-FTIR spectrum shows that 

the transmittance bands at 1172 cm
-1

, which is due to the stretching bands of co-ordinated 

P=O groups with uranyl ion. It is interesting to note that the intensity of the differential 

spectrum at 1172 cm
-1

 increases above the value of unity when the mole ratio of U : NO3 : 

TBP : Cl increases from 1 : 2 : 2 : 0 to 1 : 2 : 2 : 6. The increase in the transmittance value 

above unity in the differential spectrum could be taken as indicative of lowering of the 

abundance of co-ordinated P=O groups upon increasing the Cl
-
 ion content. This is 

possible only when TBP is decomplexed from the uranyl co-ordination sphere upon Cl
-
 

addition. A similar explanation was also provided by other researchers [16, 19, 20]. 

Nevertheless, the ATR-FTIR spectrum both co-ordinated and unco-ordinated of P=O 

bonds show that it is difficult to arrive at any significant conclusion on co-ordination and 
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decomplexation behaviour of TBP upon Cl
-
 addition, due to masking of P=O stretching 

bands by C4mimNTf2. 

Based on the spectroscopic studies discussed above, the following conclusions can 

be drawn. Table 4.1 summarises the dominant uranyl species as a function of Cl
-
 ions at 

various U : NO3 : TBP : Cl mole ratios. Since Cl
-
 is a strong field ligand as compared to 

the neutral TBP and nitrate ions, the addition of Cl
-
 ions gradually displaces the TBP and 

substitutes the nitrate ions present in the uranyl co-ordination sphere. Addition of 

C4mimCl changes the nature of uranyl species from UO2(NO3)2(TBP)2 to [UO2Cl4]
2-

 with 

the change in mole ratio of U : NO3 : TBP : Cl from 1 : 2 : 2 : 0 to 1 : 2 : 2 : 6. 

 

Table 4.1. Uranyl species proposed to be existing at various mole ratios of U : NO3 : 

TBP : Cl and the cathodic peak potential obtained from the CV (figure 4.2). 

Mole ratio of  

U : NO3 : TBP : Cl 

Predicted predominant uranyl species Peak 

potential 

1 : 2 : 2 : 0 

1 : 2 : 2 : 1  

1 : 2 : 2 : 2 

1 : 2 : 2 : 4 

1 : 2 : 2 : 6 

UO2(NO3)2(TBP)2 

[UO2(NO3)2Cl]
-
, UO2(NO3)2(TBP)2* 

[UO2(NO3)Cl2]
-
, [UO2(NO3)2Cl2]

2-
* 

[UO2(NO3)Cl3]
2-

, [UO2Cl4]
2-

* 

[UO2Cl4]
2-

, [UO2(NO3)Cl3]
2-

* 

-1 

-0.62 

-0.93 

-0.89 

-0.73 

* indicates that the abundance of this species is far less as compared to the co-

existing predominant species. 
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4.1.1.7. Correlation between CV of U(VI) and Spectroscopic Features 

Based on the spectroscopic studies discussed above, the CV behaviour of uranyl 

ion shown in figure 4.2, could be correlated to the nature of uranyl specie present in the 

IL medium. In figure 4.2, the mole ratio of U : NO3 : TBP : Cl was varied from 1 : 2 : 2 : 

0 to 1 : 2 : 2 : 6. At the mole ratio 1 : 2 : 2 : 1, the CV shows a cathodic wave (Ep
c2

) at a 

peak potential of -0.7 V (Vs Pd). This is probably due to the reduction of [UO2(NO3)2Cl]
-
 

specie, that is predominant in the IL. The reduction at Ep
c2

 in the voltammogram is 

followed by continuous increase in the cathodic current possibly attributed to the 

reduction of [UO2(NO3)2(TBP)2] specie that is also present in the solution in significant 

concentration at this mole ratio. Since reduction of [UO2(NO3)2Cl]
-
 seems to be 

favourable (discussed below), the cathodic peak current, Ip
c2

, is more than that observed 

at Ip
c1

 in figure 4.2. It is evident from figure 4.2 that the current density pertaining to the 

reduction of UO2
2+

 increases with the Cl
-
 ion content in the IL, in the following order: Ip

c1
 

< Ip
c2

 < Ip
c3

 < Ip
c4

 < Ip
c5

.  This could be attributed to the conversion of uranyl nitrate-TBP 

complex into different chloro complexes as represented in the equations (4.1) to (4.5). At 

1 : 2 : 2 : 6 mole ratio, the cathodic peak current (Ip
c5

) is significantly high due to the 

formation of [UO2Cl4]
2-

 species. The redox reaction of [UO2Cl4]
2-

 could be represented 

by the reduction UO2
2+

 at the working electrode and oxidation of Cl
-
 to Cl2 at the counter 

electrode (4.8) 

 

[UO2Cl4]
2-

 → UO2 (at the working electrode) + 2Cl
-
 + Cl2 (at the counter electrode)  (4.8) 

 

Similarly the reduction of uranyl nitrate at the working electrode requires the oxidation of 

nitrate at the counter electrode. 
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UO2(NO3)2 → UO2 + oxidation products of NO3
-
     (4.9) 

 

The oxidation of Cl
-
 to Cl2 at the counter electrode appears to be favoured more 

than the oxidation of nitrate. In view of this, the cathodic peak potential observed for the 

reduction of UO2
2+ 

at various mole ratios of U : Cl increases in the order: Ep
c1

 < Ep
c3

 < 

Ep
c4

 < Ep
c5

, which is the increasing order of Cl
-
 ion content in IL. However, it is not clear 

from the present study why the cathodic peak Ep
c2 

was higher than Ep
c5

 i.e. Ep
c5

 < Ep
c2

 and 

more studies are needed in this direction to understand the nature of specie undergoing 

reduction at the peak potential, Ep
c2

. 

4.1.1.8. Diffusion coefficients 

The CV pertaining to UO2
2+

 in C4mimNTf2 recorded at a glassy carbon working 

electrode at a mole ratio of U : NO3 : TBP : Cl varying from 1 : 2 : 2 : 1 to 1 : 2 : 2 : 6. 

The scan rate at 373 K was varied from 20 mV/s to 100 mV/s. These results are shown in 

figure 4.7. It is evident from this figure that the cathodic peak potential in all these cases 

gets shifted cathodically while the anodic peak potential is shifted anodically with an 

increase in scan rate. The cathodic and anodic peak currents are also increases with the 

scan rate. This observation is characteristic to the irreversible or quasi-reversible 

reduction of UO2
2+

 to UO2. This indicates that the reduction of UO2
2+ 

is governed not 

only by the diffusion of UO2
2+

 at the working electrode, but also by the kinetics of the 

electron transfer occurring across the electrode-electrolyte interface. The nature of 

electron transfer occurring across the electrode-electrolyte interface could be determined 

by measuring the quantity Ep
c
–Ep/2

c
, where Ep/2

c
 is half peak potential. If this value is 

more than 33 mV for the two electron transfer taking place at 373 K, the electrode 

reaction occurring at the electrode-electrolyte interphase can be regarded as irreversible 

or quasi-reversible. The value of Ep
c
–Ep/2

c
 was determined to be more than 60 mV in all 
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cases. This observation confirms that the reduction of UO2
2+

 to UO2 at the working 

electrode is not only governed by the diffusion of UO2
2+

 but also by the heterogeneous 

charge transfer kinetics occurring across the electrode-electrolyte interface [29, 30]. 

 

Figure 4.7. CV pertaining to 80 mM UO2(NO3)2 in C4mimNTf2 containing TBP (160 

mM) recorded at a glassy carbon electrode at different scan rates at 373 K, in the presence 

of C4mimCl. The mole ratios; U : NO3 : TBP : Cl are (a) 1 : 2 : 2 : 1, (b) 1 : 2 : 2 : 2, (c) 1 

: 2 : 2 : 4 and (d) 1 : 2 : 2 : 6. 

 

The heterogeneous charge transfer coefficient (α) is a measure of the symmetry 

barrier in a non-reversible electron transfer reaction and it could have values ranging from 

0.1 to 0.9. The charge transfer coefficient for the reduction of UO2
2+

 to UO2 could be 

determined by using equation A.4 (Annexure) [30]. where Ep
c
 and Ep/2

c
 are peak and half-
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peak potentials responsible for the reduction of UO2
2+

 to UO2. By substituting the values 

of Ep
c
–Ep/2

c
 determined from the cyclic voltammogram, shown in figure 4.7, the value of 

αnα was determined. This value was found to vary from 0.3 to 0.6. 

The Berzin-Delahey relation for an irreversible or quasi-reversible reduction of 

soluble-insoluble (UO2
2+

 to UO2) couple is shown in equation A.5 (Annexure), where the 

surface area of the glassy carbon electrode is 0.16 cm
2
, the concentration of U(VI) present 

in C4mimNTf2 is 80 mM and the number of electron transferred is 2.  
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Figure 4.8. Plot of the cathodic peak current against the square root of scan rate (ʋ
1/2

) 

pertaining to the reduction of 80 mM UO2(NO3)2 in C4mimNTf2 containing TBP (160 

mM) recorded at a glassy carbon electrode at 373 K, in the presence of C4mimCl. The 

mole ratio of U : NO3 : TBP : Cl is (a) 1 : 2 : 2 : 1, (b) 1 : 2 : 2 : 2, (c) 1 : 2 : 2 : 4 and (d) 

1 : 2 : 2 : 6. 

 

A plot of Ip
c
 against the square root of scan rate (ʋ

1/2
) at 373 K is shown in figure 

4.8. It is evident from this figure that this dependence is linear with a zero intercept. This 
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indicates that the Berzin-Delahay equation holds good for the reduction of UO2
2+

 to UO2 

and thus enables the determination of the diffusion coefficient from the slope of the 

straight line. The values of the apparent diffusion coefficient thus determined at 373 K are 

shown in table 4.2. These values increase from 6.8 X 10
-8

 to 1.0 X 10
-6

 cm
2
/s with an 

increase in the mole ratio, U : NO3 : TBP : Cl varied from 1 : 2 : 2 : 1 to 1 : 2 : 2 : 6. Since 

the addition of Cl
-
 ion converts the bulky and neutral [UO2(NO3)2(TBP)2] complex into a 

smaller anionic complex viz., [UO2(NO3)2Cl]
-
, [UO2Cl4]

2-
 etc., the diffusion coefficient 

increases with the increase in the concentration of Cl
-
 in the IL. This observation is in 

good agreement with the spectroscopic evidences discussed in the foregoing reactions. 

 

Table 4.2. Diffusion coefficients of uranyl specie in C4mimNTf2 at different mole 

ratios of U : NO3 : TBP : Cl. 

Mole ratio of U : NO3 : TBP : Cl Diffusion coefficient / cm
2
.s

-1 

1 : 2 : 2 : 1 

1 : 2 : 2 : 2 

1 : 2 : 2 : 4 

1 : 2 : 2 : 6 

6.9 X 10
-8

 

4.5 X 10
-7 

5.6 X 10
-7 

1.0 X 10
-6 
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4.1.2. Conclusions 

The voltammetric behaviour of UO2(NO3)2 in a solution of TBP/C4mimNTf2 was 

quite complicated owing to the coordination of TBP with uranyl nitrate viz., 

[UO2(NO3)2(TBP)2] in C4mimNTf2. The cathodic peak current density pertaining to the 

reduction of UO2
2+

 to UO2 in the presence of TBP was found to be quite low. In order to 

increase the current density and favour an underpotential reduction of UO2
2+

, C4mimCl 

was added to the uranyl nitrate - TBP solution. The U : NO3 : TBP : Cl mole ratio was 

varied from 1 : 2 : 2 : 1 to 1 : 2 : 2 : 6 in the IL. Addition of C4mimCl to this IL increased 

the cathodic current density and favoured underpotential reduction of UO2
2+

 to UO2. The 

diffusion coefficient of UO2
2+

 increased from 6.8 X 10
-8

 to 1.0 X 10
-6

 cm
2
/s with the 

increase in mole ratio of U : NO3 : TBP : Cl from 1 : 2 : 2 : 1 to 1 : 2 : 2 : 6, due to the 

conversion of the bulky and neutral [UO2(NO3)2(TBP)2] complex into a smaller anionic 

complex like [UO2(NO3)2Cl]
-
, [UO2Cl4]

2-
 etc..  

In order to understand the electrochemical behavior of the uranyl ion observed in 

the presence of neutral and anionic ligands, the speciation of uranyl ion containing 

moities in the presence of NO3
-
, Cl and TBP was investigated by UV-Visible, ATR-FTIR 

and Raman spectroscopy. The visible absorption spectrum of uranyl nitrate in the 

presence of TBP showed that complexes containing the uranyl ion like UO2(NO3)2(TBP)2 

existed in C4mimNTf2 in the absence of C4mimCl. However, in the presence Cl
-
 ions, the 

uranyl nitrate gets transformed into different anionic complexes viz., [UO2Cl(NO3)2]
-
 or 

[UO2Cl3(NO3)]
2-

 or [UO2Cl4]
2-

, depending upon the mole ratio of U : NO3 : Cl. Since 

TBP is a neutral as well as weak ligand, it did not participate in the complexation with the 

anionic uranyl species. The ATR-FTIR spectroscopic studies also indicated that the 

addition of Cl
-
 ions to UO2(NO3)2(TBP)2 gradually lead to the substitution of nitrate ions 

by Cl
-
 and displaces TBP from the coordination sphere of uranyl ions. When the mole 
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ratio U : NO3 : TBP : Cl was 1 : 2 : 2 : 4 or above (i.e., Cl
-
 is more), a major fraction of 

the uranyl ions existed in the form of  [UO2Cl4]
2-

 in the IL. Raman spectroscopic studies 

showed that majority of uranyl species existed as [UO2(NO3)2Cl]
-
 with residual 

[UO2(NO3)2(TBP)2] at 1 : 2 : 2 : 1 mole ratio, whereas at 1 : 2 : 2 : 6 mole ratio the 

dominant uranium specie is [UO2Cl4]
2-

. This study thus confirmed that the addition of Cl
-
 

ion converted the bulky [UO2(NO3)2(TBP)2] complex into a smaller [UO2Cl4]
2-

 complex. 

Since the reduction of this chlorocomplex resulted in the liberation of Cl2 at the counter 

electrode, the reduction of UO2
2+

 at the working electrode was favorable than the 

reduction of uranyl nitrate-TBP complex. 

  



Chapter 4 

126 
 

4.2. Coordination and electrochemical behavior of U(VI) in dicyanamide ionic 

liquid 

Introduction 

 The literature survey revealed that the solubility of metal salts in IL media is 

governed by the solvation of metal salt in the IL, which in turn primarily depends upon 

the columbic forces [1, 5, 31]. The interactions between oppositely charged ions are not 

always adequate for complete dissolution of a given actinide salt in significant quantities 

in the IL [1, 5, 31, 32]. For instance, the solubility of uranyl nitrate in C4mimNTf2 or 

C4mimPF6 is very poor [15]. Hence, it is necessary to develop advanced ILs that can 

dissolve actinide salts through other mechanisms in addition to the coloumbic intearation, 

that enhance the dissolution of actinides ions in IL. This should be accomplished, without 

compromising the wide electrochemical window and low viscosity that are necessary for 

electrochemical applications. The solubility of a given actinide salt in an IL could be 

increased by exploiting the co-ordinate bond forming tendency of inner 7f-orbitals. This 

requires the appropriate choice of the IL containing a desirable anion that would 

efficiently complex with the actinide ion, and thus enhance the dissolution of the actinide 

salt. In the mean while this anion should also be hard to reduce, should interact poorly 

with the counter cation such that it exhibits a wide electrochemical window and low 

viscosity [1, 5, 8, 31-33].   

 In the recent past, the ILs with cyano anions have been used in many 

electrochemical applications [31-37]. These cyano anions, include thiocyanate [SCN]
-
, 

dicyanamide [N(CN)2]
-
 (DCA), tricyanomethamide [C(CN)3]

-
, and tetracyanoborate 

[B(CN)4]
-
 as electrolytes. Among these the imidazoium dicyanamide possesses a very low 

viscosity of ~25cP, and it is suited for electrochemical applications. The structure of the 
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dicyanamide anion is shown in figure 4.9.  In addition, the DCA
-
 anion exhibits linkage 

isomerism for it contains three conjugated nitrogen atoms among which the negative 

charge could be delocalized, as shown in figure 4.9. As a result, DCA
-
 could act both as a 

monodentate or bidentate ligand, and coordinates with actinide ions through nitrogen 

atom of nitrile or imide. Earliar work on the coordination behaviour of DCA
-
 with some 

of the transition metal ions show that DCA
-
 could act either as monodentate or bidentate 

or bridging ligand. In view of this, the dicyanamide [N(CN)2]
-
 based ILs are likely to 

dissolve significant amounts of actinide salts in IL. However, the dissolution of uranyl 

salt, like uranyl nitrate ([UO2(NO3)2]) could result in the formation of many species like 

[UO2(DCA)2] or [UO2(DCA)4]
2-

 and mixed complexes. However, the coordination 

behaviour of DCA
-
 with uranyl ion and the speciation of uranyl ion in the presence of 

nitrate and DCA
-
 are not known. 

The present chapter deals with the synthesis of a couple of ILs containing 

dicyanamide anion, namely 1-butyl-3-methylimidazolium dicyanamide (C4mImDCA) 

and N-butyl-N-methylpyrrolidinium dicyanamide (C4mPyDCA) and the electrochemical 

behaviour of uranyl ion (UO2
2+

) in these ILs. The chemical structures of these IL is 

shown in figure 4.9. The interaction between DCA
-
 and uranyl ion was characterised by 

Raman and FTIR spectroscopy to unravel the coordination behaviour of uranyl ion with 

DCA
-
. The electrochemical behaviour of UO2

2+
 in C4mImDCA and C4mPyDCA was 

studied at a glassy carbon working electrode at different temperatures by CV. These 

results are reported in this chapter. 
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Resonance structures of dicyanamide anion 

  

1-Butyl-3-methylimdazolium dicyanamide 

N-Butyl-N-methylpyrrolidinium 

dicyanmide 

Figure 4.9. Resonance structures of dicyanamide anion and structures of the ILs used in 

the present work. 

 

Experimental parts of the present study have been discussed in the section 2.4.4 

and the synthesis of ILs has been detailed in the sections 2.5.5 & 2.5.6 of chapter 2. 
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4.2.1. Results and Discussion 

4.2.1.1. Raman spectroscopy of uranyl nitrate in dicyanamide ionic liquids 

The ILs containing dicyanamide group exhibit low viscosity (29 cP) and good 

solubility of uranium salts (~0.5 M). These properties are indeed desirable for studying 

the electrochemistry of actinides and for evaluating the feasibility of using dicyanamide 

ILs for non-aqueous reprocessing applications. The Raman spectrum of C4mImDCA and 

C4mPyDCA are shown in figure 4.10. The characteristic bands observed in the Raman 

spectrum could be assigned to different vibrational stretching frequencies of this IL and 

the same are tabulated in table 4.3. Figure 4.10 compares the Raman spectra of uranyl 

nitrate (0.3 M) dissolved in C4mImDCA and that of the pure IL [21, 24, 37-39]. It is 

evident that there is a new Raman band occurring at 852 cm
-1

 after dissolving uranyl 

nitrate in C4mImDCA, which could be attributed to the O=U=O symmetric stretching 

frequency. It should be noted that the position of O=U=O stretching band can occur in the 

wavenumber range 820 to 860 cm
-1

, depending upon the nature of the ligand co-ordinated 

to the UO2
2+

 ion. Weak field ligands such as nitrate ion and tri-n-butyl phosphate when 

coordinated to UO2
2+

 exhibit a Raman band at 860 cm
-1

 [ 25, 40]. Co-ordination with a 

strong filed ligand such as Cl
-
, weakens the U=O bond, and shifts the U=O stretching 

frequencies to a lower wavenumber (830 cm
-1

). Previously, we studied the spectroscopic 

behaviour of uranyl nitrate dissolved in ILs viz., C4mIm 

bis(trifluoromethanesulfonyl)imide (C4mImNTf2), wherein the NTf2
-
 anion is a big, 

poorly co-ordinating ligand [21, 40]. In these cases, the O=U=O stretching frequency of 

uranyl nitrate (860 cm
-1

) was not affected upon the dissolution of uranyl nitrate in 

C4mImNTf2, indicating that the NTf2
-
 anion was not involved in the coordination with 

UO2
2+

 ion. However, the appearance of the O=U=O symmetric stretching band at 852 cm
-
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1
; in the present case, indicates that DCA

-
 could be co-ordinating to uranyl ion in IL and 

thus shifts the O=U=O stretching frequency of uranyl nitrte from 860cm
-1

 to 852 cm
-1

.   
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Figure 4.10. Raman spectra of C4mImDCA and C4mPyDCA ILs. 

 

 Co-ordination of DCA
-
 with uranyl ion in C4mImDCA medium should result in 

the liberation of nitrate ion from the co-ordination sphere of uranyl ion [40]. This could 

cause changes in the stretching frequencies of both nitrate and –CN. The –CN 

stretching pertaining to C4mImDCA occurs at 2190 cm
-1

 in the Raman spectrum, as 

shown in figure 4.11. Addition of uranyl nitrate to C4mImDCA results in the appearance 
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of a new band at 2220 cm
-1

. This could be due to –CN stretching of the DCA
-
 co-

ordinated with the uranyl ion [38, 39]. The formation of a coordinate bond between UO2
2+

 

and DCA
-
 results in a reduction of negative charge density on the nitrogen atom. 

Consequently, bond strength and the stretching frequencies of –CN bond increases 

leading to the appearance of a band at 2220 cm
-1

, as shown in figure 4.11. This is 

evidently due to the coordination of uranyl ion with the DCA
-
 ion. 
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Figure 4.11. Raman spectrum of C4mImDCA (below) and 0.3 M UO2(NO3)2 dissolved in 

C4mImDCA (above). 
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Table 4.3. Assignment of Raman and IR bands to the vibrational stretching frequencies of 

C4mImDCA and C4mPyDCA with and without uranyl nitrate. 

Ionic Liquid Raman band / cm
-1 

IR band / cm
-1 

Assignment 

Without  With Without  With 

UO2(NO3)2 UO2(NO3)2 

C4mImDCA 2191 2222   Symmetric CN stretching 

 2131 2133   Asymmetric CN stretching 

   1302 1345 Asymmetric CNC stretching 

   2125 2155 Asymmetric CN stretching 

   2225 2280 Fermi asym. + Symmetric 

CNC stretching 

   2191 2196 Symmetric CN stretching 

 - 852   Symmetric stretching of 

O=U=O 

   - 935 Asymmetric stretching of 

O=U=O 

 - 1040   Symmetric stretching of Free 

nitrate 

C4mPyDCA 2188 2222   Symmetric stretching 

 2128 2130   Asymmetric CN stretching 

   1304 1355sh Asymmetric CNC stretching 

   2125 2155 Asymmetric CN stretching 

   2227 2283 Fermi asym. + Symmetric 

CNC stretching 

   2190 2192 Symmetric CN stretching 

 - 852   Symmetric stretching of 

O=U=O 

   - 931 Asymmetric stretching of 

O=U=O 

 - 1040   Symmetric stretching of Free 

nitrate 
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Substitution of nitrate by DCA
-
 ion in the co-ordination sphere of UO2

2+
 should 

result in the liberation of nitrate ions into IL. This could be easily verified by the 

appearance of a Raman band at 1040 cm
-1

, that could be attributed to the symmetric 

stretching frequency of the “free” nitrate ion (un-coordinated) [40]. The symmetric 

stretching frequency of nitrate ion coordinated with UO2
2+

 occurs at 1030 cm
-1

. Figure 

4.11 also shows the comparison in the Raman spectrum of C4mImDCA and its solution 

with uranyl nitrate. The appearance of a band at 1040 cm
-1

 is due to the presence of “free” 

nitrate ions in the IL. This observation confirms that a fraction of nitrate ions gets 

partially liberated from uranyl co-ordination sphere, when uranyl nitrate is added to 

C4mImDCA. A similar behaviour has also been observed when uranyl nitrate was added 

to C4mPyDCA as shown in figure 4.12. 
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Figure 4.12. Raman spectra of C4mPyDCA (below) and 0.3 M UO2(NO3)2 dissolved in 

C4mPyDCA (above). 
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4.2.1.2. FTIR spectroscopy of uranyl nitrate in dicyanamide ionic liquids 

Figure 4.13 compares the ATR-FTIR spectrum of C4mImDCA and C4mPyDCA, 

and their solution with uranyl nitrate. The transmittance bands observed in the FTIR 

spectra have been assigned different stretching frequencies and their assignments have 

been tabulated in table 4.3. The ATR-FTIR spectra of both C4mImDCA and C4mPyDCA 

show the presence of bands at 1260 cm
-1

 pertaining to C-N-C asymmetric stretching, 

2122 cm
-1

 due to Fermi asymmetric + symmetric C-N-C stretching. These stretching 

bands are shifted partially to higher wavenumbers at 1302 cm
-1

, 2125 cm
-1

 and 2225 cm
-1

 

from their original position upon adding uranyl nitrate to the IL [38, 39]. This is possible 

only if the DCA
-
 ion is co-ordinated to the uranyl ion and the nitrate ion present in the co-

ordination sphere of uranyl ion is substituted by a DCA
-
 ion. Since DCA

-
 is a strong filed 

ligand as compared to nitrate, co-ordination of DCA
-
 with uranyl ion weakens the U=O 

stretching frequency. The O=U=O asymmetric stretching bands occurs at 942 cm
-1

, when 

nitrate ion is co-ordinated to the uranyl ion [21, 25, 40]. The appearance of O=U=O 

asymmetric stretching bands at 931 cm
-1

 in the spectrum of the solution containing uranyl 

nitrate in the IL, indicates that DCA
-
 present in C4mImDCA and C4mPyDCA is co-

ordinated to uranyl ion. This observation confirms that the addition of uranyl nitrate in the 

IL results in the formation of a uranyl DCA complex. 
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Figure 4.13. ATR-FTIR spectra of C4mImDCA, C4mPyDCA and 0.3 M UO2(NO3)2 

dissolved in both these ILs. 

 

4.2.1.3. Raman spectroscopy of uranyl nitrate in ionic liquid at different DCA
-
 to 

uranium mole ratios 

Substitution of nitrate ion in uranyl nitrate [UO2(NO3)2] by the DCA
-
 anion results 

in the formation of either [UO2(DCA)2] or [UO2(DCA)4]
2-

. In addition, the DCA
-
 anion 

could exhibit linkage isomerism, for it contains three conjugated nitrogen atoms 

facilitating the delocalization of the negative charge as shown in figure 4.9 [41]. As a 

result, the DCA
-
 acts as a monodentate or bidentate ligand depending upon the stability of 

uranyl DCA complex. Among the different resonance structures, the hybrid (1d) is a 
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linear structure having positive charge on the imide nitrogen and a partial negative charge 

on both the nitrile groups. Coordination of such charge dispersed linear hybrid structure 

(1d) to the uranyl ion is quite unfavourable owing to the low negative charge on the 

nitrogen atom and earlier studies also indicates that there are no coordinate complexes 

involving the linear DCA
-
 molecule with a metal atom. In contrast, a few reports are 

available in the literature on the possible coordination of DCA
-
 molecule with a transition 

metal ion through a monodentate or bidentate or bridging ligand [40-42]. However, the 

coordination and linkage behaviour of DCA
-
 with the uranyl ion has not been reported in 

literature so far. In view of the above, the coordination behaviour of DCA
-
 complexes 

with the uranyl ion was further investigated by both FTIR and Raman spectroscopy and 

the results are presented and discussed below.  

Probing the substitution reaction of uranyl nitrate by DCA
-
 requires an IL that 

reasonably solubilizes uranyl nitrate yet possesses an anion that does not coordinate with 

the uranyl ion. Such ILs are rather limited. In this context, the 1-butyl-3-

methylimidazolium tetrafluoroborate (C4mImBF4) IL has been chosen in the present 

investigation, for studying the uranyl-DCA complex by Raman and FTIR spectroscopy at 

different mole ratios of uranium to DCA
-
, and to understand the coordination behaviour 

of DCA
-
 with the uranyl ion. Since the BF4

-
 anion is a polyatomic singly charged anion it 

does not coordinate efficiently with the uranyl ion as compared to a bidentate nitrate or 

DCA
-
 ion. However, the solubility of uranyl nitrate in C4mimBF4 is rather low, viz., ~10 

mM. 
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Figure 4.14. Raman spectra of (a) neat C4mimBF4, (b) C4mimBF4 containing 0.5 M 

C4mimDCA; and 100 mM UO2(NO3)2 dissolved in C4mimBF4, in the presence of 

C4mimDCA,with a mole ratio U : NO3 : DCA (c) 1 : 2 : 2, (d) 1 : 2 : 3, (e) 1 : 2 : 4 and (f) 

1 : 2 : 5. 

 

The Raman spectra of UO2(NO3)2 in C4mImBF4 at different mole ratios of 

uranium to DCA
-
 is shown in the figures 4.14(c) to 4.14(f). These spectra are compared 

with those obtained in the absence of uranyl nitrate (figure 4.14(b)) as well as DCA
-
 

(figure 4.14(a)). It is evident that that the addition of uranyl nitrate to the IL results in the 

appearance of a Raman band at 852 cm
-1

 due to the O=U=O symmetric stretching. The 

Raman spectrum of uranyl nitrate in IL, shown in figure 4.14c, did not reveal any 

difference in features when the mole ratio of DCA
-
 to uranium was less than 2 : 1. Hence, 

they have not included in figure 4.14.  
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Figure 4.15. Raman spectra of (a) neat C4mimBF4, (b) C4mimBF4 containing 0.5 M 

C4mimDCA; and 100 mM UO2(NO3)2 dissolved in C4mimBF4, in the presence of 

C4mimDCA,with a mole ratio U : NO3 : DCA (c) 1 : 2 : 2, (d) 1 : 2 : 3, (e) 1 : 2 : 4 and (f) 

1 : 2 : 5. 

 

Depending on the mole ratio of DCA
-
 to uranium, DCA

-
 could coordinate with 

uranyl ion plausibly through the reactions represented by equations (4.10) and (4.15), 

where the subscripts “m” and “b” refer to the monodentate and bidentate coordination of 

DCA
-
, respectively.  

UO2(NO3)2 +  DCA
-
   → UO2(NO3b)(DCAb)  + NO3

-
   (4.10) 

UO2(NO3)2 +  DCA
-
   → [UO2(NO3b) (NO3m) (DCAm)]

-
   (4.11) 

UO2(NO3)2 +  2 DCA
-
  → UO2 (DCAb)2 + 2 NO3

-
    (4.12) 

UO2(NO3)2 +  2 DCA
-
  → UO2(NO3b) (DCAb) + NO3

-
   (4.13) 
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UO2(NO3)2 + 2 DCA
-
  → [UO2(NO3b) (NO3m) (DCA)]

-
 + DCA

-
  (4.14) 

UO2(NO3)2 + 2 DCA
-
  → [UO2 (NO3m)2 (DCA)2]

2-
     (4.15) 

In the equations (4.10), (4.12) and (4.13), DCA
-
 has been assumed to act as a 

bidentate ligand, DCAb. In such an instance, the reaction of DCA
-
 with the uranyl nitrate 

should result in the liberation of a nitrate ion (free nitrate). This “free nitrate” ion gives 

rise to a peak at 1040 cm
-1

 in the Raman spectrum perataining to its symmetric stretching 

[40]. The absence of such a peak in the Raman spectrum in the mixtures with a DCA
-
 to 

uranium mole ratio lower than 2 : 1 reveals that DCA
-
 does not function as a bidentate 

ligand. Moreover, the bidentate coordination of DCA
-
 is not favoured possibly due to 

conformational and steric factors also (vide figure 4.9 resonance structures). Hence, 

bidentate coordination of DCA
-
 is not considered further and the results discussed below 

also reaffirm that DCA
-
 does not function as a bidentate ligand.  

The absence of “free nitrate” ion peak at 1040 cm
-1

 in the Raman spectrum at a 

DCA
-
 to uranium mole ratios lower than 1 : 2, also confirms that the nitrate ion is not 

librated from the uranyl coordination sphere with the addition of DCA
-
. This is possible 

only when the reactions represented by the equations (4.11), (4.14) and (4.15) occur upon 

the addition of one or two molecules of DCA
-
 per uranyl ion. The equation 4.16 shows 

that all the added DCA
-
 need not react with the uranyl nitrate quantitatively, but could 

leave a small quantity of unreacted DCA
-
 behind (to be discussed below) in the IL. 

Increasing the mole ratio of DCA
-
 to uranium above 2 : 1 results in the appearance of a 

peak at 1040 cm
-1

 (figure 4.13), pertaining to “free nitrate” stretching, affirming the 

liberation of the nitrate ion. The intensity of the “free nitrate” peak increases further with 

the mole ratio of DCA
-
 to uranium. At a mole ratio above 5 : 1, it is observed in the 

Raman spectrum that there is no further significant increase in the intensity pertaining to 
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the free nitrate peak at 1040 cm
-1

. The results shown in figure 4.15 could be explained by 

the reactions shown in equations (4.16) to (4.22). From these results, it appears that the 

uranyl predominantly exists as [UO2 (DCA)4]
2-

 at DCA
-
 in the IL solutions at and above 

the ratio of DCA
-
 : UO2

2+
 of 4 : 1. 

UO2(NO3)2 +  3 DCA
-
  → [UO2(NO3b) (DCA)2]

-
 + DCA

-
 + NO3

-
  (4.16) 

UO2(NO3)2 +  3 DCA
-
 → [UO2 (NO3m) (DCA)3]

2-
 + NO3

-
   (4.17) 

UO2(NO3)2 +  4 DCA
-
  → [UO2 (NO3m) (DCA)3]

2-
 + DCA

-
 + NO3

-
  (4.18) 

UO2(NO3)2 + 4 DCA
-
  → [ UO2 (DCA)4]

2-
 + 2 NO3

-
    (4.19) 

UO2(NO3)2 + 5 DCA
-
  → [UO2 (DCA)4]

2-
 + DCA

-
 + 2 NO3

-
  (4.20) 

The results discussed above indicate that the addition of DCA
-
 results in the 

liberation of nitrate ion from the uranyl ion coordination sphere. However, these do not 

provide any conclusive evidence for the coordination behavior of DCA
-
 with the uranyl 

ion. Moreover, it is not clear if the uranyl nitrate is quantitatively converted into a uranyl 

DCA complex upon the addition of DCA
-
. In order to understand its coordination 

behavior, the Raman spectrum of DCA
-
 was recorded at different mole ratios of DCA

-
 to 

uranyl and these results are shown in figure 4.15. It is evident from this figure that the un-

coordinated or “free nitrile” (-CN) stretching band occurs at 2190 cm
-1

 as shown in 

figure 4.15b [39]. Addition of uranyl nitrate to the IL medium (DCA
-
 to uranium mole 

ratio of 2 : 1), results in the shift of the nitrile stretching bands from 2190 cm
-1

 to 2220 

cm
-1

 [39, 43]. However, it is also evident that a weak band at the original position (2190 

cm
-1

) is present in the Raman spectrum indicating that a small amount of the unreacted 

DCA
-
 is remaining in the IL. These results indicate that uranyl in IL predominantly exists 

in the form [UO2 (NO3m)2 (DCA)2]
2-

, without libration of the nitrate ion observed at a 



Chapter 4 

141 
 

DCA to uranium mole ratio 2 : 1.  These results also show that a small amount of 

[UO2(NO3b)(NO3m)(DCA)]
-
 could be present in the IL at this mole ratio. Increasing the 

mole ratio of DCA
-
 to uranium, increases the intensity of both the peaks (co-ordinated 

and uncoordinated) and this feature continues up to the mole ratio of 4 : 1. This shows 

that DCA
-
 is not entirely coordinated to the uranyl ion, and a small fraction of unreacted 

DCA
-
 remains in the IL. Further increase in the DCA

-
 to uranium mole ratio above 4 : 1 

does not increase the intensity of the band at 2220 cm
-1

 significantly. However, the 

intensity of the band at 2190 cm
-1

 is increased significantly. This shows that the uranyl in 

IL is possibly completely converted into the form [UO2 (DCA)4]
2-

 at DCA
-
 to uranium 

mole ratios above 4 : 1.   
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Figure 4.16. Infrared spectra of (a) neat C4mImBF4, (b) 10 mM UO2(NO3)2 in 

C4mImBF4; and 100 mM UO2(NO3)2 dissolved in C4mImBF4, in the presence of 

C4mImDCA with the mole ratio of U : NO3 : DCA is (c) 1 : 2 : 2, (d) 1 : 2 : 3, (e) 1 : 2 : 4, 

(f) 1 : 2 : 5. 
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A similar behavior could be inferred from the variation in the (O=U=O) 

asymmetric stretching frequencies the FTIR spectrum upon the addition of DCA
-
 to the 

IL. The asymmetric stretching of uranyl ion in the uranyl nitrate is seen at 950 cm
-1

 in the 

IR spectrum [43]. Depending upon the ligand field strength, the position of the O=U=O 

asymmetric stretching bands occurs in the range from 950 cm
-1

 to 920 cm
-1

 for the 

coordination of a weak field ligand such as nitrate and TBP, and a strong field ligands 

like chloride respectively. Addition of small amounts of DCA
-
 to uranyl nitrate in 

C4mimBF4 results in the broadening of the band at 940 cm
-1

, as shown in figure 4.16. 

Later it gets shifted to 930 cm
-1

 and merges with the IL peak at 930 cm
-1

 upon increasing 

the mole ratio of DCA
-
 to uranium to 4 : 1. Further increase in the mole ratio above 4 : 1 

does not shift the O=U=O stretching frequency to a significant extent. This shows that a 

major fraction of the uranyl ion exists in the form [UO2 (DCA)4]
2-

 at DCA to uranium 

mole ratios above 4 : 1.   

4.2.1.4. CV of UO2
2+

 in ionic liquid medium 

The abundances of various uranium species at different mole ratios of DCA
-
 to 

uranium are provided based on the spectroscopic investigations discussed above in table 

4.4. When the DCA
-
 to uranium mole ratios is above 4 : 1, the uranyl ion predominantly 

exists in the form [UO2 (DCA)4]
2-

. Since the solution taken for the electrochemical 

investigation contained 60 mM of uranyl nitrate in C4mImDCA or C4mPyDCA, it is 

expected that the uranyl ion in these solutions would exclusively exist in the form of 

[UO2 (DCA)4]
2-

.  
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Table 4.4.  Proposed uranyl species existing at various mole ratios of DCA : U : NO3. 

Mole ratio of DCA : U : 

NO3 

Uranium species 

1 : 1 : 2 [UO2(NO3b) (NO3m) (DCA)]
-
 

2 : 1 : 2 [UO2(NO3m)2(DCA)2]
2-

 > [UO2(NO3b) (NO3m) (DCA)]
-
 

3 : 1 : 2 [UO2(NO3m)(DCA)3]
2-

>[UO2(NO3m)2(DCA)2]
2-

~ 

[UO2(NO3b)(DCA)2]
-
 

4 : 1 : 2 [UO2 (DCA)4]
2-

  > [UO2 (NO3m) (DCA)3]
2-

 

Above 4 : 1 : 2 [UO2 (DCA)4]
2-

 

 

The electrochemical behaviour of the uranyl ion (UO2
2+

) present in C4mImDCA 

was studied at a glassy carbon working electrode and the results are discussed below. 

Since the viscosity (29 cP) and melting point (-6 
o
C) of DCA based ILs are quite low, it 

was possible to investigate the electrochemical behaviour of UO2
2+

 at near ambient 

conditions [34, 35]. Figure 4.17 shows the CV pertaining to C4mImDCA and C4mPyDCA 

recorded at a glassy carbon working electrode at a scan rate of 100 mV/s at 303 K. The 

voltammogram shows that these ILs are stable upto 1.3 V (Vs Pd) in the anodic side and 

upto -2.5 V (Vs Pd) in the cathodic side. The electrochemical window provided by these 

ILs would be sufficient for studying the electrochemical behaviour of UO2
2+

 in 

C4mImDCA and C4mPyDCA. The CV pertaining to UO2
2+

 in C4mImDCA shows a surge 

in the cathodic current at -0.75 V, resulting in a cathodic wave (Ep
c1

) at -1.0 V. This is 

followed by another cathodic wave (Ep
c2

) at -2.2 V. A similar behaviour is also observed 

in the case of UO2
2+

 in C4mPyDCA (figure 4.17(e) and 4.17(f)). The cathodic wave (Ep
c1

) 

occurring at -1.0 V can be attributed to the reduction of UO2
2+

 to UO2
+
 and the cathodic 

wave occurring at Ep
c2

 could be attributed to the reduction of UO2
+
 to UO2. The cathodic 



Chapter 4 

144 
 

wave Ep
c1

 was accompanied by an anodic wave Ep
a1

 at -0.1 V (Vs Pd) when the cathodic 

scan was reversed at -1.7 V. However, when the cathodic scan was reversed at -2.3 V, a 

couple of anodic peaks, viz., a prominent (Ep
a2

) and a weak (Ep
a3

) were observed at 0.1 V 

and 0.5 V respectively. 
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Figure 4.17. Cyclic volatmmogram of (a) neat C4mImDCA, (b) C4mPyDCA, 62 mM 

UO2
2+

 in C4mImDCA, (c) scan reversed at -2 V  and (d) scan reversed at -2.5 V, 62 mM 

UO2
2+

 in C4mPyDCA, (e) scan reversed at -2 V and (f) scan reversed at -2.5 V  recorded 

on glassy carbon working electrode at 100 mVps at 303 K. 
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4.2.1.5. Determination of diffusion coefficients 

The effect of scan rate on the one-electron reduction of UO2
2+

 to UO2
+
 in 

C4mImDCA (or C4mPyDCA) at 303 K is shown in figure 4.18. It is seen that the cathodic 

peak current (Ip
c1

) obtained in case of C4mImDCA gets shifted cathodically and the 

anodic peak (Ip
a1

) gets shifted anodically with an increase in scan rate. This shows that the 

reduction of UO2
2+

 to UO2
+
 occurring at the glassy carbon working electrode is not 

reversible.  
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Figure 4.18. CV pertaining to 62 mM UO2
2+

 in (a) C4mImDCA  and (b) C4mPyDCA  

recorded at a glassy carbon electrode at different scan rates at 303 K. 
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The relation between the cathodic peak and the scan rate in such instance is given 

by equation (A.5) (Annexure) [29, 30]. where the electrode area (A) is 0.3 cm
2
, the UO2

2+
 

concentration (C) is 62 mol cm 
-3

 and the number of electrons (n) exchanged is 1. 

Therefore, a plot of Ip
c1

 against the square root of the scan rate should result in a straight 

line passing through the origin. The results presented in figure 4.19. This result confirms 

the validity of equation (4.23) and facilitates the determination of diffusion coefficient of 

UO2
2+

 in C4mImDCA as well as C4mPyDCA. 
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Figure 4.19. Dependence of the peak current on the square root of scan rate (ʋ
1/2

) 

perataining to the reduction of 62 mM UO2
2+

 in (a) C4mImDCA and (b) C4mPyDCA 

recorded at a glassy carbon electrode at different temperatures. 
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The value of αnα required for the determination of diffusion coefficient can be 

obtained from the CV shown in figure 4.18 by using equation (A.5) (Annexure) [29, 30]. 

where Ep/2
c1

 or Ep/2
c3

 are the half-peak potentials responsible for the reduction of UO2
2+

 to 

UO2
+
 in C4mImDCA and C4mPyDCA respectively. The value of αnα obtained at 303 K 

was then substituted into equation (4.24) and the diffusion coefficients thus obtained are 

listed in table 4.5. The diffusion coefficient obtained in the present study at 303 K is 

nearly on order higher than the diffusion coefficient reported for UO2
2+

 in other ILs under 

similar conditions (see table 4.5). This could be attributed to the low viscosity exhibited 

by dicyanamide ILs (29 cP) that make the diffusion of UO2
2+

 relatively fast as compared 

to that in other ILs. 

 

Table 4.5. Diffusion coefficients of uranyl ion in C4mImDCA and C4mPyDCA at different 

temperatures obtained in the present study and those reported in the literature. 

Ionic liquid 
Diffusion coefficient  x 10

7 

/cm
2
.s

-1
 

Temperature/K 

C4mImDCA 

1.73 

2.19 

2.47 

303 

313 

323 

C4mPyDCA 

1.42 

1.91 

2.26 

303 

313 

323 

C4mImCl 
0.17 

0.48 

373 [44] 

353 [45] 

HbetNTf2 0.63 373 [46] 

C2mImCl + C2mImBF4 0.37 298 [47] 

C4mimNTf2 5.8 353 [48] 
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4.1.2.6. Effect of temperature 

The voltammogram pertaining to UO2
2+

 present in C4mImDCA and C4mPyDCA 

recorded at different temperatures at a scan rate of 100 mV/s is shown in figure 4.20. It is 

seen that the cathodic peak potentials (Ep
c1

 and Ep
c3

) gets shifted anodically and the peak 

currents (Ip
c1

 and Ip
c3

) increase with temperature in both these ILs. This indicates that the 

diffusion of UO2
2+

 is facilitated with an increase in temperature.  
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Figure 4.20. CV pertaining to 62 mM UO2
2+

 in (a) C4mImDCA and (b) C4mPyDCA 

recorded at a glassy carbon electrode at different temperatures at 100 mVps. 
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The CV peartaining to the reduction of UO2
2+

 to UO2
+
 as a function of scan rate was 

recorded at different temperatures and the plot of Ip
c1

 and Ip
c3

 against square root of scan 

rate is shown in figure 4.19. It is seen that the cathodic currents (Ip
c1

 and Ip
c3

) obtained at 

a particular scan rate increase with an increase in temperature. This could be due to the 

increase in the diffusion coefficient of UO2
2+

 in the IL with temperature. The linear 

dependency of Ip
c1

 on the square root of the scan rate at different temperatures permits the 

determination of the diffusion coefficient of UO2
2+

 by using equations (4.23) and (4.24), 

as discussed above. The values of diffusion coefficients thus obtained are tabulated in 

table 4.5.  

4.2.2. Conclusions 

 The imidazolium and pyrrolidinium ILs containing dicyanamide anion, 

C4mImDCA and C4mPyDCA, displayed low viscosity (29 cP) and good solubility for 

uranium nitrate (~0.5 M). The coordination behaviour of dicyanamide anion with uranyl 

ion was characterized by Raman and FTIR spectroscopy. A Raman band observed at 852 

cm
-1

 and an IR band at 931 cm
-1

 in the case of uranyl nitrate present in C4mImDCA and 

C4mPyDCA was attributed to the U=O stretching frequency and the position of the band 

at 852 cm
-1 

in the Raman and 931 cm
-1

 in FTIR spectra showed that the DCA
-
 anion was 

coordinated to the uranyl ion. Coordination of DCA
-
, liberated the nitrate ions from the 

coordination sphere of uranyl ion, as confirmed by the appearance of a Raman band at 

1040 cm
-1

 that could be attributed to “free” nitrate ion.  

The sequential substitution and linkage behaviour of DCA
-
 in a solution of the 

latter with uranyl nitrate was investigated in C4mImBF4 IL at various mole ratios of 

uranium to DCA
-
. The absence of the bands pertaining to symmetrical stretch of the “free 

nitrate” in the Raman spectrum in a mixture with DCA
-
 to uranium mole ratio lower than 

2 : 1 confirmed that DCA
-
 was not acting as a bidentate ligand. Increasing the mole ratio 
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of DCA
-
 to uranium above 2 : 1 resulted in the substitution of nitrate ion by DCA

-
 ion. 

The sequential substitution reaction by DCA
-
 resulted in a change in the coordination of 

the nitrate ion from bidentate to monodentate, followed by the liberation of the latter into 

the IL. This sequence of reactions continued with an increase in the mole ratio of DCA
-
 to 

uranium up to 4 : 1. At mole ratios above 4 : 1, a major fraction of uranyl ion in the IL 

seems to have been converted into the form [UO2(DCA)4]
2-

. Therefore, the spectroscopic 

investigations revealed that UO2
2+

 in C4mImDCA and C4mPyDCA existed as 

[UO2(DCA)4]
2-

.   

The electrochemical behaviour of UO2
2+

 present in C4mImDCA and C4mPyDCA 

was studied at a glassy carbon working electrode. The CV of uranyl ion displayed a 

couple of cathodic and anodic waves in both these ILs. The cathodic peaks were 

attributed to a two step-one electron transfer reduction of UO2
2+

 to UO2
+
 and then to UO2. 

The diffusion coefficient of UO2
2+

 was found to be in the order 10
-7

 cm
2
/s, which is about 

an orderof magnitude higher than those observed in other ILs, plausibly due to the low 

viscosity offered by C4mImDCA and C4mPyDCA. 
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Chapter 5. Studies related to electrorefining of uranium and zirconium in ionic 

liquid medium 

Introduction 

Metallic fuel has been proposed for the rapid growth of Indian fast reactor 

program [1-2]. This is due to the favorable properties of the metallic fuel, viz., higher 

breeding ratio and its amenability towards pyrochemical reprocessing. It is proposed to 

use uranium-zirconium alloy as a candidate metallic fuel for fast research reactor, and 

uranium-plutonium-zirconium alloy for fast power reactor [1-5]. In these alloys, the 

maximum zirconium content is generally limited to the extent of 10 wt.%. It should be 

noted that zirconium is added to the metallic actinides to increase the solidus temperature 

of the ternary alloy [3]. In addition, the presence of zirconium increases the compatibility 

of the fuel with austenitic stainless-steel cladding material by suppressing the inter 

diffusion of the fuel and clad components [4-5]. 

Non-aqueous pyrochemical electrorefining method has been proposed for 

reprocessing of spent metallic fuels [6-8]. In this electrorefining method, the actinides 

present in the spent metallic fuel are anodically dissolved in of high-temperature eutectic 

mixture of molten LiCl–KCl and actinides are recovered by electrodeposition at the 

cathode [9, 10]. It should be noted that this process operates at temperatures at 773 K or 

above, depending up on the composition of the chosen electrolyte. The dissolution of 

metallic fuel elements in the molten salt medium is governed by the standard reduction 

potentials. The standard potential of Zr(IV)/Zr couple is reported to be more positive than 

that of U(III)/U and Pu(III)/Pu in LiCl–KCl melts [11,12]. This shows that zirconium 

should not dissolve in the molten salt medium during anodic dissolution of uranium and 

plutonium from the spent metallic fuel. However, practical considerations of the 
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electrorefining method demand the operation of dissolution reaction at high current 

density for quantitative dissolution of the actinides, especially at the end of dissolution. 

Under such conditions, the anode is usually kept at much higher positive potentials, 

beyond the oxidation potentials of zirconium. Therefore, it indicates that a portion of 

zirconium also gets oxidized to Zr(IV) and dissolves in the molten salt medium. In 

addition, due to the low negative potential needed for electrodeposition of zirconium, it 

gets reduced to its metallic form along with actinides during the recovery. Therefore, the 

presence of zirconium in the molten salt is usually considered as an undesirable. 
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5.1. Electrochemical behaviour of zirconium(IV) in 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ionic liquid 

Many authors have investigated the co-ordination, spectroscopic and 

electrochemical behaviour of actinides in ammonium and imidazolium ILs. It is reported 

that these ILs offer a wide electrochemical window and it is indicated that it is feasible to 

reduce them into their metallic form [15, 16] in these ILs. Jagadeeswara Rao et al. [17] 

studied the suitability of using N-butyl-N-methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide (BMPyNTf2) IL for the electrodeposition of europium. 

Extensive studies on the electrochemical behaviour and electrodeposition of different 

metals on different cathode materials have been investigated by Endres and co-workers. 

Giridhar et al. [18] studied the electrochemical behaviour of niobium in BMPyNTf2 IL. 

These authors reported that niobium can be deposited in its metallic form from 

pyrrolidinium IL. However, this deposit also contained some oxides of niobium. 

Borisenko et al. [19] reported the electrodeposition of tantalum from IL medium 

containing TaF5 and this deposition was monitored by Electrochemical Quartz Crystal 

Microbalance (EQCM). Similarly, the electrodeposition of Nb and Cu from 1-butyl-1-

methylpyrrolidinium bis (trifluoromethylsulphonyl) imide was studied by Vacca et al. 

[20]. 

Many studies have been reported in the literature on the electrochemical 

behaviour of metal ions U(III) and Zr(IV) as well as the combined behaviour of U(III)-

Zr(IV) in high temperature molten salts [21,22]. However, the reports on the 

electrochemical behaviour of these systems in RTILs are minimal. In the recent past, Rao 

et al. reported [23] the voltammetric behaviour of U(IV) in N-methyl-N-

propylpiperidinium bis(trifluoromethylsulfonyl)imide (MPPiNTf2) IL medium. The rate 

of dissolution of uranium oxide (UO2) in HNTf2 was studied at 353 K and the resultant 
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U(NTf2)4 was dissolved in MPPiNTf2 for studying the electrochemical behaviour. As far 

as zirconium is concerned, only limitted information is available in the literature on the 

electrochemical behaviour of Zr(IV) in IL medium. Tsuda et al. [24] reported the 

electrochemistry of Zr(IV) in aluminium chloride-1-ethyl-3-methylimidazolium chloride 

IL. However, this kind of IL is sensitive to moisture and air. Fu et al. [25] reported the 

electrochemistry of zirconium tetrachloride in BMPyNTf2. These authors reported the 

reduction of Zr(IV) to Zr(III) at a platinum electrode. Further reduction of Zr(III) to a 

lower valence state or to the metal was not observed. More recently Vacca et al. [26] 

reported the electrochemical behavior of Zr(IV) in1-butyl-1-methylpyrrolidinium-

bis(trifuoromethylsulphonyl)imide IL, investigated by CV and chronopotentiometry. 

These authors observed that Zr(IV) undergoes a two-step, two-electron transfer reduction 

reaction to metallic zirconium on different substrates. However, the diffusion coefficients, 

electron transfer kinetics, nucleation phenomenon and chronoamperometry were not 

reported.       

In view of the paucity of data on the electrochemical behaviour of Zr(IV) in ILs 

and in order to develop ILs suitable for metallic fuel reprocessing,  the electrochemical 

behaviour of Zr(IV) present in 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (C4mimNTf2) IL medium was studied. The apparent 

diffusion coefficients of Zr(IV) in ILs is key parameter that needs to be determined. 

Therefore, in this chapter, we report the “apparent diffusion coefficient” of Zr(IV) and  its 

electron transfer kinetics involved in the electrodeposition. 

Synthesis of IL, C4mimNTf2 has been discussed in section 2.5.2 and the 

experimental procedure for voltammetric, electrodeposition studies and characterisation 

have been described in the section 2.4.5. 
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5.1.1. RESULTS AND DISCUSSION 

5.1.1.1. Cyclic voltammetry of Zr(IV) in C4mimNTf2 

The cyclic voltammogram of C4mimNTf2 recorded at a glassy carbon working 

electrode at a scan rate 100 mV/s at 353 K is shown in figure 5.1. It is seen that the cation 

reduction occurs at -2.7 V (Vs Pd) and the anion gets oxidised at +2.0 V (Vs Pd), thus 

offering an electrochemical window of about 4.7 V. The cathodic stability offered by 

C4mimNTf2 is adequate for the reduction of Zr(IV) to metallic form. The cyclic 

voltammogram of Zr(IV) recorded at a glassy carbon working electrode at a scan rate of 

100 mV/s at 353 K is also shown in figure 5.1. It is seen that the voltammogarm consists 

of a minute cathodic wave occurring at a peak potential of +0.2 V (Vs Pd), which could 

be due to the reduction of Zr(IV) to Zr(II), and a prominent cathodic wave occurring at -

1.3 V (Vs Pd) due to the reduction of Zr(II) to Zr(0). The reduction at -1.3 V (Vs Pd), 

which is accompanied by a nucleation loop at -1.6 V during the scan reversal at -2.0 V. 

The voltammogram also shows oxidation waves at -0.6 V (Vs Pd) and at +0.5 V (Vs Pd) 

pertaining to the oxidation of Zr(0) to Zr(II) and Zr(II) to Zr(IV) respectively. The 

oxidation of Cl
- 

to Cl2 occurs at +0.8 V (Vs Pd). The voltammogarm thus shows that 

Zr(IV) undergoes a two-step two-electron transfer reduction to zirconium metal in 

C4mimNTf2 at the working electrode. A similar behaviour was also reported by Chen et 

al. [27] for the reduction of Zr(IV) in a high temperature molten salt composed LiCl-KCl 

electrolytic medium. Fu et al. [25] studied the electrochemical behaviour of Zr(IV) in N-

butyl –N-methyl pyrrolidinium bis(trifluoromethylsulfonyl)imide IL. It was reported that 

Zr(IV) undergoes reduction to Zr(III). However, further reduction to lower valent states 

of Zr was not observed in that IL. Tsuda et al. [24] reported the electrochemical 

behaviour of Zr(IV) to Zr(II) and the electrodeposition of Al-Zr alloy in the acidic AlCl3-

1-ethyl -3- methyl imidazolium chloride molten salt at 353 K. It was reported that Zr(IV) 
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undergoes a two electron transfer reduction to Zr(II) prior to the formation of Al-Zr alloy. 

Therefore, the present study suggests that Zr(IV) in C4mimNTf2 probably undergoes a 

two-step, two-electron transfer (in each step) to produce zirconium metal, similar to the 

observations reported in the high-temperature molten salt and imidazolium IL, studies. 
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Figure 5.1. CV pertaining to (a) neat C4mimNTf2 (b) solution of Zr(IV) in C4mimNTf2 

from -2.0 V to +0.8 V. Working electrode: glassy carbon (cylindrical SA= 0.16 cm
2
), 

counter electrode: glassy carbon (cylindrical SA= 0.25 cm
2
), quasi-reference electrode: 

palladium wire (SA, 0.10 cm
2
), at 353 K; and scan rate: 100 mV/s. 
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5.1.1.2. Diffusion coefficient of Zr(IV) 

The cyclic voltammogram of Zr(IV) in C4mimNTf2 as a function of scan rate at 

353 K is shown in figure 5.2. The cathodic and anodic switching potentials were fixed at -

0.1 V (Vs Pd) and 0.9 V (Vs Pd) respectively during this scan. It is seen that the cathodic 

peak potential (Ep
c1

) gets shifted cathodically and the cathodic peak current (ip
c1

) 

increases with the scan rate, indicating that the reduction of Zr(IV) to Zr(II) is not 

reversible. It is well recognised that reversible process is diffusion controlled, and the 

irreversible (or quasi-reversible) process is both diffusion and charge transfer controlled 

[28, 29].  
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Figure 5.2. Comparison of CV of a solution of 30 mM Zr(IV) in C4mimNTf2 at different 

sweeping potentials at 353 K. Working electrode: glassy carbon (cylindrical SA= 0.16 

cm
2
), counter electrode: glassy carbon (cylindrical SA= 0.25 cm

2
), quasi-reference 

electrode: palladium wire (SA, 0.10 cm
2
), at 353 K. 

 

The value of Ep
c1 
–Ep/2

c1
 pertaining to the rduction of Zr(IV) to Zr(II) is higher (71 mV at 

353 K) than the value needed for a reversible (33.5 mV at 353 K) two-electron transfer 



Chapter 5 

164 
 

process [28, 29]. This shows that the reduction of Zr(IV) to Zr(II) is probably quasi-

reversible. This also indicates that the reduction Zr(IV) to Zr(II) is not only controlled by 

the diffusion of Zr(IV) at the working electrode, but also by a heterogeneous charge 

transfer across the electrode-electrolyte interface. The charge transfer coefficient () is a 

measure of the symmetry barrier in a non-reversible (both quasi and irreversible process) 

electrode reaction and it could be determined from the magnitude of Ep
c1

-Ep/2
c1
 by using 

equation A.4 (Annexure) [28-30] with the help of equation 2.4, the value of n was 

found to vary from 0.8 to 0.9 when the scan rate was increased from 10 mV/s to 100 

mV/s at 353 K. 

 

Figure 5.3: Dependence of cathodic peak currents (ip
c1

) on the square root of scan rate 

(
1/2

) pertaining to the reduction of Zr(IV) (30 mM) in C4mImNTf2 at different 

temperatures. 
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The relation between the cathodic peak current (ip
c1

) and the scan rate for an 

irreversible or quasi reversible reduction of soluble-soluble Zr(IV)-Zr(II) couple is given 

by Berzins-Delahay equation (A.5) (Annexure). A plot of ip
c1 

against square root of scan 

rate (
1/2

) at 353 K for the reduction of Zr(IV) to Zr(II) in C4mimNTf2 is shown in figure 

2.5. It is seen that the cathodic peak current increases with 
1/2

. Linear dependence of the 

cathodic peak current with a zero-intercept indicates the validity of equation (2.5). 

Compliance to this equation suggests the involvement of the heterogeneous charge 

transfer coefficient, n, pertaining to a heterogeneous charge transfer mechanism in the 

reduction of Zr(IV) to Zr(II) operative at the electrode-electrolyte interface. The apparent 

diffusion coefficient of Zr(IV) in this IL could be derived from the slope of the fitted least 

squares linear regression plot shown in figure 5.3. The apparent diffusion coefficient of 

Zr(IV) in C4mImNTf2 was determined to be 10
-10 

cm
2
/s.  

5.1.1.3. Effect of temperature 

The CV pertaining to Zr(IV) in C4mImNTf2 recorded at a glassy carbon working 

electrode at a scan rate of 100 mV/s at different temperatures is shown in figure 5.4. It is 

seen that the cathodic peak potential (Ep
c1

) is shifted anodically and the cathodic peak 

current (ip
c1

) increases with temperature. In addition, the CV pertaining to Zr(IV) in 

C4mImNTf2 as a function of scan rate was recorded at different temperatures. The plot of 

ip
c1

 against the square root of scan rate (
1/2

) is shown in figure 5.3. A linear dependence 

of ip
c1

 and 
 1/2

 indicates the validity of equation (5.2) over the entire temperature range of 

investigation employed in the present study. The diffusion coefficient of Zr(IV) at 

different temperatures was determined as described above. These values are tabulated in 

table 5.1. It is seen that the diffusion coefficient increases with temperature. The 

Arrhenius relation between the diffusion coefficient and temperature is shown in equation 

5.1.  
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ln D = ln A – Ea/RT          (5.1) 

where A is the pre-exponential factor and Ea is the energy of activation. A plot of ln D 

against 1/T is shown in figure 5.5. From the slope of the fitted least squares linear 

regression, the energy of activation, Ea, for the diffusion of Zr(IV) in C4mImNTf2 was 

determined to be 16.5 kJ/mol. 
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Figure 5.4: Comparison of CV of a solution of 30 mM Zr(IV) in C4mImNTf2 at different 

temperatures. Working electrode: Glassy carbon (Cylindrical SA= 0.16 cm
2
), counter 

electrode: glassy carbon (cylindrical SA= 0.25 cm
2
), Quasi-reference electrode: 

Palladium wire (SA, 0.10 cm
2
).  Scan rate = 10 mV/S. 
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Figure 5.5: Temperature dependence of D pertaining to the reduction of 30 mM Zr(IV) in 

C4mimNTf2. 

 

Table 5.1: Diffusion coefficient of Zr(IV) in C4mImNTf2 determined from cyclic 

voltammogram at different temperatures.  

Temperature/ K D x 10
10

/ cm
2
.s

-1
 

353 7.58 

363 13.0 

373 14.3 

383 15.7 
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5.1.1.4. Chronoamperometry 

 Chronoamperometric measurements were performed to obtain the current 

transient curves for the electrochemical reduction of Zr(IV) to Zr(0). The nucleation 

phenomenon observed in the CV for the reduction of Zr(IV) to Zr(0) at a glassy carbon 

electrode was studied by chronoamperometry. To obtain this chronocurrent transient, the 

potential of the working electrode was varied from -1.6 V to -1.7 V. The 

chronoamperograms corresponding to the reduction of Zr(IV) to Zr are shown in figure 

5.6. These are typical and represent nucleation and growth of a metal deposit on a 

heterogeneous surface [31-33]. The reduction of Zr(IV) to Zr(II) was not observed in the 

chronoamperogram probably due to the higher negative potential applied at the working 

electrode. The transient shows a initial decrease of the negative current, due to the 

charging of the double layer and the formation of the first nuclei on a glassy carbon 

working electrode. This is followed by an increase in the negative current leading to a 

maximum value (imax) at time tmax (see figure 5.6). The increase in the negative current is 

due to the three-dimensional growth of zirconium metal deposit over the nuclei resulting 

in an increase of the surface area. Finally the negative current decays with time after 

reaching a maximum. The time corresponding to the imax (tmax) depends upon the 

magnitude of the applied potential. Higher the negative potential lower would be the 

value of tmax.  
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Figure 5.6: Comparison of chronoamperograms of a solution of 30 mM Zr (IV) in 

C4mimNTf2 at different applied potentials at 353 K. Working electrode: Glassy carbon 

(Cylindrical SA= 0.16 cm
2
), counter electrode: glassy carbon (cylindrical SA= 0.25 cm

2
), 

Quasi-reference electrode: Palladium wire (SA, 0.10 cm
2
). 

 

There are several models proposed for the nucleation and growth of metal deposits 

on heterogeneous surfaces [31-33]. Among these models, the most widely accepted 

models progressive and instantaneous nucleation models. Scharifker and Hills [34] have 

theoretically derived a mathematical function for describing the entire chronocurrent 

transient from the beginning of three-dimensional nucleation growth to the decay of 

current. This model assumes that the growth of nuclei occurs by hemi-spherically after 

the formation of first nuclei on the electrode. As these nuclei grow the surface area of the 

electrode increases resulting in an increase in the cathodic current until it attains a 

maximum value as shown in figure 5.6. The transient current for instantaneous and 

progressive nucleation models are represented in equations (5.2) and (5.3). 
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It is seen from figure 5.6, that there is an induction time, tmin, that correspond to the 

duration required for charging of the double layer and the formation of the first nuclei on 

the electrode. It is observed from figure 5.6 that this induction time is characteristic of the 

applied potential. Therefore, the actual time for the onset of the growth of the nuclei 

followed by decay of the current needs to be corrected with respect to the induction time, 

tmin. The corrected time is given by tcorr = t−tmin and tm(corr) = tmax−tmin. By substituting the 

corrected time in equations (5.2) and (5.3), equations (5.4) and (5.5) respectively are 

derived. 
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 A plot of (i/imax)
2
 against tcorr/tm(corr) is shown in figure 5.7. It is seen that for all the 

applied potentials, the nucleation growth (ascending part of the curve) is described well 

by the instantaneous nucleation model. The descending part of the chronocurrent transient 

could be fitted well only at certain applied potentials. For instance, when the applied 

potential is -1.65 V, the entire growth and decay of chronocurrent transient is described 

well. However, at higher negative potentials the descending part of the transient deviates, 

to some extent, from the instantaneous model. Nevertheless, it is reasonable to conclude 
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that the electrodeposition of zirconium at a glassy carbon electrode follows instantaneous 

nucleation model, by and large. 
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Figure 5.7: Comparison of experimental data obtained from chronocurrent transients 

with instantaneous and progressive nucleation models at an applied potential of -1.65 V. 

 

The diffusion coefficient could also be calculated from the values of imax and tm(corr) 

according [33] to equation (5.6). These values are shown in table 5.2. 

(  (  DnFAC0.1629ti
2

corrm
2
max 

                                                 (5.6) 

A diffusion coefficient of 10
−5

 cm
2
/s is obtained at 353 K in the present case. This 

magnitude is about five orders higher than the value determined by CV (table 5.1). The 

reason for the higher magnitude of this estimate of the diffusion coefficient derived from 

chronoamperometry could be attributed only to the nucleation phenomenon. Nucleation 
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increases the surface area of the electrode. As the nuclei grow hemi-spherically over the 

surface of the electrode, the surface area of the electrode increases and facilitates further 

enhancement in diffusion. Moreover, it appears that the metallic zirconium nuclei formed 

over the substrate specifically interacts strongly with the zirconium(IV) in their vicinity 

and aid further deposition of zirconium metal. This would create a large concentration 

gradient at the electrode-electrolyte interface and facilitates the diffusion of Zr(IV) ion 

from the bulk. A substantial increase in cathodic current (ip
c2

) observed as a result of 

nucleation at Ep
c2

 as compared to cathodic current (ip
c1

) at Ep
c1

 in the CV, shown in figure 

5.2, also supports the fact that nucleation phenomenon could enhance the diffusion of the 

metal ion to a significant extent.  

 To confirm the nucleation phenomenon, the SEM image of the deposit was 

recorded and displayed in figure 5.8. In order to obtain this deposit, electrolysis of Zr(IV) 

in C4mimNTf2 was carried out for about one hour at a glassy carbon working electrode at 

-1.7 V (Vs Pd). This deposit was washed with acetone and dried in air. The SEM-EDX 

pattern of the sample present on the glassy carbon substrate was recorded. The zirconium 

electrodeposit was removed and smeared on an aluminium sample holder for carrying out 

XRD measurements. The XRD pattern shown in figure 5.9 indicates the presence of 

metallic zirconium (JCPDS), while the EDAX recorded with the SEM-EDX analysis 

(figure 5.8) shows the presence of zirconium, oxygen and carbon on the surface of the 

working electrode. Carbon could be due to the remains of the electrode and oxygen could 

be due to the absorbed moisture. The SEM micrograph indicates features of the growing 

nuclei merging with other nuclei that are nearby.  
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Table 5.2: Diffusion coefficient of Zr(II) in C4mimNTf2 determined from 

chronoamperograms at different applied potentials at 353 K. 

Applied Potential/ V D X 10
5
/ cm

2
.s

-1
 

-1.60 0.87 

-1.625 1.45 

-1.650 1.81 

-1.675 1.69 

-1.700 1.52 

-1.725 1.15 

 

 

 

 

Figure 5.8: The SEM image and EDAX pattern of the zirconium deposit over the surface 

of glassy carbon working electrode. 
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Figure 5.9: XRD pattern of the zirconium metal deposit.  

 

5.1.1.5. Chronopotentiometry 

Chronopotentiometry gives an idea about the transition state of the metal ion near to 

the working electrode. When a constant current is applied to the working electrode, 

concentration of the metal ions near the working electrode diminishes leading to a change 

in the potential of the working electrode. The duration over which the potential changes is 

known as the transition time (). Chronopotentiogram of zirconium (IV) chloride in 

C4mimNTf2 recorded at different applied currents are shown in figure 5.10. The 

chronopotential transient is characterized by a sudden drop from the rest potential 

followed by an increase in potential, at the start of chronopotentiogram. For instance, 

when the applied current is -0.825 mA the chronopotentiogram shows a drop from the 

rest potential to the value of -1.8 V (at t= 0.25 s) followed by an increase in the potential 

of the working electrode. The potential of the transient then remains constant for a few 

seconds, depending upon the initial applied current, followed by a decrease in potential. 

The occurrence of a minimum at t ∼ 0.2 s followed by an increase in potential could be 
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due attributed to the nucleation phenomenon. A similar feature was also reported [31] in 

the chronopoentiometry investigations on Pd(II) in C4mimCl. A sudden drop from the rest 

potential to −1.8 V (at t = 0.2 s) could be attributed to the onset of the reduction of Zr(IV) 

to Zr(0) and the formation of the initial nuclei on the electrode. Once zirconium nuclei is 

formed over the surface of the working electrode, specific interaction between the 

zirconium metal and Zr(IV) ion in the IL occurs. Such a specific interaction results in an 

under potential deposition of zirconium over the nuclei. Therefore, the potential of the 

working electrode gets shifted to less negative values, as shown in the 

chronopotentiogram. Subsequently, the potential of the transient remains at a constant 

value over a few seconds, depending upon the magnitude of the applied current, as 

expected. 
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Figure 5.10: Comparison of cathodic chronopotential transients for 30mM Zr(IV) in 

C4mimNTf2 at different applied currents at 353 K. Working electrode: Glassy carbon 

(Cylindrical SA= 0.16 cm
2
), counter electrode: glassy carbon (cylindrical SA= 0.25 cm

2
), 

Quasi-reference electrode: Palladium wire (SA, 0.10 cm
2
). 
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5.1.1.6. Measurement of open circuit potential 

 The open-circuit-potential (OCP) of Zr(IV) in C4mimNTf2 medium at a zirconium 

working electrode, against a Pd electrode was measured at different temperatures by 

immersing the former 30 mM Zr(IV) in C4mimNTf2. These potentials were measured in 

the temperature range 353 K to 383 K with an accuracy of +0.001 V and are shown in 

figure 5.11. It is seen that the OCP values fall in the range -0.04 V to 0.07 V. It is also 

seen that the OCP decreases with an increase in temperature.    
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Figure 5.11: A plot of the open circuit potential against temperature. Working electrode: 

Zirconium rod (cylindrical) 
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5.1.2. Conclusions 

 The electrochemical behaviour of Zr(IV) in C4mimNTf2 was studied by CV, 

chronoamperometry and chronopotentiometry. The CV pertaining to Zr(IV) in 

C4mimNTf2 consisted of a couple of cathodic and anodic waves. A feable cathodic wave 

observed at the potential of +0.2 V (Vs Pd) was probably due to the reduction of Zr(IV) 

to Zr(II) and a prominent reduction wave observed at an onset potential of -1.3 V (Vs Pd) 

could be ascribed to the reduction of Zr(II) to Zr(0). The diffusion coefficient of Zr(IV) in 

C4mimNTf2 enumerated from the first cathodic wave was found to be 10
-10

 cm
2
/s.  

However, a five order increase in the value of the diffusion coefficient (10
-5

 cm
2
/s) was 

observed after the onset of nucleation at -1.6 V (Vs Pd). The nucleation loop observed at -

1.6 V was studied in detail by chronoamperometry. Among the different models, the 

nucleation growth and decay of the chronocurrent transient could be best described with 

an instantaneous nucleation model. The nucleation phenomenon also influenced the 

nature of chronopotentiogram of Zr(IV) especially in the early part of the transient. This 

study revealed that Zr(IV) in C4mimNTf2 underwent a two-step two-electron transfer 

yeilding zirconium metal at the working electrode.  
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5.2. Anodic dissolution of uranium and zirconium metals and electrochemical 

behavior of U(IV) and Zr(IV) in ionic liquid medium for metallic fuel reprocessing 

Literature pertaining to the reprocessing of metallic fuels by pyroelectrochemical 

methods salts indicate that extensive research have been carried out on the studies related 

to the electrochemical behavior of the metal ions viz., U(III), Pu(III) and Zr(IV) in KCl-

LiCl medium [35-41]. In addition, some studies have been also reported on the combined 

electrochemical behavior of U(III)-Zr(IV) in high temperature molten salt medium [12, 

42]. However, it is also borne out that only a few reports are available on the 

electrochemical behavior of both uranium(IV) as well as Zr(IV) in RTILs [26, 43, 44]. 

Earlier, Rao et al. [23] studied the voltammetric behavior of U(IV) in N-methyl-N-

butylpiperidinium bis(trifluoromethanesulfonyl)imide (MPPiNTf2). This method was in 

fact proposed for the treatment of oxide fuel (UO2) followed by the recovery of uranium 

in its metallic form by electrodeposition. The rate of dissolution of UO2 in HNTf2 was 

studied and the resultant product U(NTf2)4 was dissolved in MPPiNTf2 in order to study 

its voltammetric behavior. Similarly, the electrochemical behavior of Zr(IV) in 1-butyl-3-

methylimdazolium bis(trifluoromethanesulfonyl)imide was studied and it has been 

reported that Zr(IV) underwent a two-step, two-electron transfer reaction at the GC 

working electrode [45]. However, no studies have so far been reported on the 

electrochemical behavior of U(IV) and Zr(IV) together in an IL. 

In view of the above, in the present study the electrochemical behavior of U(IV) 

and Zr(IV) in N-butyl-N-mehylpyrrolidinium bis(trifluoromethanesulfonyl)imide 

(C4MPyNTf2) IL was investigated. U(IV) and Zr(IV) were introduced into C4MPyNTf2 

IL by anodic dissolution, quite similar to their dissolution in high temperature molten 

salts in the electrorefining method. The electrochemical behavior of U(IV) and Zr(IV) in 

C4MPyNTf2 was then studied by CV and chronoamperometry. To understand the 
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electrochemistry of U(IV) in C4MPyNTf2, C4MPyCl was added to the electrolytic 

medium to convert the free U(IV) ions present in the C4MPyNTf2 into [UCl6]
2-

. The 

results obtained from these studies are discussed in this chapter.  

Syntheses of ILs (C4MPyCl & C4MPyNTf2) have been discussed in section 2.5.3 

& 2.5.4 and the experimental procedure employed in voltammetric measurments, anodic 

dissolution and preparation of samples for spectroscopic characterisation have been 

mentioned in section 2.4.6. 

5.2.1. Results and discussion 

5.2.1.1. Voltammetric and spectroscopic studies 

 
 

 

1-Butyl-1-methylpyrrolidinium 

bis(trifluoromethanesulfonyl)imide 

1-Butyl-1-methyl 

pyrrolidinium chloride 

Bis(trifluoromethanesulf

onyl)imide acid 

Figure 5.12: Structures of the ILs used in the present work. 

 

Alkyl piperidinium and pyrrolidinium cations in combination with 

bis(trifluoromethylsulfonyl)imide anion were reported to have an electrochemical 

window more than 5 V with extended cathodic and anodic stability [17, 46, 47]. The CV 

pertaining to N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide 

(C4MPyNTf2), shown in figure 5.13, indicates that the latter offers an electrochemical 



Chapter 5 

180 
 

window of 5.5 V with an extended cathodic and anodic stability upto -3.5 V and 2.7 V, 

respectively. This result indicates that it is quite possible to oxidise and dissolve the spent 

U-Pu-Zr alloys in C4MPyNTf2 and electrodeposit the actinides from that IL medium.  
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Figure 5.13: Cyclic voltammogram of (a) C4MPyNTf2 alone at 373 K and (b) C4MPyCl 

in C4MPyNTf2 at 373 K at a glassy carbon working electrode at scan rate of 50 mV/s. 

 

 Since the first step in the high temperature electrorefining involves the anodic 

oxidation of spent nuclear fuel in LiCl-KCl eutectic, the oxidative dissolution behaviour 

of uranium and zirconium was studied in C4MPyNTf2. Metallic uranium or zirconium 

was used as the working electrode in those experiments, and the anodic linear sweep 

voltammogram was recorded from OCP to understand the oxidation behaviour of the 

working electrode. The voltammogram was recorded upto 2.5 V and 2.0 V when uranium 

and zirconium were used as the working electrodes, respectively. These results show that 

the anodic current obtained was negligible when the anodic potential was less than 1.5 V, 

indicating that the dissolution of uranium and zirconium in C4MPyNTf2 iss not favoured.  
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Figure 5.14: Linear sweep voltammogram pertaining to the anodic dissolution of (a) 

uranium and (b) zirconium, in the presence of 0.35 M of HNTf2 recorded at a scan rate of 

50 mV/s at 343 K. Electrolytic medium : C4MPyNTf2, Working electrode : U or Zr; 

Counter electrode : glassy carbon; Reference electrode : Pd. 

 

In order to facilitate the dissolution of U and Zr in C4MPyNTf2, 

bis(trifluoromethylsulfonyl)imide acid (HNTf2) was added to C4MPyNTf2 and the anodic 

linear sweep voltammogram was recorded from OCP. These results are shown in figure 

5.14. It is seen that the anodic current increases with the anodic potential, in both the 

cases. The anodic peak observed at 1.5 V (Vs Pd) in the case of uranium and 0.5 V (Vs 

Pd) in the case of zirconium, corresponds to the oxidation of the respective metal working 

electrodes. The oxidation of these metallic electrodes subsequently leads to the 

dissolution of U and Zr in the IL. In order to dissolve a significant quantity of uranium in 

C4MPyNTf2 for carrying out the voltammetric studies, the anodic potential was kept at 

1.5 V for about 2 h.  
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The uranium dissolved in C4MPyNTf2 was measured by determining its 

concentration in a known aliquot of C4MPyNTf2. This aliquot was initially treated with an 

excess of perchloric acid to destroy the organics, and the uranium concentration present in 

aqueous phase was then determined by ICP-AES. From the assay of uranium and the 

number of coulombs passed through the solution, the current efficiency of uranium 

dissolution in C4MPyNTf2 was determined to be 80 to 85%. Similarly, the current 

efficiency of zirconium dissolution at 0.5 V was determined to be 80 to 85%. The 

reduction in current efficiency to the tune of ~20% could be ascribed to the oxidation 

residual moisture present in the RTIL despite of the rigorous drying of the latter for more 

than 24 h in a rotary evaporator at 343 K. In addition, the impurities, if any, present in the 

IL also are susceptible to oxidation under the experimental condition, that would also 

consume current. The concentration of U(IV) and Zr(IV) in C4MPyNTf2 was determined 

to be ~ 80 mM. 

The visible absorption spectrum of U(IV) in C4MPyNTf2 is shown in figure 5.15. 

The spectrum shows broad absorption bands at 425 nm, 475 nm and 540 nm. A strong 

absorption band and a shoulder are observed at 645 nm [48]. These absorption bands are 

characteristic of tetravalent uranium in C4MPyNTf2. The electronic transitions 

responsible for these absorption bands are shown in figure 5.15, as cited in earlier reports 

[49-52]. It should be noted that the spectrum (figure 5.15a) matches well with the 

absorption spectrum of U(IV) in perchlorate medium, reported elsewhere [48]. The latter 

is a weakly co-ordinating non-complexing anion. Since, NTf2
-
 is also a weakly co-

ordinating anion, similar to perchlorate [53-55], owing to the big size and delocalisation 

of negative charge over sulphonyl groups in the latter, it is quite likely that U(IV) in 

C4MPyNTf2 would also exists predominantly as free ion, similar to its existence in the 

perchlorate medium. 
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Figure 5.15: (a) Visible absorption spectrum of U(IV) (80 mM) obtained with a solution 

obtained by anodically dissolving U metal in C4MPyNTf2. This solution was dried at 353 

K under vacuum in a rotary evaporator. (b) Visible absorption of spectrum solution of 

U(IV) in C4MPyNTf2 in the presence of C4MPyCl at a U : Cl ratio of 1 : 6. 

 

The cyclic voltammogram of U(IV) in C4MPyNTf2 recorded at a glassy carbon 

working electrode at a scan rate of 50 mV/s at 343 K is shown in figure 5.16(a). The 

voltammogram was recorded from an OCP of -0.05 V onwards and was switched at a 

cathodic potential of -3.7 V. The voltammogram was reversed again at the anodic 

potential of 2.3 V. The voltammogram recorded at 343 K shows a weak cathodic wave 

(Ep
c1

) at -1.2 V. A surge in the cathodic current is observed at -2.2 V, resulting in a 

cathodic wave at -2.8 V (Ep
c2

). This is followed by another wave at -3.3 V (Ep
c3

). The 

corresponding anodic peaks are observed at -3.0 V (Ep
a3

), -2.5 V (Ep
a2

) and 0.7 V (Ep
a1

) 

respectively for Ep
c3

, Ep
c2

 and Ep
c1

. In order to increase the cathodic and anodic currents 
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and to obtain more clarity, the cyclic voltammogram recorded at 373 K and the same is 

also shown in the figure 5.16(b).  

The current density pertaining to all the cathodic waves increased at 373 K, and 

interestingly the cathodic wave at Ep
c1

 is not observed in the voltammogram. Instead a 

couple of cathodic waves, Ep
c4

 and Ep
c5

 are observed at -0.5 V and -0.8 V. Since these 

cathodic waves are very close to each other and they are very weak, it is difficult to 

characterise the electrochemical reaction pertaining to Ep
c4

 and Ep
c5

. The current density 

of other two cathodic waves (Ep
c6

 and Ep
c7

) at -2.8 V and -3.2 V increased considerably at 

373 K. The cathodic waves occurring at Ep
c1

, Ep
c2

, Ep
c4

, Ep
c5

 and Ep
c6

 could be ascribed to 

the reduction of U(IV) to U(III) and the cathodic waves Ep
c3

 and Ep
c7

 could be due to the 

reduction of U(III) to U(0) [37, 23]. The details of these assignments are discussed below.  

 In order to understand the nature of U(IV) reduction happening at -3.0 V in 

C4MPyNTf2, C4MPyCl was added to C4MPyNTf2 to facilitate the conversion of U(IV) 

free ion present in C4MPyNTf2 into the uranium chloro complexes of the form, [UCl6]
2-

. 

The redox behaviour of [UCl6]
2-

 in the IL as well as in high temperature molten salt 

medium have been well-documented [35-37]. Therefore, by comparing the U(IV) redox 

behaviour obtained in presence of  C4MPyCl in C4MPyNTf2 with those reported in the 

literature, it is possible to characterise the cathodic wave observed at -3.0 V. In view of 

this, C4MPyCl was added to a solution of U(IV) in C4MPyNTf2 at a mole ratio of U(IV) 

to Cl as 1 : 6. The visible absorption spectrum of U(IV) solution obtained after the 

addition of C4MPyCl is shown in figure 5.15. It is seen that the absorption spectrum 

obtained in the presence of C4MPyCl is significantly different from the visible absorption 

spectrum of U(IV) in C4MPyNTf2. Moreover the absorption spectrum resembles the 

visible absorption spectrum of U(IV) reported in Cl
-
 medium such as those in high 

temperature LiCl-KCl molten salts [56, 57] and Cl
-
 based ILs [43].  



Chapter 5 

185 
 

-4 -3 -2 -1 0 1 2

E
p

a5

E
p

c10

(c)

(b)

E
p

a4

E
p

c9

E
p

c8

E
p

c4
E

p

c5

E
p

a1

E
p

a2

E
p

a3

E
p

c7 E
p

c6

E
p

c3
E

p

c2

 

 

C
u

rr
e

n
t 

d
e

n
s

it
y

 /
 m

A
.c

m
-2

E / V (Vs Pd)

E
p

c1

(a)

1 mA.cm
-2

 

Figure 5.16: CV of 80 mM U(IV) recorded at glassy carbon in absence of C4MPyCl at 

(a) 343 K, (b) 373 K.  (c) The cyclic voltammogram of 80 mM U(IV) recorded in the 

presence of C4MPyCl in the ratio of 1 : 6 at 373 K. The IL used in all these cases was 

C4MPyNTf2. Scan rate, 50mV/s. 

 

Nikitenko et al. [43] studied the visible absorption spectra of U(IV) in Cl
-
 medium and 

reported that [UCl6]
2-

 exhibits a characteristic absorption band at 590 nm. In addition, 

these authors also observed the absorption bands at 425 nm, 470 nm, 550 nm and 650 nm 

with fine splitting structure for [UCl6]
2-

. It is seen from figure 5.15 that all these bands are 

present in the absorption spectrum of U(IV) obtained in the presence of C4MPyCl in 

C4MPyNTf2. Therefore, it reasonable conclude that U(IV) in C4MPyNTf2 medium in the 

presence of C4MPyCl exists predominantly in the form of [UCl6]
2-

. The electronic 

transitions responsible for these bands are indicated in the figure 5.15 [49-52].  

 The CV pertaining to U(IV) in C4MPyNTf2 recorded in the presence of C4MPyCl 

(U : Cl = 1 : 6 mole ratio) at a glassy carbon electrode is shown in figure 5.16(c). The 
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voltammogram was recorded from an OCP of -0.2 V. From the results is shown in figure 

5.13, it is seen that the electrochemical window of neat C4MPyNTf2 in the presence of 

C4MPyCl gets reduced on the anodic side owing to evolution of Cl2 at 0.8 V. From figure 

5.16(a), it is seen that the onset of a cathodic wave occurs at the potential of -1.0 V 

resulting in a cathodic peak (Ep
c8

) at -3.0 V. This is followed by another cathodic peak at -

3.4 V. After the scan reversal, a prominent anodic wave (Ep
a4

) was observed at 1.0 V. 

When the scan was reversed again at the anodic potential of 1.5 V, a weak cathodic wave 

(Ep
c10

) was observed at 0.5 V before reaching the OCP value. The redox couple (Ep
a4

 and 

Ep
c10

) observed at 0.9 V could be due to the redox reaction involving U(IV) and U(V). 

The same redox couple (Ep
a4

 and Ep
c10

) was also observed when the cyclic scan was done 

anodically from the OCP of -0.2 V. This confirms that U(IV) present in the IL is oxidised 

to U(V) at Ep
a4

. A similar behaviour was also reported by Nikitenko et al. [43]. It is 

interesting to note that the cathodic current observed at Ep
c6

 in the absence of C4MPyCl, 

is reduced to a small cathodic wave at Ep
c8

 in the presence of C4MPyCl. Nikitenko et al. 

[43] proposed that the first cathodic wave in Cl
-
 medium was due to the reduction of 

U(IV) to U(III) and the second cathodic wave was due to U(III) to U reduction. Since the 

CV observed in the present study in the presence of Cl
-
 is similar to those reported by 

Nikitenko et al. [43], it is reasonable to assume that the cathodic wave observed at Ep
c9

 in 

the presence of Cl
- 
ion as well as Ep

c7
 observed in the absence of Cl

-
 ion could be due to 

the deposition of metallic uranium at the glassy carbon working electrode. In view of the 

above, the cathodic wave observed at Ep
c6

 could be assigned to the reduction of 

U(IV)(NTf2)x to U(III)(NTf2)x complex, and the other cathodic waves observed at Ep
c1

, 

Ep
c4

 and Ep
c5

 could be assigned to the reduction reactions involving structural changes 

with respect to the NTf2
-
 anion in the U(IV)(NTf2)x complex, as discussed in reference 

[58].  
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Figure 5.17: CV pertaining to (a) neat 50 mM Zr(IV), (b) 80 mM U(IV) recorded at 

glassy carbon electrode at 373 K. (c) The CV of a solution containing 40 mM U(IV)- 45 

mM Zr(IV) recorded at a glassy carbon at 373 K. The IL used in all these cases was 

C4MPyNTf2. Scan rate, 50mV/s. 

 

The metallic fuel is as an alloying addition zirconium [1-2]. During electrorefining 

it is quite likely that zirconium could also undergo partial dissolution in the IL, as 

evidented by the linear sweep voltammogram (figure 5.14). The cyclic voltammogram of 

zirconium(IV) in C4MPyNTf2 recorded at a scan rate of 50 mV/s at a glassy carbon 

electrode at 373 K is shown in figure 5.17. This voltammogram is compared with that 

pertaining to U(IV) obtained in the absence of Cl
-
 ion under identical conditions. The 

Zr(IV) voltammogram shows the onset of reduction current at -1.5 V culminating in a 

cathodic peak (Ep
c11

) at -1.8 V. A nucleation loop is observed at -1.6 V upon scan reversal 

at -2.8 V. In addition, a couple of anodic waves Ep
a6

 and Ep
a7

 are observed at -0.7 V and 

0.6 V respectively. The cathodic peak observed at Ep
c11

 is due to the direct reduction of 
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Zr(IV) to Zr. However, the oxidation of Zr from the working electrode seems to involve 

two steps, probably Zr to Zr(II) and Zr(II) to Zr(IV) at Ep
a6

 and Ep
a7

 respectively. A 

similar behaviour have also been reported for the reduction of Zr(IV) in other ILs [26]. 

Previously, we also studied [45] the electrochemical behaviour of Zr(IV) in 1-butyl-3-

methyl imidazolium bis(trifluoromethylsulfonyl)imide (C4mimNTf2) IL. It was reported 

that the reduction of Zr(IV) involves a two-step reduction reaction in which Zr(IV) was 

reduced to Zr(II) which was then followed by the reduction of Zr(II) to Zr [45]. The direct 

reduction of Zr(IV) to Zr observed in the present IL, as compared to the two-step 

reduction observed in C4mimNTf2 [26, 45], shows that depending upon the nature of the 

cation associated with the IL the reduction behaviour of Zr could be different. 

 Comparing the voltammogram of Zr(IV) and U(IV) in C4MPyNTf2 medium 

shown in figure 5.17, it is evident that the deposition of uranium at the working electrode 

occurs at a more negative potential (by 1.5 V) as compared to that of zirconium 

deposition. This indicates that uranium could be deposited without the interference of 

zirconium, if zirconium is not present in the IL. However, in reality, it is quite likely that 

significant amounts of zirconium also get dissolved along with uranium during the anodic 

dissolution of uranium-zirconium alloy in the IL. Under such a condition it is necessary to 

study the electrochemical behaviour of both U(IV) and Zr(IV) present in C4MPyNTf2. 

The CV pertaing to a solution of U(IV) (40 mM) and Zr(IV) (45 mM) in C4MPyNTf2 

recorded at a glassy carbon working electrode at a scan rate of 50 mV/s at 373 K is shown 

in figure 5.17. It is seen that the cathodic wave occurring at a potential (Ep
c12

) of -2.2 V is 

due to the deposition of Zr and the cathodic wave at Ep
c14

 is due to uranium deposition 

(U(III) to U) and Ep
c13

 is due to the reduction U(IV) to U(III). The anodic waves Ep
a8

 and 

Ep
a9

 correspond to the two-step oxidation of zirconium to zirconium (IV) similar to Ep
a6
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and Ep
a7

. Nucleation is observed in this case as well. Therefore, this study shows that it is 

necessary to electrodeposit zirconium from IL, before recovering uranium.  

5.2.2. Conclusions 

 The electrochemical behaviour of U(IV) and Zr(IV) was studied in C4MPyNTf2 to 

understand the feasibility of using C4MPyNTf2 for electrorefining application of spent 

metallic fuels. The anodic dissolution of metallic U and Zr was insignificant in 

C4MPyNTf2. However, the dissolution was facilitated by adding HNTf2. Dissolution of U 

and Zr results in the formation of U(NTf2)4 and Zr(NTf2)4 complexes in C4MPyNTf2. 

Since NTf2
-
 is a weakly co-ordinating anion, the electrochemical behaviour of U(IV) at a 

glassy carbon working electrode was a bit complex. However, the reduction of U(IV) to 

metallic form occurred at -3.2 V, possibly through the reduction of U(IV) to U(III) at still 

lower cathodic potentials. The reduction of zirconium occurs at -1.5 V, which was about 

1.7 V more anodic as compared to the potential at which uranium could be deposited. 

This shows that zirconium needs to be removed from C4MPyNTf2 medium prior to the 

recovery of uranium and the same could be accomplished easily. Nevertheless, this study 

also showed that RTILs such as C4MPyNTf2 are promising candidates for the 

electrodeposition of uranium and electrorefining of metallic fuels. However, more 

studies, viz., investigations at higher concentrations of U(IV), studies in the presence of 

fission products, radiation stability etc., are necessary in order to evaluate the suitability 

of ILs for spent metallic fuel reprocessing applications. 
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Chapter 6 : Electrochemical behavior of lanthanides in ionic liquid medium in 

presence of organic ligand 

Introduction 

Lanthanides are one of the major fission products produced in a nuclear fission 

reaction. In general, the availability of lanthanides from sources (earth crust) is very less, 

so the recovery of these rare earth elements became more necessary for future use. A 

large number of reports are also available in the literature detailing the role of ILs in the 

recovery of actinides and lanthanides from the spent nuclear fuel reprocessing [1-5]. 

When ILs are used as diluents in the solvent extraction process employed for such a 

recovery, the extraction of the  target metal ion proceeds through a unique mechanistic 

pathway, owing to the ionic enivironment present in the IL. Apart from solvent extraction 

applications, ILs are also being employed as electrolytes, in conjunction with various 

molecular extractants for studying the electrochemical behavior of the metal ions and the 

feasibility of direct deposition of metal ion from the loaded IL phase obtained through 

solvent extraction [6, 7].  
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6.1. Electrochemical and Spectroscopic investigation of Eu(III) in T2EHDGA- 

[C4mim][NTf2] mixture 

In the recent past, many reports have been published on the studies related to the 

electrochemical behavior of metal ions present in IL containing various extractants [6-

12]. For instance, the electrochemical behavior of lanthanides such as Pr, Nd and Dy 

present in the IL ([P2225][NTf2]) containing tri-n-butylphosphate (TBP) as the ligating 

moiety reported by Matsumiya et al. [6]. Hussey et al. [7] investigated the coordination 

behavior of lanthanide ions (Ln = Sm, Eu, and Yb) with TODGA in BuMe3NTf2N and 

BuMePyrTf2N by electrochemical and spectroscopic methods. Rama et al. [8, 9] studied 

the electrochemical behavior of Eu(III) and U(VI) containing N,N-dihexyloctanamide 

(DHOA), tri-n-butylphosphate (TBP) and trioctylphosphate (TOP) in the IL 

([Cnmim][NTf2]). Further, Rama et al. [10] studied the electrochemical behavior of 

Eu(III) in pyrrolidinium based IL ([C4mpyr][NTf2]) containing two different class of 

acidic extractans; viz., bis(ethylhexyl)phosphoric acid (D2EHPA) and 

bis(ethylhexyl)diglycolamic acid (HDGA) and correlated their study with the extraction 

behavior of Eu(III) in the same neat extractants without the IL. Gupta et al. [11] studied 

the luminescence and electrochemical behavior of Eu(III) in IL to elucidate the dynamics 

and co-ordination behavior of Eu(III) with dihexyl N,N-

diethylcarbamoylmethylphosphonate (DHDECMP) extractant. Yuan et al. [12] reported 

the electrochemical behavior of Eu(III) in dicyanamide based ILs and calculated the 

diffusion coefficient, heterogeneous rate constant and the energy of activation for 

Eu(III)/Eu(II) couple. Since T2EHDGA is a well known diglycolamide ligand employed 

in the separation of trivalent metal ions from nitric acid medium [13-16], it is essential to 

investigate the electrochemical behavior of trivalents in T2EHDGA in IL in order to 

understand the feasibility of using an IL as an electrolyte medium for the 
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electrodeposition. Since [C4mim][NTf2] possesses the desirable properties viz., high 

hydrophobicity, reasonable viscosity (~40 cP) and a good ability to solvate the extracted 

complex, it is advantageous to employ [C4mim][NTf2] in the electrochemical studies [8, 

11, 17]. 

 The electrochemical behavior of europium(III) in a solution of T2EHDGA in 1-

butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide ([C4mim][NTf2]) IL was 

studied and is being reported for the first time in the study. The electrochemical behavior 

of Eu(III) in an IL was studied by CV. The luminescence and aggregation behavior of the 

neat IL and that loaded with the metal was investigated in order to understand the 

salvation of Eu(III). 

Synthesis of the IL (C4mimNTf2) has been discussed in section 2.5.2 and the 

experimental procedure used in the preparation of samples and voltammetric studies have 

been mentioned in section 2.4.7. 
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6.1.1. Results and Discussion 

6.1.1.1. Cyclic voltammetry of Eu(III) in [C4mim][NTf2] and 0.02 M 

T2EHDGA/[C4mim][NTf2]  

The CV pertaining to Eu(III) in [C4mim][NTf2] recorded at a glassy carbon 

electrode at a scan rate of 100 mV/s at 373 K is shown in Figure 6.1. It is seen that the 

onset of the reduction wave occurs at 0.04 V (Vs. Fc/Fc
+
) and that the latter proceeds with 

a peak at the cathodic potential (Ep
c
) of - 0.46 V (Vs. Fc/Fc

+
) corresponding to the 

reduction of Eu(III) to Eu(II). The corresponding oxidation wave occurs at a peak 

potential of 0.3 V (Vs. Fc/Fc
+
). The ILs, [C4mim][NTf2] and 0.02 M 

T2EHDGA/[C4mim][NTf2] possesses the electrochemical windows of 4.8 V and 3.6 V 

respectively. The cation reduction occurs at the potential of -2.8 V and -1.8 V (Vs. 

Fc/Fc
+
) while the anion oxidation occurs at +2.0 V and +1.8 V (Vs. Fc/Fc

+
) respectively 

in these media. Figure 6.1 displays the cyclic voltammogram of 0.02 M 

T2EHDGA/[C4mim][NTf2]. It is noticed that the electrochemical window decreases from 

4.8 V to 3.6 V for Eu(III) in a solution of 0.02 M T2EHDGA in [C4mim][NTf2] under the 

same experimental conditions. It is seen that the cathodic wave occuring with an onset 

potential of 0.03 V (Vs. Fc/Fc
+
), leads to a prominent cathodic wave at a peak potential of 

-0.53 V corresponding to the reduction of Eu(III) to Eu(II). The oxidation wave occurs at 

a peak potential of 0.14 V (Vs. Fc/Fc
+
). A comparison of these peak potentials with those 

observed in the absence of T2EHDGA, shows that the presence of T2EHDGA in the IL 

shifts the reduction of Eu(III) to more negative potentials with a remarkable decrease in 

the current density, possibly due to the co-ordination of Eu(III) with T2EHDGA. Since 

the co-ordinated Eu(III) requires higher cathodic potentials for reduction, the peak 

potential is shifted cathodically for Eu(III) -T2EHDGA in the IL.  
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Figure 6.1. CV pertaining to [C4mim][NTf2], Eu(III) in [C4mim][NTf2] (or 0.02 M 

T2EHDGA/[C4mim][NTf2]) recorded at a glassy carbon electrode at 373 K, at a scan rate 

of 0.1 V/s. [Eu(III)] = 0.1 M. 

 

The plausible electrochemical reaction occurring during the redox process is given 

by equation (6.1) and (6.2). 

Eu
3+

 + 3 NTf2
-
  Eu

2+
 + Oxidised form of 3 NTf2

-
     (6.1) 

Eu
3+

 +T2EHDGA + 3 NTf2
-
  [Eu…T2EHGA]

2+
 + Oxidised form of 3 NTf2

-
 (6.2)  

However, the electrochemical oxidation occurring at the counter electrode is not 

known. Perhaps NTf2
-
 ion is oxidized at the counter electrode during the reduction of 

Eu(III). The CV pertaining to Eu(III) in [C4mim][NTf2] recorded at different sweep rates 

at a glassy carbon electrode at 373 K is shown in figure 6.2a. It is seen that the cathode 
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current density (jp
c
) increases and the cathodic peak potential (Ep

c
) is shifted cathodically 

with an increase in scan rate. Figure 6.2b also shows the variation of CV at different scan 

rates perataining to the reduction of Eu(III) in T2EHDGA/[C4mim][NTf2] at 373K. 

Similar to figure 6.2a, the cathodic peak current density increases and the cathodic peak 

potential (Ep
c
) is shifted cathodically with increasing scan rate. These findings indicate 

that the reduction of Eu(III) to Eu(II) at a glassy carbon electrode is not reversible in 

both these cases. The values of |Ep
c
-Ep/2

c
| obtained in these two experiments are quite 

significant (0.23 V for [C4mim][NTf2] and 0.25 V for 0.02 M 

T2EHDGA/[C4mim][NTf2] 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) 

could possibly be quasi-reversible and therefore it is reasonable to presume that this 

reduction is controlled not only by the diffusion of Eu(III) in [C4mim][NTf2] (or 

T2EHDGA/[C4mim][NTf2]) medium, but also by the a charge transfer reaction 

occurring at the electrode-electrolyte interface. The charge transfer coefficient (, 0.1 ≤ 

 ≤ 0.9) for a non-reversible (both quasi and irreversible process) electrode reactions 

could be determined from the magnitude of Ep
c
-Ep/2

c
 by using equation (A.4) 

(Annexure).  

By using equation (A.4) (Annexure) the value of n was determined to be ~0.25 

and ~0.23 for Eu(III) in [C4mim][NTf2] and Eu(III) in 0.02 M 

T2EHDGA/[C4mim][NTf2] at 373 K in a range of scan rates that varied from 0.02 V/s to 

0.1 V/s. Rama et al. [8] reported a αnα value of 0.34 for the charge transfer of Eu(III) to 

Eu(II) in [C6mim][NTf2] phase under similar conditions. 
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Figure 6.2. CV pertaining to (a) Eu(III) in [C4mim][NTf2] and (b) 0.02 M 

T2EHDGA/[C4mim][NTf2] recorded at glassy carbon electrode at different scan rates at 

373 K. [Eu(III)] = 0.1 M. 

 

6.1.1.2. Diffusion coefficient of Eu(III) in [C4mim][NTf2] and in 

T2EHDGA/[C4mim][NTf2] 

The diffusion coefficient of Eu(III) could be determined from the CV by using 

equation (A.5) (Annexure) that relates the cathodic peak current (ip
c
) and the scan rate for 

an irreversible or quasi reversible reduction of soluble-soluble Eu(III)-Eu(II) couple. The 

electrode area was 0.3 cm
2
 and Eu(III) concentration in IL was 1 x 10

-4
 mol cm

-3
.  
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Figure 6.3. Dependence of ip
c
 on the square root of scan rate (

1/2
) for the reduction of 

Eu(III) to Eu (II) in (a) [C4mim][NTf2] and (b) 0.02 M T2EHDGA/[C4mim][NTf2] at 

different temperatures (343 to 373 K). [Eu(III)] =0.1 M. 

 

A  plot  of  cathodic peak current (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 [C4mim][NTf2] is shown in figure 6.3a. 

It is seen that the cathodic peak current increases with 
1/2

. A similar observation has 

been made in the reduction of Eu(III) to Eu(II) in 0.02 M T2EHDGA/[C4mim][NTf2]. 

The linear dependence of the cathodic peak current with a zero-intercept indicates the 

validity of equation (A.5) (Annexure). Therefore the diffusion coefficient of Eu(III) in 

[C4mim][NTf2] and 0.02 M T2EHDGA/[C4mim][NTf2] could be determined by using 

equation (2.5). From the slope of the straight line, the diffusion coefficients of Eu(III) in 

both the ILs were determined have been determined and these results are provided in 

table 6.1. The values of the diffusion coefficient of Eu(III) were found to be 9.2 x 10
-8 
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cm
2
/s and 1.2 x 10

-8 
cm

2
/s at 373 K in [C4mim][NTf2] and 0.02 M 

T2EHDGA/[C4mim][NTf2] respectively.    

Table 6.1. The diffusion coefficients (D) of Eu enumerated from the reduction of Eu(III) 

to Eu(II) in [C4mim][NTf2] at a glassy carbon electrode at different temperatures; 

[Eu(III)] = 0.1 M and [T2EHDGA]= 0.02 M. 

Temperature / K 

D x 10
8
/cm

2
s

-1
 

Eu(III) in 

[C4mim][NTf2] 

Eu(III) in 

T2EHDGA 

/[C4mim][NTf2] 

343 2.1 + 0.04 0.5 + 0.01 

353 4.2 + 0.08 0.6 + 0.012 

363 6.1 + 0.1 0.9 + 0.018 

373 9.2 + 0.18 1.2 + 0.02 

                                                

6.1.1.3. Effect of temperature 

The CV pertaining to Eu(III) in [C4mim][NTf2] and Eu(III) in 0.02 M 

T2EHDGA/[C4mim][NTf2]) recorded at a glassy carbon working electrode at different 

temperatures are shown in figure 6.4a and 6.4b respectively. It is seen that the peak 

potential (Ep
c
) is shifted anodically and the cathodic peak current (ip

c
) increases with 

temperature in both these ILs. The CV pertaining to Eu(III) in [C4mim][NTf2] (or in 0.02 

M T2EHDGA/[C4mim][NTf2]) phase at different scan rates were obtained at different 

temperatures and from the plot of ip
c
 against the square root of the scan rate (

1/2
) the 

diffusion coefficient in both the ILs at these temperatures was determined. These values 

are tabulated in table 6.1. It is seen that the value of D increases from 2.1 x 10
-8

 cm
2
/s to 

9.2 cm
2
/s and from 0.5 x 10

-8
 cm

2
/s to 1.2 x 10

-8
 cm

2
/s when the temperature is raised 

from from 343 K to 373 K (for Eu(III) in [C4mim][NTf2] and Eu(III) in 0.02 

M T2EHDGA/[C4mim][NTf2] respectively). This could be due to the fact decrease in the 
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viscosity with increase in temperature which enhances the rates of diffusion of Eu(III). 

The Arrhenius relation between the diffusion coefficient and temperature is shown in 

equation 6.3. 

                                    ln D = ln A – Ea/RT           (6.3) 

where A is the pre-exponential factor and Ea is the energy of activation. 

-1.5 -1.0 -0.5 0.0 0.5 1.0
-6

-4

-2

0

2

-3

-2

-1

0

1

2

j 
/ 

m
A

. 
c

m
-2

E/ V (Vs. Fc/Fc
+
)

[Eu(III)] = 0.1 M in [C4mim][NTf2]

scan rate = 0.1 V.s
-1

(4b)

 

[Eu(III)] = 0.1 M in T2EHDGA/ [C4mim][NTf2]

scan rate = 0.1 V.s
-1

373 K

343 K

343K

373K

(4a)

 

Figure 6.4. CV pertaining to Eu(III) in (a) [C4mim][NTf2] and (b) 0.02 M 

T2EHDGA/[C4mim][NTf2] recorded at a glassy carbon electrode at different 

temperatures in the range 343 to 373 K. [Eu(III)] = 0.1 M, scan rate =0.1 V/s. 

 

Plots of ln D against 1/T pertaining to the diffusion of Eu(III) in the ILs both in 

the presence and absence of T2EHDGA are shown in figure 6.5. From the slopes of the 

linear fit, the energy of activation (Ea) for the diffusion of Eu(III) in [C4mim][NTf2] and 

0.02 M T2EHDGA/[C4mim][NTf2]) medium were determined to be 50 kJ/mol and 26 
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kJ/mol respectively. It is interesting to note that the Ea obtained for the diffusion of 

Eu(III) in [C4mim][NTf2] (50 kJ/mol) is more as compared to its corresponding value of 

Eu(III) in 0.02 M T2EHDGA/[C4mim][NTf2]. The diffusion coefficient has a stronger 

temperature dependence in [C4mim][NTf2]. Since Eu(III) is coordinated to T2EHDGA in 

the C4mimNTf2 medium, the effect of temperature on the diffusion coefficient has less 

effect in T2EHDGA/C4mimNTf2 medium. This explains the difference in the values of Ea 

mentioned above. Rama et al., [8] reported an energy of activation of 88 kJ/mol for the 

diffusion of Eu(III) in [C6mim][NTf2]. It is quite likely that [C6mim][NTf2] is more 

viscous than  [C4mim][NTf2]. 
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Figure 6.5. Dependence of ln D on 1/T for the reduction of Eu(III) to Eu (II) in 

[C4mim][NTf2] and 0.02M T2EHDGA/[C4mim][NTf2] in the temperature range 343 to 

373 K. 
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6.1.1.4. Heterogeneous rate constant pertaining to the reduction of Eu(III) in 

[C4mim][NTf2] and in T2EHDGA/[C4mim][NTf2] 

From the separation of the cathodic and anodic peaks in figure 6.2a and 6.2b, it 

could concluded that the reduction of Eu(III) to Eu(II) in [C4mim][NTf2] (or 0.02 M 

T2EHDGA/[C4mim][NTf2])  is quasi-reversible [19]. This in turn confirms 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 by the rate of charge transfer at the electrode electrolyte 

interface. In such cases, the charge transfer rate constant ks (cm/s) could be determined by 

using equation (A.6) (Annexure) [8]. 

Substituting the value of diffusion coefficient of Eu(III) in equation (2.6), the rate 

constants were determined at each temperature and these values are tabulated in table 6.2. 

It is seen that the value of ks increases with temperature both for [C4mim][NTf2] and 0.02 

M T2EHDGA/[C4mim][NTf2] and the magnitude of ks lies in the range of 0.3 
1/2

 ≥ ks ≥ 2 

x10
-5

 
1/2 

cm/s, confirming that the reduction of Eu(III) at a glassy carbon electrode is 

quasi-reversible. The reason for such a behavior (increase in ks with temperature) could 

be attributed to the decrease in the viscosity of the medium with an increase in 

temperature. This in turn leads to an increase in the relative abundance of the metal ions 

in the viscinity of the electrode thereby enhancing the electron transfer at electrode-

electrolyte interface, and increases the value of ks [10]. The lower values of ks for 0.02 M 

T2EHDGA/[C4mim][NTf2] as compared to [C4mim][NTf2] could be attributed to the 

higher in viscosity of the latter. 
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Table 6.2. Temperature dependence of the heterogeneous rate constant (ks) for the 

reduction of Eu(III) to Eu(II) in [C4mim][NTf2] and 0.02 M T2EHDGA/[C4mim][NTf2] 

at a glassy carbon electrode at different temperatures [Eu(III)] = 0.1 M.  

Temperature / K 

ks x 10
4
/cms

-1
 

Eu(III) in  

[C4mim][NTf2] 

Eu(III) in 

T2EHDGA 

/[C4mim][NTf2] 

343 0.54 0.075 

353 0.98 0.18 

363 1.18 0.4 

373 1.26 0.6 
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Figure 6.6. A plot of the temperature dependence of standard potential (E

0*
). 

 

  

6.1.1.5. An Inter-comparision of the electrolytic media 

 The electrochemical behavior of europium(III) in different IL media has already 

been reported in literature [8-10]. In this context, it would be prudent to compare the 

results obtained in this study on the reduction of Eu(III), especially the values of diffusion 
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coefficient, charge transfer rate constant and energy of activation with those reported for 

the other ILs mixed with different extractants. Table 6.3 displays such a comaprision of 

D, ks and Ea pertaining to Eu(III) reduction in [C4mim][NTf2] and 0.02 M 

T2EHDGA/[C4mim][NTf2] along with those pertaining to other ILs. It is seen that all 

these values obtained in this study are comparable with those reported for other systems 

earlier. 

Table 6.3. A comparison of the diffusion coefficient, charge transfer rate constant and 

energy of activation pertaining to the reduction of Eu(III) obtained in different IL systems 

at 373 K. 

Ionic liquid System D x 10
8
/cm

2
s

-1
 ks x 10

4
/ cms

-1
 Ea/kJmol

-1
 

[C4mim][NTf2] 

(present work) 

9.2 1.26 50 

[C4mpyr][NTf2] (Ref.10) 3.8 0.15 60 

[C4mim][DCA] (Ref. 12) 67.9 
#
 6.09 

# 
27.3 

[C6mim][NTf2] (Ref.9) 3.82 2.8. 88 

0.02M 

T2EHDGA/[C4mim][NTf2] 

(present work) 

1.2 0.6 37 

0.02M 

HDGA/[C4mpyr][NTf2] 

(Ref.10) 

1.1 0.09 38 

0.02M 

DHOA/[C6mim][NTf2] 

(Ref.9) 

2.9 2.7 94 

# at 333K 

 

6.1.1.6. Spectroscopic investigation 

In order to support the difference in the peak potentials pertaining to Eu(III)/Eu(II) 

couple both in presence and absence of T2EHDGA in [C4mim][NTf2] medium, 

luminescence spectra of the metal loaded IL phase was recorded and these results are 

presented in figure 6.7. The shape of the pattern and the relative intensities of 
5
D0→

7
F1 
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(magnetic dipole transition) and 
5
D0→

7
F2 (electric dipole or hypersensitive transition) in 

Eu(III) in [C4mim][NTf2] and Eu(III) in T2EHDGA/[C4mim][NTf2] are entirely different. 

The peak at 615 nm is less intense than that obtained at 592 nm in case of [C4mim][NTf2]. 

This indicates that the Eu(III) coordination sphere is not distorted significantly by the IL 

anion (NTf2
-
) as the anion is same as that of the Eu(III) salt used in this study (Eu(NTf2)3) 

and there is no incorporation of a new ligating anion. In contrast to this, the peak at 615 

nm (
5
D0→

7
F2 transition) is much more intense than the peak at 592 nm (

5
D0→

7
F1 

transition) in the case of Eu(III) loaded T2EHDGA/[C4mim][NTf2] system which 

confirms the strong coordination of Eu(III) with T2EHDGA, leading to a change in the 

local coordination sphere [19].  
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Figure 6.7. Emission spectra of Eu(III) in [C4mim][NTf2] and 0.02 M 

T2EHDGA/[C4mim][NTf2] medium. λex = 394 nm; temperature = 298 K. 
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The complexation of Eu(III) ion in ILs could be evaluated by monitoring the 

asymmetry factor (I615/I592)) for Eu(III) in both [C4mim][NTf2] and 0.02 M 

T2EHDGA//[C4mim][NTf2]. From figure 6.7, the value of I615/I592 was calculated to be 

0.53 and 1.8 for [C4mim][NTf2] and 0.02 M T2EHDGA/[C4mim][NTf2] respectively. 

This indicates that the presence of T2EHDGA strongly distorts the local environment of 

Eu(III) upon complexation. In contrast to this, an asymmetry factor of 0.53 refers to a 

poor coordination of Eu(III) with the weakly ligating NTf2
-
 ion in [C4mim][NTf2] phase 

alone. 

Figure 6.8 shows the aggregate distribution measured for various IL phases 

namely, 0.02 M T2EHDGA/[C4mim][NTf2], Eu(III) (0.1 M) dissolved in [C4mim][NTf2] 

and Eu(III) (0.1 M) dissolved in 0.02 M T2EHDGA/[C4mim][NTf2]. The average 

aggregate size of 0.66 nm obtained for [C4mim][NTf2] appears as a single line with low 

FWHM. The average aggregate size of IL phase increases in the following order: 

[C4mim][NTf2] (0.66 nm) < 0.02 M T2EHDGA/[C4mim][NTf2] (10.4 nm) < Eu(III) 

loaded [C4mim][NTf2] (22 nm) << Eu(III) loaded 0.02 M T2EHDGA/[C4mim][NTf2] (53 

nm). In addition, the distribution of aggregates in the IL also increases in the same order. 

This shows that the presence of Eu(III) in the IL phase facilitates the aggregation possibly 

due to the interactions between the Eu(III) and the anions of the ILs significant increase 

in the aggregate concentration size observed for Eu(III) in 0.02 M 

T2EHDGA/[C4mim][NTf2] could be due to the coordination of Eu(III) with T2EHDGA. 

The complexation of Eu(III) with T2EHDGA increases the polarity of Eu(III) – 

T2EHDGA complex. Because of the increase in the polarity of metal – solvate species, 

the interaction between the metal – solvate and IL increases. This results in an increase in 

the quantity of aggregate as well as the spread in their size. The lower values of the 

diffusion coefficient observed for Eu(III) in 0.02 M T2EHDGA/[C4mim][NTf2] as 
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compared to that for Eu(III) in [C4mim][NTf2] alone (shown in table 6.1) compares well 

with the larger aggregate size observed in the case of Eu(III) in 0.02 M 

T2EHDGA/[C4mim][NTf2] (53 nm) as compared to Eu(III) in [C4mim][NTf2] (22 nm). 
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Figure 6.8. Aggregation behavior of the IL obtained by using DLS 

measurements. Organic phase: [C4mim][NTf2], 0.02 M T2EHDGA/[C4mim][NTf2] and 

their respective Eu(III) loaded phases at 298 K. 
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6.1.2. Conclusions 

The electrochemical behavior of Eu(III) in [C4mim][NTf2] was studied at a glassy 

carbon working electrode both in the presence and absence T2EHDGA by using CV. The 

CV pertaining to Eu(III) exhibited a quasi-reversible redox couple in the potential range -

1 V to +1 V. The addition of T2EHDGA to the Eu(III)/[C4mim][NTf2] solution lowered 

the cathodic peak current and shifted the cathodic peak potential cathodically due to the 

co-ordination of Eu(III) with T2EHDGA. A lower cathodic peak current observed in the 

presence of T2EHDGA was due to the aggregation of Eu(III)- T2EHDGA complex in the 

IL. The diffusion coefficient of Eu(III) was determined at different temperatures and was 

found to be in the order of ~10
-8

 cm
2
/s.  In the presence of a ligand, the diffusion 

coefficients decreased in the following order: Eu(III) - [C4mim][NTf2] > Eu(III) in 

T2EHDGA/[C4mim][NTf2]. Similarly, the charge transfer rate constant (ks) was 

determined to have a value of about ~10
-4 

cm/s, and the presence of T2EHDGA in the IL 

decreased the ks values as compared to the neat [C4mim][NTf2]. An increase in the 

temperature of the system enhanced the diffusion coefficient as well as the value of ks. 

The activation energy was evaluated to be less in the case of Eu(III) in 

T2EHDGA/[C4mim][NTf2] (26 KJ/mol) as compared to that of Eu(III) in [C4mim][NTf2] 

(50 KJ/mol). Luminescence spectroscopy and DLS studies confirmed the fact that the 

complex environment gets modified and aggregation gets enhanced upon adding 

T2EHDGA. 
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6.2. Voltammetric investigation of some lanthanides in neutral ligand-ionic liquid  

The ILs prepared from polynuclear organic ions invariably make them strongly 

hydrophobic and offer a wide electrochemical window, but provide only limited solubility 

of metal salts in them. As a result, the IL with a wide electrochemical window again 

becomes unsuitable for the electrodeposition. Nevertheless, a large number of studies 

have been reported in the literature with these ILs that offer large window but a poor 

solubility for metal salts [20, 21]. For instance, uranium or europium nitrate are sparingly 

soluble in C4mimNTf2, yet a number of studies have been reported in the literature on the 

electrochemical behavior of Eu(III) and U(IV) in these ILs [21-25].  

There are a few methods available to increase the solubility of a given actinide or 

lanthanide salt in the IL with a wide electrochemical window. One way is to exploit the 

coordination behavior of the actinide to form a wide range of species with simple anions 

that are soluble in the IL. For instance the solubility of uranyl nitrate in C4mimNTf2 could 

be significantly improved by adding 1-butyl-3-methylimidazolium chloride (C4mimCl). 

The addition of a stoichiometric amount of C4mimCl results in the formation of anionic 

chlorocomplexes of uranium(IV). Since these chlorocomplexes easily dissolve in 

C4mimNTf2 the concentration of U(IV) in this IL could be increased to a level that is 

adequate enough for electrodeposition in C4mimNTf2 [24].  

Another technique is to increase the solubility of metal salts in a hydrophobic IL 

by adding the ligands that can coordinate with the metal ion. In this case, the IL serves as 

the medium for electrodeposition and the coordinated ligand governs the solubility of the 

metals salt. It should be noted that the selected IL should undergo reduction only after the 

metal deposition. This kind of approach has been used in the extraction of metal salts 

from aqueous phase in to IL medium followed by the electrodeposition of the former 
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directly from the IL phase. For instance, Matsumiya et al. [26] investigated the extraction 

and electrodeposition behaviour of some lanthanides in a solution composed of tri-n-butyl 

phosphate (TBP) in IL. Similarly, Murakami et al. [27] reported the extraction of rare 

earth elements in tetraoctylglycolamide (TODGA) present in C4mimNTf2 phase. The 

[Nd(TODGA)3]
3+

 complex thus extracted in the IL was reduced to Nd(0) at -3.0 V. In this 

system, these authors [27] reported that Nd(III) was extracted into the IL as 

[Nd(TODGA)3]
3+

[(NTf2)3]
-
 ion pair, since NTf2

-
 was a big non-coordinating anion.   

If neodymium (III) can be extracted as [Nd(TODGA)3]
3+

[(NTf2)3]
-
 ion pair in the 

organic phase, it could be employed for electrodeposition of metals. This is possible 

because the ligands coordinated to the metal are usually hard to reduce or oxidize. Such 

ion pairs are called as neutral ligand-ILs (NLILs), as suggested by Bagri et al., [28]. It 

should be noted that these neutral ligand-ILs do not require any additional medium for the 

electrodepsoition of the metal associated with it, for the NLIL itself could serve as an 

electrolytic medium. Therefore, there is no need to search for an ionic liquid that offers 

wide electrochemical window for electrodeposition, if NLILs are prepared. Literature 

shows that it is possible to prepare the ion pair complex Nd(NTf2)3 with any suitable 

ligand existing in liquid form to obtain a neutral ligand IL with a typical formula 

[Nd(ligand)x]
3+

[(NTf2)3]
-
. In this context, Bagri et al. [28] exploited that the advantages of 

these NLILs and prepared the NTf2 salt of the rare earths with trimethyl phosphate ligand 

and demonstrated the electrodeposition of rare earths from the resultant NLIL. In the 

present chapter, the possibility of using CHON-based ligand namely dihexyloctanamide 

(DHOA) for the dissolution of Ln(NTf2)3 (Ln = Nd, Eu and Dy) salt and the 

electrochemical behavior of Ln(III) in the resultant NLIL namely, [Ln(DHOA)3]
3+

 

[(NTf2)3]
-
 was studied. The application of this method for the dissolution of rare earth 

oxides in NLIL medium followed by the electrodeposition of rare earths in their metallic 
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form has also studied in the present work. This study can be applied to the 

electrochemical recovery of remaining lanthanides from their ionic salts or oxides. 

Synthesis of the IL (C4mimNTf2) has been discussed in section 2.5.2 and 

experimental procedures pertaining to the preparation of NLIL, dissolution of the 

lanthanide oxidesin, in them and their voltammetric and electrodeposition studies have 

been described in section 2.4.5. 
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Figure 6.9. Structures of the chemicals used in the present work. 
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6.2.1. Results and discussion 

6.2.1.1. Spectroscopic and electrochemical studies 

The NLIL was prepared by dissolving the required quantity of Ln(NTf2)3 (100 

mM) (Ln = Nd, Eu and Dy) in DHOA. These lanthanide salts undergo facile dissolution 

in DHOA and the resultant solution was subjected to eletrcochemical and spectroscopic 

investigations. The FTIR spectrum of these NLILs recorded after the dissolution of 

Nd(NTf2)3 or Eu(NTf2)3 or Dy(NTf2)3 in DHOA are shown in figure 6.10. These spectra 

are compared with that pertaining to DHOA. It is seen that there is a strong transmittance 

band occurring at 1640 cm
-1

 due to the amidic C=O stretching frequency of DHOA. This 

transmittance band is partially shifted to 1585 cm
-1

 upon adding the Ln(NTf2)3. This 

indicates that DHOA is coordinated to Ln
3+

 ion through amidic carbonyl bonding. 
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Figure 6.10. Fourier transform infrared spectra of NLILs containing Ln(NTf2)3 obtained 

through different routes. 
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In order to understand the stoichiometry of Ln
3+

-DHOA complex existing in the 

NLIL, the CV pertaining to Eu
3+

 was recorded in the presence of DHOA at different Eu
3+

 

: DHOA mole ratios. From the measurement of the cathodic current as function of Eu : 

DHOA mole ratio, it is quite possible to determine the approximate stoichiometry of the 

Eu to DHOA prevailing in the IL [8, 30]. For this purpose, it is necessary to obtain the 

reference CV pertaining to Eu
3+

 in the absence of DHOA. Figure 6.11 shows the CV of 

Eu
3+

 recorded at a glassy carbon electrode at a scan rate of 100 mV/s in the absence of 

DHOA in C4mimNTf2. This voltammogram shows a surge in cathodic current occuring at 

the potential of -0.5 V (Vs Pd), due to the reduction of Eu
3+

 to Eu
2+

, which culminates in 

a peak (Ep
c1

) at -1 V. The corresponding oxidation (Ep
a1

) wave is observed at 0.1 V (Vs 

Pd). This voltammogram also shows a wave at 1.3 V (Vs Pd) pertaining to the oxidation 

of NTf2
-
, as discussed the reference [25]. This figure also compares the voltammogram of 

Eu
3+

 in the presence of DHOA at different Eu
3+

 : DHOA mole ratios in C4mimNTf2 

medium. The Eu
3+

 to DHOA mole ratio was varied from 1 : 1 to 1 : 4. It is seen that the 

cathodic peak current (Ip
c1

) dramatically decreases with the addition of DHOA. This 

could be ascribed to the co-ordination of DHOA with Eu
3+

 ion leading to the formation of 

a bulky [Eu(DHOA)]
3+

 complex  in the IL. Since the diffusion of such a bulky 

[Eu(DHOA)]
3+

 would be slower than that of Eu
3+

 the cathodic peak current Ip
c1

 decreases 

with the addition of DHOA. Further addition of DHOA, results in the formation of still 

bigger [Eu(DHOA)2]
3+

 complex with an 1 : 2 stoichiometry. As a result the cathodic peak 

current is lowered further. The reduction in the cathodic current continues until the Eu
3+

 

to DHOA mole ratio of 1 : 3 is reached. Thereafter, the addition of DHOA does not affect 

the cathodic current significantly. In view of this observation, it is quite likely that the 

stoichiometry of 1 : 3 for Eu : DHOA could be assured in a medium containing 100 mM 
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Eu
3+

 in DHOA. Therefore, it is reasonable to assume the Eu
3+

 exists in the form of 

[Eu(DHOA)3]
3+

[(NTf2)3]
-
, in this NLIL. 
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Figure 6.11. CV pertaining to Eu(III) in C4mimNTf2 at different Eu : DHOA mole ratios 

recorded at glassy carbon working electrode at the scan rate of 100 mVps at 323 K. 

 

The CV pertaining to NLIL, [Ln(DHOA)3]
3+

 [(NTf2)3]
-
 (Ln = Eu, Nd and Dy) 

recorded at a glassy carbon at a scan rate of 50 mV/s at 353 K is shown in figure 6.12. It 

is evident that the Ln(NTf2)3 concentration is 100 mM in DHOA. The voltammogram of 

Eu
3+

 shows a couple of cathodic waves (Ep
c2

) at -2 V (Vs Pd) due to Eu
3+

 to Eu
2+

 

reduction, and another at -3 V (Vs Pd) due to the reduction (Ep
c3

) of Eu
2+

 to Eu
0
. When 

the sweep is reversed at -2.5 V, an oxidation wave (Ep
a2

) corresponding to Eu
2+

 to Eu
3+

 is 

observed at 0.9 V (Vs Pd). In contrast to the two step reduction observed for Eu
3+

, the 

NLILs containing Nd
3+

 and Dy
3+

 undergoes a single step 3e
-
 transfer reduction at the 
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glassy carbon electrode at a cathodic potential of -3 V. It is also noted that the oxidation 

waves (Nd
0
 or Dy

0
 to higher oxidation states) are not observed during scan reversal in 

these cases. The cathodic waves, Ep
c3

, Ep
c4

 and Ep
c5

, observed at -3 V could be attributed 

to the reduction of the NLIL cation to as shown in equation (6.4). 

[Ln(DHOA)]
3+

 + 3e
-
  Ln

0
 + 3 DHOA   (6.4) 
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Figure 6.12. CV pertaining to 100 mM Ln(NTf2)3 in DHOA medium recorded at a glassy 

carbon working electrode at a scan rate of 50 mVps at 353 K.  Insert shows the surface 

morphology of the electrodeposits obtained at the working electrode after electrolysis of 

100 mM Ln
3+

 in NLIL at -3 V for about 2 hours. 

 

It should be noted that trivalent lanthanides and actinides are known to undergo a 

single step reduction to the respective metals in different ILs. A similar mechanism was 

reported by Matsumiya [26] for the reduction of Ln
3+

 in phosphonium IL containing tri-n-
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butylphosphate as ligand. Bagri et al. [28] also proposed a similar mechanism for the 

reduction of rare earth metal ions co-ordinated to tri-methylphosphate based NLIL, in the 

absence of any supporting IL. The inset in figure 6.12 shows the photograph of the 

electrodeposit adhering onto the working electrode obtained after electrolysis of NLIL 

containing Eu
2+

 (100 mM) and Nd
3+

 (100 mM) at -3.0 V (Vs Pd) for about 2 h.   

The diffusion coefficients of [Ln(DHOA)3]
3+

 could be determined by recording 

the CV pertaing to the NLIL containing Eu
3+

, Nd
3+

 and Dy
3+

 and by using Berzin-

Delahay equation for the soluble-soluble (for Eu
3+

) and soluble-insoluble systems. Since 

Eu
3+

 present in the NLIL undergoes reduction to Eu
2+

, which is also soluble in NLIL, the 

equation corresponding to soluble-soluble systems was employed. However, for Nd
3+

 and 

Dy
3+

 ions soluble-insoluble system was used in order to determine the diffusion 

coefficient. The relation between the cathodic peak current and diffusion coefficient for 

Eu
3+

 and for Nd
3+

 and Dy
3+

 are shown in equation (A.5) (Annexure) [18]. It should be 

noted that the cathodic peak current Ip
c2

 was utilised in equation 2.5 for Eu
3+

, and Ip
c4

 and 

Ip
c5

 were employed for Nd
3+

 and Dy
3+

 respectively in equation (2.5). The surface area of 

the glassy carbon electrode was 0.16 cm
2
 and the concentration of Ln(III) present in 

NLIL was ~ 100 mM. 

 Figure 6.13 shows the CV pertaining to of Eu
3+

, Nd
3+

 and Dy
3+

 in NLIL systems 

recorded at different scan rates at a glassy carbon electrode at 353 K. It is seen that the in 

all these cases the cathodic peak current (Ip
c
) increases with the scan rate and the cathodic 

peak potential (Ep
c
) gets shifted cathodically. This shows that the reduction of Ln

3+
 in 

NLIL at a glassy carbon electrode is electrochemically irreversible, indicating that the 

reduction of Ln
3+

 is not only controlled by the diffusion of [Ln(DHOA)3]
3+

 at the working 

electrode but also by the rate of the electron transfer occurring across the electrode-

electrolyte interface. The irreversibility factor (αnα) is a measure of the symmetry barrier 
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at the electrode-electrolyte interface for the electron transfer reaction. The magnitude of 

αnα determined from equation (A.4) (Annexure) [31] was substituted in equation (2.5) in 

order to determine the diffusion coefficient of lanthanides. 
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Figure 6.13. CV pertaining to 100 mM Ln(NTf2)3 in DHOA recorded as a function of 

scan rate at a glassy carbon working electrode at 353 K. 

 

Figure 6.14 shows a plot of the cathodic peak current as a functionof the square 

root of the scan rate (
1/2

) for [Ln(DHOA)3]
3+

 at 353 K. It is seen that the dependence of 

the cathodic peak current on the square root of the scan rate is linear indicating the 

validity of equation (2.5), and from the slope of the straight line, the value of diffusion 
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coefficient of [Ln(DHOA)3]
3+

 was determined. These diffusion coefficient of 

[Ln(DHOA)3]
3+

 containing Nd
3+

, Dy
3+

 and Eu
3+

 determined at 353 K are tabulated in 

table 6.4. The values are in good agreement with the values reported in the literature for 

similar systems. A similar CV was recorded at different temperatures and the value of the 

diffusion coefficients obtained at different temperatures has also been tabulated in table 

6.4. It is seen that the diffusion coefficient of [Ln(DHOA)3]
3+

 increases with the 

temperature of the system.  
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Figure 6.14. Dependence of the cathodic peak current (Ip
c
) on the square root of scan rate 

(ʋ
1/2

) for the reduction of lanthanide ions from NLIL containing 100 mM Ln(NTf2)3 in 

DHOA at 353 K. 
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Table 6.4. Diffusion coefficients of [Ln(DHOA)3]
3+

 in NLIL at different temperatures. 

Metal ion and concentration Temperature / K Diffusion coefficient (D x 10
8
)/ cm

2
.s

-1
 

Nd (0.105 M) 323 

333 

343 

353 

1.54 

1.93 

2.58 

3.76 

Dy (0.094 M) 353 1.9 

Eu (0.09 M) 353 2.3 

 

6.2.1.2. Applications of NLILs 

The NLIL seems to find a number of applications in reprocessing of spent nuclear 

fuels especially the spent metallic fuels. The presence of water in RTIL is the major issue 

in the electrodeposition of strongly electropositive metals such as lanthanides and 

actinides. Since the ligands employed in NLIL are strongly hydrophobic, the amount of 

water residue present in NLIL is significantly low as compared to that in the conventional 

RTILs used in the electrodeposition. Bagri et al. [28] reported that NLILs could be 

employed for electrorefining of metals. It was shown that Nd metal can be dissolved from 

the counter electrode (anode) in the NLIL containing trimethylphosphate (TMP) and 

Nd(NTf2)3 and the dissolved metal ion (Nd
3+

) gets deposited as Nd matal at the working 

electrode (cathode). In addition to the eletrcorefining of metals, the oxides of rare earths 

could also be dissolved in DHOA…HNTf2 adduct and the resultant NLIL could be 

employed for the electrodeposition of rare earths. For instance the dissolution of Nd2O3 in 

DHOA…HNTf2 adduct, results in the formation of [Nd(DHOA)3]
3+

[NTf2]3
-
. The NLIL 

formed was dried to remove water and excess HNTf2 was removed by rotary evaporation 

and the product obtained was then subjected to spectroscopic and electrochemical studies. 

The FTIR spectrum of the dried NLIL is compared with the other FTIR spectra in figure 
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6.10. It is seen that the spectrum is quite similar to the FTIR spectrum of [Nd(DHOA)3]
3+

 

[(NTf2)3]
-
, which was prepared by dissolving Nd(NTf2)3 and DHOA. The 1640 cm

-1 

stretching band resulting from the amidic carbonyl stretching gets partially shifted to 

1585 cm
-1

 upon dissolution of Nd2O3 in DHOA…HNTf2 adduct.  

The CV pertaining to the NLIL obtained after the dissolution of Eu2O3 and Nd2O3 

in DHOA…HNTf2 is shown in figure 6.15. This NLIL was dried at 343 K under vacuum 

in a rotary evaporator for more than 10 hours before recording the CV. The 

voltammogram of NLIL containing Eu
3+

 is characterized by a cathodic wave occurring at 

the potential of -1.2 V corresponding to the reduction of Eu
3+

 to Eu
2+

, which is similar to 

that observed with Eu(NTf2)3 dissolved in DHOA (figure 6.12), followed by a continuous 

surge in the cathodic current beyond -3 V (Vs Pd), that is due to the reduction of Eu
2+

 to 

Eu. The CV pertaining to neat NLIL obtained after the dissolution of Nd2O3 also shows a 

continues surge in the cathodic current at -3 V (Vs Pd) due to the reduction of Nd
3+

 to 

Nd
0
. Therefore, this study shows that NLIL containing rare earth metal ion could easily 

be prepared by dissolving Ln2O3 in DHOA…HNTf2 adduct, and the rare earth metal ion 

could be reduced to the metal at -3 V (Vs Pd). In contrast to the wavy form of the cyclic 

voltammogram observed at -3 V for the NLIL prepared by reacting Nd(NTf2)3 in DHOA 

(figure 6.12), the wavy feature was not observed in the present case (figure 6.15). 

However, the reduction of lanthanide ions to the metal was found to occur at -3 V (Vs Pd) 

in both these cases. 
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Figure 6.15. CV pertaining to Eu(III) and Nd(III) obtained after dissolution of Eu2O3 or 

Nd2O3 in DHOA…HNTf2 recorded at a glassy carbon working electrode at a scan rate of 

100 mVps at 323 K. 

 

6.2.2. Conclusions 

 The NLILs containing rare earth ions were prepared by the dissolving of 

Ln(NTf2)3 (Ln = Eu, Nd, Dy) in DHOA.  The added Ln(NTf2)3 was found to undergo 

facile dissolution in DHOA, resulting in the formation of the NLIL, 

[Ln(DHOA)3]
3+

[(NTf2)3]
-
. The electrochemical behavior of Ln

3+
 present in this NLIL was 

investigated by CV. The CV pertaining to NLIL containing Eu
3+

 was characterized by a 

two step reduction to the metal with an Eu
2+

 intermediate. Whereas the NLILs containing 

Nd
3+

 and Dy
3+

 underwent a single step three electron transfer reduction to yield the metal. 

The stoichiometry of Ln(III) to DHOA in NLIL was determined to be 1 : 3, and the 

diffusion coefficient of the resultant complex [Ln(DHOA)3]
3+

 was found to be  of the 

order 10
-8

 cm
2
/s in the temperature range 323 to 353 K.  



Chapter 6 

228 
 

This study shows that NLILs could find many useful applications in the 

electrodeposition of lanthanides and actinides. Since the NLILs contain strongly 

hydrophobic ligands, they absorb minimal amount of water as compared to the 

conventional RTILs.  Even though the ligands employed in these NLIL were strongly 

hydrophobic, still they dissolve significant quantity of metal salts as the solubility of the 

metal salts in the NLIL is governed by the ability of the ligand to coordinate.  Since the 

NLILs containing metal salts themselves could act as an electrolyte, there is no need to 

look out for an IL for the electrodeposition of actinides and lanthanides. Apart from 

Ln(NTf2)3 salt, the oxides of lanthanides also easily dissolve in DHOA…HNTf2 adduct, 

and the electrochemical investigation pertaining to the resultant NLIL showed the 

possibility of electrodepositing lanthanides as metals and demonstrated a new way for 

converting these oxides in to the corresponding metals. 
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Chapter 7: Summary, conclusions and scope of future work 

In this chapter, the summary of the work discussed in the previous chapters and 

the scope of the future work are discussed. 

7.1. Electrochemical reduction of UO2
2+

 in ionic liquid medium 

The oxide-electrowinning method involves the dissolution of spent oxide fuel in 

IL. During this process, the oxides of uranium, plutonium and fission products present in 

the spent nuclear fuel are converted to the corresponding oxychloride and chloride salts. 

Practical considerations of electrolysis demand the operation of cathodic reduction to be 

performed at high current density for quantitative recovery of uranium. Under such 

conditions, it is quite likely that the fission products present in the molten salt medium, 

albeit in low concentration, also undergo reduction or interfere in the electrochemical 

behaviour of UO2
2+

. In view of this, the electrochemical behaviour of UO2
2+

 in 1-butyl-3-

methylimidazolium chloride (C4mimCl) IL in the presence of fission products such as 

palladium(II), ruthenium(III) and europium(III) was investigated by using cyclic 

voltammetry. These fission products were chosen for electrochemical interference studies 

since they are formed in significant concentration during fission reaction and their 

reduction potentials are very close to the reduction potential of UO2
2+

 to UO2. Since the 

dissolution of uranium oxide such as U3O8 was quite slow during chlorination, an attempt 

has been made to dissolve U3O8 in the IL, C4mimCl, in the presence of a small quantity of 

nitric acid and the uranyl species present in the resultant solution was characterized by 

UV-Visible, ATR-FTIR and Raman spectroscopy. The electrochemical behaviour of 

UO2
2+

 present in the resultant solution was studied at glassy carbon electrode by cyclic 

voltammetry and chronopotentiometry to understand the feasibility of using the resultant 

solution for the recovery of uranium oxide. 
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It was demonistrated that U3O8 could be dissolved in C4mimCl only in the 

presence of a small amount of nitric acid (Table 3.3). The UO2
2+

 ion present in the 

resultant solution forms a variety of complexes with both nitrate as well as chloride ions 

present in that medium. UV- Visible absorption spectra indicated that U(VI) could exist 

in the form of mixed complexes, [UO2Clx(NO3)4-x]
2-

, in the IL when the ratio of Cl : 

UO2
2+

 is 4 : 1 or less. Beyond 4 : 1 mole ratio, the specie [UO2Cl4]
2-

 dominates, as 

evidented by the splitting of the bands in the UV-Visible spectrum. The ATR-FTIR 

spectroscopic studies also indicated that the addition of Cl
-
 ion to uranyl nitrate 

sequentially leads to the substitution of nitrate ions by Cl
-
 ions. At a mole ratio of Cl

-
 : 

UO2
2+

 4 : 1 or above, the transmittance bands get shifted to 920 cm
-1

 indicating the 

formation of [UO2Cl4]
2-

. All the spectroscopic studies including Raman spectroscopy 

clearly established the formation of [UO2Cl4]
2-

 in the C4mimCl solution. 

The electrochemical behavior of [UO2Cl4]
2-

 in the IL, C4mimCl was investigated 

by CV and CP. The reduction of UO2
2+

 to UO2 occurred at a potential of -0.8 V (Vs Pd) 

and the redox reaction of the residual nitric acid present in the IL occurred at 0.1 V (Vs 

Pd). The diffusion coefficient of UO2
2+

 in the dissolver solution was determined to be of 

the order of 10
-8

 cm
2
/s and it was found to increase with temperature (Table 3.4). This 

study showed that [UO2Cl4]
2-

 underwent a two electron transfer electrochemical reduction 

yeilding UO2 at the working electrode. 

The electrochemical behaviour of UO2
2+

 in C4mimCl was studied in the presence 

of Pd
2+

, Eu
3+

 and Ru
3+

. The cathodic wave pertaining to the reduction of UO2
2+

 to UO2 

was shifted anodically in the presence of these metal ions (Table 3.2). Both Pd
2+

 and 

UO2
2+

 underwent reduction at cathodic potentials quite close to that of their mixture 

whereas the cathodic potentials needed for the reduction of Eu
3+

 and Ru
3+

 were quite 

different than that pertaining to the reduction of UO2
2+

 to UO2. The apparent diffusion 
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coefficients of UO2
2+

, Pd
2+

, Eu
3+

, Ru
3+

 in C4mimCl and UO2
2+

 in the presence of other 

metal ions were of the order 10
-8

 cm
2
/s (Table 3.1). However, the presence of Pd

2+
 and 

Eu
3+

 was found to deminish the diffusion coefficient of UO2
2+

 in a mixture. The diffusion 

coefficient of metal ions in their individual solutions increased in the following order: 

Eu
3+

 < Ru
3+

 < Pd
2+

 < UO2
2+

. The close proximity of these reduction potentials indicates 

that the presence of Pd
2+

, Eu
3+

, Ru
3+

 could reduce the current efficiency during the 

electrodeposition of uranium oxide from UO2
2+

 in an IL. 

7.2. Electrochemical behavior of uranium and spectroscopic investigation of 

uranyl species in IL 

The electrochemical and spectroscopic studies on UO2(NO3)2 in a hydrophobic IL, 

(C4mimNTf2) in the presence of tri-n-butyl phosphate, chloride and in dicyanamide based 

ILs (C4mimDCA, C4mPyDCA) have been investigated, for the first time. 

The EXtraction-ELectrodeposition (EX-EL) approach has been proposed for the 

separation of the uranyl ion from nitric acid medium by a solvent phase containing tri-n-

butyl phosphate (TBP) in IL, followed by electrodeposition of uranium oxide directly 

from  the uranium(VI) extracted IL phase. However, the efficiency of electrodeposition 

was significantly low. To enhance the recovery or uranium oxide by electrodeposition, 

the electrochemical behaviour of UO2(NO3)2 in a solution of TBP present in 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide (C4mimNTf2) IL was studied in the 

presence of chloride ion by adding C4mimCl.  It was expected that the presence of 

chloride ion in organic phase can decomplex uranyl ion (UO2
2+

) ion from TBP 

coordination, and favour underpotential reduction of UO2
2+

. The complexes formed in IL 

phase were characterized by UV-Visible, ATR-FTIR and Raman spectroscopy.  
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The voltammetric behaviour of UO2(NO3)2 in a solution of TBP/C4mimNTf2 was 

quite complicated owing to the coordination of TBP with uranyl nitrate viz., 

[UO2(NO3)2(TBP)2] in C4mimNTf2. The cathodic peak current density pertaining to the 

reduction of UO2
2+

 to UO2 in the presence of TBP was found to be quite low. In order to 

increase the current density and favour an underpotential reduction of UO2
2+

, C4mimCl 

was added to the uranyl nitrate - TBP solution. The U : NO3 : TBP : Cl mole ratio was 

varied from 1 : 2 : 2 : 1 to 1 : 2 : 2 : 6 in the IL. Addition of C4mimCl to this IL increased 

the cathodic current density and favoured underpotential reduction of UO2
2+

 to UO2. The 

diffusion coefficient of UO2
2+

 increased from 6.8 X 10
-8

 to 1.0 X 10
-6

 cm
2
/s with the 

increase in mole ratio of U : NO3 : TBP : Cl from 1 : 2 : 2 : 1 to 1 : 2 : 2 : 6 (Table 4.2), 

due to the conversion of the bulky and neutral [UO2(NO3)2(TBP)2] complex into a smaller 

anionic complex like [UO2(NO3)2Cl]
-
, [UO2Cl4]

2-
 etc..  

In order to understand the electrochemical behavior of the uranyl ion observed in 

the presence of neutral and anionic ligands, the speciation of uranyl ion containing 

moities in the presence of NO3
-
, Cl and TBP was investigated by UV-Visible, ATR-FTIR 

and Raman spectroscopy. The visible absorption spectrum of uranyl nitrate in the 

presence of TBP showed that complexes containing the uranyl ion like UO2(NO3)2(TBP)2 

existed in C4mimNTf2 in the absence of C4mimCl. However, in the presence Cl
-
 ions, the 

uranyl nitrate gets transformed into different anionic complexes viz., [UO2Cl(NO3)2]
-
 or 

[UO2Cl3(NO3)]
2-

 or [UO2Cl4]
2-

, depending upon the mole ratio of U : NO3 : Cl. Since 

TBP is a neutral as well as weak ligand, it did not participate in the complexation with the 

anionic uranyl species. The ATR-FTIR spectroscopic studies also indicated that the 

addition of Cl
-
 ions to UO2(NO3)2(TBP)2 gradually lead to the substitustion of nitrate ions 

by Cl
-
 and displaces TBP from the coordination sphere of uranyl ions. When the mole 

ratio U : NO3 : TBP : Cl was 1 : 2 : 2 : 4 or above (i.e., Cl
-
 is more), a major fraction of 
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the uranyl ions existed in the form of  [UO2Cl4]
2-

 in the IL. Raman spectroscopic studies 

showed that majority of uranyl species existed as [UO2(NO3)2Cl]
-
 with residual 

[UO2(NO3)2(TBP)2] at 1 : 2 : 2 : 1 mole ratio, whereas at 1 : 2 : 2 : 6 mole ratio the 

dominant uranium specie is [UO2Cl4]
2-

. This study thus confirmed that the addition of Cl
-
 

ion converted the bulky [UO2(NO3)2(TBP)2] complex into a smaller [UO2Cl4]
2-

 complex 

(Table 4.1). Since the reduction of this chlorocomplex resulted in the liberation of Cl2 at 

the counter electrode, the reduction of UO2
2+

 at the working electrode was more favored 

than the reduction of uranyl nitrate-TBP complex. 

The solubility of uranyl nitrate in many ILs was invariably very low. For 

electrowinning applications, it was necessary to dissolve significant amount of uranium 

salt in IL that exhibits low viscosity also. In view of this, the dissolution of uranyl nitrate 

in IL containing dicyanamide anion was studied and the coordination and electrochemical 

behaviour of uranyl ion in IL was investigated by advanced spectroscopic and 

electrochemical techniques.  

Similar to Cl
-
 ions, the dicyanamide ions were found to form efficient complex 

with uranyl ion. Moreover, the imidazolium and pyrrolidinium ILs containing 

dicyanamide anion, C4mImDCA and C4mPyDCA, displayed low viscosity (29 cP) and 

good solubility for uranium nitrate (~0.5 M). The coordination behaviour of dicyanamide 

anion with uranyl ion was characterized by Raman and FTIR spectroscopy (Table 4.3). A 

Raman band observed at 852 cm
-1

 and an IR band at 931 cm
-1

 in the case of uranyl nitrate 

present in C4mImDCA and C4mPyDCA was attributed to the U=O stretching frequency 

and the position of the band at 852 cm
-1 

in the Raman and 931 cm
-1

 in FTIR spectra 

showed that the DCA
-
 anion was coordinated to the uranyl ion. Coordination of DCA

-
, 

liberated the nitrate ions from the coordination sphere of uranyl ion, as confirmed by the 

appearance of a Raman band at 1040 cm
-1

 that could be attributed to “free” nitrate ion.  
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The sequential substitution and linkage behaviour of DCA
-
 in a solution of the 

latter with uranyl nitrate was investigated in C4mImBF4 IL at different mole ratios of 

uranium to DCA
-
 (Table 4.4). The absence of the bands pertaining to symmetrical stretch 

of the “free nitrate” in the Raman spectrum in a mixture with DCA
-
 to uranium mole ratio 

lower than 2 : 1 confirmed that DCA
-
 was not acting as a bidentate ligand. Increasing the 

mole ratio of DCA
-
 to uranium above 2 : 1 resulted in the substitution of nitrate ion by 

DCA
-
 ion. The sequential substitution reaction by DCA

-
 resulted in a change in the 

coordination of the nitrate ion from bidentate to monodentate, followed by the liberation 

of the latter into the IL. This sequence of reactions continued with an increase in the mole 

ratio of DCA
-
 to uranium up to 4 : 1. At mole ratios above 4 : 1, a major fraction of uranyl 

ion in the IL seems to have been converted into the form [UO2(DCA)4]
2-

. Therefore, the 

spectroscopic investigations revealed that UO2
2+

 in C4mImDCA and C4mPyDCA existed 

as [UO2(DCA)4]
2-

.   

The electrochemical behaviour of UO2
2+

 present in C4mImDCA and C4mPyDCA 

was studied at a glassy carbon working electrode. The CV of uranyl ion displayed a 

couple of cathodic and anodic waves in both these ILs. The cathodic peaks were 

attributed to a two step-one electron transfer reduction of UO2
2+

 to UO2
+
 and then to UO2. 

The diffusion coefficient of UO2
2+

 was found to be in the order 10
-7

 cm
2
/s (Table 4.5), 

which is about an order of magnitude higher than those observed in other the ILs, 

plausibly due to the low viscosity offered by C4mImDCA and C4mPyDCA. 

7.3. Studies related to electrorefining of uranium and zirconium in IL 

The electrochemical behavior of Zr(IV) in C4mImNTf2 medium as well as the 

electrochemical behavior of U(IV) in the presence of Zr(IV) in C4mPyNTf2 were studied. 

These are relavent to the reprocessing of U-Pu-Zr ternary alloy fuels.  
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The metallic fuel in a nuclear reactor is composed of an alloy of uranium and 

zirconium (5-10 wt.%). Non-aqueous electrorefining method was employed for the 

reprocessing of spent nuclear fuel in molten salt medium. In electrorefining process, U-Zr 

alloy was anodically dissolved into electrolytic medium and the uranium was recovered 

as metal on the cathode material from zirconium and fission products. To understand the 

feasibility of using ILs for reprocessing of spent metallic fuels, the anodic dissolution of 

U and Zr metals and electrochemical behaviour of U(IV) and Zr(IV) was studied in the 

room temperature ILs such as C4mPyNTf2 and C4mimNTf2.  

The electrochemical behaviour of Zr(IV) in C4mimNTf2 was studied by CV, 

chronoamperometry and chronopotentiometry. The CV pertaining to Zr(IV) in 

C4mimNTf2 consisted of a couple of cathodic and anodic waves. A feable cathodic wave 

observed at the potential of +0.2 V (Vs Pd) was probably due to the reduction of Zr(IV) 

to Zr(II) and a prominent reduction wave observed at an onset potential of -1.3 V (Vs Pd) 

could be ascribed to the reduction of Zr(II) to Zr(0). The diffusion coefficient of Zr(IV) in 

C4mimNTf2 enumerated from the first cathodic wave was found to be 10
-10

 cm
2
/s (Table 

5.1).  However, a five order increase in the value of the diffusion coefficient (10
-5

 cm
2
/s) 

was observed after the onset of nucleation at -1.6 V (Vs Pd) (Table 5.2). The nucleation 

loop observed at -1.6 V was studied in detail by chronoamperometry. Among the 

different models, the nucleation growth and decay of the chronocurrent transient could be 

best described with an instantaneous nucleation model. The nucleation phenomenon also 

influenced the nature of chronopotentiogram of Zr(IV) especially in the early part of the 

transient. This study revealed that Zr(IV) in C4mimNTf2 underwent a two-step two-

electron transfer yeilding zirconium metal at the working electrode. 

The electrochemical behaviour of U(IV) and Zr(IV) was studied in C4MPyNTf2 to 

understand the feasibility of using C4MPyNTf2 for electrorefining application of spent 
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metallic fuels. The anodic dissolution of metallic U and Zr was insignificant in 

C4MPyNTf2. However, the dissolution was facilitated by adding HNTf2. Dissolution of U 

and Zr results in the formation of U(NTf2)4 and Zr(NTf2)4 complexes in C4MPyNTf2. 

Since NTf2
-
 is a weakly co-ordinating anion, the electrochemical behaviour of U(IV) at a 

glassy carbon working electrode was a bit complex. However, the reduction of U(IV) to 

metallic form occurred at -3.2 V, possibly through the reduction of U(IV) to U(III) at still 

lower cathodic potentials. The reduction of zirconium occurs at -1.5 V, which was about 

1.7 V more anodic as compared to the potential at which uranium could be deposited. 

This shows that zirconium needs to be removed from C4MPyNTf2 medium prior to the 

recovery of uranium and the same could be accomplished easily. Nevertheless, this study 

also showed that RTILs such as C4MPyNTf2 are promising candidates for the 

electrodeposition of uranium and electrorefining of metallic fuels. However, more 

studies, viz., investigations at higher concentrations of U(IV), studies in the presence of 

fission products, radiation stability etc., are necessary in order to evaluate the suitability 

of ILs for spent metallic fuel reprocessing applications. 

7.4. Electrochemical behavior of lanthanides in IL in presence of an organic 

ligand 

The electrochemical behavior of Eu(III) in C4mimNTf2 in the presence and 

absence of T2EHDGA and in the neutral ligand-IL containing DHOA and Ln(NTf2)3 

were investigated. 

The solubility of lanthanide salts was very low in hydrophobic IL medium. It is 

necessary to enhance the solubility of rare earth metals, the IL containing lanthanide 

specific ligands and neutral ligand-ionic liquid were prepared and electrochemical and 

coordination behaviour of lanthanide salts present in those ILs was investigated by 

voltammetry and FTIR spectroscopy. 
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The electrochemical behavior of Eu(III) in [C4mim][NTf2] was studied at a glassy 

carbon working electrode both in the presence and absence T2EHDGA by using CV. The 

CV pertaining to Eu(III) exhibited a quasi-reversible redox couple in the potential range -

1 V to +1 V.  The addition of T2EHDGA to the Eu(III)/[C4mim][NTf2] solution lowered 

the cathodic peak current and shifted the cathodic peak potential cathodically due to the 

co-ordination of Eu(III) with T2EHDGA. A lower cathodic peak current observed in the 

presence of T2EHDGA was due to the aggregation of Eu(III)- T2EHDGA complex in the 

IL. The diffusion coefficient of Eu(III) was determined at different temperatures and was 

found to be in the order of ~10
-8

 cm
2
/s (Table 6.1).  In the presence of a ligand, the 

diffusion coefficients decreased in the following order: Eu(III) - [C4mim][NTf2] > Eu(III) 

in T2EHDGA/[C4mim][NTf2]. Similarly, the charge transfer rate constant (ks) was 

determined to have a value of about ~10
-4 

cm/s (Table 6.2), and the presence of 

T2EHDGA in the IL decreased the ks values as compared to the neat [C4mim][NTf2]. An 

increase in the temperature of the system enhanced the diffusion coefficient as well as the 

value of ks. The activation energy was evaluated to be less in the case of Eu(III) in 

T2EHDGA/[C4mim][NTf2] (26 KJ/mol) as compared to that of Eu(III) in [C4mim][NTf2] 

(50 KJ/mol) (Table 6.3). Luminescence spectroscopy and DLS studies confirmed the fact 

that the complex environment gets modified and aggregation gets enhanced upon adding 

T2EHDGA. 

The NLILs containing rare earth ions were prepared by the dissolving of 

Ln(NTf2)3 (Ln = Eu, Nd, Dy) in DHOA. The added Ln(NTf2)3 was found to undergo 

facile dissolution in DHOA, resulting in the formation of the NLIL, 

[Ln(DHOA)3]
3+

[(NTf2)3]
-
. The electrochemical behavior of Ln

3+
 present in this NLIL was 

investigated by CV. The CV pertaining to NLIL containing Eu
3+

 was characterized by a 

two step reduction to the metal with an Eu
2+

 intermediate. Whereas the NLILs containing 
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Nd
3+

 and Dy
3+

 underwent a single step three electron transfer reduction to yield the metal. 

The stoichiometry of Ln(III) to DHOA in NLIL was determined to be 1 : 3, and the 

diffusion coefficient of the resultant complex [Ln(DHOA)3]
3+

 was found to be  of the 

order 10
-8

 cm
2
/s in the temperature range 323 to 353 K (Table 6.4).  

This study shows that NLILs could find many useful applications in the 

electrodeposition of lanthanides and actinides. Since the NLILs contain strongly 

hydrophobic ligands, they absorb minimal amount of water as compared to the 

conventional RTILs.  Even though the ligands employed in these NLIL were strongly 

hydrophobic, still they dissolve significant quantity of metal salts as the solubility of the 

metal salts in the NLIL is governed by the ability of the ligand to coordinate.  Since the 

NLILs containing metal salts themselves could act as an electrolyte, there is not need to 

look out for an IL for the electrodeposition of actinides and lanthanides. Apart from 

Ln(NTf2)3 salt, the oxides of lanthanides also easily dissolve in DHOA…HNTf2 adduct, 

and the electrochemical investigation pertaining to the resultant NLIL showed the 

possibility of electrodepositing lanthanides as metals and demonstrated a new way for 

converting these oxides in to the corresponding metals. 

7.5. Scope of the future work 

In this thesis, RTILs have been studied for electrochemical applications of RTILs 

as electrolytic medium and the results indicate that RTILs are promising candidates for 

the non-aqueous reprocessing of spent nuclear fuels. Though these new results hold great 

promise, some more studies need to be done in order to develop a robust technology 

based on RTIL medium. These include; 
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(i) The interference of fission products (other than those investigated in this study) 

dissolved during the chlorination reaction also needs to be investigated during the 

recovery of UO2 by electrowinning.  

(ii) It is necessary to investigate the electrochemical properties of other ligands such as 

DHOA and diglycolamides which were also used for reprocessing applications, to 

identify the suitable ligands to EX-EL process (The process of Extraction-

Electrodeposition (EX-EL) has been applied for some metal ions only. The 

electrochemical behaviour of U(VI) was established with some anions and neutral 

ligand (TBP) in the present work).   

(iii) The solubility of metal salts in mest or the hydrophobic ILs is invariably low. Even 

though DCA
-
 anion was found to enhance the solubility of uranyl ion to a 

significant extent, more studies has to be carried out to enhance the solubility of 

metal salts in the IL further, by using judicial combination of cation and anion and 

strongly coordinating neutral ligands. 

(iv) The studies related to electrorefining have been introduced in the present work by 

dissolving uranium and zirconium metals and carrying out voltammetric 

investigation on the resultant solutions. Studies need to be carried out to dissolve 

higher amounts of uranium and electrochemical recovery of the uranium from 

zirconium and fission products using IL as an electrolytic medium is necessary in 

the actual applications. 

(v) The electrochemical behaviour of Eu(III) was studied in the presence of T2EHDGA 

in the present work. It is better to study the dissolution and electrochemical 

behaviour of Eu(III) in the presence of other extractants in an IL for 

electrodeposition of Eu. 
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(vi) The suitability of NLIL containing La
3+

 and DHOA as an electrolytic medium has 

been investigated in this study. The solubility of lanthanide/actinide salts has to be 

checked in some other neutral ligands having good ligating ability and 

electrochemical stability. Moreover, electrochemical studies need to be carried out 

for electrodeposition of metals by using neutral ligands as electrolytic medium.   
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Annexure 

A. Electroanalytical techniques 

Electrochemical transient techniques are used to evaluate the momentary behavior 

of the analyte at the electrode-electrolyte interface after a small perturbation from its 

equilibrium position in an electrochemical system [1]. These include polarography, 

voltammetry (potentiostatic and galvanostatic) etc. The techniques used in this work have 

been described below.  

A.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 an electrochemical cell consisting of three electrodes (working electrode, counter 

electrode and reference electrode) is used in voltammetric techniques [2, 3]. The electrode 

at which the redox process of interest occurs is called as the working electrode. The 

working electrode provides the interface across which a charge can be transferred or its 

effects felt. Generally, the electrode may be made of metal or non-metal which conducts 

electrons. Commonly used working electrodes are glassy carbon rod, platinum, graphite 

rod, tungsten wires etc. The electrolyte could be a liquid containing ions or solid. The 

electrolyte is an ionic conductor and the electrodes are electronic conductors. 

The potential and the current of the system are monitored across the working 

electrode and the current carrying electrode in the cell is the counter/auxiliary electrode at 

which the counter reaction (counter reaction to the reaction occurring at working 

electrode) takes place. The potential of the working electrode is monitored against the 

third electrode, called the reference electrode which carries no current. The reference 
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electrode should pose 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 Ag or Pd wire are used as reference electrodes in both aqueous and 

non-aqueous electrolyte solutions. These voltammetric techniques are generally classified 

as potentiostatic and galvanostatic techniques [2, 3]. 

In potentiostatic technique, the potential of the system is controlled and the 

current response is measured, and in galvanostatic technique, the current of the system is 

controlled and the potential response is measured. Electroanalytical techniques are further 

categorized into sweep (potential) and step (for both and current) 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 linear sweep voltammetry and cyclic voltammetry are 

sweep techniques. In step techniques, the potential or current is varied in a predetermined 

manner with time.  

A.1.1. Cyclic voltammetry 

Cyclic voltammetry (CV) is very often used technique because it offers insight 

into both the kinetic and thermodynamic details of many chemical systems [4]. It is the 

most versatile electroanalytical technique for the determining the electrochemical 

behaviour of electroactive species and mechanism involved in an electrochemical reaction 

[5]. 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 

between working and counter electrodes. The 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 
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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 A.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 defined scan rate. 

The scan is started 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 seen that from the figure A.1, no current flows at initial 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 A.1) product (R) formed towards negative 

potentials.  

      
  

  
   

  

  
   (A.1) 

where CR and CO are concentrations of reduced and oxidized forms respectively. When 

the potential is scanned further, at EOnset, the current starts increasing where the faradaic 

process (reduction) starts occurring and the ‘O’ (electroactive species) start to diffuse 

from bulk of the electrolyte to the electrode to compensate for the concentration drop at 

the electrode. Further scanning of the potential to more negative potentials leads to the 

maximum current, ip (peak), where the concentration of ‘O’ species at electrode surface 

falls to zero and the current decays further as controlled by diffusion of ‘O’ from further 
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layers. 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 A.1. The 

important characteristics of the voltammogram, which will be used in the analysis of the 

redox process, are given below [2, 3]. 

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 = 
  
      

  

 
    

Based on the comprehensive analysis of the cyclic voltammetry, the reversibility of the 

electrochemical processes can be judged as discussed below [2, 3, 6, 7]. 
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Fig. A.1. A typical cyclic voltammogram of redox couple 

Reversible process 

In reversible process, the rate of electrochemical reaction is controlled by 

diffusion (mass transfer) but not by charge transfer kinetics. In this process, the mass 

transfer is slow so it is the rate determining step and the charge transfer is rapid. The main 

criterion for a reversible charge transfer process is that peak potentials are independent of 

scan rate () and the peak separation is given by equation A.2. 

  
    

      
  

  
                                                   

The peak current is given by Randles-Sevcik [2]. 
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where n is the number of electrons involved in the charge transfer reaction, F is the 

Faraday constant (96485.3 Coulombs/mol), CO is the bulk concentration of electro-active 

substance (mol.cm
-3

), A is area of the electrode (cm
2
), R is the gas constant, T is the 

absolute temperature (K),  is the scan rate (V.s
-1

) and DO is the diffusion coefficient 

(cm
2
.s

-1
) of ‘O’. 

Irreversible process 

In irreversible process, the rate of the redox process is mostly controlled by charge 

transfer kinetics and the important 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) cannot be seen in the scan reversal of 

the 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. 

   
      

   
        

    
                              

Charge transfer coefficient value is in the range of 0.1 ≥ α ≥ 0.9. Equation A.5 

shows the current equation used in irreversible processes for soluble-soluble or soluble-

insoluble redox process [2]. 

               

 
  

 α α  
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Quasi-reversible process 

The process in which the rate of the electrochemical reaction is controlled by 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 peak separation (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 [3, 8]. 

               
 

  
 
   

    
    

  
   

    
                    

Depending upon the value of ks the electrode reaction can be categorized [2] 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

. 

A.2. Chronopotentiometry (galvanostatic technique) 

In this technique, the controlled current is applied between at the working 

electrode through counter electrode and the potential of the working electrode with 

respect to reference electrode is simultaneously monitored/measured as a function of 

time. The potential verses time will be plotted as response and the resulting plot is called 

as chronopotentiogram. When the controlled current is applied between the working and 

counter electrodes, the concentration of the analyte ion start decays and the potential of 

the working electrode changes. This process continues until the concentration of the 

analyte ion at the working electrode becomes zero. The time required for this potential 

change or the concentration change of the analyte ion is called as the transition time and 
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is denoted by τ [9]. The relation between the applied current and transition time is derived 

by Sand [2, 3] and is shown in equation A.7.  

 τ     
     

   
     

 
                   

The experimentally obtained value of τ at a particular i, can be used to calculate the 

diffusion coefficient (Do) using the above Sand’s equation (equation A.7). 

 

Fig. A.2. The measured response of potential verses t at constant applied current 

(chronopotentiogram). 

A.3. Chronoamperometry (potentiostatic technique) 

Chronoamperometry is the potential step technique in which constant potential 

step is applied to the working electrode and current is measured as a function of time [2, 

10]. The instantaneous current obtained is given by the Cottrell equation (equation A.8) 

[2, 3]. The Cottrell plot of i Vs t
-1/2

 is linear with zero 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. 
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Fig. A.3. (a) The constant potential step applied to system and (b) the measured response 

of i verses t (chronoamperogram) 
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Abbreviations 

Abbreviations Full Name 

AHWR  Advance heavy water reactor 

Aliquat 336  Tri-n-octylmethylammonium chloride 

An  Actinide 

ATR-FTIR Attenuated total reflectance-Fourier transform infrared 

BF4 Tetrafluoroborate 

BWR  Boiling Water Reactor 

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

[C4mim][NTf2]  1-Butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

[C4mim]Cl 1-Butyl-3-methylimidazolium chloride 

[C4mim] DCA 1-Butyl-3-methylimidazolium dicyanamide 

[C4mim][BF4] 1-Butyl-3-methylimidazolium tetrafluoroborate 

[C4mpip][NTf2]  1-Butyl-1-methylpiperidinium bis(trifluoromethanesulfonyl)imide 

[C4mpy][NTf2]  1-Butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 

[C4mpy]Cl 1-Butyl-1-methylpyrrolidinium chloride 

[C4mpy] DCA 1-Butyl-1-methylpyrrolidinium dicyanamide 

CA  Chronoamperometry 

CP  Chronopotentiometry 

CV  Cyclic voltammetry 

DCH18C6  Di-cyclohexano-18–crown 6 

DCM  Dichloromethane 

DGA  Diglycolamide 

DLS Dynamic light scattering 

DHOA  N,N-Dihexyloctanamide 

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 

HNTf2 Bis(trifluoromethylsulfonyl)imide 

IL  Ionic liquid 

KAMINI  KAlpakkam MINI reactor 

LiNTf2  Lithium bis(trifluoromethansulfonyl)imide 

Ln  Lanthanide 
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MA  Minor actinide 

MeBu3NTf2  Tri-n-butylmethylammonium bis(trifluoromethansulfonyl)imide 

n-DD n-Dodecane 

NFC Nuclear fuel cycle 

NLIL Neutral ligand-ionic liquid 

NTf2 Bis(trifluoromethansulfonyl)imide 

OA Oxalic acid 

Otf  Trifluoromethanesulfonate 

PF6 Hexafluorophosphate 

PFBR Prototype fast breeder reactor 

PHWR Pressurized heavy water reactor 

PUREX Plutonium Uranium Recovery by Extraction 

PWR  Pressurized water reactor 

RTIL  Room temperature ionic liquid 

TBP  Tri-n-butylphosphate 

TEA  Triethylamine 

THF  Tetrahydrofuran 

TODGA  N,N,N’N’-Tetraoctyldiglycolamide 

TEHDGA  N,N,N’,N′-tetra-2-ethylhexyldiglycolamide 

TOPO  Tri-n-octyl phosphinoxide 

TSIL  Task specific ionic liquid 

TRUEX  Transuranic extraction 

VOCs  Volatile organic compounds 
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