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Abstract 

A novel diamide ligand, 5-bromo-N1, N3-diisopropylisophthalamide has been synthesized and 

characterized by 1H NMR, 13C NMR, and FTIR. The extraction mechanism of uranyl ion with the 

diamide ligand has been studied in unexplored ionic liquid families.  For the same metal-ligand system; 

cation exchange, anion exchange, and solvation mechanism can be predominately achieved by 

changing the ionic liquid system.  The experimental results suggest that the change in extraction 

mechanism is induced by the cations of the ionic liquids. In bicyclooctanium ionic liquid, the extracted 

species was [UO2(NO3)3L2]
-
; In piperidinium and pyridinium-based ionic liquid, the species were 

UO2(NO3)2L and UO2(NO3)2L2 respectively. In imidazolium-based ionic liquid, the species was 

[UO2(NO3)L]+. Though the extraction efficiency in methylpyridinium and bicyclooctanium based 

ionic liquids are better, the pipiredinium and imidazolium-based ionic liquids exhibited a high degree 

of radiological stability.  The aqueous solution of sodium carbonate is found to be better in the back 

extraction of uranyl ions from the ionic liquids relative to EDTA and oxalic acid. However, the efficacy 

of back extraction differs largely on the ionic liquid system. 
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Introduction 

Though ionic liquid based research evolved mainly as a potential 'green' alternatives to the volatile 

organic diluents due to some of the advantageous properties like lower vapor pressure, high flash point, 

high degree of chemical, thermal and electrochemical stability; the high 'anti microbial' characteristic 

of some of the ionic liquids put doubts on the 'greenness'[1-6]. Some classes of ionic liquids are neither 

biodegradable nor completely incinerable. However, the most interesting property of ionic liquid is its 

tunability due to which it is widely accepted as a 'designer solvent'. It has been reported that for N3 

alkyl-substituted methylimidazolium cation, the extraction mechanism depends on the length of the 

alkyl group.  if the butyl group at the N3 position is replaced with an octyl or decyl, the extraction 

mechanism changes from cation exchange to solvation[7-9].This was attributed to the ease of 

solubilizing ability of N3 alkyl-substituted methyl imidazolium cation in water, which reduces as the 

alkyl chain length increases. This also indicates that the species involved can also be modified from 

cationic to neutral. It was also reported in the literature that the extraction kinetics are highly dependent 

on the length of the alkyl groups of N3 alkyl-substituted methylimidazolium ion and even the nature 

of the anionic moieties of the ionic liquid[10-14]. The longer the alkyl chain length, viscous the ionic 

liquids are, and hence slower is the mass transfer. The ionic liquid with 𝑃𝐹6
−anion is more viscous 

compared to NTf2
− anion and hence resulting in slower extraction kinetics. The more branched ionic 

liquids are more prone to radiation-induced fragmentation[15, 16]. Hence depending upon the 

requirement, the extraction process can be modified by modification in ionic liquids[17]. The 

extraction efficiency also depends on the nature of alkyl substitution in the imidazolium cations of 

ionic liquid. There are several attempts to design the functionalized ionic liquid for task-specific 

applications, where functionalities are covalently attached to the ionic liquid moieties.   Carbomyl 

methyl phosphine oxide (CMPO), diglycolamide (DGA), trialkyl phosphine (TRPO) functionalized 

ionic liquids have been extensively used for the extraction of actinides[18, 19]. The extraction behavior 

of neodymium and other rare earth were investigated by trioctylmethylammonium dioctyl 

diglycolamate functionalized ionic liquid[20]. Many amino-functionalized ionic liquids have been 

exploited for CO2 capture[21]. The homogeneous liquid-liquid extraction of metals by functionalized 

ionic liquid is another new approach reported in the literature[22].  

 Application of ionic liquid not only improves the efficiency/ selectivity of metal extraction; but 

also the speciation may differ [23, 24]. Vast research on the application of ionic liquids in the 

separation of metal ions, mainly f block elements is centered at imidazolium-based ionic liquids only. 

Recently, it has been demonstrated for the first time that a sulphoxide ligand in bicyclooctanium ionic 

liquid can be  used for separation of f-block elements [25].  However, different families of ionic liquids 
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(pyridinium, piperidinium, phosphonium, octanium, etc.) are still unexplored and they may show some 

unique features. One such example is the extraction of Sr2+ by Calix crown ether using pyridinium-

based ionic liquid.  The extraction of Sr2+ predominantly follows the least common 'anion exchange' 

mechanism through a  monoanionic complex [26]. In view of that, pyridinium, piperidinium, and 

bicyclooctanium families of ionic liquids are considered in the present case and are compared with the 

most commonly used methylimidazolium-based ionic liquid.   

 The success of nuclear establishment highly depends on the safe management of radiotoxic 

material; efficient and selective separation scheme for actinides, lanthanides, and other fission 

products[27-29]. The tri-n-butyl phosphate is the conventional workhorse for efficient separation 

schemes in PUREX and THOREX processes in nuclear establishment[30, 31]. Phosphine oxides, 

phosphonates, Cyanex 923, phosphinic acids, carbamoyl methyl phosphine oxide are some of the 

ligands explored for uranyl extraction[18, 32-35]. However, phosphate-based ligands are not 

completely incinerable, hence there is always a quest for new nitrogen-based ligand functionalities for 

the separation of uranyl ions. Secondary amides like di-n-hexyl octanamide (DHOA), diamide, 

glycolamides are some of the functionalities explored for efficient uranyl extraction[36-40].  

In the present case, diisopropylisophthalamide in pyredinium, piperidinium, imidazolium, and 

bicyclooctanium based ionic liquids have been used for the extraction of UO2
2+ from the aqueous nitric 

acid feed. The investigation deals with the understanding of the extraction mechanism, species 

involved, etc. The radiation and chemical stability of organic phases, stripping of metal ions from 

organic phases have also been investigated. 

Experimental 

Materials and Methods 

5-Bromoisophthalic acid, isopropylamine, triethylamine and the ionic liquids (Fig.1); 1-Hexyl-1,4-

diaza[2,2,2]bicyclooctaniumbis(trifluoromethylsulfonyl)imide (IL1), 1-Propylpyridinium 

bis(trifluoromethylsulfonyl)imide (IL2), 1-Butyl-1methylpiperidinium 

bis(trifluoromethylsulfonyl)imide (IL3), 1-Hexyl-3methylimidazolium 

bis(trifluoromethylsulfonyl)imide (IL4) were procured from TCI Chemical Pvt Ltd., India. 

Dichloromethane and thionyl chloride were purchased from SRL Chemicals. The solvents used for the 

synthesis of ligand were freshly distilled before use. Nitric acid (Suprapure grade) was purchased from 

Sigma Aldrich. The reagents like NaNO3, N2CO3, n-dodecane, and oxalic acid, were of analytical 

grade purchased from Sigma Aldrich. Deionized water was used throughout the experiment. The U 
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stock solutions were prepared from U3O8 powder by dissolving in Conc. HNO3 followed by repeated 

evaporation. The stock solutions were made in 1 M HNO3. 

     NMR spectra were recorded on a Bruker Avance 400MHz spectrometer at 400 MHz (1H) and 100 

MHz (13C) with SiMe4 as internal references. The IR spectrum was recorded on IR Affinity-1, Fourier 

Transform Infrared Spectrophotometer (Shimadzu). CHNS analysis of the ligand was carried out in 

Elementar vario MICRO cube CHNS Analyzer. The powder sample (3mg) wrapped in a small tin foil 

was directly dropped into the combustion tube where it was fully combusted in the presence of oxygen. 

The MICRO cube analyzed the CHN content (weight %) of the ligand in one single run. Energy 

Dispersive X-ray Fluorescence (EDXRF) Spectroscopy (Make: Xenemetrix, Model: EX3600SDD) 

was used for the estimation of U[41-43]. 

 

 

Fig. 1: The structures of the ionic liquids used in the present investigation 

Synthesis and Characterization of Ligands 

5-bromo-N1, N3-diisopropylisophthalamide (L): Thionyl chloride (40 mmol, 2.90 mL) and 5-

bromoisophthalic acid (2 mmol, 0.490 g) were taken in a round bottom flask and refluxed under 

nitrogen atmosphere for 16 hr. A clear transparent solution was formed. Excess thionyl chloride was 

removed in a vacuum to give a colorless viscous liquid, 5-bromoisophthaloyl dichloride[9, 38]. The 

acid chloride was then dissolved in dry dichloromethane (10 mL) and cooled to 0o C. A solution of 

isopropylamine (8.0 mmol, 0.655 mL) and triethylamine (4.0 mmol, 0.56 mL) in dry dichloromethane 

(5 mL) was added in the acid chloride solution drop by drop. The resulting mixture was kept stirring 
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at room temperature under a nitrogen atmosphere for 16 hr [44]. The reaction mixture was then dried 

over a vacuum. The residue was dissolved in dichloromethane and washed with aqueous ammonium 

chloride solution followed by water. The organic layer was dried with anhydrous Na2SO4 and 

concentrated to dryness yielded ligand (L). Purification by silica gel column chromatography with 

petroleum ether and ethyl acetate (0 to 30%) mixture as eluent afforded  0.536 g (82%) of white solid 

(L), Rf = 0.28, TLC (eluent: petroleum ether/ethyl acetate 30:70 v/v). The 1H NMR, 13C NMR, and IR 

spectrum of the ligand are shown in Fig.2 - 4 respectively. 

Analytical and spectroscopic data: CHNS analysis: Anal. Calcd: С 51.39; Н 5.85; N 8.56. Found: С 

51.62; Н 5.85; N 8.50; FTIR (KBr, cm-1): 3251 (s, NH str. amide), 3078 (CH str. aromatic), 2973 - 

2874 (s, CH str. alkyl), 1632 (s, CO str. amide), 1551 (s, NH bend amide) 1591 - 1462 (CC str. 

aromatic), 894 - 714 (CH bend aromatic); 1H NMR (400 MHz, CDCl3, δ): 8.027 (s, 1H, ArH), 7.964 

(s, 2H, 2 ArH), 7.26 (residual solvent peak), 6.206-6.190 (d, 2H, 2×NH amide), 4.300-4.249 (m, 2H, 

2×CH isopropyl), 1.285-1.269 (d, 12H, 4×CH3 isopropyl). 13C NMR (100 MHz. CDCl3, δ): 164.52, 

136.96, 132.63, 123.84, 122.97, 42.40, 22.73. 

 

 

Scheme 1: (a) Synthesis of 5-bromoisophthloyl dichloride; (b) Synthesis of 5-bromo-N1, N3-

diisopropylisophthalamide (L) 
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Fig.2: 1H NMR Spectra of 5-bromo-N1, N3-diisopropylisophthalamide 

 

Fig. 3: 13C NMR Spectra of 5-bromo-N1, N3-diisopropylisophthalamide 
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Fig. 4: FTIR Spectra of 5-bromo-N1, N3-diisopropylisophthalamide 

Extraction 

The extraction profile of uranyl is obtained by measuring DU as a function of aqueous feed acidity in 

various ionic liquid systems at a constant ligand concentration (1 mM)  and temperature (300 K).   An 

equivalent volume of the organic (IL) and aqueous solutions were used in the extraction process. The 

equilibration time and the time of centrifugation were 180 min and 5 min, respectively. The 

Distribution ratio was calculated as follows[45] 

𝐷𝑈 =
[𝑀]𝐼𝐿

[𝑀]𝑎𝑞
                                      (1) 

Where [𝑀]𝐼𝐿, and [𝑀]𝑎𝑞 are the analytical concentrations of uranyl in ionic liquid and aqueous phase. 

The dependence of the DU as a function of ligand concentration was investigated by keeping the acidity 

of the feed solution as a constant (1 M HNO3). For nitrate ion variation, aqueous phase NaNO3 

concentration was varied keeping other parameters constant. LiNTf2 salt and bromide salts of the 

corresponding ionic liquid cations are water-soluble and hence their concentration was varied in water 

to investigate their involvement in the extraction of uranyl ion by the ligand. Stripping studies were 

carried out in two steps. In the first step, the extraction process was done. while in the subsequent step, 

the stripping was carried out using sodium carbonate, oxalic acid, and ethylenediaminetetraacetic acid 

(EDTA). Several consecutive contacts of the stripping agent were made for achieving cumulative back 
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extraction of locked up uranyl from the ionic liquid phase. The % stripping was calculated as 

follows[46] 

% 𝑆𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔 =  
[𝑀]𝑎𝑞

[𝑀]𝐼𝐿
𝑥 100 %           (2) 

For the radiation stability study, the solvent systems were irradiated with various gamma radiation 

doses using 60Co as a source. With the irradiated solvent systems, the D values were calculated and the 

deviation was monitored. 

Results and discussion 

Extraction profile 

Extraction of uranyl ion has been carried out with a 1 mM concentration of ligand.  The extraction 

profile as a function of aqueous feed acidity is shown in Fig. 5. In IL1, the DU increases up to 2 M 

HNO3 reaching a maximum value of ~12, and remains almost constant between 2 M and 4 M HNO3 

followed by a marginal decrease. The decrease in DU value at higher acidity is not very significant. In 

the case of IL2, the DU value increases rapidly up to 1 M HNO3  followed by a marginal increase from 

1 M to 2 M HNO3 and remained unchanged beyond 2 M HNO3. In the plateau region, the DU value 

was ~20. In IL3 based system, the trend was almost similar. The enhancement in DU value was gradual 

up to 4 M HNO3, followed by a plateau. The maximum DU value obtained in this case was ~ 13. 

Interestingly, using IL4 as a solvent system, the trend in DU vs aqueous feed acidity is unique compared 

to other ionic liquid systems, i.e. DU value was maximum (~8)  at 1 M HNO3 and decreases with an 

increase in feed acidity. This diluent-induced difference in extraction profiles is not very common in 

molecular diluents. However, in ionic liquid, structural modification can bring changes in extraction 

properties. The above fact was verified and well-reported for imidazolium-based ionic liquids[47, 48]. 

In the case of methylimidazolium-based ionic liquid, it was demonstrated that if the alkyl group at the 

3rd position is butyl, then there is a chance of cation exchange mechanism, where, the butyl 

imidazolium cation is getting exchanged with the cationic metal-ligand complex. However, for higher 

homologue, i.e. C8mim+ or C10mim+ ion, water solubility is very less and hence, the ion exchange 

mechanism is prohibited and the extraction proceeds through a solvation mechanism involving neutral 

metal-ligand complex. In the present case, it is quite interesting to study ionic liquids that have diverse 

cationic motifs.  There are only a few reports that describe the extraction of metal ions in ionic liquids 

through the anion-exchange mechanism. One such example is the extraction of uranyl ion by tri-n-

butyl phosphate in ionic liquid from higher aqueous feed acidity[49]. Recently anion exchange 

mechanism was also reported for Sr2+ extraction by Calix crown ether using pyridinium-based ionic 

liquid[26]. The increasing trend in DU with an increase in aqueous feed acidity is an indication of either 
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the solvation mechanism or anion exchange mechanism. The initial enhancement in DU with aqueous 

feed acidity is ascribed to the participation of nitrate ions. However, at higher feed acidity, plenty of 

H+ ions are available and they compete with uranyl ion resulting in either plateau or marginal reduction 

in DU values. In the case of ionic liquid IL4, the extraction profile indicates the extraction might 

proceed through the cation exchange mechanism.  

Solvation mechanism:      

𝑈𝑂2
2+

𝑎𝑞
+  𝑚𝐿𝐼𝐿 +  2 𝑁𝑂3

−
𝑎𝑞

→ 𝑈𝑂2(𝑁𝑂3)2 . 𝑚𝐿𝐼𝐿   (3) 

Cation exchange mechanism: 

𝑈𝑂2
2+

𝑎𝑞
+  𝑚𝐿𝐼𝐿 +  𝑛 𝑁𝑂3

−
𝑎𝑞

+  (2 − 𝑛)𝐼𝐿𝐼𝐿
+ → [𝑈𝑂2 (𝑁𝑂3)𝑛 . 𝑚𝐿]𝐼𝐿

2−𝑛 + (2 − 𝑛)𝐼𝐿𝑎𝑞
+           (4) 

Anion exchange mechanism: 

𝑈𝑂2
2+

𝑎𝑞
+  𝑚𝐿𝐼𝐿 +  𝑛 𝑁𝑂3

−
𝑎𝑞

+  (𝑛 − 2)𝐼𝐿𝐼𝐿
− →  [𝑈𝑂2 (𝑁𝑂3)𝑛. 𝑚𝐿]𝐼𝐿

𝑛−2  +  (𝑛 − 2)𝐼𝐿𝐼𝐿
−         (5) 

Where, m and n are the number of ligand molecules and nitrate ions associated with each uranyl ion 

in the formation of the complex. IL+ represents the cationic part of the ionic liquid, while IL- is the 

anionic part of the ionic liquid.  
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Fig. 5: The variation in DU value as a function of aqueous feed acid concentration using 1 mM ligand 

in different ionic liquid 
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Speciation and Extraction mechanism 

The equilibrium constant for the uranyl extraction can be defined as follows 

Solvation mechanism                       𝐾𝑒𝑥 =  
[𝑈𝑂2(𝑁𝑂3)2 .𝑚𝐿𝐼𝐿]

[𝑈𝑂2
2+

𝑎𝑞
][𝐿𝐼𝐿]𝑚 [𝑁𝑂3

−
𝑎𝑞

]2
              (6) 

𝐾𝑒𝑥 =  
𝐷𝑈

[𝐿𝐼𝐿]𝑚 [𝑁𝑂3
−

𝑎𝑞
]2

                                                   (7) 

Taking logarithm on both sides and rearranging, the equation takes the form 

𝐿𝑜𝑔𝐷𝑈 = 𝐿𝑜𝑔𝐾𝑒𝑥 +  𝑚 𝐿𝑜𝑔[𝐿𝐼𝐿] +  2 𝐿𝑜𝑔[𝑁𝑂3
−

𝑎𝑞
]                                  (8) 

Similarly, for the cation exchange mechanism, the equilibrium constant can be written as 

𝐾𝑒𝑥 =  
[[𝑈𝑂2 (𝑁𝑂3)𝑛.𝑚𝐿]𝐼𝐿

2−𝑛]

[𝑈𝑂2
2+

𝑎𝑞
][𝐿𝐼𝐿]𝑚 [𝑁𝑂3

−
𝑎𝑞

]𝑛

[𝐼𝐿𝑎𝑞
+ ]2−𝑛

[𝐼𝐿𝐼𝐿
+ ]2−𝑛                             (9) 

The ratio of the concentration of cationic part of ionic liquid in both the phase is known as the partition 

coefficient for that species. The partition coefficient is a constant for a given temperature and also 

considering Kex as the conditional extraction, the equation can be simplified as follows 

𝐾𝑒𝑥
´ =  

[[𝑈𝑂2 (𝑁𝑂3)𝑛.𝑚𝐿]𝐼𝐿
2−𝑛]

[𝑈𝑂2
2+

𝑎𝑞
][𝐿𝐼𝐿]𝑚 [𝑁𝑂3

−
𝑎𝑞

]𝑛
                                          (10) 

𝐿𝑜𝑔𝐷𝑈 = 𝐿𝑜𝑔𝐾𝑒𝑥
´ +  𝑚 𝐿𝑜𝑔[𝐿𝐼𝐿] +  𝑛 𝐿𝑜𝑔[𝑁𝑂3

−
𝑎𝑞

]       (11) 

For anion exchange mechanism the Kex can be written as follows 

𝐾𝑒𝑥 =  
[[𝑈𝑂2 (𝑁𝑂3)𝑛.𝑚𝐿]𝐼𝐿

(𝑛−2)
]

[𝑈𝑂2
2+

𝑎𝑞
][𝐿𝐼𝐿]𝑚 [𝑁𝑂3

−
𝑎𝑞

]𝑛

[𝐼𝐿𝐼𝐿
− ]𝑛−2

[𝐼𝐿𝐼𝐿
− ]𝑛−2                                 (12) 

Similarly, the partition coefficient for the anionic part of the ionic liquid is a constant for a given 

temperature, and hence equation can be written as 

𝐿𝑜𝑔𝐷𝑈 = 𝐿𝑜𝑔𝐾𝑒𝑥
´ +  𝑚 𝐿𝑜𝑔[𝐿𝐼𝐿] +  𝑛 𝐿𝑜𝑔[𝑁𝑂3

−
𝑎𝑞

]       (13) 

Therefore, a plot of Log(DU) as a function of Log([L]) will be a straight line with a slope, which 

determines the metal-ligand stoichiometry, keeping nitrate ion in the aqueous phase constant. 

Similarly, a plot of Log(DU) value as a function of Log([𝑁𝑂3
−]) would be a straight line with a slope 

value, which determines the number of nitrate ions associated with each metal ion in the complex.  Fig. 

6(a) shows the variation in DU value as a function of ligand concentration. An increase in DU value 

with ligand concentration indicates the direct participation of ligand molecules. For ionic liquids IL1 

and IL2, the slope is evaluated as 2, while it is 1 for ionic liquids IL3 and IL4. This revealed that UO2
2+ 
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formed 1:2 complex in ionic liquid IL1 and IL2, whereas 1:1 metal-ligand complex with IL3 and IL4. 

Fig. 6(b) represented the variation in DU value as a function of nitrate ion concentration in the aqueous 

phase. The slope for IL1 and IL2 were found to be 3 and 2, respectively. However, for IL3 and IL4, 

the slope is evaluated as 2 and 1, respectively.  These results indicate that in IL1, the species is 

[UO2(NO3)3L2]
-, in IL2 the species is UO2(NO3)2L2, whereas in IL3 the species is UO2(NO3)2L and in 

IL4 the species involved is [UO2(NO3)L]+. This implies that in IL4, the cation exchange mechanism 

predominates following cationic species, and the cationic part of the ionic liquid will be exchanged in 

place of the metal-ligand complex during extraction to maintain the electrical neutrality. On the other 

hand, in IL1, the anion exchange mechanism predominates involving anionic metal-ligand species. To 

maintain the charge neutrality in both phases, an equivalent amount of ionic liquid anion would get 

exchanged.  However, for IL2 and IL3, the solvation mechanism is predominant involving a neutral 

metal-ligand complex.  However, this has to be confirmed by further investigation on the dependence 

of cations or anions of ionic liquids on the extraction properties of uranyl. 
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Fig. 6: The variation of DU values as a function of (a) ligand concentration in ionic liquid phase; (b) 

nitrate ion concentration in the aqueous phase 

     To further confirm the speciation and the extraction mechanism, cation and anion dependence of 

ionic liquid on DU values were monitored using the water-soluble salts of the same [Fig.7]. For 

example, in cation dependence experiments, the chloride salts of the corresponding ionic liquid  were 

taken, while anion dependence was checked using Li salt of NTf2
−anion. The chloride salts used in the 

present case are: 1-Hexyl-1,4-diaza[2,2,2]bicyclooctanium chloride, 1-Propylpyridinium chloride, 1-

Butyl-1methylpiperidinium chloride, 1-Hexyl-3methylimidazolium chloride. In cation dependence 

experiments, the DU values were independent of the concentration of ionic liquid cations in the aqueous 

phase for IL1, IL2, and IL3, suggesting no cation exchange mechanism involved.  However, the DU 

value decreases with an increase in ionic liquid cation concentration in the aqueous phase for IL4. The 

concentration dependence of the DU value in IL4 confirms the participation of IL cation in the 

extraction process.  More the initial concentration of cations in water, the equilibrium of the extraction 

process shifted more towards the backward direction, i.e. the extent of uranyl extraction would reduce. 

The slope of the linear dependence of DU in IL4 is evaluated as -1. This implies that only one C8mim+ 

ion gets exchanged during each metal-ligand complex extraction. This also proves that a singly charged 

metal-ligand complex formed during extraction of uranyl with amide functionalized ligand in 

C8mimNTf2. On a similar note, anion dependence experiments suggested that, for IL2, IL3, and IL4, 

the DU remained unchanged with an increase in the NTf2
− ion concentration in the aqueous phase. 

However,  for IL1, i.e. for bicyclooctanium ionic liquid, the DU decreases with an increase in NTf2
−ion 

concentration in the aqueous phase with a slope value of -1. This result confirms that, for IL2 and IL3, 

neither cation exchange nor anion exchange mechanism was predominant. Therefore, the extraction 

(b) 
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proceeds through the neutral metal-ligand complex with a 'solvation' mechanism. However, for IL1, 

i.e. bicyclooctanium ionic liquid the extraction proceeded via mono negative U-ligand complex. To 

maintain the charge neutrality, one NTf2
− anion would be transferred from the IL phase to the aqueous 

phase for the transfer of each U-ligand complex. In the case of IL4, C8mim+ cation got exchanged in 

place of mono positive U-ligand complex and the extraction proceeded via cation exchange 

mechanism. This particular case is very interesting to demonstrate that by changing the cations of the 

ionic liquids, the extraction species and mechanism can be changed from solvation to cation exchange 

or anion exchange.  
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Fig.7: The dependence of DU values on the concentration of (a) cations of ionic liquid  and (b) 

anions of ionic liquids in the aqueous phase 
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Fig. 8: The U complexes with the diamides in different ionic liquids involved in the separation 

 

      Fig. 8 depicts the most plausible uranyl-ligand complexes in different ionic liquids. In IL2 and IL3, 

neutral species were formed. However, the speciation and mode of coordination are quite different. In 

IL2, two diamides, and two nitrate ions were found to be coordinating in a monodentate fashion, 

whereas in IL3, one diamide was found to be coordinating through bidentate fashion, while two nitrates 

are in monodentate mode. In IL1, the species was found to be anionic with two ligands and three 

nitrates all are in the monodentate mode of coordination. However, in IL4 the species was mono 

positive with one diamide and one nitrate both in the bidentate mode of coordination with uranyl to 

satisfy the 8 coordination number.  

 

Radiolytic stability 

     For long time use of the ligands, the solvent system must be radiologically stable, since this would 

experience lots of radiation coming out of the isotopes processed using the solvent system[50, 51]. To 

understand the radiolytic stability, the solvent systems were exposed to gamma rays of different dose 

rates, and the DU values were evaluated. The change in DU values in irradiated solvent compared to 

the unirradiated solvent would pertain to the radiological damage faced by them. From Fig 9, it is clear 

that for IL3 and IL4, the DU values of unirradiated systems were ~8 and ~4, respectively. On irradiation 

with gamma rays, no significant change in DU values observed. This implies that these two solvent 
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systems were highly radiologically stable. However, IL2 showed a maximum reduction in DU values. 

In the unirradiated condition, the DU was 17, which was drastically reduced to 2 at a dose of 500 kGy. 

IL1 also showed similar results, i.e. unirradiated system showed DU of 11, which reduced to ~3.8 after 

a dose of  500kGy. Therefore, high radiological stability along with the efficiency of the solvent should 

be considered for processing high radioactive isotopes. In view of that, IL4 might be the best solvent 

among the four ionic liquids. 
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Fig. 9: The radiolytic stability of the solvent systems under the influence of gamma-ray exposure 

Back extraction 

The reusability of the solvent system is another important aspect to be looked into. The expectation is 

to have solvent systems having high extraction efficiency as well as can be regenerated very easily 

after extraction. In view of this, stripping behavior needs to be investigated. It is well-known fact that 

only dilute acid might not be sufficient to back extract the complexed uranium from ionic liquid. 

Several methodologies including electro-deposition have been employed for back extraction[52]. 

However, another well-accepted approach is to make use of the complexing agent in water[53]. The 

idea is to make a stronger complex of uranyl in water so that the uranium-amide complex in ionic 

liquid breaks up. Based on the literature, 1 mM aqueous solution of oxalic acid, sodium carbonate, and 

ethylenediaminetetraacetic acid have been chosen as aqueous complexing agents for back extraction. 

Fig. 10(a) shows the % of stripping of uranium using the stripping solution in a single contact. The 

results indicate that an aqueous solution of sodium carbonate is the best out of these three stripping 

solutions. Using aqueous sodium carbonate as a stripping solution, the effect of a different number of 

contact cycles on % stripping was investigated. Four contacts of IL1 were required for about 99.5 % 

back extraction, while 2 contacts of IL2 and IL4 were sufficient for almost 99 % back extraction.  Back 
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extraction from IL3 was not as satisfactory as observed in other cases. Even after five contacts, the 

cumulative back extraction was slightly less than 99 %.  Fig. 10 (b) depicts the cumulative % back 

extraction of uranyl ion from the uranyl-diamide complex in ionic liquid. 
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Fig. 10: (a) The stripping behavior of uranium from the uranyl-diamide complex in ionic liquid using 

different aqueous complexing agents; (b) Cumulative % of stripping of locked up uranium using 

sodium carbonate in multiple contacts  

 

     The variation of DU values for the ionic liquids having prior contact (1 hr)  with 1 M HNO3 as a 

function of time is shown in Fig.11. This investigation reveals the chemical stability of the solvent 

systems in the presence of 1 M HNO3. The D values were monitored up to 72 hours i.e. 3 days of 

contact time.   DU value is almost independent of time from 1 hr onwards, suggesting that all the ionic 

(a) 

(b) 
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liquid based solvent systems are chemically stable. Table 1 summarizes the mechanism, speciation and 

other chanrecteristic of extraction for the four ionic liquid system used in the study. 
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Fig. 11: The variation in DU as a function of contact time of organic phase with 1 M HNO3  

 

Table 1: The extraction characteristics of the ionic liquid based solvent systems 

 

Metal Ligand IL 

D (1 M 

HNO3) 

Mechanis

m Species 

No of 

contact for 

stripping 

UO2
2+ 

5-

bromo-

N1, N3-

diisopro

pylisoph

thalami

de 

1-Hexyl-1,4-

diaza[2,2,2]bicycloo

ctaniumbis(trifluoro

methylsulfonyl)imid

e 

11 
Anion 

exchange 
[UO2(NO3)3L2]- 4 

1-Propylpyridinium 

bis(trifluoromethyls

ulfonyl)imide 

16 Solvation UO2(NO3)2L2 2 

1-Butyl-

1methylpiperidiniu

m 

bis(trifluoromethyls

ulfonyl)imide 

3.7 Solvation UO2(NO3)2L 
even 5 is not 

sufficient 

1-Hexyl-

3methylimidazolium 

bis(trifluoromethyls

ulfonyl)imide 

8 
Cation 

exchange 
[UO2(NO3)L]+ 2 
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Conclusion 

This manuscript describes the first-ever report of tuning the extraction mechanism of uranyl ion from 

cation exchange to anion exchange or solvation mechanism by changing the cationic part of the ionic 

liquid for the same uranyl-diamide systems. The novel diamide ligand (5-Bromo-N1, N3-

diisopropylisophthalamide) was synthesized and characterized by 1H NMR, 13C NMR and FTIR 

spectroscopy. In imidazolium-based ionic liquid, the extraction proceeds via monopositive 

[UO2(NO3)L]+ species. For pyridinium ionic liquid, the extraction proceeds via neutral UO2(NO3)2L2 

species, whereas for piperidiniumionic liquid, neutral UO2(NO3)2L species is predominating. 

However, for bicyclooctanium ionic liquid, monoanionic complex [UO2(NO3)3L2]
- was 

predominating. The radiation stability of pyridinium and imidazolium-based ionic liquids was more 

than that of the other two ionic liquid systems.  An aqueous solution of sodium carbonate (1mM) back 

extracts the uranyl ion effectively from the ionic liquid phase compared to oxalic acid and EDTA. Four 

contacts of eluent are required for back extraction of uranyl from bicyclooctanium ionic liquid, 

whereas 2 contacts were sufficient for imidazolium and pipyredinium based ionic liquid. In 

pyridinium-based ionic liquid, the uranyl complex was so strong, and hence can not be stripped 

quantitatively even after five contacts.  

Acknowledgment 

The author acknowledges Dr. P.K.Pujari, Director, RC & I Group, Head, Radiochemistry Division, 

and Dr. R. Acharya, Head, Actinide Spectroscopy section, Radiochemistry Division, Bhabha Atomic 

Research Centre, Mumbai, India. Dr. Velavan Kathirvelu acknowledges the financial support by the 

Science and Engineering Research Board (SB/FT/CS-119/2014). 

Conflict of interest 

There is no conflict of interest to disclose 

 

 

 

 

 

 

 

 

 



19 
 

Reference 

[1] D. Han, K.H. Row, Recent applications of ionic liquids in separation technology, Molecules 15 

(2010) 2405-2426, https://doi.org/10.3390/molecules15042405 

[2] A. Berthod, M.J. Ruiz-Ángel, S. Carda-Broch, Recent advances on ionic liquid uses in separation 

techniques, J. Chromatogr. 1559 (2018) 2-16, https://doi.org/10.1016/j.chroma.2017.09.044 

[3] G.-T. Wei, Z. Yang, C.-J. Chen, Room temperature ionic liquid as a novel medium for liquid/liquid 

extraction of metal ions, Anal. Chim. Acta 488 (2003) 183-192, https://doi.org/10.1016/S0003-

2670(03)00660-3 

[4] I.A. Shkrob, T.W. Marin, M.P. Jensen, Ionic liquid based separations of trivalent lanthanide and 

actinide ions, Ind. Eng. Chem. Res. 53 (2014) 3641-3653, https://doi.org/10.1021/ie4036719 

[5] M. Kamaz, A. Sengupta, S.S. DePaz, Y.-H. Chiao, S. Ranil Wickramasinghe, Poly(ionic liquid) 

augmented membranes for π electron induced separation/fractionation of aromatics, J. Membr. Sci. 

579 (2019) 102-110, https://doi.org/10.1016/j.memsci.2019.01.044 

[6] M. Kamaz, R.J. Vogler, M. Jebur, A. Sengupta, R. Wickramasinghe, π Electron induced separation 

of organic compounds using supported ionic liquid membranes, Sep. Purif. Technol. 236 (2020) 

116237, https://doi.org/10.1016/j.seppur.2019.116237 

[7] M.L. Dietz, J.A. Dzielawa, I. Laszak, B.A. Young, M.P. Jensen, Influence of solvent structural 

variations on the mechanism of facilitated ion transfer into room-temperature ionic liquids, Green 

Chem. 5 (2003) 682-685, https://doi.org/10.1039/B310507P 

[8] M.P. Jensen, J.A. Dzielawa, P. Rickert, M.L. Dietz, EXAFS investigations of the mechanism of 

facilitated ion transfer into a room-temperature ionic liquid, J. Am. Chem. Soc. 124 (2002) 10664-

10665, https://doi.org/10.1021/ja027476y 

[9] A. Pandey, S. Hashmi, V. Kathirvelu, K.S. Singh, A. Sengupta, Effect of alkyl chain length on the 

extraction properties of U and Th using novel CnmimNTf2/isophthalamide systems, J. Mol. Liq. 323 

(2021) 114944-114948, https://doi.org/10.1016/j.molliq.2020.114944 

[10] A. Sengupta, P.K. Mohapatra, M. Iqbal, J. Huskens, W. Verboom, A highly efficient solvent 

system containing functionalized diglycolamides and an ionic liquid for americium recovery from 

radioactive wastes, Dalton Trans. 41 (2012) 6970-6979, https://doi.org/10.1039/C2DT12364A 

[11] A. Sengupta, P.K. Mohapatra, M. Iqbal, W. Verboom, J. Huskens, S.V. Godbole, Extraction of 

Am(iii) using novel solvent systems containing a tripodal diglycolamide ligand in room temperature 

ionic liquids: a ‘green’ approach for radioactive waste processing, RSC Adv. 2 (2012) 7492-7500, 

https://doi.org/10.1039/C2RA20577G 

[12] P.K. Mohapatra, A. Sengupta, M. Iqbal, J. Huskens, W. Verboom, Highly efficient diglycolamide-

based task-specific ionic liquids: Synthesis, unusual extraction behaviour, irradiation, and fluorescence 

studies, Chem. Eur. J. 19 (2013) 3230-3238, https://doi.org/10.1002/chem.201203321 

[13] P.K. Mohapatra, A. Sengupta, M. Iqbal, J. Huskens, W. Verboom, Diglycolamide-functionalized 

calix[4]arenes showing unusual complexation of actinide ions in room temperature ionic liquids: Role 

of ligand structure, radiolytic stability, emission spectroscopy, and thermodynamic studies, Inorg. 

Chem. 52 (2013) 2533-2541, https://doi.org/10.1021/ic302497k 

https://doi.org/10.3390/molecules15042405
https://doi.org/10.1016/j.chroma.2017.09.044
https://doi.org/10.1016/S0003-2670(03)00660-3
https://doi.org/10.1016/S0003-2670(03)00660-3
https://doi.org/10.1021/ie4036719
https://doi.org/10.1016/j.memsci.2019.01.044
https://doi.org/10.1016/j.seppur.2019.116237
https://doi.org/10.1039/B310507P
https://doi.org/10.1021/ja027476y
https://doi.org/10.1016/j.molliq.2020.114944
https://doi.org/10.1039/C2DT12364A
https://doi.org/10.1039/C2RA20577G
https://doi.org/10.1002/chem.201203321
https://doi.org/10.1021/ic302497k


20 
 

[14] A. Sengupta, P.K. Mohapatra, M. Iqbal, J. Huskens, W. Verboom, Solvent systems containing 

diglycolamide-functionalised calix[4]arenes in room temperature ionic liquid for metal ion extraction: 

studies with simulated high-level wastes, Supramol. Chem. 26 (2014) 612-619, 

https://doi.org/10.1080/10610278.2014.885025 

[15] I.A. Shkrob, S.D. Chemerisov, J.F. Wishart, The initial stages of radiation damage in ionic liquids 

and ionic liquid-based extraction systems, J. Phys. Chem. B 111 (2007) 11786-11793, 

https://doi.org/10.1021/jp073619x 

[16] J.F. Wishart, Ionic liquids and ionizing radiation: Reactivity of highly energetic species, J. Phys. 

Chem. Lett. 1 (2010) 3225-3231, https://doi.org/10.1021/jz101096b 

[17] N.K. Gupta, Ionic liquids for transuranic extraction (TRUEX)—Recent developments in nuclear 

waste management: A review, J. Mol. Liq. 269 (2018) 72-91, https://doi.org/j.molliq.2018.08.036 

[18] M. Paramanik, D.R. Raut, A. Sengupta, S.K. Ghosh, P.K. Mohapatra, A trialkyl phosphine oxide 

functionalized task specific ionic liquid for actinide ion complexation: extraction and spectroscopic 

studies, RSC Adv. 6 (2016) 19763-19767, https://doi.org/10.1039/C5RA24174J 

[19] A. Sengupta, P.K. Mohapatra, P. Pathak, T.K. Ghanty, W. Verboom, Studies on neptunium 

complexation with CMPO- and diglycolamide-functionalized ionic liquids: experimental and 

computational studies, New J. Chem. 41 (2017) 836-844, https://doi.org/10.1039/C6NJ03102A 

[20] A. Rout, K. Binnemans, Solvent Extraction of Neodymium(III) by Functionalized Ionic Liquid 

Trioctylmethylammonium Dioctyl Diglycolamate in Fluorine-free Ionic Liquid Diluent, Ind. Eng. 

Chem. Res. 53 (2014) 6500-6508, https://doi.org/10.1021/ie404340p 

[21] G. Jing, Y. Qian, X. Zhou, B. Lv, Z. Zhou, Designing and screening of multi-amino-functionalized 

ionic liquid solution for co2 capture by quantum chemical simulation, ACS Sustainable Chemistry & 

Engineering 6 (2018) 1182-1191, https://doi.org/10.1021/acssuschemeng.7b03467 

[22] T. Vander Hoogerstraete, B. Onghena, K. Binnemans, Homogeneous liquid–liquid extraction of 

metal ions with a functionalized ionic liquid, J. Phys. Chem. Lett. 4 (2013) 1659-1663, 

https://doi.org/10.1021/jz4005366 

[23] D. Das, S. Hashmi, A. Sengupta, S. Kannan, C.P. Kaushik, Understanding the extraction 

behaviour of UO2
2+ and Th4+ using novel picolinamide/N-oxo picolinamide in ionic liquid: A 

comparative evaluation with molecular diluent, J. Mol. Liq. 332 (2021) 115773, 

https://doi.org/10.1016/j.molliq.2021.115773 

[24] M. Singh, A. Sengupta, M.S. Murali, S.K. Thulasidas, R.M. Kadam, Selective separation of 

uranium from nuclear waste solution by bis(2,4,4-trimethylpentyl)phosphinic acid in ionic liquid and 

molecular diluents: a comparative study, J. Radioanal. Nucl. Chem. 309 (2016) 1199-1208, 

https://doi.org/10.1007/s10967-016-4691-y 

[25] N.K. Gupta, A. Sengupta, Sulphoxide ligands inbicyclooctanium based ionic liquid: Novel solvent 

systems for the extraction of f-elements, Sep. Sci. Technol. 54 (2019) 1312-1324, 

https://doi.org/10.1080/01496395.2018.1533869 

[26] A. Sengupta, P.K. Mohapatra, Extraction of radiostrontium from nuclear waste solution using 

crown ethers in room temperature ionic liquids, Supramol. Chem. 24 (2012) 771-778, 

https://doi.org/10.1080/10610278.2012.716840 

https://doi.org/10.1080/10610278.2014.885025
https://doi.org/10.1021/jp073619x
https://doi.org/10.1021/jz101096b
https://doi.org/j.molliq.2018.08.036
https://doi.org/10.1039/C5RA24174J
https://doi.org/10.1039/C6NJ03102A
https://doi.org/10.1021/ie404340p
https://doi.org/10.1021/acssuschemeng.7b03467
https://doi.org/10.1021/jz4005366
https://doi.org/10.1016/j.molliq.2021.115773
https://doi.org/10.1007/s10967-016-4691-y
https://doi.org/10.1080/01496395.2018.1533869
https://doi.org/10.1080/10610278.2012.716840


21 
 

[27] K. Raj, K.K. Prasad, N.K. Bansal, Radioactive waste management practices in India, Nucl. Eng. 

Des. 236 (2006) 914-930, https://doi.org/10.1016/j.nucengdes.2005.09.036 

[28] R.D. Ambashta, M.E.T. Sillanpää, Membrane purification in radioactive waste management: a 

short review, J. Environ. Radioact. 105 (2012) 76-84, https://doi.org/10.1016/j.jenvrad.2011.12.002 

[29] J.N. Mathur, M.S. Murali, K.L. Nash, Actinide partitioning-A review, Solvent Extr. Ion Exch. 19 

(2001) 357-390, https://doi.org/10.1081/SEI-100103276 

[30] B.J. Mincher, G. Modolo, S.P. Mezyk, Review article: The effects of radiation chemistry on 

solvent extraction: 1. Conditions in acidic solution and a review of TBP radiolysis, Solvent Extr. Ion 

Exch. 27 (2009) 1-25, https://doi.org/10.1080/07366290802544767 

[31] J.N. Mathur, M.S. Murali, P.R. Natarajan, L.P. Badheka, A. Banerji, A. Ramanujam, P.S. Dhami, 

V. Gopalakrishnan, R.K. Dhumwad, M.K. Rao, Partitioning of actinides from high-level waste streams 

of purex process using mixtures of CMPO and TBP in dodecane, Waste Manage. 13 (1993) 317-325, 

https://doi.org/10.1016/0956-053X(93)90060-A 

[32] P. Tkac, G.F. Vandegrift, G.J. Lumetta, A.V. Gelis, Study of the interaction between HDEHP and 

CMPO and its effect on the extraction of selected lanthanides, Ind. Eng. Chem. Res. 51 (2012) 10433-

10444, https://doi.org/10.1021/ie300326d 

[33] A. Sengupta, S.M. Ali, K.T. Shenoy, Understanding the complexation of the Eu3+ ion with 

TODGA, CMPO, TOPO and DMDBTDMA: Extraction, luminescence and theoretical investigation, 

Polyhedron 117 (2016) 612-622, https://doi.org/10.1016/j.poly.2016.06.037 

[34] M.P. Jensen, A.H. Bond, Comparison of covalency in the complexes of trivalent actinide and 

lanthanide cations, J. Am. Chem. Soc. 124 (2002) 9870-9877, https://doi.org/10.1021/ja0178620 

[35] V.N. Romanovskiy, I.V. Smirnov, V.A. Babain, T.A. Todd, R.S. Herbst, J.D. Law, K.N. Brewer, 

The universal solvent extraction (unex) process. I. Development of the unex process solvent for the 

separation of cesium, strontium, and the actinides from acidic radioactive waste, Solvent Extr. Ion 

Exch. 19 (2001) 1-21, https://doi.org/10.1081/SEI-100001370 

[36] G.M. Casparini, G. Grossi, Application of n, n-dialkyl aliphatic amides in the separation of some 

actinides, Sep. Sci. Technol. 15 (1980) 825-844, https://doi.org/10.1080/01496398008076273 

[37] S.D. Reilly, A.J. Gaunt, B.L. Scott, G. Modolo, M. Iqbal, W. Verboom, M.J. Sarsfield, 

Plutonium(iv) complexation by diglycolamide ligands—coordination chemistry insight into TODGA-

based actinide separations, Chem. Commun. 48 (2012) 9732-9734, 

https://doi.org/10.1039/C2CC34967A 

[38] A. Pandey, G. Salunkhe, V. Kathirvelu, K.S. Singh, A. Sengupta, Exploring novel functionality 

for efficient extraction of UO2
2+ and Th4+in ionic liquid: Mechanism, speciation, selectivity, stability 

and stripping, J. Mol. Liq. (2020) 114716, https://doi.org/10.1016/j.molliq.2020.114716 

[39] N. Condamines, C. Musikas, The extraction by n.N-dialkylamides. II. Extraction of actinide 

cations, Solvent Extr. Ion Exch. 10 (1992) 69-100, https://doi.org/10.1080/07366299208918093 

[40] Y. Sasaki, Y. Sugo, K. Morita, K.L. Nash, The effect of alkyl substituents on actinide and 

lanthanide extraction by diglycolamide compounds, Solvent Extr. Ion Exch. 33 (2015) 625-641, 

https://doi.org/10.1080/07366299.2015.1087209 

https://doi.org/10.1016/j.nucengdes.2005.09.036
https://doi.org/10.1016/j.jenvrad.2011.12.002
https://doi.org/10.1081/SEI-100103276
https://doi.org/10.1080/07366290802544767
https://doi.org/10.1016/0956-053X(93)90060-A
https://doi.org/10.1021/ie300326d
https://doi.org/10.1016/j.poly.2016.06.037
https://doi.org/10.1021/ja0178620
https://doi.org/10.1081/SEI-100001370
https://doi.org/10.1080/01496398008076273
https://doi.org/10.1039/C2CC34967A
https://doi.org/10.1016/j.molliq.2020.114716
https://doi.org/10.1080/07366299208918093
https://doi.org/10.1080/07366299.2015.1087209


22 
 

[41] J. Sk, M. Sunita Pathak, A. Sengupta, A comprehensive investigation along with the statistical 

evaluation for the characterization of ilmenite mineral by x-ray fluorescence spectrometry and optical 

emission spectrometry, ChemistrySelect 6 (2021) 1911-1919, https://doi.org/10.1002/slct.202004205 

[42] S. Jayabun, S. Pathak, A. Sengupta, Determination of major, minor and trace metallic constituents 

in sillimanite: Comparative evaluation of EDXRF and DC arc carrier distillation AES, At. Spectrosc. 

41 (2020) 162-168, https://doi.org/10.46770/AS.2020.04.004 

[43] A. Sengupta, B. Rajeswari, R. Mahadeo Kadam, AES and XRF based comparative evaluation of 

metallic constituents at trace and minor levels in contaminated neoprene gauntlets and cellulosic 

materials, ChemistrySelect 5 (2020) 3763-3769, https://doi.org/10.1002/slct.202000156 

[44] P. Devi, S.M. Barry, K.M. Houlihan, M.J. Murphy, P. Turner, P. Jensen, P.J. Rutledge, Synthesis 

and structural characterisation of amides from picolinic acid and pyridine-2,6-dicarboxylic acid, Sci. 

Rep. 5 (2015) 9950-, https://doi.org/10.1038/srep09950 

[45] A. Rout, S. Karmakar, K.A. Venkatesan, T.G. Srinivasan, P.R. Vasudeva Rao, Room temperature 

ionic liquid diluent for the mutual separation of europium(III) from americium(III), Sep. Purif. 

Technol. 81 (2011) 109-115, https://doi.org/10.1016/j.seppur.2011.04.033 

[46] C. Marie, P. Kaufholz, V. Vanel, M.-T. Duchesne, E. Russello, F. Faroldi, L. Baldini, A. Casnati, 

A. Wilden, G. Modolo, M. Miguirditchian, Development of a selective americium separation process 

using H4TPAEN as water-soluble stripping agent, Solvent Extr. Ion Exch. 37 (2019) 313-327, 

https://doi.org/10.1080/07366299.2019.1643569 

[47] A. Sengupta, P.K. Mohapatra, M. Iqbal, J. Huskens, W. Verboom, A diglycolamide-

functionalized task specific ionic liquid (TSIL) for actinide extraction: Solvent extraction, 

thermodynamics and radiolytic stability studies, Sep. Purif. Technol. 118 (2013) 264-270, 

https://doi.org/10.1016/j.seppur.2013.07.005 

[48] A. Rout, K. Binnemans, Influence of the ionic liquid cation on the solvent extraction of trivalent 

rare-earth ions by mixtures of Cyanex 923 and ionic liquids, Dalton Trans. 44 (2015) 1379-1387, 

https://doi.org/10.1039/C4DT02766C 

[49] P. Giridhar, K.A. Venkatesan, T.G. Srinivasan, P.R. Vasudeva Rao, Extraction of uranium(VI) 

from nitric acid medium by 1.1M tri-n-butylphosphate in ionic liquid diluent, J. Radioanal. Nucl. 

Chem. 265 (2005) 31-38, https://doi.org/10.1007/s10967-005-0785-7 

[50] B.J. Mincher, J.F. Wishart, The radiation chemistry of ionic liquids: A review, Solvent Extr. Ion 

Exch. 32 (2014) 563-583, https://doi.org/10.1080/07366299.2014.925687 

[51] I.A. Shkrob, T.W. Marin, J.R. Bell, H. Luo, S. Dai, J.L. Hatcher, R.D. Rimmer, J.F. Wishart, 

Radiation-induced fragmentation of diamide extraction agents in ionic liquid diluents, J. Phys. Chem. 

B 116 (2012) 2234-2243, https://doi.org/10.1021/jp2117483 

[52] P.-Y. Chen, The assessment of removing strontium and cesium cations from aqueous solutions 

based on the combined methods of ionic liquid extraction and electrodeposition, Electrochim. Acta 52 

(2007) 5484-5492, https://doi.org/10.1016/j.electacta.2007.03.010 

[53] P.S. Kulkarni, Recovery of uranium(VI) from acidic wastes using tri-n-octylphosphine oxide and 

sodium carbonate based liquid membranes, Chem. Eng. J. 92 (2003) 209-214, 

https://doi.org/10.1016/S1385-8947(02)00255-3. 

https://doi.org/10.1002/slct.202004205
https://doi.org/10.46770/AS.2020.04.004
https://doi.org/10.1002/slct.202000156
https://doi.org/10.1038/srep09950
https://doi.org/10.1016/j.seppur.2011.04.033
https://doi.org/10.1080/07366299.2019.1643569
https://doi.org/10.1016/j.seppur.2013.07.005
https://doi.org/10.1039/C4DT02766C
https://doi.org/10.1007/s10967-005-0785-7
https://doi.org/10.1080/07366299.2014.925687
https://doi.org/10.1021/jp2117483
https://doi.org/10.1016/j.electacta.2007.03.010
https://doi.org/10.1016/S1385-8947(02)00255-3

