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Abstract Solvent extraction of Am(III), Pu(IV) and

Eu(III) was done from nitric acid medium using a solvent

system containing a substituted dipicolinamide extractant

dissolved in room temperature ionic liquid. The solvent

system was found to be more efficient as compared to the

previously reported solvents in molecular diluents.
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Introduction

Room temperature ionic liquids (RTILs), due to their

versatile and tunable physico-chemical properties have

been found wide applications in separation science and

technology. They have been received increased attention in

industrial liquid–liquid extraction process applications as

diluents, pertaining to their unique extraction behaviour for

metal ions [1–4]. Attractive properties such as insignificant

vapour pressure, ability to dissolve a wide range of organic

and inorganic compounds, versatile electrochemical win-

dow, and tunability of physicochemical properties by

suitable combination of cation and anion, etc. as possessed

by RTILs [5, 6] make RTILs an interesting class of diluents

and detailed investigations as alternatives to molecular

diluents has been explored [7–12]. Such features of RTILs

make them promising candidates for applications in nu-

clear fuel cycle to selectively target metal ions with in-

teresting extraction mechanisms [13–21]. In relevance to

that, many extractants and extraction processes have been

evaluated in the ionic liquid media with detailed

mechanistic evaluation. Even though, the evaluation pro-

cesses of these proposed extractant systems are still under

way, the solvent extraction studies have led to some very

interesting observations [22].

High-level waste (HLW), generated after the repro-

cessing of the spent nuclear fuels poses major environ-

mental threats due to long-lived radionuclides content with

high radiotoxicities [23, 24]. For the remediation of the

long-term hazards associated with HLW, ‘Partitioning and

Transmutation’ (P & T) is the proposed strategy, which

suggests partitioning of the minor actinides followed by

their transmutation [25, 26]. The separation of the ra-

dioactive minor actinides and lanthanides is therefore one

of the current challenges in nuclear waste reprocessing.

Chemical similarities between the two groups of elements

make such separations rather difficult [27]. However, ac-

tinides possess relatively more covalent character in com-

parison to the lanthanides, in metal–ligand bonding

suggesting that ligands with soft donor atoms like N, S can

exploit this small but significant difference between the

actinides and lanthanides [28]. Soft N donors like tridentate

aromatic bases have been found as efficient extractants for

An(III)/Ln(III) separations [29]. From acidic aqueous so-

lution, nitrogen polyaromatic ligands (with the exceptions

of BTP and BTBP ligands [29–31] ) are generally too basic

to extract actinides (the competition with protonation is not
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favorable) and they must be used with a co-extractant at

low acidity [30–32]. In this context, mixed N, O donor li-

gands consisting of two distinct functional units, including

a terpyridine moiety with soft N donors for inducing

An(III)/Ln(III) selectivity at lower acidity and two amide

functional groups to improve the extraction of lighter ac-

tinides (U, Np, Pu) from a highly acidic medium were

proposed, in recent literature [33].

Earlier, diamides of malonic acid have been proposed as

promising extractants for minor actinides [34, 35]. They

have stimulated the studies on diglycolamides which ex-

tract minor actinides and lanthanides with very high ex-

traction in common organic diluents [36, 37]. Reports

suggested the main advantage of diamides of dipicolinic

acid (DPA) ligands, as higher extraction of An(III) than of

Ln(III) over other conventional diamides [38]. The Am/Eu

separation factor up to 6 have been achieved using the

picolinamide based systems [39–42] and have been re-

ported to be influenced by the nature of the diluent. The

type of substituent also influences the solubility of the pi-

colinamide ligand and its metal solvate, solvent loading

capacity, hydrodynamic properties and consequently the

solvates’ extraction properties [43]. Detailed studies on the

structural correlation for DPA have been reported earlier in

polar molecular diluents [38, 39]. However, their extraction

ability for trivalent actinides and lanthanides is extremely

weak at higher nitric acid concentrations [44]. In order to

increase Ln/An separation factors and extraction of ac-

tinide ions by N,N0-diethyl-N,N0-di(para)fluorophenyl-2,6-

dipicolinamide (DEtD(p)FPhDPA, DPA) (Fig. 1a), there is

a need to optimize the solvent extraction system. Our

previous studies with molecular diluents have shown that

the nature of the aqueous phase acid has a remarkable in-

fluence on the extraction behavior of Am(III) by the pi-

colinamide [45]. Such interesting observations provide

impetus for the extensive studies of picolinamide class of

extractants in a ionic liquid medium (Fig. 1b). Further-

more, in view of synergistic effects reported in the pres-

ence of chlorinated cobalt dicarbollide (CCD, Fig. 1c), the

present study also involved CCD along with DPA. To our

knowledge, there is no report on the extraction of trivalent

and tetravalent actinide ions using solvents containing

dipicolinamides in ionic liquids. The only publication on U

extraction has appeared very recently [46].

The objective of the present paper is to carry out a

systematic study on the extraction of the actinides ions,

Am(III), Pu(IV) and the lanthanide ion, Eu(III) from nitric

acid medium using a novel ionic liquid based solvent

system containing DPA. The effects of parameters such as

kinetics, aqueous phase acidity (0.001–3 M HNO3), ex-

tractant concentration, and synergistic effect of hydrogen

dicarbollyl cobaltate (H?CCD-) on extraction of metal

ions were studied. The stoichiometry of the extracted

Am(III) and Eu(III) bearing species have been evaluated

from nitric acid medium. Mechanistic rationalization to-

wards the Pu(IV) extraction, has been explained from ex-

perimentally observed extractive behavior.

Experimental

Materials and reagents

N,N0-diethyl-N,N0-di(p)-fluorophenyl dipicolinamide was

synthesized from anhydride of dipicolinic acid and respec-

tive N-ethyl-(p)-fluoroaniline and provided by Khlopin Ra-

dium Institute, Russia [39]. Cesium dichlorocarbollyl

cobaltate (KatChem, Czech Republic) was converted to

H?CCD- by shaking several times with 4 M HClO4. De-

sired weights of diamides were dissolved in different RTILs

([Cnmim][NTf2], n = 4, 6, 8) (IoLiTech, Germany) by ex-

tended ultrasonication (few hours). It may be mentioned

here that the ligand was stable to the sonication treatment.

Radiotracers

Purified Pu (principally 239Pu), 152,154Eu, and 241Am were

used from laboratory stock solutions for the extraction

experiments. Pu was purified using HTTA (2-thenoyltri-

fluoroacetone) extraction after adjusting its valency to the

?4 state by the addition of 0.05 M NaNO2 ? 0.005 M

NH4VO3 to the aqueous phase (1 M HNO3). The extracted

Pu(IV) was stripped using 8 M HNO3 and the resultant

solution was used as the stock solution The radiochemical

purity of the product was ascertained by alpha and gamma

ray spectrometry using Si surface barrier and HPGe de-

tectors, respectively.

Distribution studies

Equal volumes of organic solutions of the dipicolinamide

in RTILs and aqueous phases were equilibrated, at room

temperature (24 ± 1 �C) for 2 h unless stated otherwise.

The two phases were then separated by centrifugation and

equal volumes from both the phases was drawn for ra-

dioactivity counting. Distribution ratio of the metal ions

(DM) is defined as the ratio of concentration of the re-

spective metal ions (expressed in terms of radioactivity) in

the organic phase to that in the aqueous phase. The assay of

Pu samples was carried out by liquid scintillation counting

(Hidex, Finland) using toluene based scintillator cocktail

(SRL, Mumbai) and that of 152,154Eu, and 241Am was done

by gamma ray counting using NaI(Tl) scintillator counter

(Para Electronics) coupled to a multi-channel analyzer

(ECIL, India). The material balance and reproducibility of

the data was within the error limits of ±5 %. For all the
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metal ions, it was checked that the extraction of the metal

ion was negligible without the dipicolinamide extractant in

all the ionic liquids used in the present study.

Results and discussion

Extraction kinetics of DPA in RTIL

It was important to evaluate Am(III) extraction kinetics

using DPA in the ionic liquid ([C4mim][Tf2N]) media

which usually show slower kinetics of extraction as re-

ported by Sengupta et al. for [C8mim][PF6] with a higher

dynamic viscosity of 694 mPa.s leading to attainment of

equilibrium after 3 h [47]. Results from the present studies

showed that 30 min were sufficient for achieving equilib-

rium Am(III) extraction from 0.01 M HNO3 (Fig. 2) sug-

gesting that the kinetics of extraction was relatively faster
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0.02 M DPA in [C4mim][NTf2]; aqueous phase : 0.01 M HNO3, T:

298 K
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compared to those previously reported in the RTIL based

solvent systems [47]. However, faster attainment of equi-

librium was reported in molecular diluents [48]. This

equilibrium attainment time was shorter than other RTIL

based solvent systems where as long as 60 min were

needed for the attainment of equilibrium [47]. It is ex-

pected that the extraction behaviour in other ionic liquids

such as [C6mim][Tf2N] and [C8mim][Tf2N] are similar

and in view of better extraction behaviour reported with

[C4mim][Tf2N], major part of the studies are limited to this

ionic liquid [49].

Evaluation of different ionic liquids

Ionic liquid with different alkyl chains show widely different

extraction properties [5]. Different RTILs of general

formula [Cnmim][Tf2N] (1-alkyl-3-methylimidazoliumbis-

(trifluoromethanesulfonyl)imide) viz. [C4mim][Tf2N],

[C6mim][Tf2N], [C8mim][Tf2N] (Fig. 1b) were evaluated as

the diluents for Am(III) and Eu(III) extraction from 0.01 M

HNO3 while keeping DPA concentration at 0.02 M. In-

creasing alkyl chain length of the ionic liquid moiety from n-

butyl to n-hexyl group showed a sharp decrease in Am(III)

and Eu(III) extraction which subsequently was not affected

significantly while using n-octyl group (Table 1). This has

been attributed to the decreased hydrophilicity of imida-

zolium cation with increased alkyl chain length from n-butyl

to n-hexyl, though the reason for no further decrease upon

moving from n-hexyl to n-octyl group is not understood. The

decrease inD values with increasing alkyl chain length in the

cationic part of the ionic liquids is well reported [22]. The

separation factor [ratio of the D values of Am(III) and

Eu(III)] values are calculated to be 1.64, 3.3 and 2.55 with

[C4mim][NTf2], [C6mim][NTf2], [C8mim][NTf2], respec-

tively indicating no regular trend.

During the extraction of Sr(II), Eu(III), Am(III) and

U(VI) from HNO3 media using crown ethers, CMPO

[octyl-(phenyl)–N,N-diisobutyl carbamoyl methyl phos-

phine oxide], tripodal diglycolamide (T-DGA), Tributyl

phosphate (TBP), tetraoctyl diglycolamides (TODGA) and

malonamides as ligands; similar observations have been

reported elsewhere [15–20]. It is worth noting that sig-

nificantly lower concentration of DPA (0.02 M) offers high

extraction of Am(III) and Eu(II) compared to 0.5–1 M

diamide/picolinamides concentration generally used in

polar molecular diluents [45]. This indicates that by fine

tuning the cationic substituent’s of RTIL, it may be pos-

sible to perform actinide partitioning experiments using

much lower concentration of the DPA. Due to better ex-

traction properties by [C4mim][NTf2], it was used for all

the subsequent experiments.

Effect of the aqueous phase acidity

DM values decreased with increased nitric acid concentra-

tion implying that at higher acidities H? competes with the

metal cations as per the well known cation-exchange

mechanism operative in case of ionic liquids such as [C4-

mim][Tf2N] as shown in Eq. (1) and is well reported in the

literature [15, 22, 50].

M3þ
aq þ xLIL þ3½Cnmim]þIL � ½M �Lx�3þIL þ3½Cnmim]þaq ð1Þ

where M = Am(III) or Eu(III), L = DPA, and subscripts

‘aq’ and ‘IL’ refer to aqueous and ionic liquid phases, re-

spectively (Fig. 3). This effect was less pronounced in case

of [C8mim][Tf2N] due to its less hydrophilicity making

cation exchange less probable (Fig. 3). In view of not so

different extraction behaviour of [C6mim][Tf2N] as com-

pared to [C8mim][Tf2N] (Table 1), analogous studies

in this diluent medium was not undertaken. It was

observed that the extractability decreased considerably in

[C8mim][Tf2N] as compared to the [C4mim][Tf2N] ex-

traction system which may be due to changes in the ex-

traction mechanism. This conclusion was based on a less

steep decrease in Am(III)/Eu(III) extraction with increas-

ing HNO3 concentration. In contrast, DAm increased with

nitric acid concentration in molecular diluent medium

suggesting solvation mechanism during the extraction

process for malonamides and dipicolinamides [45]. Similar

decreasing trend for Am(III) extraction for malonamides as

the extractants was attributed to the interaction of ligand

molecules with nitric acid concentration [35, 47]. The

above results have two consequences. Firstly, the separa-

tion factor values are close to unity suggesting not very

effective for the metal ions. Secondly, due to lower ex-

traction of the metal ions at higher acidities, the metal ion

stripping can be carried out at higher concentration of

HNO3 (6–8 M). However, as quantitative stripping was not

Table 1 Impact of DPA and

CCD composition on DAm and

DEu; Diluent: [Cnmim][NTf2];

aqueous phase: 0.01 M HNO3,

T: 298 K

Extractant composition DAm DEu S.F.

0.01 M DPA in [C4mim][NTf2] 2.65 ± 0.39 1.64 ± 0.03 1.62

0.02 M DPA in [C4mim][NTf2] 15.5 ± 0.4 9.45 ± 0.24 1.64

0.02 M DPA in [C6mim][NTf2] 1.22 ± 0.02 0.37 ± 0.01 3.3

0.02 M DPA in [C8mim][NTf2] 1.43 ± 0.04 0.56 ± 0.05 2.55

0.01 M DPA ? 0.01 M CCD in [C4mim][NTf2] 15.95 ± 0.45 12.58 ± 0.12 1.27
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possible in a single stage, several stages may be required

for this purpose.

Stoichiometry of the extracted species

In polar diluents, dipicolinamide derivatives showed mono-

solvated extracted species from 3 M HNO3 aqueous phase

[48]. Nature of the ligand, diluent and the aqueous phase acid

concentration significantly influences the nature of the ex-

tracted species [35]. Therefore, it was interesting to know the

nature of the extracted species formed by DPA in ionic liquid

mediated extraction process. The DPA concentration

variation experiments carried out keeping the nitric acid

concentration constant at 0.01 M indicated that possibly 2–3

ligand molecules are present in the extracted species

[slope = 2.52 ± 0.05 for Am(III); slope = 2.47 ± 0.03 for

Eu(III)] in [C4mim][NTf2] from 0.01 M HNO3 aqueous

phase (Fig. 4). This suggests that the extraction equilibrium

can be shown as follows in Eq. (2):

M3þ
aq þ 2:5LIL þ 3½C4mim]þIL � ½M � L2:5�3þIL þ 3½C4mim�þaq

ð2Þ

where M = Am or Eu, L = DPA, and ‘x’ is close to 2.5

suggesting the extraction of mixed extraction species of the

type 1:2 and 1:3 (M:L). Such mixed extraction species are

not uncommon and have been reported in ionic liquid

medium as well [47].

Effect of dicarbollide on Am(III) and Eu(III) extraction

Hydrogen dichlorocarbollylcobaltate (H?CCD-) is an im-

portant synergistic extractant, especially so in the case of

DPA ligands [45] and acts as counter anion to improve the

extractability. Due to its bulkier size, it gives significant

hydrophobicity to the metal–ligand complex and facilitates

extraction process. At higher acidities, the decrease in the

extraction is observed due to the replacement of CCD- by

the hydrophilic NO3
- anion in the extracted species [45]. It is

worth mentioning that DPA in molecular diluents showed an

enhancement in the extraction with increasing aqueous phase

acidities. By contrast, for DPA/CCD mixture display oppo-

site trend and was attributed to the protonation of the pyridine

ring nitrogen to deplete the availability of the electron pair

and complexation of NO3
- ions to metal ions making ex-

tracted species less lipophilic as compared to CCD- anion at

higher acidities. Therefore, it was of interest to study the

effect of [H?CCD-] on trivalent metal ion extraction in ionic

liquid medium. As shown in Table 1, the presence of CCD

significantly enhances the extractability of both Am(III) and

Eu(III) metal ions due to more hydrophobic extracted spe-

cies. However, there was no significant change in the

separation factors of both the trivalent metal ions.

Comparative extraction of Am(III) and Eu(III)

In recent literature, DPA in polar fluorinated medium FS-3

has been used to achieve the maximum separation factors for

the actinide lanthanides separations [38]. Irrespective of this

advantage, the poor extractability provides the impetus to

optimize the extractant system to achieve the maximum

extraction. As shown in Table 2, the use of bulkier syner-

gistic extractant like CCD- improves the extractability but

decreases the S.F. (separation factor) value to 2 from the

molecular diluents like FS-13. However, the DPA dissolved
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in the ionic liquid diluents increases the extraction perfor-

mance manifold albeit with decreased An(III)/Ln(III)

separation efficiency. This comparison implies that in ex-

tracted species of picolinamides like DPA dissolved in

molecular diluents, the actinides showed higher covalent

character than the lanthanides. This results in the better S.F.

with lesser DM values. However, in CCD based synergistic

system, the bulkier counter anion gives more lipophilic

character to increase the solubility of the extracted species in

organic phase and increasing the extraction efficacy [45]. In

case of the RTIL based system, the better solubility of DPA

as well as its extracted species with Am(III) and Eu(III) gave

far better extractability. The decreased S.F. can be attributed

to the cation exchange mechanism, which diminishes the

effect of slight co-ordination differences between the Am/Ln

[45]. It is worth mentioning here that other soft donor ligands

such as Cyanex 301, BTP, BTBP, etc. result in much im-

proved separation behaviour.

Pu(IV) extraction by DPA in [C4mim][NTf2]

Though trivalent lanthanides and actinides have been re-

ported to be extracted using RTIL based solvent systems,

analogous studies involving the tetravalent actinide ions

such as Pu(IV) were less explored. It was, therefore, of

interest to investigate the extraction behaviour of Pu(IV) in

the solvent system containing DPA in RTIL. For DPA

dissolved in RTIL ([C4mim][NTf2]), the extraction of

Pu(IV) increased with increasing acidities (Fig. 5), which

is opposite to that of the trivalent metal ions extraction of

the other metal ions such as Am(III) and Eu(III). In earlier

literature on malonamides in RTIL, extraction of Pu(IV)

was reported from higher concentration of HNO3 ([4 M)

involving anion exchange mechanism without participation

of the malonamide in the extracted species [45]. In case of

DPA in RTIL, no extraction of Pu(IV) in the absence of the

ligand was observed. Bonnaffe-Moity et al. have reported

that anionic species of U(VI) with malonamides get ex-

tracted by anion exchange mechanism with NTf2
- [21]. At

the given acidity (0.5–4 M), such mechanism is unfavor-

able due to very low possibility of anionic complexes of

Pu(IV). Therefore, the observed increase in DPu can be

explained by a cation mechanism containing NO3
- ions in

the extracted species, analogous to that reported by us [22],

as given in Eq. (3) [22]:

Pu4þ
aq þ xNO�

3 aq þ yLIL þ 4 � xð ÞC4mimþ
IL

� Pu NO3ð ÞxLy

� � 4�xð Þþ
IL

þ 4 � xð ÞC4mimþ
aq

ð3Þ

where L = DPA, and subscripts ‘aq’ and ‘IL’ refer to

aqueous and ionic liquid phases, respectively.

Conclusions

The DPA/RTIL based system has been evaluated as an

alternative to the hazardous fluorinated diluents based ex-

traction processes. The extractability for all the metal ions

under study [Am(III), Eu(III) and Pu(IV)] increased mul-

tifold even with very low concentrations of picolinamide.

Whereas the extraction of Am(III) and Eu(III) decreased

with increased aqueous phase acidity; Pu(IV) extraction

showed an opposite trend. Both these observations have

been explained in terms of ion exchange mechanism which

is observed in many analogous ionic liquid based solvent

Table 2 Comparison of metal ion extraction using the dipicolinamide extractant (L) under different diluent compositions; T: 298 K

Extractant composition Diluent M Extracted species Log KM(III) [HNO3] S.F. Reference

0.2 M DPA F-3 Am(III) Am�L 2.30 ± 0.3 1 M 5 [39]

Eu(III) Eu�L 1.97 ± 0.1

0.001 M DPA ?0.001 M CCD FS-13 Am(III) Am�2L3? 19.29 ± 0.09 0.2 M 2 [23]

Eu(III) Eu�2L3? 18.54 ± 0.11

0.02 M DPA [C4mim][NTf2] Am(III) Am�3L3? 28.29 ± 0.07 0.01 M 1.64 Present work

Eu(III) Eu�3L3? 27.80 ± 0.03
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Fig. 5 Variation of Pu(IV) extraction with nitric acid concentration;

solvent: 0.02 M DPA dissolved in [C4mim][NTf2]; T: 298 K
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systems containing neutral donor ligands [1, 5]. The ex-

traction of trivalent metal ions is proposed to take place

without the involvement of nitrate ions, on the other hand,

the nitrated species of Pu(IV) is extracted by cation ex-

change mechanism using DPA dissolved in [C4mim]

[NTf2]. However, the separation factors values for Am(III)/

Eu(III) are not encouraging as compared to that in mole-

cular diluents having solvation mechanism. The RTILs can

be studied extensively in view of the good solubility, which

is the major difficulty in picolinamide extraction studies.
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31. Kolarik Z, Müllich U, Gassner F (1999) Selective extraction of

Am(III) over Eu(III) by 2,6-ditriazolyl- and 2,6-ditri-

azinylpyridines. Solv Extr Ion Exch 17:23–32
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50. Makrlı́k E, Vaňura P, Selucký P, Babain VA, Smirnov IV (2009)

Extractive distribution of microamounts of europium and

americium in the two phase water—HCl—nitrobenzene—N, N,

N0, N0-tetraethyl-2,6-dipicolinamide—hydrogen dicarbollyl

cobaltate system. J Radioanal Nucl Chem 279:743–747

528 J Radioanal Nucl Chem (2015) 305:521–528

123


	A novel solvent system containing a dipicolinamide in room temperature ionic liquids for actinide ion extraction
	Abstract
	Introduction
	Experimental
	Materials and reagents
	Radiotracers
	Distribution studies

	Results and discussion
	Extraction kinetics of DPA in RTIL
	Evaluation of different ionic liquids
	Effect of the aqueous phase acidity
	Stoichiometry of the extracted species
	Effect of dicarbollide on Am(III) and Eu(III) extraction
	Comparative extraction of Am(III) and Eu(III)
	Pu(IV) extraction by DPA in [C4mim][NTf2]

	Conclusions
	Acknowledgments
	References




