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Complexation of Np4+ and NpO2
2+ ions was studied in a room temperature ionic liquid (C8mim�NTf2)

using two multiple diglycolamide (DGA) ligands with three and four DGA arms tethered to the nitrogen
atoms of the aza-9-crown-3 and -12-crown-4 scaffolds termed as LI and LII, respectively. The studies
include solvent extraction, UV–visible spectrophotometry, cyclic voltammetry, and density functional
theory (DFT). While the extraction of NpO2

2+ ion, as a function of the nitric acid concentration, resembled
that of the ‘solvation’ mechanism, seen in case of neutral donor ligands in molecular diluent, an opposite
trend was observed for the Np4+ ion suggesting a ‘cation-exchange’ mechanism often operating in the
case of ionic liquid-based solvent systems. Slope analysis suggested formation of Np(NO3)]3+�L and
NpO2(NO3)2�L extracted species for the extraction of Np4+ and NpO2

2+, respectively, in both the ligand sys-
tems. The complexation of the metal ions was supported by peak shifts in the UV–visible spectrophoto-
metric as well as cyclic voltammetric studies. DFT studies were carried out to get structural information
of the complexes.

� 2022 Elsevier B.V. All rights reserved.
1. Introduction

Out of the various transuranium elements, neptunium is formed
in significant quantities in the nuclear reactors and, hence, is also
present as a major component of the total minor actinides in the
dissolver solution [1]. Neptunium primarily exists as Np(V) or
NpO2

+, which is the least extractable form of Np in the PUREX pro-
cess and, as a consequence, a significant quantity of it passes to the
PUREX raffinate and subsequently to the high level liquid waste
(HLLW) [1]. The concentration of Np, in the HLLW of pressurized
water reactor (PWR) origin (burn up: 33,000 MWd/T) is ca.
0.067 mg/g, which is mainly due to its longest lived isotope
237Np (t1/2: 2.1 � 106 y) [2,3]. The safe management of the nuclear
waste is of prime importance for human welfare and public accept-
ability of the nuclear energy as an alternative source of the fossil
fuel driven economy [1,4]. Considering, the long half-life of 237Np
and high mobility of NpO2
+ (in the case of any leaching from deep

geological repository or nuclear accidents) in the environmental
media [5,6], significant efforts are needed to develop efficient novel
separation methods for 237Np removal from the HLLW [1]. Besides
reducing the 237Np associated long-term radiotoxicity, adopting
the ‘actinide partitioning’ strategy for the selective removal of
minor actinides along with 237Np will also significantly reduce
the surveillance period of the repositories [4,7,8]. The recovered
237Np can also find application in the production of 238Pu for use
in pace makers as well as for space applications [1].

The separation of Np has been attempted by different research
groups using a host of extractants. Out of various amides, malon-
amides, diglycolamides (DGA), and phosphorous-based neutral
extractants, the DGA-based ligands are reported to be the most
efficient for the trivalent actinides, yielding very high extraction
of the actinide ions at relatively low ligand concentrations at mod-
erate HNO3 concentrations [4,7,9]. Active research is being pursued
in our group on DGA-based ligands for the selective and effective
recovery of minor actinides from HLLW [4,8,10–16]. Several multi-
ple DGA ligands were evaluated for the extraction of tri-, tetra- and
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hexavalent actinide from nitric acid medium using either molecu-
lar solvents or room temperature ionic liquids (RTILs) [15,17–22].
RTILs are non-flammable neoteric tailor-made diluents with low
volatility and are being extensively studied for f-block metal ion
extraction from a variety of feed conditions [23–27]. The wide elec-
trochemical windows of RTIL also help in the direct electro win-
ning of the extracted metal ions [28,29].

The selection of the solvent plays a key role, not only deciding
the distribution ratio of the given metal ions, but also in the asso-
ciated extraction mechanism and the selectivity of different metal
ions. The extraction behavior of actinide ions using DGA-based
ligands dissolved in molecular solvents or RTILs shows a difference
in their extraction mechanism with mostly enhancement in the
distribution ratio in case of a RTIL [30–32]. The tripodal ligands
viz. DGA-TREN and T-DGA (Fig. 1) showed a unique selectivity
reversal during the solvent extraction of trivalent actinide (Am3+)
and lanthanide (Eu3+) ions in RTIL [18]. The extraction mechanism,
when molecular solvents are used as the diluents is restricted to a
solvation mechanism, but in the case of RTILs other extraction
mechanisms are also possible [22]. The extraction mechanism for
trivalent lanthanide / actinide ions in molecular diluents is based
on reverse micelle formation having 3 to 4 TODGA molecules
[33]. Based on this, several multiple DGA-based ligands such as
calix[4]arenes [34], tripodals [35], pillar[5]arenes, azacrown [36]
and dendrimers [29,37] were developed and investigated for the
extraction of tri-, tetra- and hexavalent f-cations. Although there
are several reports for the extraction of tri- and hexavalent f-
cations using DGA-based ligands, the extraction of Np4+ is not
extensively evaluated from acidic feeds as encountered in the
HLLW [34,38–40]. We have reported the promising extraction of
Np4+ employing DGA–functionalized dendrimer ligands [37,41]
and DGA-functionalized azacrown ethers [42] in molecular
diluents.

In view of the promising results reported with the DGA-based
dendrimer ligands in C4mim�NTf2 compared to molecular diluents,
it was of great relevance to evaluate two ligands with azacrown
ether scaffolds tethered with DGA arms termed as LI and LII
(Fig. 1(b)) in RTIL.

The present studies involve the extraction of Np4+ and NpO2
2+

using LI and LII dissolved in C8mim�NTf2 from nitric acid feed solu-
tions. Batch solvent extraction, UV–visible spectrophotometric and
theoretical studies were conducted to get an idea about the nature
of the extracted species. Finally, cyclic voltammetric studies were
carried out to get information about the relative donating strength
of the ligands and to evaluate the diffusion coefficient and the acti-
vation energy of diffusion of the extracted complexes in C8-
mim�NTf2. To the best of our knowledge, this is the first report
on the extraction of Np4+ and NpO2

2+ using azacrown-based DGAs
in RTIL. The results may help in a better understanding of the
extraction in a RTIL and contribute to designing suitable solvent
systems that can be applied in radioactive waste management.
2. Experimental

2.1. Materials

The synthesis and characterization of the azacrown ether-based
ligands LI and LII (Fig. 1) used in present studies have been
described before [42,43]. C8mim�NTf2 was purchased from Iolictec,
Germany. C8mim.NTf2 was decolorized prior to use by contacting
with activated charcoal as described before [44]. HNO3 solutions
with different molarity were prepared by dilution of Suprapur
grade HNO3 (Merck, Germany). A standard NaOH solution (stan-
dardized using primary standard potassium hydrogen phthalate)
was used for the preparation of dilute nitric acid solutions.
2

2.2. Neptunium radiotracers

239Np tracer (�10�12 M) was prepared by the irradiation of solid
UO2(NO3)2 in the Dhruva reactor at a thermal neutron flux of
5 � 1013 n/cm2/s for 5 days. 239Np was subsequently separated
from the bulk of uranium and other fission/activation products
using the reported TTA (2-thenoyl trifluoroacetone) extraction
method [16,45]. The oxidation of Np to NpO2

2+ was carried out
using 10 lL of 2 � 10�2 M K2Cr2O7 solution [28,46]. The valency
of Np to Np4+ was adjusted using ferrous sulphamate (10 lL) and
hydroxylamine (10 lL). The stability of the Np4+ state was tested
by an HTTA extraction method as reported before [16,28,42].

2.3. Solvent extraction of actinide ions

The solvent extraction of Np4+ and NpO2
2+ ions was carried out

by equilibrating equal volumes (usually 1 mL) of the C8mim�NTf2
phase containing 5 � 10�4 M LI and 1 � 10�4 M LII and aqueous
phases containing 239Np radiotracer at a given acidity in leak
tight Pyrex glass tubes (10 mL capacity). After achieving the
equilibration, the tubes were centrifuged at 5000 rpm for
2 min for good phase separation. Subsequently, 100 lL aliquots
were removed from both the phases for the radiometric assay
using NaI(Tl) (well type) scintillation detector (Para Electronics)
coupled with a multi-channel analyzer (ECIL, India). The distri-
bution ratio (DNp) of Np4+ or NpO2

2+ was estimated as the ratio
of activity per unit time per unit volume in the ionic liquid phase
to that in the aqueous phase at a given acidity. The distribution
experiments were carried out in triplicate and the reported data
were within ±5 % of their average values. A thermostated water
bath was used for the temperature variation studies and all other
studies were carried out at 25 ℃. The time of equilibration was
estimated by kinetic studies at 3 M HNO3. For the kinetics stud-
ies, the DNp was estimated for both metal ions by LI and LII at dif-
ferent time intervals at a given ligand and nitric acid
concentration.

2.4. Cyclic voltammetry

The cyclic voltammetry (CV) studies for all Np4+ extract samples
in the RTIL were done using an AUTOLAB (Metrohm, Switzerland)
electrochemical work station. The data acquisition and analysis
were performed using GPES (version 4.9) software provided with
the instrument. All samples were purged with high purity N2 gas
for 10–15 min before the CV measurements. A constant N2 atmo-
sphere was maintained during the CV scans for all the samples.
The CV studies were conducted in a three-electrode system with
a glassy carbon (GC) working electrode (WE) (disk electrode with
1.5 mm dia) and platinum (Pt) counter electrode (CE) as well as ref-
erence electrode (RE) (disk electrode with 2 mm dia). The present
experimental setup was selected based on our previous CV studies
of Np in C4mim�NTf2 [28]. The CV was also recorded at different
scan rates (0.05 V s�1 to 0.5 V s�1) at different temperatures (15–
45 ℃).

2.5. Computational methodology

Methyl (instead of n-octyl) derivatives of the DGA-containing
ligands LI and LII were considered for the computational studies
to avoid difficulties in convergence due to the CAC single bond
rotations of the long hydrocarbon chains. All the DFT based stud-
ies were performed using the TURBOMOLE 7.2 program package
[47–49]. The geometries of LI, LII and their Np4+ and NpO2

2+ com-
plexes were optimized by using the Becke’s exchange functional
[50] in conjunction with the Perdew’s correlation functional [51]
(BP86) with generalized gradient approximation (GGA). Sixty



Fig. 1. (a) Structures of TODGA and other multiple DGA ligands; (b) DGA functionalized azacrown ether ligands LI and LII used in present studies and (c) C8mim�NTf2.
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electron core pseudo-potentials (ECPs) along with the corre-
sponding def-SV(P) basis set, as implemented in the TURBOMOLE
suit of program, were selected for the neptunium ion for the
geometry optimization studies, whereas all the other lighter
atoms were treated at the all electron (AE) level. Energies of
the free ligand molecules and their complexes were calculated
using hybrid B3LYP density functional [50,52] employing triple
zeta valence plus polarization (TZVP) basis set [53,54] using
equilibrated structures obtained at BP86/SVP level of theory as
implemented in the TURBOMOLE suit of program.
3

3. Results and discussion

3.1. Extraction kinetics

The extraction kinetics of Np4+ and NpO2
2+ ions by LI and LII in

the ionic liquid was found to be slower when compared to that
in molecular diluents [42]. For both the ligands, the time required
to attain equilibrium is ca. 3 h except for the Np4+-LI extraction sys-
tem (Fig. 2). The relatively faster extraction kinetics for the Np4+-LI
system may arise from the smaller cavity size of LI compared to



Fig. 2. Extraction kinetics of (a) Np4+ and (b) NpO2
2+ using [LI]: 5 � 10�4 M and [LII]: 1 � 10�4 M dissolved in C8mim�NTf2 at 3 M HNO3; T: 298 K.
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that of LII. On the other hand, the slower kinetics with LII is attrib-
uted to the ligand conformation changes to accommodate both the
ions irrespective of the overall shape and charge of them.

3.2. Effect of aqueous feed acidity of extraction of actinide ions

The extraction of Np4+ and NpO2
2+ with LI/LII dissolved in C8-

mim�NTf2 was studied as a function of the aqueous phase acidity.
The extraction of these actinide ions by the RTIL alone (in the
absence of any ligand) was reported to be very poor [55,56]. Hence,
their extraction properties are governed by the ligand present in
the RTIL phase. For the present system, extraction of Np4+ ions
shows a ‘cation-exchange’ mechanism at lower acidity range,
which changes to a ‘solvation’ or ‘anion-exchange’ mechanism at
higher acidity (>2 M) for both the ligands (Fig. 3). A similar behav-
ior for Np4+ ion extraction was reported for DGA-functionalized
dendrimers in an ionic liquid [29]. The ‘cation-exchange’ mecha-
nism for extraction of Np4+ was also observed by others for neutral
extractants dissolved in an ionic liquid [40,57,58]. The change in
the extraction mechanism upon changing the aqueous phase acid-
ity was shown by others as well [32,59,60]. However, for NpO2

2+,
the extraction takes place by a ‘solvation’ mechanism only up to
3 M HNO3 and later decreases due to proton extraction by both
the ligands (Fig. 3). Both Np4+ and NpO2

2+ show a ‘solvation’ mech-
anism for the extraction with tributyl phosphate (TBP) dissolved in
C8mim�NTf2 [28], whereas, a ‘cation-exchange’ mechanism for the
Fig. 3. Extraction of (a) Np4+ and (b) NpO2
2+ with varying fee acidity using [L

4

extraction of UO2
2+ was reported by Gaillard et al. [32] for TBP dis-

solved in C4mim�NTf2. A ‘solvation’ mechanism was proposed by
Mohapatra et al. for the UO2

2+ ion extraction with TOPO (tri-
octylphosphine oxide) dissolved in C8mim�NTf2. Ansari et al.
reported a ‘cation-exchange’ mechanism being operative for the
extraction of NpO2

2+ ion, and a solvation mechanism for Np4+ ion
extraction with TODGA in C8mim�NTf2 [61]. The formation of the
cationic [Pu(NO3)(CMPO)x]3+ species was reported for the extrac-
tion of Pu4+ ions using CMPO (octyl(phenyl)-N,N-diisobutylcarba
moylmethylphosphine oxide) in C8mim�PF6 [62]. The difference
in the extraction mechanism for the tetra- and hexavalent ions
with DGA-functionalized ligands along with TODGA and T2EHDGA
(N,N,N0,N0-tetra-2-ethylhexyl diglycolamide) was also observed by
others [55,63,64]. The D-values of Np4+ ion in C8mim�NTf2 are
lower than those reported in a 95% n-dodecane + 5% isodecanol
mixture (Table 1) due to the difference in the extraction mecha-
nism and/or solvation of the extracted complex in the two solvents
[42].

The sharp decrease in the extraction of the Np4+ ion up to 2 M
HNO3 suggests a ’cation-exchange’ mechanism being operative
for the metal ion extraction by both the ligands in the present sys-
tem, whereas the extraction get dominated by either a ’solvation’
or an ’anion-exchange’ mechanism at > 2 M HNO3. The cation-
exchange mechanism with decreasing Np4+ ion extraction with
acidity up to 2 M HNO3 can be given by eq. 1. This type of extrac-
tion mechanism involving exchange of either H+ or Cnmim+ (n: 4, 6,
I]: 5 � 10�4 M and [LII]: 1 � 10�4 M dissolved in C8mim�NTf2; T: 298 K.



Table 1
Distribution ratio of Np4+ and NpO2

2+ by LI and LII dissolved in 95% n-
dodecane + 5% isodecanol and C8mim�NTf2 at 3 M HNO3.

Ligand 95% n-dodecane + 5%
isodecanol

C8mim.NTf2

Np4+ NpO2
2+ Np4+ NpO2

2+

LI 42.7 ± 4.1a,b –c 0.6 ± 0.02d,f 0.10d,f

LII 163 ± 11a,b –c 4.6 ± 0.18e,f 0.17e,f

aLigand concentration: 1 � 10�3 M; bRef [42]; cNot reported; d-
Ligand concentration: 5 � 10�4 M; eLigand concentration: 1 � 10�4

M; fPresent work.
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8, 10) individually or both was also suggested by different authors
for the extraction of UO2

2+ from ionic liquid (Cnmim�NTf2; n:
4,6,8,10) media using TBP, malonamide, etc.[65–68].

Cation-exchange mechanism:

Np4þ
ðaqÞ þ aNO�

3 ðaqÞ þ bLðILÞ þ cHþ
ðILÞ þ 4� a� cð ÞC8mimþ

ðILÞ

� ()KNp4þ
ex ½Np NO3ð Þa:bL�ð4�aÞþ

ðILÞ þ cHþ
ðaqÞ

þ 4� a� cð ÞC8mimþ
ðaqÞ ðfor a < 4Þ ð1Þ

The mechanism for Np4+ ion extraction beyond 2 M HNO3 may
be due to the anion-exchange (eq. 2) or solvation mechanism (eq.
(3)). The possibility of anion-exchange mechanism is low as it
requires > 4 nitrate ions along with ‘b’ number of the ligand, which
is difficult due to steric reasons and hence, most plausible mecha-
nism may be solvation mechanism given by eq. (3).

Anion-exchange mechanism:

Np4þ
ðaqÞ þ aNO�

3 ðaqÞ þ bLðILÞ þ 4� að ÞNTf�2ðILÞ

� ()KNp4þ
ex ½Np NO3ð Þa:bL�ð4�aÞ

ðILÞ þ 4� að ÞNTf�2ðaqÞ ðfor a > 4Þ ð2Þ
Solvation mechanism:

Np4þ
ðaqÞ þ 4NO�

3 ðaqÞ þ bLðILÞ þ ()KNp4þ
ex

Np NO3ð Þ4:bL
� �

ðILÞ ð3Þ

The extraction profile of NpO2
2+ is very much like the extraction

of hexavalent ions in the molecular diluents, where the initial
increase in the extraction of NpO2

2+ is due to the solvation mecha-
nism (up to 3 M HNO3) and the subsequent decrease is due to the
competition between the H+ and NpO2

2+ for both the ligands.

3.3. Speciation of neptunium extracted species in RTIL

The difference in the extraction mechanism of Np4+ and NpO2
2+

by ligands LI and LII points to a difference in the speciation of the
extracted species. The ‘cation-exchange’ mechanism suggests the
formation of cationic species i.e., Np(NO3)a.bL(4-a)+ (a < 4), whereas
the formation of neutral extracted species i.e., NpO2(NO3)a.bL
(a = 2), can be considered for the extraction of NpO2

2+ in the present
system.

The values of ‘a’ and ‘b’ were determined as per the following
discussion. The general equilibrium reaction for Np4+ and NpO2

2+

extraction with L (LI/LII) in C8mim�NTf2 can be written as eqs.
(1)–(3) for Np4+ ion and eq. (4) for the NpO2

2+ ion. The solvation
mechanism for NpO2

2+ is given as:

NpO2þ
2ðaqÞ þ bLðILÞ þ aNO�

3 ðaqÞ ()K
NpO2

2þ
ex

NpO2: NO3ð Þa
� �

bLðILÞ ð4Þ

In the equations L(IL) is ‘free’ L (LI or LII) and KNp4þ
ex and K

NpO2þ
2

ex are
the two-phase extraction equilibrium constants for Np4+ and
NpO2

2+ extraction, respectively. The subscripts ‘IL’ and ‘aq’ indicate
the species present in the C8mim�NTf2 and the aqueous phases,
respectively.
5

The steady increase in DNpO2þ
2

with the aqueous feed acidity

indicates a ‘solvation’ mechanism of extraction and the extraction
equilibrium constant for this can be given by Eq. (5):

KNpO2
2þ

ex ¼ NpO2: NO3ð Þa
� � � bLðILÞ

NpO2þ
2 aqð Þ

h i
L ILð Þ
� �½NO�

3ðaqÞ�cNP VIð ÞcaNO3
cbL

ð5Þ

where the square brackets and c represent the concentration and
activity coefficient of the given species, respectively. With the
assumption that the c for different species remains unity for given
concentration of NO3

� and L, we can rewrite eq. (5) as eq. (6).

K
NpO2þ

2
ex ¼ NpO2: NO3ð Þa

� � � bLðILÞ
NpO2þ

2 aqð Þ
h i

L ILð Þ
� �½NO�

3 ðaqÞ�
ð6Þ

After a few simple mathematical manipulations and approxi-
mations, eq. 7 can be derived from eq. (6).

Log DNpO2
2þ ¼ Log KNpO2

2þ
ex þ a Log NO�

3

� �
ðaqÞ þ b Log L½ �ðILÞ ð7Þ

Where DNpO2þ
2

is defined as

DNpO2þ
2

¼ NpO2: NO3ð Þa
� � � bLðILÞ

NpO2þ
2 aqð Þ

h i ð8Þ

Eq. (7) gives linear dependence of log DNpO2þ
2

with the NO3
�and L

concentrations at a particular temperature. A similar mathematical
treatment for the extraction of Np4+ can also be derived and used
for the determination of the nitrate and ligand dependence govern-
ing its ‘cation-exchange’ mechanism. All the extraction experi-
ments for the determination of the stoichiometry of extracted
Np4+ or NpO2

2+ complex in C8mim�NTf2 were carried out at
298 K. The stoichiometry of the extracted Np4+ and NpO2

2+ com-
plexes in the C8mim�NTf2 phase can be calculated if the values of
‘a’ and ‘b’ are known from eqs. (1) and (2). These values can be
easily determined by obtaining the DNp values at varying nitrate
concentrations at a fixed ligand concentration and vice versa.

To get the value of ‘b’ for extraction of Np4+ or NpO2
2+ with L, the

concentration of the ligands (LI or LII) was varied at a fixed acidity
(0.5 M HNO3 for Np4+ and 3 M HNO3 for NpO2

2+) and the D-values of
Np4+ and NpO2

2+ were determined. The nitrate variation experi-
ments were also performed under similar conditions at a fixed
ligand concentration.

For the slope analysis in the ligand variation studies, the equi-
librium [Lfree] was assumed to be equal to the initial [L] due to
the very small concentrations of Np used in the present study
([Np4+ or NpO2

2+]: 10�12 M). The log DNp4þ vs log [L] (L: LI / LII) curve
gives slope values of 0.95 ± 0.07 and 0.97 ± 0.06 for LI and LII,
respectively,(Fig. 4) suggesting the involvement of one ligand in
the extracted tetravalent species. However, from the log DNpO2þ

2
vs

log [L] (L: LI / LII) plots, the slope values are 0.66 ± 0.06 and
0.78 ± 0.02 for LI and LII, respectively (Fig. 4).
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The smaller slope value in case of NpO2
2+ may be due to some

redox fluctuation during the extraction cycle. Nitrate variation
studies were carried out to determine the value of ‘a’ for the
extraction of Np4+ and NpO2

2+ at a fixed concentration of L (L: LI
or LII). The nitrate complexation correction for the aqueous Np4+-
nitrate complexation was done [29,37] before the slope analysis
and all the corrected values were used for it. The nitrate variation
studies suggested involvement of one nitrate in the extraction of
Np4+ (Fig. 5) giving rise to cationic species in both the ligand sys-
tems, whereas, for NpO2

2+, involvement of two nitrate ions (Fig. 5)
clearly follows from the slope analysis experiments pointing to
the extraction of neutral complexes. The ligand and nitrate varia-
tion studies suggest formation of Np(NO3)]3+�L and NpO2(NO3)2�L
(L: LI or LII) species for the extraction of Np4+ and NpO2

2+ ions,
respectively. The slope values for the different systems are given
in Table 2. The formation of 1:1 neutral Np-LI/LII complexes was
also reported in the molecular diluents [42].

3.4. Thermodynamic parameters of extraction

To determine the thermodynamic parameters of the extraction
process, the extraction of Np4+ and NpO2

2+ with 5 � 10�4 M LI and
1 � 10�4 MLII dissolved in C8mim�NTf2 was studied at different
temperatures. The different concentrations of LI and LII was used
to obtain reasonably good D-values in the studied temperature
range. The D-values for both Np4+ and NpO2

2+ decrease with increas-
ing temperature for both the ligand systems suggesting an
exothermic nature of the extraction process (Fig. 6). For the ther-
modynamic parameter calculation, the activity coefficients for all
species were assumed to be unity (eq. (5)) due to their very small
concentrations ([L]:’10�4 M, [Np]: 10�12 M), except for NO3

� ions.
Under the assumption that the activity of NO3

� ion and L remains
unchanged and the value of KNit [29,37] also remains constant in
the studied temperature range, the Gibbs-Helmholtz equation
and DGo = �RTlnKex were used to calculate enthalpy change
(DHo) (eq. (9)) in the extraction of Np4+ and NpO2

2+ by LI and LII
at 3 M HNO3.

logK 0
ex ¼ � DH0

2:303RT
� 1000þ DS0

2:303R
ð9Þ

The slope of the straight-line plots of log Kex vs 1/T can be used
to calculate the DHo values (in kJ.mol�1) using eq. (9):

DH0 ¼ �2:303R� slope ð10Þ
where, R is the universal gas constant. The slope values along with
the calculated thermodynamic parameters are included in Table 3.
Fig. 4. Extraction of (a) Np4+ at 0.5 M HNO3 and (b) NpO2
2+ at 3 M HNO3 as a fu
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The values of Kex for the extraction of Np4+ and NpO2
2+ by LI/LII

were calculated at 3 M HNO3 using the activity of nitrate ions as
2.78 M, computed at 3 M HNO3 from the dissociation constant of
HNO3 (Kdiss: 23) [37]. For the computation of Kex, the value of KNit

was taken as 40.5 and 2.2 for Np4+ and NpO2
2+ ions, respectively, at

3 M HNO3 [37,69]. The values of the thermodynamic parameters
DGO, DHO and TDSO together with the Kex values are listed in
Table 3.

In the solvent extraction process, the overall enthalpy change
(DHO) during the extraction of a metal ion (Mn+) results from the
sum of the enthalpies of the different processes, such as the energy
required to overcome the hydration of Mn+(DHW), complexation of
Mn+ with L (DHC) and dissolution of the extracted complex [M
(NO3)a]+(n�a)�bL complex into the organic solvent (DHD) [70,71].
The other secondary or outer interactions of liquid–liquid extrac-
tion such as solvent restructuring, ligand de-solvation and aggre-
gation, solvation energy of ML complex in organic phase, etc.,
also play an important role in deciding overall thermodynamic fea-
sibility of the extraction process, but are omitted presently to make
the discussion simple.

The overall magnitude and sign of DH0 depends on the sum of
the contributions of all these enthalpies, i.e., DHW, DHC and DHD,
as given in eq. (11)[70,71].
Ho ¼ DHw þ DHc þ DHD ð11Þ
Similarly, all the steps in the solvent extraction process have

associated entropy factors and the combination of the two i.e.,
the enthalpy change and the entropy change in each step, decides
the free energy of the individual steps. The summation of all these
free energy terms results in the overall free energy (DGo) of the
extraction process.

Although the DHW term is generally positive (endothermic pro-
cess) as energy is required for the dehydration of a Mn+, the overall
extent of the energy requirements depends on the ionic potential
of the involved metal ions. The dehydration of Np4+ requires more
energy than that of NpO2

2+ due to the higher ionic potential of the
former. The more positive value of DHW for Np4+ may get compen-
sated by the higher negative value of the DHC compared to NpO2

2+.
The DHD values for the dissolution of the neutral and cationic com-
plexes in ionic liquid may be different as the two complexes inter-
act in different ways with the C8mim�NTf2. The overall Gibbs free
energy (DGo) for Np4+ extraction with both the ligands was found
to be more negative than that of NpO2

2+ extraction, primarily due
to the higher extraction equilibrium constant of the former
(Table 3). The higher value of DGo suggests a stronger interaction
nction of varying ligand LI and LII concentrations in C8mim�NTf2; T: 298 K.



Fig. 5. Extraction of (a) Np4+ and (b) NpO2
2+ as a function of varying nitrate concentration using [LI]:5 � 10�4 M and [LII]: 1 � 10�4 M dissolved in C8mim�NTf2; T: 298 K.

Table 2
Stoichiometry of the Np4+ and NpO2

2+ extracted complexes with L (L: LI/LII) dissolved
in C8mim�NTf2.

Ligand Metal ion

Np4+

Nitrate Ligand Species

LI 1.03 ± 0.02 0.95 ± 0.07 Np(NO3)]3+.LI
LII 0.83 ± 0.03 0.97 ± 0.06 Np(NO3)]3+.LII

NpO2
2+

Nitrate Ligand
LI 2.04 ± 0.19 0.66 ± 0.06 NpO2(NO3)2.LI
LII 2.06 ± 0.17 0.78 ± 0.02 NpO2(NO3)2.LII
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of Np4+ with both ligands and a better solubility of the cationic
extracted complex in C8mim�NTf2 compared to those of NpO2

2+.
The enthalpy contribution to overall DGo is small for the extrac-

tion of the Np4+ ion as compared to that of the NpO2
2+ ion for both

the ligands, whereas the DSo contribution remains in a similar
range. Since the overall size of the extracted complex for Np4+

and NpO2
2+ is decided by the coordinated ligands as other coordi-

nating ions such as water or nitrate are very small compared to
the size of LI and LII. The contribution of DHD can be assumed in
the similar range (except the contribution from ionic interactions
with Np4+ cationic species and C8mim�NTf2) and the other
enthalpy changes, i.e., DHW + DHC, play a deciding role in the over-
all enthalpy change.
Fig. 6. Effect of temperature on the extraction of (a) Np4+ and (b) NpO2
2+
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For both NpO2
2+ and Np4+, the required positive DHW is compen-

sated by the negative DHC, but the intrinsic play between the two
decides the resultant enthalpy. For Np4+, DHW is high, but the com-
pensated DHC is also more as it forms a strong complex with both
the ligands, whereas for NpO2

2+, the DHW (DHW(NpO2
2+) < DHW

(Np4+)) compensation by DHC may not be very effective due to
weak interaction with both ligands due to its smaller ionic poten-
tial and steric factors (due to the linear shape of the cation). The
calculated thermodynamic parameters indicate that the overall
extraction equilibria are entropy driven with a higher negative free
energy for the extraction of Np4+ ion being higher than that of the
NpO2

2+ ion in the case of both the ligands.
The higher contribution of DSo in the extraction process may be

attributed to the release of coordinated H2O from primary and sec-
ondary hydration shells before complexation and the ‘distortion’
created in the ionic liquid phase by dissolution of the extracted
complex. The absorption, cyclic voltammetry and theoretical stud-
ies were also done to get further insight into the structural and
bonding aspects.
3.5. Spectrophotometric studies

Visible-Near infra-red (vis-NIR) spectra of the extracted Np4+

complexes with LI/LII dissolved in C8mim�NTf2 were recorded in
the wavelength range of 600–1100 nm (Fig. 7). In general, the
vis-NIR spectra of the Np4+

aq show several f-f transitions in the region
600–1100 nm at 0.5 M HNO3 [72]. The f-f transitions for Np4+(f3 sys-
with LI and LII at 3 M HNO3, [LI]: 5 � 10�4 M and [LII]: 1 � 10�4 M.



Table 3
Thermodynamic parameters (kJ/mol) for the extraction of Np4+ and NpO2

2+ by the LI and LII dissolved in C8mim�NTf2 at 298 K.

Ligand Metal ion

Np4+

DGo DHo DSo TDSo log Kex

LI �24.2(±1.2) 7.3(±0.4) 0.11(±0.01) 31.5(±1.6) 4.25(0.21)
LII �33.2(±1.6) 6.9(±0.3) 0.13(±0.01) 40.1(±2.1) 5.81(0.29)

NpO2
2+

LI �9.4(±0.4) 12.6(±0.6) 0.08(±0.01) 22.1(±1.1) 1.65(0.08)
LII �14.9(±0.7) 14.32(±0.5) 0.10(±0.01) 29.3(±1.4) 2.63(0.13)
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tem) are mainly arising from the 4I9/2 state to the higher 4I11/2, 4I13/2,
2G7/2,

2H9/2, etc., states [73,74].
The vis-NIR spectra of the extracted Np-LI and Np-LII complexes

look similar (Fig. 7) in C8mim.NTf2 suggesting a similar ligand coor-
dination environment around the Np4+ ion in both systems. This
result is in line with the theoretical studies (vide infra) where the
optimized structure of the Np-LI and Np-LII complexes are nine-
coordinated in both cases for a 1:1 Np-L complex. The formation
of a similar stoichiometry complex may not always have similar
local coordination environments as seen by Verma et al. for the
Np extraction with a DGA-based dendrimer in RTIL [29].

The relative shift in the peak position of Np in the vis-NIR spec-
tra in the regions 650–750 nm and 950–990 nm can be used to get
some information about the relative stability of the Np complex
with the ligand in a given medium [75]. For the present system,
the relative f-f transition positions for the Np-LI and Np-LII com-
plexes are very close, suggesting similar complexation strength
of LI and LII for Np4+. This looks chemically logical, also as the main
coordinating sites are very much similar in the two ligands.

3.6. Cyclic voltammetry studies

Information about the relative stability of the Np-LI and Np-LII
complexes in RTIL can also be gained by cyclic voltammetry (CV).
These studies were done to get some more insight about the
electron-donating tendency of the ligating atom in the Np-L com-
plexes or the strength of complexation of LI and LII with Np4+. The
extraction of Np4+ using LI and LII dissolved in C8mim.NTf2 was
done at 0.5 M HNO3 to minimize acid uptake by the ligand-
C8mim.NTf2 system (Fig. 8). Extracted HNO3 can avoid interference
with the CV studies and can also shorten the electrochemical win-
dow primarily due to the extracted water molecules along with the
Fig. 7. Vis-NIR absorption spectra of (a) Np4+, LI, extracted Np4+ -LI complexes and (b) Np
298 K.
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HNO3 (Fig. 8). Organic extracts of 0.14 � 10�3 M Np4+ in LI, and
0.70 � 10�3 M Np4+ in LII dissolved in C8mim�NTf2 were taken
for CV studies.

The CV of the Np-L extracts in C8mim.NTf2 along with blank
C8mim.NTf2 and Np in 0.5 M HNO3 are given in Fig. 9. The CV of
the blank (only C8min.NTf2) did not show any cathodic or anodic
peak in the studied range (-1.8 V to + 1.5 V), indicating the absence
of any electro active species in the blank. One cathodic and one
anodic peak were observed for all Np complexes during the CV
scan in the applied potential range of �1.8 to + 1.8 V. The Np4+-
Np3+ couple in the HNO3 acid medium shows one electron reduc-
tion at + 0.02 V and the corresponding oxidation was seen at
0.27 V (Fig. 9). The observed cathodic peak potentials of the Np-
LI and Np-LII complexes are �0.47 V and �0.52 V, respectively.
The cathodic peak corresponds to the reduction of a Np4+-L com-
plex into a Np3+-L complex, whereas the corresponding oxidation
is indicated by the anodic peak. The higher negative shift in the
cathodic peak potential suggests a better complexation or more
effective electron donation by the ligand to the metal ion [76,77].
Beside the metal–ligand complexation stability, the overall extrac-
tion efficiency of the complex in the organic phase is also affected
by other factors, such as hydrophobicity of the metal–ligand com-
plex, phase transfer energy, solvation, etc. [29,71,78]. Although the
cathodic peak potential for both the Np-LI and Np-LII are in a sim-
ilar range (Table 4) (Np-LI: �0.47 V and Np-LII: �0.52 V), extraction
of Np-LII is more, probably due to the higher lipophilicity of the
extracted complex.

A scan rate variation experiment was carried out at different
temperatures to gain information about both the diffusion coeffi-
cient and the associated activation energy of the Np-L (L = LI, LII)
complexes in C8mim�NTf2. The diffusion coefficient (D0) of the
Np-L species was calculated using the Randles-Sevcik equation,
4+, LII and extracted Np4+ -LII complexes dissolved in C8mim.NTf2, [Np]: 1.2 mM; T:



Fig. 8. Acid uptake by ligands, LI and LII dissolved in C8mim�NTf2 at different nitric
acid concentrations, T: 298 K.

Fig. 9. CV studies of Np in 0.5 M HNO3 and Np4+ extract with LI and LII dissolved in
C8mimNTf2. Scan rate: 0.1 Vs�1, T: 298 K.

Table 4
Cathodic peak potentials of
aqueous Np (at 0.5 M HNO3)
and extracted Np-L com-
plexes in C8mim�NTf2. Scan
rate: 0.1 V s�1.

Complex Ep,c(Volt)

Npa +0.02
Np-LIb �0.47
Np-LIIc �0.52

[Np]: a 1.26 mM, b

0.14 � 10�3 M, c 0.70 � 10�3

M.

Fig. 10. Arrhenius plot for the diffusion of Np-L (L: LI and LII) complexes in
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where the cathodic peak current of the Np4+-Np3+ reduction couple
was plotted against the square root of the scan rate to get a straight
line (eq. (12)).

ipc ¼ 0:496:nFCAD0
1
2
anaFt
RT

� �1
2

ð12Þ
9

In eq. (12) F is the Faraday constant, n is the number of electrons
involved, A is the area of the electrode (0.07 cm2), D0 is the diffu-
sion coefficient (cm2 s�1), C is the bulk concentration of the Np spe-
cies (mol cm�3), t is the scan rate (V s�1), R is the gas constant, and
T is the temperature in K. a is the charge transfer coefficient, na is
the number of electrons transferred in the rate-determining step.
The term ana can be deduced from the CV scan using eq. (13).

Ec
p � Ec

p
2

��� ��� ¼ 1:857RT
anaF

ð13Þ

Where Ec
p=2 is the half peak potential. The calculated value of ana

was found to be 0.32 and 0.25 with Np-LI and Np-LII, respectively,
at 298 K for a scan rate of 0.1 V s�1. The Do-value of Np-LI and
Np-LII was found to be 4.35 � 10�6 and 5.83 � 10�7 cm2 s�1, respec-
tively, at 298 K. The lower diffusion coefficient obtained in the case
of LII suggests a larger size of the Np-LII complex, which is evident
due to the larger size of LII compared to LI.

The diffusion coefficient (Do) of an electrochemical species is
also related to temperature by the Arrhenius equation shown in
eq. (14):

D0 ¼ A:expð� Ea

RT
Þ ð14Þ

Where A is the pre-exponential factor and Ea is the activation
energy. The plot of ln D0 against 1/T gives a straight line and from
its slope (Fig. 10), the activation energy for the diffusion of the
Np-L complex can be calculated. The activation energy of Np-LI
and Np-LII diffusion in C8mim.NTf2 was found to be 28.05 ± 1.28
and 21.93 ± 2.24 kJ/mol, respectively, at 298 K suggesting facile dif-
fusion of the former complex as compared to the latter.

3.7. DFT studies on Np4+ and NpO2
2+ complexes of LI and LII

Solvent extraction studies indicated the formation of a 1:1 com-
plex of Np4+ with LI where the presence of one nitrate ion is
noticed from the nitrate ion variation study. The geometry of this
complex was, therefore, optimized considering this information.
In the optimized structure, Np4+ was encapsulated by the three
DGA arms of one ligand molecule. Two different types of amidic
oxygen atoms (Oamide) are observed in this class of ligands, one is
far from the azacrown ring (Oamide(o)) and another one is close to
the azacrown ring (Oamide(i)). Table 5 shows that all the three
‘Oamide(o)’ atoms coordinate to the Np4+ ion in its LI complex with
bond lengths in the range of 2.26–2.35 Å. On the other hand, only
C8mim�NTf2.



Table 5
Np-O bond distances in different Np complexes of LI and LII.

Np-O bond Neptunium complex

Np4+-LI Np4+-LII NpO2
2+-LI NpO2

2+-LII

Np-Oamide(o) 2.266, 2.268, 2.352 2.304, 2.315, 2.321 2.424 2.317, 2.330, 2.398
Np-Oamide(i) 2.362, 4.292, 4.868 2.388, 2.400, 2.633 2.517 –
Np-Oether 2.646, 2.697, 2.772 2.615, 2.750, 4.588 3.757 –
Np-ONO3 2.363, 2.374 2.202 2.474,2.481, 2.495,2.508 2.239, 4.424
Np-Oax – – 1.773, 1.774 1.743, 1.752
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one of the three ‘Oamide(i)’ atoms coordinates to the Np4+ ion. As
expected, a weaker interaction is observed between the Np4+ ion
and the ethereal oxygen (Oether) atoms of the DGA arms with bond
lengths in the range of 2.64–2.77 Å. Np4+ was found to be ten-
coordinated in its LI complex (Fig. 11). On the other hand, in the
LII complex of Np4+ only three of the four DGA arms participate
in bonding with the Np4+ ion and the fourth arm remains com-
pletely non interacting (Fig. 11b). NpO2

2+ was also extracted as
1:1 complex associated with two nitrate ions. The optimized struc-
tures of the NpO2

2+ complexes are shown in Fig. 12. In its LI com-
plex, only one of the three arms of the ligand coordinates to the
metal ion in a bidentate fashion through two amidic oxygen atoms.
Two nitrate ions coordinate in bidentate fashion. In the LII complex
of NpO2

2+, however, three DGA arms participate in coordination to
the NpO2

2+ ions only through one Oamide atom of each of the arms.
Out of the two nitrate ions, here, only one coordinates in monoden-
tate fashion, whereas the other one remains in the outer sphere.
Comparing of the Np-Oax bond length in the two complexes of
NpO2

2+, it is interesting to note that in case of the NpO2
2+-LI complex,

the Np-Oax bond lengths are greater than in theNpO2
2+- LI complex.

This can be attributed to a higher transfer of electron density to the
NpO2

2+ ion through the equatorial ligands in the NpO2
2+-LI complex
Fig. 11. Optimized structures of Np4+

Fig. 12. Optimized structures of NpO2
2
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due to the presence of two nitrate ions. In order to find out the rel-
ative complexation ability the interaction energies (DE) were com-
pared for the complexation reactions (13) and (14) for Np4+ and
NpO2

2+, respectively,

Np4þ þ L þ NO�
3�NpL NO3ð Þ3þ ð15Þ
NpO2þ
2 þ L þ 2NO�

3�NpO2L NO3ð Þ2 ð16Þ
The DE values were calculated as the difference between the

sum of the product and reactant energies. Table 6 clearly shows
that Np4+ complexation is much stronger than NpO2

2+ complexation
in the case of both the ligands, which nicely supports the observed
results of the solvent extraction studies, the extraction of Np4+

being much higher than that of NpO2
2+. If we compare the complex-

ation of Np in a particular oxidation state, Np4+ complexation is
stronger with LII as compared to that with LI resulting in signifi-
cantly higher extraction of Np4+ with LII as compared to LI. In case
of NpO2

2+, on the other hand, the interaction energies are compara-
ble for both ligands. The marginally higher extraction in case of LII
can be explained based on the higher lipophilicity of LII due to the
presence of four DGA arms having each octyl groups.
complexes of ligands LI and LII.

+ complexes of ligands LI and LII.



Table 6
Interaction energies (in eV) in different complexes of Np4+ and NpO2

2+ formed with
ligands LI and LII.

Metal ion Ligand

LI LII

Np4+ �58.21 �59.83
NpO2

2+ �25.46 �25.14
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4. Conclusions

The extraction of Np4+ and NpO2
2+ was evaluated with two aza-

crown ether scaffolds tethered with DGA arms (LI and LII) in
C8mim.NTf2. The extraction of Np4+ follows a ‘cation-exchange’
mechanism with both ligands, whereas NpO2

2+ extraction proceeds
by the ‘solvation’ mechanism. The stoichiometry of the extracted
NpO2

2+ was found to be NpO2(NO3)2.L (L: LI and LII) in C8mim�NTf2,
which is similar as in 95% n-dodecane + 5% isodecanol [42]. How-
ever, the stoichiometry of the extracted Np4+ ion complex was the
same with respect to the associated ligand molecule in C8-
mim�NTf2 and 95% n-dodecane + 5% isodecanol but differs in the
coordinated nitrate molecules. The extracted Np4+ forms a cationic
moiety with only one nitrate ion in C8mim�NTf2, whereas a neutral
species is reported in 95% n-dodecane + 5% isodecanol [42]. The
thermodynamic studies show that the extraction process is
endothermic in nature. The higher contribution of DSo in the
extraction process of Np4+ and NpO2

2+ with both ligands drives
the extraction equilibrium. Although Vis-NIR, CV studies along
with the theoretical calculations suggest a similar coordinating
ability of LI and LII towards Np4+ ion, the higher extraction of
Np4+ ion by LII, is probably due to the higher lipophilicity of the
extracted complex.

The present solvent extraction studies along with the vis-NIR,
electrochemical and DFT studies gives an insight into the coordina-
tion of Neptunium with DGA-based ligands in the ionic liquid. Fur-
ther spectroscopic and EXFAS-based studies are needed to better
illustrate interaction of the Np with the different ligand systems
in the ionic liquid media at the molecular level.
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