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Abstract The extraction/complexation of uranyl ion by
structurally modified sulphoxides in ionic liquid was
investigated. These systems were found to be highly effi-
cient, selective and radiolytically stable for hexavalent
f-block elements. The extraction proceeds via ‘cation
exchange’ mechanism through the species, [U(NO5)-2L1".
Processes were found to be kinetically slow, thermody-
namically spontaneous and proceeded via single species.
The extended resonance and steric crowding favoured the
complexation of phenyl sulphoxides. Na,CO5; was found to
be suitable for the quantitative back extraction of uranyl
ion from the ionic liquid phase. Finally, these systems were
employed for the processing radioactive waste.

Keywords Uranyl - Sulphoxides - Ionic liquid -
Extraction - Photo luminescence

Introduction

Due to the favourable properties like low vapour pressure,
wide liquid range, high degree of solubility, large potential
window, high degree of chemical and thermal stability,
room temperature ionic liquid finds application in
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synthesis, electrochemistry, separation, polymer science,
catalysis and even in nuclear industries [1-8]. Apart from
its ‘green solvent’ image, some interesting chemistry was
reported in ionic liquid based systems which otherwise is
not conventional [9-11]. The most promising property of
ionic liquid is the extraordinary degree of tunability, i.e. the
physical and chemical properties of the ionic liquid can be
fine tuned by modification of either cationic or anionic part
of the ionic liquid. Therefore, sometimes it is called as
‘designer solvent’. In nuclear industry, the main applica-
tion of ionic liquid was reported as diluent, which in
combination with ligand functionality was used for the
extraction of actinides and long lived fission products like
%0Sr [12-16]. The ligand functionality chemically attached
to the ionic liquid, known as task specific ionic liquid was
also used for the processing of actinides [17-21]. The
kinetics, thermodynamics, extraction mechanism, metal—
ligand stoichiometry and the overall complexation chem-
istry were found to differ in ionic liquid based separation
compared to the conventional molecular diluent based
separation [10, 14—16]. In recent publications comparative
evaluation on the radiolytic stability, extraction efficiency
and selectivity revealed the superiority of ionic liquid
based systems [13, 22].

On the other hand, the success of any nuclear energy
programme largely depends on the effective utilization of
the fissile resources both in ‘front end’ and ‘back end’ of
the nuclear fuel cycle. Additionally, in back end of the
nuclear fuel cycle, the separation is necessary not only in
view of recovery of precious fissile isotope but also to
avoid the long term surveillance and associated high radi-
ological risk of nuclear waste. Uranium being the key
element of nuclear industry, is of high research interest
either in separation science or in the basic complexation.
Though  several functionalities like  phosphates,
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phosphinates, amides, diamides, carbamoyl methyl phos-
phine oxides, phosphinic acids, diglycolamides etc., in
ionic liquid are under investigation for understanding the
separation and complexation chemistry of actinides
[23-28], yet the sulphoxide moieties in ionic liquid for
extraction and complexation of ‘f-block’ elements have not
yet been explored.

In view of these above facts, an attempt was made for
the efficient, selective and ‘green’ separation process of
uranium using structurally modified sulphoxides in room
temperature ionic liquid. The study also includes under-
standing the extraction mechanism, speciation, Kinetics,
thermodynamics, stripping and radiolytic stability. The
complexation of uranyl ion with these sulphoxides in ionic
liquid was further investigated by photoluminescence
spectroscopy. Finally the above systems were applied for
nuclear waste remediation using simulated high level waste
(SHLW) solutions originated from research reactor (RR),
pressurized heavy water reactor (PHWR) and fast breeder
reactor (FBR) [29, 30].

Experimental
Instrument
ICP-AES

The analysis was carried out using Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES) with
Capacitatively Coupled Device (CCD) as detector system
procurred from Spectro Arcos, Germany (Model No: Arcos
FHS12 ICP-AES). Operating conditions and instrumental
specifications are listed in Supplementary Table 1.

Luminescence

Emission and excitation spectra were recorded on an
Edinburgh F-900 Fluorescence Spectrometer in the
200-750 nm region with a Xe lamp as an excitation source,
M-300 monochromators and a Peltier cooled photo multi-
plier tube as detector. The acquisition and analysis of the
data were carried out by F-900 software supplied by
Edinburgh Analytical Instruments, UK.

Reagents and standard solutions

Standard solutions for all the elements were prepared from
CertiPUR® ICP standard reference material solution of
individual elements (E-Merck, Darmstadt, Germany) by
proper dilution. Supra—pure HNOj; (E-Merck, Darmstadt,
Germany) and quartz double distilled water were used

@ Springer

throughout the study. Multi-point standardization and five
replicate measurements were carried out for all the
samples.

Uranyl stock solution was prepared by dissolving spec
pure UzOg in concentrated HNO5. Xylene was procured
from Prabhat Chemicals, Gujarat Mumbai, whereas oxalic
acid, EDTA and Na,COj3; were produced from Thomas
Baker Chemical limited and Qualigens fine Chemicals,
Mumbai, India, respectively. Benzyl methyl sulphoxide
(BMSO), allyl phenyl sulphoxide (APSO), di isobutyl
sulphoxide (DISO) and di hexyl sulphoxide (DHSO) were
procured from ICN Pharmaceuticals. Inc, Life Science
Group, Plainview.N.Y, Canada. 1-Ethyl-2,3-dimethylimi-
dazolium bis (trifluoromethylsulfonyl)imide and 1-Ethyl-
2,3-dimethylimidazolium chloride were procured from
Global Nanotech, India. More than 99 % pure ionic liquid
solutions were used for further investigation without any
purification. Bis (trifluoromethylsulfonyl)imide lithium salt
(LiNTf,) has been procured from Aldrich Chemistry, USA.
The structures of the ionic liquids and the sulphoxides have
been shown in Fig. 1.

Method
Extraction

For extraction experiment 5 mL of 10 mg L™ of U solu-
tion of required acidity (for feed acidity variation experi-
ments the acidity was varied in the range of 0.01 M HNO;—
6 M HNO; while for other experiments the feed acidity
was kept 1 M HNOj3) was taken in a glass container. Then
5 mL or organic phase conating modified sulphoxides in
ionic liquids were added into it. They were allowed to
shake for 2 h in a thermostated water bath at 300 K. After
2 h of shaking, both the phases were allowed to settle for
10 min for complete phase separation. Then suit-
able aliquots were taken for the fedd into the plasma for
ICP-AES analysis. The distribution ratio values for uranyl
was expressed by conventional way as follows

[U]org
U]

aq

The subscripts org and aq refer to the organic and
aqueous phases respectively. After extraction of metal ion
the raffinate was fed to plasma for the evaluation of D
values. For all the ligands, the concentration was optimized
as 0.2 M where as the aqueous feed acidity was fixed at
1 M HNO; (unless it was otherwise mentioned). All the
extraction experiments were carried out in a thermostated
water bath at 300 K temperature. The initial concentration
for uranyl ion taken was 10 mg L™" for all the extraction
experiments.
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Stripping On the other hand the similar experiments were carried

For stripping studies, in the first step the extraction
experiments were carried out in optimized experimental
conditions to have U-sulphoxide loaded ionic liquid phase.
Then the loaded organic phase was separated and allowed
to contact with fresh strippant solution.

Variation of imCl and LiNTf,

The experiments carried out using imCl and LiNTf, are
two separate experiments. Basically in one set of experi-
ment, LiNTf,, which is water soluble, is dissolved in var-
ious concentration into the aqueous phase containing
uranium solution. Then this aqueous phase is allowed to
equilibriate with organic phase containing sulphoxide as
ligand and imNTf, as diluent. If the extraction proceeds via
anion exchange, mechanism, then the NTf; ion from ionic
liquid phase would come to aqueous phase in place of
thorium extracted species. Due to the presence of NTf, ion
in aqueous phase coming from LiNTf,, this anion exchange
mechanism would expected to be hampered. So the Dy
value is expected to decrease.

out using imCl as aqueous soluble reagent having same
cation as that of the water insoluble ionic liquid (imNTf,)
used as diluent in the present case. If the cation exchange
mechanism predominates, then the im™ cation from
organic phase would come to aqueous phase in place of
thorium extracted species. Therefore, im™ cation in aque-
ous phase coming from imCl hampers this mechanism and
hence decrease the Dy value. Similar approach was also
adopted in the Ref. [13].

Radiolytic stability

For radiation stability study, the irradiated organic phase
(containg ligands and ionic liquid) was allowed to equlib-
riate with 10 mg L™" of U solution in 1 M HNOj; at 300 K
for 2 h (with phase ratio = 1:1). Then it was centrifuged
for 10 min for complete phase separation. Then the aque-
ous raffinate was collected and fedinto the plasma for ICP-
AES analysis. The D values determined using gamma
irradiated solvent systems were compared with that of un-
irradiated solvent systems.

@ Springer
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Processing of SHLW

For all the experiments (except SHLW), 5 mL of organic
phase was allowed to equilibrate with 5 mL of aqueous
phase whereas for SHLW, 10 mL of organic phase was
allowed to equilibrate with 10 mL of aqueous phase.

Results and discussion
Extraction profile of uranyl

The distribution ratio values for uranyl ion were varied as a
function of feed acid concentration for all the sulphoxides
in room temperature ionic liquids. The distribution ratio
values were found to be an order of magnitude more in case
of ionic liquid based systems compared to the molecular
diluent based systems [31]. The Dy values were found to
decrease gradually with increase in feed acidity up to 1 M
HNO;. Beyond that a drastic decrease in Dy values were
obtained for all the cases. This trend was quite different
than generally observed for neutral ligands in molecular
diluents where the extraction proceeds via ‘solvation
mechanism’. The observed trend was found to be similar
for ionic liquid based systems reported in the literatures,
which suggested that the extraction proceeded via ‘ion
exchange’ mechanism [10-13]. The variation of Dy as a
function of feed HNOj acid concentration, was found to be
still insufficient in understanding whether cation exchange
(Eq. 1) or anion exchange predominated (Eq. 2) during
uranyl extraction.

U053, + nLy. + NOg,, + Imji = UO,(NO3) - nLy + Im,
(1)

UO3;, + nLy. + mNOg, + (m — 2)NTfy,
= UOz(NO3)m . IIL;L + (m — Z)NTf;aq (2)

n and m represent the number of sulphoxides molecules
and NO; ™ ion attached in the extracted species. Im* and
NTf, are the constituents cations and anion of the ionic
liquid. The trend of the Dy values for the above sulphox-
ides followed the trend APSO > BMSO > DISO > DHSO
up to 1 M HNOj;. In APSO and BMSO the sulphoxide
moieties are in conjugation with the phenyl ring resulting
enhanced electron density on the ligating oxygen atom.
Moreover, due to the planar structure of the phenyl moiety
the approach of the uranyl ion might be easier. In case of
hexyl and isobutyl alkyl group substituted sulphoxides the
steric factor might be responsible for the weaker com-
plexation and hence decreased Dy values. Fig. 2 depicted
the extraction profiles of uranyl with structurally modified
sulphoxides in room temperature ionic liquid.
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Fig. 2 The variation of Dy values as a function of aqueous feed
acidity, ligand conc. 0.2 M, 300 K, Phase ratio 1, time of equilibra-
tion 2 h

At higher feed acidity, the H" ion can also be extracted
into the ionic liquid phase by the sulphoxide ligands
(Eq. 3). Due to the competition of H* and uranyl ion, there
was a decrease in the distribution of the metal ion with
increase in feed acidity.

H:;l + IlL[L + NO;aq = HNO3 . HLIL (3)

Extraction Kinetics

Time of reaching equilibrium is one of the very impor-
tant parameters in large scale processing of the metal ion.
In the present case the Dy values for all the systems were
found to increase up to a time of contact of 100 min
while beyond that plateau was observed. This suggested
that 100 min is required for achieving complete equi-
librium. Since all the structurally modified sulphoxides
required same time for attaining equilibrium, this kinetics
might be an implication of diluent property. The
observed kinetics was found to be slower compared to
that observed in case of molecular diluent based systems.
Similar slower kinetics was also observed in case of
uranyl extraction using Bis(2,4,4-trimethyl) pentyl
phosphinic acid in CgmimNTf, compared to that in
xylene [13]. The slower kinetics for uranyl extraction in
ionic liquid based systems can be attributed to the higher
viscosity coefficient of the ionic liquid compared to
molecular diluent [14, 19]. The viscous ionic liquid
enhances the mass transfer and hence the kinetics. Fig.3
shows the variation of Dy, values as a function of contact
time of both the phases.
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Fig. 3 The extraction kinetics of uranium at 1 M HNO; feed acidity,,
ligand conc. 0.2 M, 300 K, Phase ratio 1

Determination of Uranyl-sulphoxide stoichiometry
and associated thermodynamic constants

To understand the complexation it is required to evaluate

the metal-ligand stoichiometry. The equilibrium constants

(Kex) for the above Eqgs. (1 and 2) can be expressed as [13]
UO,(NO3) - Lt ][Im}

Ko, = [ 2( 3) IL][ aq] (43)

(U0, |t [NOS,, | m]

_ [U02(NOy),, - Ly ] INTE, | (ab)

T [0 i) [NOs,, | INTE )2

At a particular feed acid concentration, concentration of
nitrate ion is constant at constant temperature. Similarly at
a particular temperature, the ratio of distribution of either
cation or anion in aqueous and ionic liquid phase were also
remaining constants. Therefore, the overall equation can be
simplified and rearranged in the following fashion written
below [13] .

logD = nlog[L] + log K., (5)

where, Kgx is the conditional extraction constants. Equa-
tion 5 implies that a plot of log D versus log[L] should give
a straight line with the slope ‘n’, the number of ligand
molecules attached to a uranyl ion. The change in Gibb’s
energy during the separation of the uranyl ion can be
expressed by the following equation [12].

AG = 2.303RTlog K, (6)

Now if we consider the formation of sulphoxide com-
plexes by uranyl ion in ionic liquid phase then the condi-
tional complex formation constant (k¢) can be expressed as
[12, 13]

Fig. 4 represents the linear plots of distribution ratio
values as a function of ligand concentration. The slope,
intercept and the linear regression coefficients were sum-
marized in Supplementary Table 2. This study indicated
that two sulphoxide ligands were attached to one uranyl
ion. The conditional extraction constants were found to
follow the trend APSO > DISO > BMSO > DHSO. The
Gibb’s free energy was found to decrease on uranyl
extraction suggesting the spontaneity of the separation
process. The study also revealed that U-APSO complex
was energetically the most favourable followed by
U-BMSO, U-DISO and U-DHSO complex. Since the
overall energetics of the processes mainly depend on the
complexation energy, the complex formation constants also
followed the same trend as it was seen for the extraction
constants value (Table 1).

Nitrate variation

To ascertain the exact extraction mechanism and nature of
species involved in the extraction process, it is required to
vary different experimental parameters like, NO3;~, NTf;
and im™ concentration and their effect on the Dy value
should be investigated properly. At a particular temperature
and particular ligand concentration, Eq (5) can be simpli-
fied as

logD = mlog[NO5] + log K, (8)

100 4

10 4

0.1

0.01 4

0,01 T o
log[sulphoxide]

Fig. 4 The variation of Dy values as a function of ligand concen-
tration from 1 M aqueous feed acidity, 300 K, Phase ratio 1, time of
equilibration 2 h
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Table 1 Determination of metal-ligand stoichiometry and other
thermodynamic constants

Ligand U:L Kex K¢ AG (KJ mol™")
APSO 1:2 6.76E-+02 2.25E405 —16.25
DISO 1:2 4.68E+402 1.56E+4-05 —15.33
BMSO 1:2 3.47E+02 1.16E+4-05 —14.59
DHSO 122 1.74E4-02 5.79E+04 —12.86

Species evaluation for the extracted complex

The plots of log D versus logarithm of nitrate ion con-
centration were shown in Fig. 5. The slope, intercept,
associated error, linear regression coefficients were tabu-
lated in the supplementary Table 3. The slope values can
provide the number of nitrate anion associated with the
metal ion in the extracted species. This study revealed that
for all the systems the extracted species was found to be
[UO,(NO5)-2L1+ (Fig. 6). This also revealed that ‘cation
exchange’ mechanism was predominated during extraction.

Variation of imidazolium ion concentration in aqueous
phase

For further confirmation of ‘cation exchange’ mechanism,
The Dy values were varied as a function of imidazolium
cation in the aqueous phase. If Eq (1) is correct then with
increase in imidazolium ion concentration in aqueous phase
the Dy values were expected to decrease. The plots of logD
versus log[im*] were found to follow the linear pattern
[Supplementary Fig. 1] with slope values ~ 1. This study
revealed that during extraction of uranyl species the overall
charge of the extracted complex was 1. Therefore, only one

ma T — T T — T
0.1 1 10

[NO,T, M

Fig. 5 The variation of Dy values as a function of nitrate ion
concentration, 300 K, Phase ratio 1, time of equilibration 2 h
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of phenyl substituted sulphoxides

imidazolium ion got exchanged per uranyl species. Supple-
mentary Table 4 summarizes the slope, intercept associated
error and the linear regression coefficients of the above plots.
Due to very small charge density, the chemical potential for
im™ ion will be much smaller than H* ion and even smaller
than UO,>" ion. Moreover plenty of im™ ions are there in the
organic phase in the form of imNTf,. Therefore, the com-
petition of im* towards the complexation to sulphoxides
compared to uranyl is negligibly insignificant. The [im "] can
modify the Dy values only if it is cation exchange mecha-
nism i.e. during extraction of uranium species equivalent
amount of im ™ ion would come to the aqueous phase from the
organic phase to maintain the charge neutrality.

Variation of NTf; anion in aqueous phase

Again the absence of anion exchange mechanism was
reconfirmed by studying the Dy values as a function of
NTf, ion concentration in the aqueous phase. Over a wide
range of NTf, ion concentration in the aqueous phase no
change in the Dy value was observed [Supplementary
Fig. 2]. This revealed that NTf, was not participating in
the extracted uranium species and it also reconfirmed the
absence of ‘anion exchange’ mechanism.

Time resolved fluorescence spectroscopic
investigation of the extracted species

Time resolved fluorescence spectroscopic study is routinely
used for probing local environment around metal ion in the
extracted complex. Fig. 7 is depicting the emission profiles
of different extracted uranyl-sulphoxide complexes in ionic
liquid. For U-DISO complex a series of peak was observed
at 488.06, 508.70, 526.21 and 548.05 nm with relative
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Fig. 7 The emission profiles for the uranyl complexes of different sulphoxide ligands in room temperature ionic liquid

intensity 1.43:2.36:1.85:1 which were shfted in case of
uranyl complexes of DHSO, APSO and BMSO. The peak
positions and their relative intensities were summarized in
Supplementary Table 5. The nature of emission profiles for
all the three systems were found to be quite different
revealing the difference in their speciation. The mono
exponential nature of the decay curves for all the systems
revealed the presence of single species in the extracted
complex whereas the lifetime values for these extracted
species was found to be 22.1, 18.9, 33 and 28 us for DISO,
DHSO, APSO and BMSO, respectively. For aqueous nitric
acid feed the life time of the uranyl ion was reported to be
15.74 ps [8]. The spacing between these vibronic coupling
can be related to the symmetric stretching frequency for
uranium oxygen bond in O=U=0 moiety [5, 8]. In aqueous
system this symmetric stretching frequency was reported to
be 822.44 cm™'. On complexation with DISO, DHSO,
APSO and BMSO, the symmetric stretching frequency for
uranium was found to decrease and became 500, 638, 416
and 429 cm™', respectively. Due to the approach of the
ligands through the equatorial plane the electron density on
uranyl uranium decreases and hence the bonds between U

and O in uranyl moiety becomes weaker and hence bond
length also increases. Similar trend of reduction in
stretching frequency on complexation of uranyl ion was
reported in case of TOPO complex [8]. For phenyl sub-
stituted sulphoxides i.e. BMSO and APSO, the planner
structure of the phenyl ring reduces the steric crowding
around uranium and hence form stronger complex with
sulphoxide oxygens. The stronger bonding between U and
sulphoxide oxygen reduces the bond order in uranyl moi-
ety. Therefore, the lowest stretching frequency was
observed for APSO and BMSO. In case of alkyl substituted
sulphoxides i.e. DHSO and DISO, the steric crowding
hampers the approach of the sulphoxide moiety towards
uranyl ion and hence lesser perturbation was observed in
vibronic stretching frequency values.

Radiolytic stability
During processing of radioactive waste the solvent systems
are continuously exposed to the high energy particles (o, B)

or radiation (y). Due to the deposition of large amount of
energy, the solvent systems may undergo radiolytic cleavage

@ Springer
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at different parts of ligands or diluents. The nature of
cleavage depends on the amount of energy deposition and
the nature of the solvent system. This may lead to the
degradation in the performance of the solvent systems. An
ideal solvent system should be as radio-resistant as possible.
In view of this all the present sulphoxide-ionic liquid based
solvent systems were exposed to gamma dose of up to
1000 kGy and with the irradiated solvent systems the
extraction experiments were carried out to evaluate their
radiolytic stability. The overall radiolytic stability for ionic
liquid based systems were reported to be more than that of
molecular diluents based systems [22, 32]. For DISO and
DHSO, the radiation stability was found to be poorer even at
500 kGy exposure. After 1000 kGy of gamma exposure, the
Dy values became less than 1/5th of their original values in
case of alkyl substituted sulphoxides. For phenyl substituted
sulphoxides i.e. BMSO and APSO, the radiation stability
was found to be very good. Only 15 % of reduction in Dy
values was observed even after 1000 kGy gamma exposure.
The higher radiation stability of the phenyl substituted
sulphoxides can be attributed to the resonance stabilization
of the phenyl based radical generated on gamma irradiation.
Figure 8 represents the changes in Dy values as a function of
gamma dose for all these four systems.

The main aim of the study was to investigate how the
Dy values were affected by using gamma irradiated solvent
systems. This study is of importance while processing
radioactive waste solution. It is expected that on irradia-
tion, there will be breaking of the weakest bonds in the
solvent systems and may also lead to radiation induced
polymerization. This involves a complex radiation chem-
istry of ligands as well as diluents. In the context of the
manuscript, our aim was to evaluate the solvent systems on
the basis of reusability, not on the basic radiation chemistry
aspect of these solvent systems which will require a sep-
arate investigation. It was also to be noted that there meight
be a change in viscosity of the solvent systems on

0 kGy
30 4 7
500 kGy
2 | 71000 kGy
a 580 kG
. 0kG 771ooo¥<ey
o 7 7
10 500 kGy
0 kGy
2
51 1000 ke% 500 k(By
7 1000 kGy
0 - - - - - - -
APSO DISO BMSO DHSO

Fig. 8 Radiolytic stability of the sulphoxides in ionic liquid
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irradiation. The kinetics experiments were carried out for
all the solvent systems after gamma irradiation of
1000 kGy. It was observed that with irradiated solvent
systems, the kinetics become slightly slower. Within
120 min all the systems were found to rich the equilibrium
Dy values (Supplementary Figure 3). The Dy values
specified in Fig. 10 were obtained only after 2 h of equi-
libration and hence equilibrium Dy values.

Stripping of uranium from ionic liquid phase

In view of reusability of the solvent systems, it is essential to
strip back the extracted metal ion from the loaded organic
phase. Due to appreciable Dy values throughout the feed acid
concentration, changes in acidity cannot strip uranyl ion
from the ionic liquid phase. This necessitates the strippant
having aqueous complexation ability with the uranyl ion. A
series of such solutions were scanned for such purpose.
0.05 M EDTA, oxalic acid and Na,CO5 were found to strip
uranyl ion from the ionic liquid phase effectively (~60 % or
more in a single contact). In between these three solutions,
oxalic acid was found to be the poorest followed by EDTA.
0.05 M Na,COj3; was found to be the most promising strip-
pant for almost quantitative recovery (more than 99.9 %) of
the uranyl ion even in a single contact. Fig. 9 summarizes the
stripping behavior of these three strippants for uranyl ion
from sulphoxide complexes in ionic liquid. Na,CO3 was also
reported to be the most effective strippant for hexavalent
actinides from diglycolamides and phosphinic acid com-
plexes in ionic liquid phase [13, 17].

Selectivity of the solvent systems

The success of any solvent systems lies in the effective
application for processing of actual waste solutions. In

3 3 3
100 3 2
20 i7" 2
117 7 ¢ 2
80
7] 1 7
o | 1
c
£ 60- %
& 7
=
n
5 40
ES
20 1: 0.05 M Oxalic acid
2:0.05 M EDTA
3:0.05 M Na,CO,
0 L L L e
APSO DISO BMSO DHSO
Fig. 9 The stripping of uranyl ion from sulphoxide-ionic liquid phase
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Table 2 Analytical results obtained after processing SHLW from FBR, RR and PHWR by APSO in ionic liquid

Elements FBR PHWR

RR

Initial (mg L™ Raffinate (mg LY

Initial (mg L™ b

Raffinate (mg L™ Initial (mg L™ Raffinate (mg L™

Sr 30 28+ 1 50 50£3 50 49 £ 3

Y 15 14 + 0.46 30 28 £2 - -

Rb 10 7.8 £04 - - - -

Zr 5 1.6 £ 0.11 10 35+0.23 - -

Nb 0.1 0.05 £ 0.003 - - - -

Mo 150 139 + 16 300 288 + 11 200 194 £ 11
Ru 100 97 +£6 25 25+2 75 74 £ 7
Rh 50 40 £ 4 50 40 £ 2 - -

Pd 5 4.9 £ 0.06 20 131 - -

Ag 5 48 £0.5 - - - -

Cd 5 4.7 £ 0.6 - - - -

Ba 75 70 £ 6 100 90 + 8 100 95 £ 4
La 75 64 £ 6 100 93+6 100 93+6
Ce 100 98 + 8 150 143 £ 9 100 95 £ 8

Pr 50 46 + 4 100 98 +6 - -

Nd 200 190 £ 9 300 293 £+ 16 - -

Sm 50 45 £5 75 70 £6 - -

Eu 5 44 £03 - - - -

Gd 5 42 +04 - - - -

Dy 5 43405 - - - -

Cr - - 200 194 + 10 400 391 £ 13
Mn - - 25 20 £ 3 500 486 + 18
Fe - - 600 580 £+ 18 1500 1488 + 31
Ni - - 100 93 £38 300 287 £ 19
Na - - 1000 995 £ 9 5000 4988 £+ 19
Mg - - - - 300 282 £ 11
Ca - - - - 400 390 £+ 14
Al - - - - 2000 1976 + 34
this context, high level waste solutions of research reac-  Conclusions

tor, FBR and PHWR grade high level synthetic waste
solutions [29, 30] were processed with these sulphoxides
based ligands in ionic liquid. Table 2 summarizes the
results for the best solvent systems i.e. APSO in ionic
liquid while that for BMSO, DHSO and DISO are sum-
marized in Supplementary Table 6, 7, and 8, respectively.
The analytical results revealed that these solvent systems
are highly selective for hexa-valent actinide ions while
other metal ions (Sr, Y, Rb, Nb, Pd, Ag, Cd, Ba, Pr, La,
Nb, Sm, Eu, Gd, Dy, Cr, Fe, Mn, Ni, Na, Ca and Al) are
almost un-extracted by these solvent systems. Supple-
mentary Table 9 summarizes the initial and final con-
centrations of uranium while processing the SHLWs
using different structurally modified sulphoxides in ionic
liquid.

Different structurally modified sulphoxides in room tem-
perature ion liquid were found to be highly efficient and
selective solvent systems for hexa and tetra valent actinide
ions with a trend of APSO > BMSO > DISO > DHSO.
The resonance of phenyl ring enhances the electron density
on sulphoxide O enhancing the ligating ability whereas the
alkyl substituents on sulphoxides enhance the steric
crowding reducing the extraction efficiency of uranyl ion.
The overall extraction process was found to be thermody-
namically favorable proceeding through ‘cation exchange
mechanism with [UO,(NO3)-2L]" species. The extraction
process was found to be kinetically slower attributed to the
viscosity effect of the ionic liquid. 0.05 M Na,CO; was
found to be very effective for almost quantitative recovery
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of uranyl ion. The phenyl substituted sulphoxides i.e.
APSO and BMSO in ionic liquid were found to be highly
radio-resistant. Finally, APSO in ionic liquid was found to
be very effective in processing SHLW solutions of research
reactor, PHWR and FBR origins.
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