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S1. EXPERIMENTAL

$1.1 Radiotracer purification

Pu (mainly 23°Pu) purification comprises the addition of a few drops of an aqueous NaNO, solution for valency
adjustment of Pu to the +4 state and subsequent extraction of Pu from 1 M HNO; solution using a 0.5 M TTA
solution in xylene. The extracted Pu was stripped back to the aqueous phase using 8 M HNO; and its radionuclidic
purity was checked by alpha spectrometry.

233U was purified using a DOWEX 1x8 (chloride form, 100-200 mesh) anion exchange resin column for the
separation of its daughter products as reported before. 12*!Am taken from the laboratory stock was purified from
its daughter product 22”Np using an anion exchange resin column. The radionuclide purity of these radiotracers was
checked and confirmed by alpha and gamma ray spectrometry.

$1.2 Liquid-liquid extraction

The liquid-liquid extraction studies were carried out by taking equal volumes (1.0 mL) of the aqueous (consisting of
the radiotracer spiked in dilute nitric acid solution) and the organic phases containing the ligand solution in leak
tight Pyrex glass tubes and equilibrating in a constant temperature (25 + 1 °C) water bath for about 1 hour which
was optimized by a set of experiments (vide infra). The organic phase containing the ligand solution was in 90% n-
dodecane + 10% isodecanol or n-dodecane depending on the ligand solubility. After equilibration, the tubes were
centrifuged at 1700 RCF for 5 minutes and a suitable quantity (usually 100 pL) of the solution from the organic and
the aqueous phases were removed and assayed by radiometry. While 233U and Pu were assayed using liquid
scintillation counting using a scintillator cocktail (Perkin Elmer), 2*!Am and 2°22%*Eu were assayed by a Nal(Tl)
detector (Para Electronics) coupled to a multi-channel analyzer (ECIL, India). The distribution ratio (D, where ‘M’
is the metal ion) was calculated using the following formula:

_ Counts per minute per mL of the organic phase (1)

M ™ Counts per minute per mL of the aqueous phase

The percentage extraction (%E) and the stripping percentage (%S) of a metal ion for a phase volume ratio
of 1 (ratio of the aqueous phase to organic volume) were measured using the following formula:

100Dy, ()

3
%5=100-%E G)

The mass balance, the difference between the sum of the final activities in both phases (organic and aqueous)
and the total initial activity in the aqueous phase, was found to be within = 2%.

The distribution ratio of the metal ion (Dy,) and the extraction equilibrium constant (K,,) in a two-phase
equilibrium system is defined as follows:

— [M(N03)n ° yL]org
" [M"*]oq

aM(NOg)n-yLorg (5)
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Kex = a ay a
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where ‘a’ is the activity of the species and a = y.c, where ‘Y’ is the activity coefficient of the respective species and
‘c’ is the concentration of the species in the solution. Eqn (6) is obtained after considering the activity coefficients
of the metal-ligand complex, free ligand and the metal ion tracer as unity.
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Taking the logarithm on both sides of eqn(6), gives the following equation (eqn 7) and using eqn(4):

LOg DM =L0g Kex +n lOg [NO3_]aq +y lOg [L]org +n lOg [NO3_]aq (7)

S.1.3 Transport studies

The SLM transport studies were performed in a two-compartment glass cell with 30 mL capacity with provision for
taking out samples from each compartment through the sampling ports provided at the top of the cell.
The percentage transport was calculated using the following formula:

% T =100x C,/Co (8)
% R = 100 X (C1o-C)/Co (3)

where G is the initial (t = 0) concentration of the radionuclide at the feed phase whereas C;; and C.; are the
radionuclide concentrations in the feed and the receiver phases, respectively, at time t. The permeability
coefficient (P) was determined using the following equation:

C
melin = —pla.p.t (10)
Cro Vs

where ‘Q’ represents effective surface area (4.79 cm?) that was obtained by multiplying the total exposed surface
area of the membrane to the porosity of the membrane, ‘V{ is volume of the feed solution (30 mL).

The SLM transport cell arrangement is presented in Fig. S1. The PTFE flat sheet membrane was kept in the ligand
solution (in the diluent mixture comprising of 90% n-dodecane + 10% isodecanol) in a covered Petri dish for
overnight to soak completely. Prior to use, the membrane was wiped carefully using a small piece of tissue paper
to remove the excess ligand solution sticking to the membrane.

Sampling port Sampling port

Magnetic bar Magnetic bar

Membrane

Fig. S1. Schematic presentation of SLM transport set up.

The membrane was then kept in between the glass flanges of the two compartments and fixed tightly using Para
film to avoid any leakage. Clamp was used to hold the transport cell and to put the set up on a magnetic stirrer.
The feed and the strip solutions were filled in the respective compartments and the solutions were stirred using
magnetic bars at 200 rpm speed which was optimized in a previous study.?Samples were taken out from both the



compartments (usually 100 plL aliquots) at regular intervals and the amount of the actinide ion was assayed
radiometrically.
$1.4 Computational studies

The dielectric constant of water and organic solvent (90% dodecane + 10% isodecanol) was taken to be 80 and
3.03, respectively. The Gibbs free energy of complexation for the various complexation reactions has been
evaluated using the prescription published earlier.3

The model complexation reaction was used as follows:

[PU(HZO)10]4+(aq) + 4NO3-(aq) +nL(org)[W3)4'Ln](org) +10H20(aq.)(11)
[UO3(H20)5]%* (aq) +2NO37(ag) + NL(org) [T®3(NO3)2-Ln](org) +5H20(aq)(12)

Here L stands for HONTA and HONTP. A scalar relativistic effect for heavier actinide elements was included in the
present computation using the earlier reported procedure.* Since there is a very small effect on the solvation
energy between the gas phase and the solvent phase geometry,® the aqueous solvent effect was integrated by
performing single point energy calculations using the optimized geometry obtained from the B3LYP level of theory
employing the COSMO solvation model.

S2. Results
S2.1 Solvent extraction studies

$2.1.1 Kinetics of extraction and stripping

For U(VI), the extraction was studied at two acidities, viz., 0.01 M and 0.001 M HNO; and in both cases, the metal
ion extraction equilibrium was reached within 10 minutes (Fig.52a). At pH3 (maintained using 0.01 M 1,4-
piperazinediethanesulfonic acid (PIPES) buffer solution) the slightly higher D-value of U(VI) indicates more
availability of free ligands compared to that at pH2. Am(lll) yielded a very low D-value at 0.001 M HNO; (Fig.S2a).
Similarly, Pu(IV) extraction kinetics was studied at 3 M HNO;, indicating that the equilibrium D-value was attained
within 10 minutes (Fig.S2b). From the figures it is clear that the extraction kinetics using 0.08 M HONTP was fast
for these metal ions.
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Fig. S2. Kinetics of extraction and stripping of Pu(lV), Am(lll), and U(VI); Organic phase: 0.08 M HONTPin 90% n-
dodecane + 10% isodecanol.

$2.1.2 Influence of temperature on metal ion extraction
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The influence of temperature on the extraction of U(VI) and Pu(lV) was investigated at different temperatures in
the range 15°C to 45°C. Extraction of U(VI) was carried out using 0.08 M HONTP in n-dodecane (in Fig. S3
mentioned as U-DD) and 0.08 M HONTP in 90% n-dodecane + 10% isodecanol (denoted as U-(DD+ID)). A similar
study was done for Pu(lV) using 0.08 M HONTP in 90% n-dodecane + 10% isodecanol (mentioned as Pu(lV)). The D-
values of U(VI) decreased with increasing temperature and the extent of the decrease was more in 90% n-
dodecane + 10% isodecanol medium than in n-dodecane. For Pu(lV), on the other hand, a slight increase in the D-
values was observed with increasing temperature. This is in line as reported for the extraction of these metal ions
with neutral donor ligands such as TBP.® The straight-line plots of log Dyvs. 1/T are presented in Fig. S3 giving slope
values of 2953 + 254 and 6608.6 + 40.8 for U(VI) forthe organic phases containing n-dodecane and 90% n-
dodecane + 10% isodecanol, respectively. Similarly for Pu(IV), the slope value was -387 + 26 using 0.08 M HONTP in
90% n-dodecane + 10% isodecanol.

The enthalpy changes of the reaction, AH, were determined using eqn (13). Where R is the universal gas constant
(8.314 ) mol1K1).

AlogDy  —AH

1. 2.303R 1)
AGp) '

The values of AH for the processes were calculated to be -56.5 + 4.8 kJ mol?, -126.5 + 0.7 k mol* and 7.4 £ 0.5 kIJ
mol for U(VI) extraction using HONTP in n-dodecane, U(VI) and Pu(IV) extraction by the ligand in 90% n-dodecane
+ 10% isodecanol, respectively. This indicates that the extraction of U(VI) is exothermic, whereas the extraction of
Pu(IV) is endothermic. Eqn (6) can be expressed as

_ Dy(1+ X B [NO3TP) (14)

[NOB]?lq Lfree ,org X y]éOg‘aq

ex

where 8, is the overall stability constant for the complexes of Pu(lV) and U(VI) of the types of Pu(NO;),*? and
UO,(NO;),%P. Ke is the extraction constant. Assuming Lgee as the initial ligand concentration (tracer metal ion
concentration is used), we can determine K., values at a given nitrate and ligand concentration. The mean ionic
activity coefficient of nitrate at 3 M HNO; was 1.15 and at 0.01 M HNO; was 0.906.7 The nitrate concentration in
the aqueous phase was determined considering the dissociation constant of HNO; (Kynos: 23.5).2 The value of (1+

ﬁ;’f [NOZ]%) at 0.01 M HNO; was taken as 1.0 for U(VI), and that for Pu(IV) was taken as 105 at 3 M HNOj; from

refs. 9 and 10. The free energy change AG can be expressed as
AG = _RTanex (15)

The entropy change of a reaction is represented in terms of AH and AGas follows:

As =22 %2 (16)
T T

R is the molar gas constant (8.314 J mol! K1). Different values of the extraction constant (K.,) were evaluated using
eqn (6) at 0.08 M ligand and taking nitrate ion concentrations of 0.01 M and 2.7 M for U(VI) and Pu(IV),
respectively (considering Kunos). Dy decreases with the increase of temperature, whereas Dpyy) slightly increases
with the increase of temperature suggesting the former process is exothermic in nature, whereas the latter
process is endothermic in nature (Fig. S3). The free energy change (AG) was calculated considering a temperature
of 25°C using eqn (7). The free energy changes obtained for the two-phase extraction processes are -28.8, -44.2,
and -5.15 kJ mol? for U(VI) extraction using the ligand in n-dodecane, and those of U(VI) and Pu(IV) extraction by
HONTP in 90% n-dodecane + 10% isodecanol, respectively, while the entropy changes for the processes are -0.09, -
0.28, and 0.04 k) mol* K1, respectively.
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Fig. S3. Dependence of log Dy, values on the temperature. Aqueous phase: 3 M HNO; and 0.01 M HNO; for Pu(IV)
and U(VI), respectively; Organic phase:0.08 M ligand in 90% n-dodecane + 10% isodecanol or 0.08 M ligand in n-
dodecane.

§2.1.3 ATR-FTIR studies

ATR-FTIR studies of the extracted samples were carried out using an ALPHA II, Bruker ATR-FTIR instrument. The
spectra of the extracted samples are shown below.
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Fig. S4. ATR-FTIR spectra (a) (1520-1840 cm region) (b) (1200-1700 cm region) of the extract of U(VI) at pH 2.0
with 0.08 M HONTA/HONTP in 90% n-dodecane + 10% isodecanol.

$2.2 SLM studies
$2.2.1 Stability of membrane

For any practical application of any SLM transport system, the long-term stability of the membrane should be
good. Many factors are responsible for the stability of a membrane?! such as trans-membrane pressure, leaching
of extractant solution from the membrane to adjacent aqueous phases, wetting of membrane pores by aqueous
solution, resulting water channel formation, blockage of membrane pores due to emulsion formation and solid
particles, etc. Diluents also play important roles for the stability of liquid membranes, e.g., the stability of a liquid
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membrane using non-polar diluents (e.g., n-dodecane) is better than with polar diluents (e.g., nitrobenzene,
chloroform).1213 Qur previous studies have shown a good stability of a SLM containing a mixture of n-dodecane +
isodecanol as the diluent.’ In the present work, the same SLM was used for the stability study, while replacing the
feed and strip solutions with fresh solutions each time.
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Fig. S5. Transport of Pu(IV) across a flat PTFE sheet SLM; Feed phase: 3 M HNOj; Strip phase: 0.5 M oxalic acid + 0.5
M HNOjs; Carrier ligand: 0.08 M HONTP in 90% n-dodecane + 10% isodecanol.

The transport efficiency was tested for five different cycles over a period of 12 days. Fig. S5 suggests that
the membrane has a reasonably good stability up to 8 days. The % transport and permeability coefficient (P) values
are calculated and presented in Table S1. The P values are nearly constant till the 8t day.

Table S1Continuous transport of Pu(lV) using the same membrane phase (0.08 M HONTP in 90% n-dodecane +
10% isodecanol) and fresh feed (3 M HNO3) and strip (0.5 M HNO; + 0.5 M oxalic acid) solutions over 12 days. Feed
and strip volumes: 30 mL; Transport dataat5h

Day % Transport Ppyqv) X 103 (cm 1)
1 55.45 0.3810.01
3 49.69 0.280.02
6 54.62 0.290.02
8 55.39 0.31:0.01
12 40.70 0.17£0.02




$2.3 Computational studies

Table S2 Calculated value of complexation free energy (kcal/mol) in the solution phase

Reaction Solution phase  Partial NPA
complexation charge on
free energy Pu/U atom

[Pu(H,0)10]** + 4NO; + -57.9 1.889

2HONTA = Pu(NOs),-
(HONTA),+ 10H,0

[Pu(H,0)10]** + 4NO3 + -85.5 1.623
HONTP = Pu(NOj3),-
(HONTP)+ 10H,0

[UO,(H,0)s]*2+ 2NO; + -26.9 1.931
HONTA = UO,(NO3),-
HONTA+ 5H,0

[UO,(H,0)s]*>+ 2NO3 + 6.5 1.858
2HONTP = UOz(NO3)2'
(HONTP),+ 5H,0
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Fig. S6: Optimized structure of (a) HONTA; (b) HONTP; (c) Pu** - HONTA; (d) Pu** - HONTP; (e) UO,%** - HONTA and (f)
UO,2* - HONTP. The grey and white spheres correspond to C and H atoms, whereas red and blue ones denote O and
N atoms and cyan spheres represent Pu or U atoms.
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$2.3.1 Optimized coordinates

HONTA

N -0.3486093 0.5711933 -0.7397415
C -0.4942358 1.9669532 -1.1213231
H -0.9559332 2.5009946 -0.2737746
H 0.4981141 2.4458235 -1.2854014
C 0.5106188 -0.1983591 -1.6407635
H 0.7742903 -1.1399592 -1.1356982
H 1.4599062 0.3386675 -1.8505207
C 0.1159696 0.4960844 0.6454009
H -0.5856247 1.0729998 1.2679545
H 1.1145737 0.9646899 0.7738856
C -1.3865659 2.2183137 -2.3480202
C -0.0274197 -0.5558571 -3.0412748
C 0.0546700 -0.9263651 1.2277715
0 -1.0346372 -1.4659247 1.3712187
0 -2.0730708 1.3326425 -2.8313138
0 0.5025289 -0.0360102 -4.0193685
N -0.9834348 -1.5234118 -3.1563925
N 1.2164602 -1.5594180 1.6010601
N -1.3871502 3.4896268 -2.8687722
C -1.3904827 -1.9009355 -4.5093564
C -0.5606898 -3.0563067 -5.0833109
H -1.2920289 -1.0171485 -5.1548717
H -2.4567337 -2.1775674 -4.4846284
C -0.9964783 -3.4703823 -6.4915659
H 0.4993710 -2.7503018 -5.0971266
H -0.6294352 -3.9275311 -4.4056538
C -0.2350513 -4.6824417 -7.0377800
H -2.0804049 -3.6942539 -6.4911092
H -0.8677830 -2.6144358 -7.1799886
H 0.8512374 -4.4757974 -7.0075362
H -0.3935946 -5.5428549 -6.3604474
C -1.7007467 -2.1487160 -2.0457111
C -3.1072526 -1.5921168 -1.7889169
H -1.1165283 -2.0451328 -1.1247372
H -1.7607228 -3.2337548 -2.2526975
C -3.8090586 -2.3009830 -0.6271532
H -3.0126893 -0.5161041 -1.5845426
H -3.7185171 -1.6818401 -2.7053595
C -5.2138860 -1.7583909 -0.3466661
H -3.8751145 -3.3872518 -0.8345701
H -3.1884214 -2.1952516 0.2789416
H -5.1447905 -0.6742488 -0.1385892
H -5.8344779 -1.8472572 -1.2585847
C -2.1768047 3.6992450 -4.0876470
C -1.4561478 3.2834128 -5.3768058
H -2.4535792 4.7661479 -4.1286598
H -3.1061002 3.1168705 -3.9928285
C -2.3516000 3.4006362 -6.6133466
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.2846538
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.4680871
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.0261116
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.8526948
.0774970
.1534569
.4666821
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.6657573
.9685092
.4203284
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.1234687
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.9262969
.3691198
.4741573
.2208043
.4560404
.1254563
.8663763
.0172473
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.3970121
.9927098
.9085783
.4983131
.9684777
.8293605
.3648769
.9471556
.8699659
.8662623
.4338371
.5939567
.0194131
.3969238
.8820175
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.7059712
.4015503
.4361609
.6680712
.6958181
.4007570
.2494675
.7140783
.4291207
.1903848
.2218771
.9595744
.2205696
.1935103
.4472627
.2562875
.2875888
.0295810
.2859591
.3412119
.2444449
.5091620
.4871990
.1180437
.7940055
.8993393
.6960780
.8206332
.6463777
.2666350
.9417503
.0672168
.3645862
.8915115
.0255161
. 7433156
.5234337
.5878115
.9493196
7177660
.1389370
.0990019
.4624086
.8432180
.4812344
.8378020
.5671831
.2000247
.8396519
.7518383
.6965469
.8318704
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14.6830292 6.1728582 9.3227725
13.0285891 5.5286997 9.2718843
12.9035720 7.9868347 8.1073771
15.0179174 5.3380993 5.1024031
16.0515255 5.2571826 4.7462267
14.6478791 6.3192343 4.7629494
11.0827550 4.8147862 5.9405247
15.1560238 4.1331944 6.8637482
14.8430216 7.6404427 7.3247154
12.9740101 9.0378954 7.7864089
13.2708571 7.9786291 9.1470088
13.5337801 7.3717327 6.1500879
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