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ABSTRACT KEYWORDS
Liquid-liquid extraction and liquid membrane transport beha- Neptunium; Thorium;
vior of tetravalent actinide ions viz. Th(IV), Np(IV), and Pu(lV) Plutonium; transport;
were investigated for the first time using a diglycolamide (DGA) dendrimer; Diglycolamide
based dendrimer with a tris(2-aminoethyl)amine (TREN) scaffold

as the organic extractant. The generation of 1 dendrimer with

six DGA pendent moieties (termed as TREN-G1-DenDGA)

extracted Np(IV) more effectively than the other two ions, the

trend being Np(IV) > Pu(lV) > Th(IV). The extraction studies of

Np(IV) from 3 M HNOs indicated a 1:1 (metal:ligand) species and

the extraction efficiency increased with increasing nitric acid

concentration (1-6 M). The transport efficiency of Np(IV)

increased with the nitric acid concentration (1-6 M) as well as

with the ligand concentration. A very low concentration of 5.75

x 107* M ligand, when used as the carrier, resulted in the

transport of ca. 25% metal ion transport in 5 h, which increased

to >85% with 4.4 x 10> M ligand. The transport efficiency of the

metal ion across the SLM followed the trend Np(IV) > Th(lV) >

Pu(IV). The membrane stability was not satisfactory as seen over

a period of 5 days suggesting long-term use may require regular

replenishment of the carrier solvent. The effective diffusion

coefficient (Do) of Np(IV)-TREN-G1-DenDGA were determined

by the lag-time method and was found to be 5.1 x 1078 cm?/s.

Introduction

Neptunium is an important element in the group of actinide elements and is
produced as an activation product in nuclear reactors. >>’Np is used as a target
for the production of ***Pu, which has found application as a power source in
the thermoelectric generator in the space program due to its high heat
output.! The quantity of **’Np (t;;»: 2.14 x 10° yr) in the spent fuel of
Pressurized Heavy Water Reactor (PHWR) origin with a burn up of about
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6700 MWD/Te (megawatt-day per tonne) is approximately 25 g per tone of
the fuel discharged and the quantity may be higher with high burn up fuels.[?]
Hence, it is very important to separate this long-lived isotope from the spent
fuel not only for its subsequent use to produce ***Pu but also to get rid of the
long-term radiotoxicity and health hazards arising out of this isotope.'
Neptunium can be present in the spent fuel dissolver solution in different
oxidation states (+4, +5, +6) and during the PUREX (Plutonium Uranium
Redox Extraction) process it gets distributed among the organic and aqueous
phases because of the different extractability of its different ionic species.!*™®!
The +4 and +6 oxidation states of neptunium are extractable by the PUREX
organic phase, while the +5 state is weakly extractable. Generally, more than
40% of neptunium stays in the aqueous raffinate, while around 60% neptu-
nium goes to the TBP (tri-n-butyl phosphate) phase during the first cycle of
the PUREX process.[7]The chemistry of neptunium in nitric acid medium is
quite complicated due to its complex redox reactions.'*'?! Therefore, it is very
important to adjust the neptunium oxidation state in the nitric acid solution to
the extractable (+4, +6) or weakly extractable (+5) oxidation state to route it to
the organic phase or to the aqueous phase, respectively. Neptunium can exist
in different oxidation states (+4, +5 and +6) in 3 M HNO; due to the close
proximation of the reduction potentials of different oxidation state couples of
neptunium.>'* By using stronger reducing agent, such as the mixture of
ferrous sulfamate and hydroxyl amine hydrochloride it can be possible to
reduce +6 and +5 oxidation states of neptunium in dilute nitric acid to the +4
oxidation state’'®! and therefore, can be extracted in the organic phase
containing suitable extractant. Similarly, using a suitable complexing agent,
the extracted Np(IV) can also be stripped to the aqueous solution.

The chemistry of the extraction of neptunium by TBP is well known.
However, TBP forms degraded phosphorus-containing products due to radi-
olysiswhich interfere while stripping the metal ions from the organic phase
and also facilitate the formation of insoluble phosphate compounds,and can
limit the amount of waste loading into a glass matrix."® On the other hand,
diglycolamide-based extractants are green extractants (CHON principle) and
form degraded products that are innocuous in nature."”! These extractants in
suitable diluents (isodecanol-n-dodecane mixtures) have a very high extrac-
tion ability for the trivalent actinides/lanthanides and tetravalent actinides
from acidic feed solutions."®>°) However, multiple DGA (diglycolamide)
extractants where three or four DGA moieties are appended to a central
nitrogen or carbon atom are superior extractants for the extraction of trivalent
actinides/lanthanides and tetravalent actinides than simple DGA ligands such
as TODGA (N,N,N, N’-tetra-n-octyl diglycolamide, Figure 1).!*'~**! Generally
3 to 4 TODGA molecules form aggregate in non-polar diluents (n-dodecane)
when contacted with dilute nitric acid. Therefore, use of multiple DGA
extractant where 3 to 4 DGA moieties are there in the molecule can alleviate
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Figure 1. Structures of TREN-DGA, i-Prs-TREN-DGA, TRPN-DGA, T-DGA, TAETEB, TODGA, and TREN-
G1-DenDGA.

the aggregation formation and make the phenomena diluent independent.
Moreover, multiple-DGA-based extractant can enhance the extraction effi-
ciency of metal ion due to cooperative action.

Due to the very high extraction efficiency for the tri- and tetravalent actinide
ions and also their favorable extraction and stripping kinetics, these tailor-
made ‘exotic’ multiple DGA ligands can be used in very small quantities
(millimolar concentration) in molecular diluents (5% isodecanol-95% #n-dode-
cane) as carrier extractants in supported liquid membranes (SLMs) for trans-
port studies of metal ions. There are many advantages of using SLMs for metal
ion transport, such as simultaneous extraction and stripping, small inventory
of carrier ligands, no third-phase formation, no phase entrainment, etc.!2*~2*!

Recently, we have reported the extraction and transport behavior of tetra-
valent actinides (Np and Pu) with two different alkyl derivatives of N-pivoted
multiple DGA ligands (termed as TRPN-DGA and i-Pr;-TREN-DGA, Figure 1)
using SLM, which showed very promising extraction and transport of Np(IV)
and Pu(IV) in nitric acid solution.””’ Another multiple DGA extractant,
TAETEB (Figure 1) where 3 DGA units were attached to a benzene ring
platform offers more flexibility for the DGA units to bind with the metal ion
compared to the DGA units attached to a single C or N atom, thereby expecting
higher extraction efficiency for the metal ions. The objective of the present study
was to see the extraction and transport behaviour of the very important
neptunium in the tetravalent oxidation state by TREN-GI-DenDGA
(Figure 1) where 6 DGA moieties are present in the structure thereby expecting
higher metal ion extraction not only due to the presence of more number of
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DGA units in the structure but also due to the enhanced hydrophobicity of the
metal ion-ligand complex formed. Furthermore, the exotic ligands are better
suited for a SLM study where the ligand inventory was very low. The diluent
composition of 5% isodecanol-95% n-dodecane was chosen based on our
previous studies.*>*°! For comparison purpose, we have also carried out some
studies with Th(IV) and Pu(IV) with this ligand. Extraction and stripping
kinetic and transport studies were performed with Np(IV) and to a lesser extent
also with Th(IV) and Pu(IV) for comparison. To our knowledge, this is the first
report on liquid-liquid extraction and supported liquid membrane transport
studies involving tetravalent actinide ions with a TREN-based dendrimer.

Experimental
Materials

Chemicals

TREN-G1-DenDGA was synthesized as reported previously.** The charac-
terization of the ligands was done by 'H NMR spectroscopy and HR-MS and
the purity was found to be >99%. The diluents, n-dodecane and isodecanol,
were procured from Lancaster, UK, and SRL, Mumbai, respectively, and were
used as obtained. N-(2-Hydroxyethyl)ethylenediamine-N,N’N’-triacetic acid
(HEDTA) (Sigma-Aldrich, USA), oxalic acid (SRL, India), a-
hydroxyisobutyric acid (a-HIBA) (Sigma-Aldrich, USA) and 2-thenoyltri-
fluoroacetone (TTA) (Fluka, Switzerland) were obtained and used as such.
The required feed nitric acid solutions were prepared on diluting suprapur
nitric acid (Merck) using milliQ water (Millipore, USA). The feed acid solu-
tions were standardized using known strength NaOH, and the end point was
detected by phenolphthalein (Fluka) as indicator. A ferrous sulfamate solution
(0.3 M) was prepared by dissolving iron powder (BDH) in sulfamic acid
(Aldrich) and the required quantity was used in the experiment. All the
other chemicals used here were of AR grade.

Membranes

Porous PTFE (polytetrafluoroethylene) flat sheet membranes (dimensions:
diameter 47 mm, thickness 80 pm, pore size 0.45 um, and porosity 72%)
were procured from Sartorius, Germany. The pore size was confirmed from
Hg porosimetry measurements, while the thickness was checked by
a Mututoya digital micrometer.

Radiotracer
**Np tracer was prepared on irradiating uranyl nitrate hexahydrate in the
Dhruva reactor at BARC, Mumbai, at a thermal neutron flux of 1 x 10"

n cm > s~'. The radiotracer””Np is formed by (n, y) reaction with
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>38U followed by B- emission. **’Np was separated from the host matrix using
a reported method'®"! in which ca. 2 mL of 1 M HNO; was used to dissolve the
irradiated product, and a few drops of ferrous sulfamate (FS) (0.3 M) and a 50-
100 mg of hydroxylamine hydrochloride (HA) solid were added into it to
convert Np into its +4 state. The mixture was contacted with 2 mL of 0.5 M
HTTA in xylene (Merck) for a few minutes. This two-phase mixture was
centrifuged at 5000 rpm for 10 minutes, and the organic phase was collected
in a vial. This separated organic phase was contacted with 2 mL of 8 M HNO;
to strip neptunium. Subsequently, the aqueous phase containing the neptu-
nium was contacted two times with xylene to remove any traces of organic
material present in the aqueous phase. The aqueous phase containing
neptunium(IV) in 8 M HNO; was used as the **’Np stock. Its radionuclidic
purity was checked using gamma ray spectrometry and scintillation counting
with an alpha-beta discriminator, and the purity was found to be >99%.
Carrier-free *>*Th tracer was freshly ‘milked’ in the laboratory from natural
uranium, which was previously loaded in Aliquat-336/chloroform following
a reported method.'*?! The purity of the ***Th was checked using gamma ray
spectrometry. Laboratory stock Pu (mainly **’Pu) was purified by an anion
exchange resin to remove **'Am traces, prior to its use, and the purity was
checked by alpha as well as gamma ray spectrometry.** The oxidation state of
Pu(IV) and Np(IV) was adjusted to +4 using NaNO, and an FS-HA mixture,
respectively. The oxidation state of +4 was confirmed from the slope analysis
of the linear fitting of the log-log plots of Dp, or Dy, with HTTA concentra-
tions in xylene.**!

***Th and **’Np were assayed by gamma ray counting using a Nal(TI)
scintillation counter (Para Electronics) coupled to a multi-channel analyzer
(ECIL, India). Pu was assayed by liquid scintillation counting (Hidex, Finland)
using the Ultima gold scintillation cocktail (Perkin Elmer). The concentration
of the metal ions, viz., Th*', Np**, and Pu*" in the studies was <10™'* M, 10~
M, and 10~ M, respectively.

Methods
Liquid-Liquid extraction studies

Liquid-liquid extraction studies were carried out by equilibrating equal
volumes (usually 1 mL) of the organic and aqueous phases together in 10
mL capacity stoppered Pyrex glass tubes in a thermostated water bath at 25.0 +
0.1°C with constant shaking for about 1 h. After the required time of shaking,
the tubes were settled, centrifuged (at 3000 rpm for 3 minutes) and 100 pL
aliquots of organic as well as aqueous phases were removed and assayed
radiometrically. Generally, the organic phase contained 5.75 x 10~* M TREN-
G1-DenDGA in 5% isodecanol-95% n-dodecane. The presence of isodecanol
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was required to improve the solubility of the ligand.*>! On the other hand, the
aqueous phase was generally taken as low to moderate concentrations of nitric
acid (1 M — 6 M) spiked with the required radiotracer. The D-ratio is defined
as the ratio of the activity per unit volume in the organic phase to that in the
aqueous phase. Since equal volumes of the organic and aqueous phases were
used, the percentage stripping (%S) can be defined as follows:

100D

The solvent extraction studies were done in duplicate which showed
a reproducibility within 2% and the mass balance was found to be within
+5% (which was determined from the difference of counts per 100 uL of the
initial aqueous sample and the total counts in 100 pL of organic and aqueous
phases after equilibration).

Supported liquid membrane transport studies

The supported liquid membrane studies were performed in a two-
compartment transport cell (Figure 2) in which the PTFE membrane, contain-
ing the ligand solution in the membrane pores, was fixed in between the two
compartments and was tightened using a Parafilm strip. The compartments
were clamped together with a metallic clamp. However, prior to that, the PTFE
membrane was soaked in the ligand solution for 60 minutes in a Petri dish to
ensure uniform soaking of the membrane. Before fixing the membrane in the
transport cell, the soaked membrane was gently wiped with a tissue paper to
remove the extra ligand solution stuck to the membrane. One side of the
transport cell was filled with the feed solution, while the other side was filled
with the receiver solution. Both solutions were stirred continuously by a stirrer
bar and a synchronous magnetic stirrer. The samples (usually 100 pL) were
removed simultaneously from both the source and strip phases through their

Sampling port \M M/ Sampling port

Feed

Strip

Q

Stirrer bar SLM Stirrer bar

Figure 2. Schematic diagram of the glass transport cell used in the present study.
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respective sampling port as shown in Figure 2 and assayed radiometrically. All
the transport studies were carried out at room temperature (25 + 1°C) under
ambient conditions.

Different transport parameters, viz., diffusion coeflicient (D,), effective
diffusion coeflicient (D.g), permeability coefficient (P), were determined
from the transport data (vide infra). In addition, the percentage transport (%
T) of the metal ion to the receiver phase was determined from Equation (2) to
quantify the transport of the metal ion at a given time.

C,
%T = =" % 100 2)
Cro

The % metal ion retained in the feed phase at a given time ¢ is determined by
Equation (3):

C
%Feed = - % 100 (3)
Cro

where Cg, and C,; represent the concentrations of the metal ions in the
source and the receiver phases, respectively, at time ‘¢’ and C¢, represents that
in the feed phase at the start of the experiment. The permeability coeflicient

(P) is determined using the following equation'®®':

In (i) _ (3) P @)
Cf70 Vi

where Q stands for the effective surface area, which is obtained by multi-
plying the geometrical surface area (A) and the porosity (¢) of the PTFE
membrane used, and V¢ is the feed volume, which is kept at 20 mL in the
present study. The geometric surface area of the membrane exposed towards
the solution was 4.94 cm?, while the porosity was 72%.

Results and discussion
Extraction and stripping studies

Kinetics of extraction and stripping

To achieve rapid transport of the metal ions across a SLM, the extraction
kinetics at the source-membrane interface and the stripping kinetics at the
membrane-receiver interface should be reasonably fast. Therefore, separate
liquid-liquid extraction and stripping kinetic studies of the metal ions were
conducted prior to investigate their transport across an SLM. The extrac-
tion kinetics of Th(IV), Np(IV), and Pu(IV) was determined from a feed
solution of 3 M HNO; with 575 x 107* M TREN-G1-DenDGA in 5%
isodecanol-95% n-dodecane, whereas the stripping kinetics was followed
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Table 1. Stripping of Np(IV) extract in 5.75 x 10 ~* M TREN-G1-
DenDGA in 5% isodecanol-95% n-dodecane with different strip-

ping agents.
Stripping agent Dypqv) % Stripping
0.5 M Oxalic acid + 0.5 M HNO3 2.50 28.6
0.1 M HEDTA + 0.5 M HNOs 0.50 66.7
0.1 M HEDTA + 0.05 M HNOs 0.10 90.9
1 M a-HIBA 0.03 97.1

with the extracted metal ions in the organic phase by 1 M a-HIBA. The
stripping agent, 1 M a-HIBA, was chosen due to its very high stripping
efficiency for Np(IV) as evident from Table 1. The efficacy of different
stripping agents for Np(IV) stripping follows the order 1 M a-HIBA > 0.1
M HEDTA +0.05 M HNO; > 0.1 M HEDTA +0.5 M HNO; > 0.5 M oxalic
acid +0.5 M HNO; (Table 1). The extraction kinetics data of different metal

10

o} D/D =]
0 ] ] o
—{}— Extraction 14 1
—(O— Stripping (a) —{} Extraction (b)
14 —(— Stripping
2 o Z o1
& &
0.1 \
Q,
0.01
o] o o
001 T T T T T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time, minutes Time, minutes
14 {1
—{—Extraction (c)
—(O— Stripping
2
d-)': 0.1
0.01

T T T T T T T T T T
0 20 40 60 80 100 120

Time, minutes

Figure 3. Extraction and stripping kinetics of (a) Np(lV), (b) Pu(lV) and (c) Th(IV) ions. Extraction:
[TREN-G1-DenDGA]: 5.75 x 10™* M in 5% isodecanol-95% n-dodecane; Aqueous phase: 3 M HNO;
containing the metal ions. Stripping: Organic phase: Above extracted complex; Aqueous phase: 1
M a-HIBA.
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ions suggested that the equilibrium D-ratios were obtained within 30
minutes, whereas those of the stripping kinetics studies were obtained
within 10 minutes (Figure 3). These studies reveal that the extraction
kinetics is comparatively slower than the stripping kinetics. An earlier
investigation with the comparatively less bulky ligand TREN-DGA
(Figure 1) suggested relatively faster extraction kinetics (within 10 minutes,
equilibrium D-ratio was achieved) with both Np(IV) and Pu(IV).B”) This
indicates that the bulkiness in the ligand structure plays an important factor
in the extraction kinetics. A similar slower kinetics of extraction and faster
stripping were found in our earlier investigation with Eu(III) and Am(III)
with this ligand."*®!

The D-ratios upon extraction follow the trend: Dnp(rvy > Dpyavy > Draav)-
The higher D-ratio of Np(IV) than that of Pu(IV) is surprising and cannot be
explained based on the ionic potential of the metal ion. One of the reasons it
may be due to the higher overall aqueous nitrate complexation constant of
Pu(IV) compared to Np(IV) that drives to form stronger metal-nitrate com-
plexes in the aqueous phases with Pu(IV). Dendrimer being a bulky ligand, it is
quite reasonable to assume that it cannot effectively displace nitrate ion to
accommodate itself in the structure with Pu(IV) compared to that with
Np(IV). A higher Dxpavy than Dpyyy was also reported by Sengupta et al.
in the case of CMPO (carbamoylmethyl phosphine oxide).”®! Due to the
encouraging extraction and stripping results of Np(IV) obtained with TREN-
G1-DenDGA and considering the importance of neptunium, most of the
studies were carried out with Np(IV), while a few experiments were carried
out with other tetravalent metal ions, viz., Th(IV) and Pu(IV), for comparison
purposes.

T / Slope of the fitted line: 0.93 £ 0.02
10 _—a

D/ (@) ®)

D Np(Iv)
D, Np(IV)

T T

0 1 2 3 4 5 6 0.1 1
[HN03], M [Ligand], mM

Figure 4. Dyyy) at varying concentrations of (a) nitric acid with [TREN-G1-DenDGA]: 5.75 x 107
M in 5% isodecanol-95% n-dodecane and (b) TREN-G1-DenDGA at 3 M HNO3; Temperature: 25°C.
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Table 2. Dyy,y) values with different ligands in 5% isodecanol-95%
n-dodecane at 3.0 M HNOs.

Extractant Dnpavy Ref.
1.0 x 10~ M TREN-DGA 3.8 [37]
1.0 x 10 M T-DGA 15.5 [37]
1.0 x 107> M TAETEB 428 [37]
5.75 x 10~* M TREN-G1-DenDGA 6.1 (10.6)° This work
1.0 x 10> M TRPN-DGA 17.9 [29]
1.0 X 1073 M i-Pr;-TREN-DGA 147.1 [29]
5.0 x 1072 M TODGA 785 [29]

2Extrapolated to 1.0 x 10>M with the assumption of a ML-extracted species.

Effect of nitric acid concentration

The effect of the nitric acid concentration on the D-ratio of Np(IV) was
studied by varying it in the range of 0.5 M to 6 M keeping the ligand
concentration as 5.75 x 10™* M in 5% isodecanol-95% n-dodecane. Figure 4a
shows that the Dypv)-value increases monotonously with increasing nitric
acid concentration, suggesting a solvation mechanism for the extraction of the
metal ion. This extraction by the ligand occurred after metal-ligand com-
plexation at the aqueous-organic interface, followed by extraction of the
complex into the organic phase according to the following equation:

MZ; +yLU”g + nNO?j,aq = M(NO3)4 .yLorg (5)

where M is Np, L is TREN-G1-DenDGA and y is the number of L molecules
involved in Equation (5). The species with the subscripts ‘(aq)’ and ‘(org)’
represent those in the aqueous and the organic phases, respectively.

Comparison of the extraction behavior of Np(IV) with that of the lower
homologue of the present ligand, viz., TREN-DGA, showed a similar
trend.*”! However, the Dxpavy-
ratio is higher with TREN-G1-DenDGA at a given nitric acid concentra-
tion. For example, Dxpvy at 3 M HNOj3; was found to be 3.8 with 1 x 107°
M TREN-DGA, whereas it is 6.1 with 5.75 x 10~* M TREN-G1-DenDGA
in 5% isodecanol-95% n-dodecane (Table 2). This may be explained by the
higher lipophilicity of TREN-G1-DenDGA than TREN-DGA due to the
presence of more DGA moieties in the former. Consequently, it is obvious
that the DNp(IV)'
ratio with TODGA is much lower than that of TREN-G1-DenDGA at
a corresponding ligand concentration (assuming ML type species extracted
with TREN-G1-DenDGA) (vide infra) (Table 2). This suggests that due to
the cooperative metal-ligand complexation by the multi-dentate TREN-G1-
DenDGA, a stronger metal-ligand complex is formed than that with
TODGA where generally three to four TODGA molecules are required
for metal-ligand complex formation.!*”’ Comparing different DGA ligands,
the Dyp(1v)-values follow the trend: i-Pr;-TREN-DGA > TAETEB > TRPN-
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Figure 5. Transport profile of Np(IV) across flat sheet SLMs from 1 M, 3 M and 6 M HNO; feed
solutions using 5.75 x 10~* M TREN-G1-DenDGA in 5% isodecanol-95% n-dodecane. Stripping
solution in receiver is 1 M a-HIBA.

DGA > T-DGA > TREN-G1-DenDGA > TREN-DGA >> TODGA (assum-
ing three to four TODGA ligands are required to bind one metal ion)
(Table 2). Dnprvy is much higher with multiple DGA-based ligands com-
pared to TODGA. However, the lower Dypv)-ratio with TREN-G1-
DenDGA compared to other multiple DGA ligands, except for TREN-
DGA, but especially with i-Pr;-TREN-DGA may be due to its bulkier
structure, which may cause steric hindrance upon complexing with
a Np(IV) ion. Therefore, in addition to cooperative complexation, other
factors, such as lipophilicity, steric hindrance, +I effect of the alkyl group,
etc., are important for the D-ratios of a metal ion.

Effect of the ligand concentration

To understand the metal ion extraction from the feed-membrane interface to
the membrane phase, the metal-ligand stoichiometry was determined from
a ligand concentration variation experiment at 3 M HNO;. Therefore,
a liquid-liquid extraction study was conducted in which the extraction of
Np(IV) was carried out with different concentrations of TREN-G1-DenDGA

Table 3. Slopes of log-log plot of Dypgy) versus TREN-G1-DenDGA concentration;
extraction carried out at 3 M HNOs.

Ligand Slope [Ligand] Reference
TREN-DGA 1.49 + 0.05 2x107%-1x 107> M [37]
TREN-G1-DenDGA 0.93 + 0.06 1x10%-6x10*M This work
TRPN-DGA 1.15 + 0.08 1Tx10%—1x10°>M [29]

i-Pr3-TREN-DGA 1.07 + 0.07 Tx107*=1x 107> M [29]




704 B. MAHANTY ET AL.

in 5% isodecanol-95% n-dodecane (Figure 5). The data were fitted to the log—
log plot of Dyp1vy versus ligand concentration (Equation (6)). This equation
was derived from Equation (5).

logDy; = logKe: -+ 410g|NO5 |, + ylog| Ll (6)

where L is TREN-G1-DGA.

The results of the solvent extraction experiments are given in Table 3.

The two-phase extraction equilibrium constant (K.,) and the distribution
ratio (Dy;) are defined as follows (Equations (7) and (8)):

aM(NO3)3.yLorg
Kex = (7)
A+ an ay
Maq : NO3.uq' Lfree,arg

where ‘@’ 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. The details are given in the supporting information (SI)

[M(NOs),,.yL]

OTg 8
], ®)

Dy =

From Table 3 and Figure 4b it follows that TREN-G1-DenDGA forms
an ML type complex with Np(IV), whereas its lower homologue TREN-
DGA reportedly formed ML and ML, type species. Moreover, the higher
homologues of TREN-DGA, viz., TRPN-DGA and i-Pr;-TREN-DGA, also
formed ML type species. This suggests that as the bulkiness or the flex-
ibility in the ligand structure increases, the chances of formation of ML-
type species increase. Previously, we have reported that TREN-GI1-
DenDGA preferred to coordinate to the trivalent Eu(IIl) in a ‘crab like’
tashion forming an ‘inclusion’ complex, in which three DGA moieties of
the ligand coordinate to the central metal ion to satisfy the nine-
coordination of the Eu(IIl) ion, while nitrate ions remained in the outer
sphere.[30,31] Therefore, it is highly likely that in case of the Np(IV) ion,
being smaller in size than Eu(III), the eight-coordination of Np(IV) may
be fully satisfied by the DGA moieties of the TREN-G1-DenDGA ligand.
The four nitrate ions remain in the outer sphere to neutralize the charge
of the metal ion forming
[Np(NO3)4.L neutral species, which get extracted into the organic
medium.
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Transport studies

Transport studies were carried out to investigate the effect of feed composition
and ligand concentration in the membrane on the transport behavior and to
compare the transport behavior of other tetravalent metal ions by comparing
the transport flux and permeability coefficients. In addition, diffusion coeffi-
cients and stability of the membrane were also studied.

Effect of feed acid concentration

The feed nitric acid concentration of high-level waste (HLW) lies between 3
and 4 M. Therefore, a study on the effect of the nitric acid concentration on the
separation of Np(IV) is very relevant and important to understand its role on
the transport efficiency of the metal ion.

The nitric acid concentration in the feed phase was varied from 1 to 6 M
keeping the ligand concentration in the membrane as 5.75 x 10™* M in 5%
isodecanol-95% n-dodecane and 1 M a-HIBA as the stripping agent, while
monitoring the transport of Np(IV) in the receiver phase with time. It can be
seen in Figure 5 that the transport efficiency of the metal ion in the receiver
phase increases with time at a given nitric acid concentration in the feed phase.
Similarly, the transport efficiency also increases with the nitric acid concentra-
tion at a given time. For example, at 1 M, 3 M, and 6 M HNO3, the % transport
of Np(IV) in the strippant after 5 h was found to be 14.8%, 26.0%, and 41.2%,
respectively. This can be easily explained by Equation (6), which shows
a positive dependence on the nitrate ion concentration in the feed (vide
supra). With an increase in the nitric concentration, the equilibrium shifts to
the forward direction and results in more extraction of the metal ion in the
membrane phase. Consequently, there was an increase in the transport effi-
ciency. However, if one compares the transport efficiency of Np(IV) by TREN-
G1-DenDGA with TRPN-DGA and i-Pr;-TREN-DGA,?®! there are two
noticeable differences. Firstly, the percentage of cumulative transport of
Np(IV) follows the order: i-Pr;-TREN-DGA > TRPN-DGA >> TREN-G1-
DenDGA (Table 4). Secondly, whereas transport of Np(IV) increases with
nitric acid concentration with TREN-G1-DenDGA, there is a decreasing trend

Table 4. Transport of Np(IV) from different feed nitric acid concentrations
after 5 h. Receiver phase: 1 M a-HIBA, [Ligand]: 5.75 x 10™* M TREN-G1-
DenDGA in 5% isodecanol-95% n-dodecane.

[HNOs], M % Feed % Transport P x 10% (cm/s)
1 84.0 + 4.2 148 + 0.7 0.058 + 0.003
3 72.0 £ 3.6*° 26.0 + 1.3%° 0.121 + 0.004
6 57.1+28 412+21 0.185 + 0.007

31,0 x 107> M TRPN-DGA in 5% isodecanol-95% n-dodecane; Feed: 15.3%; Transport:
85.0%.

1.0 x 1073 M i-Pr3-TREN-DGA in 5% isodecanol-95% n-dodecane; Feed: 9.4%:
Transport: 88.7%. In both cases 5 h data. Strippant: 0.5 M oxalic acid + 0.5 M HNOs.
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at higher nitric acid concentration with TRPN-DGA and i-Pr;-TREN-DGA.
(291 The lower transport of Np(IV) with TREN-G1-DenDGA compared to i-
Pr;-TREN-DGA and TRPN-DGA may be due to the lower Dypv) and the
lower diffusion coefficient (D.g) of its metal-ligand complex (vide infra) (due
to formation of a bulkier metal-ligand complex). The increasing trend of the
transport of Np(IV) with nitric acid by TREN-G1-DenDGA indicates that the
competitive reaction of acid uptake by the ligand (Eq. 9) may not be important
for the ligand to affect the transport efficiency compared to that with TRPN-
DGA and i-Pr;-TREN-DGA.

L(org) + HNO3(uq) #L.HNO3(Org) (9)

where L is TREN-G1-DenDGA in 5% isodecanol-95% n-dodecane.

This is also evident from Figure 4a, showing that the Dy vy-ratios mono-
tonously increase with nitric acid concentration, whereas for TRPN-DGA and
i-Pr;-TREN-DGA, a plateau and a decreasing trend are observed at higher
nitric acid concentration (>2 M HNO3), respectively.[29] TREN-G1-DenDGA
contains six DGA moieties in a molecule, whereas TRPN-DGA and i-Pr;-
TREN-DGA only have three DGAs. So, even if 50% DGAs are forming adduct
with HNOj in case of TREN-G1-DenDGA, still three DGA moieties are free to
complex with the metal ion. However, the same number of protons would
form adduct with all DGA moieties of the other two ligands, and consequently,

100
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Figure 6. Transport profile of Np(IV) across flat sheet SLMs from 3 M HNO; feed solutions using
different concentrations of TREN-G1-DenDGA in 5% isodecanol-95% n-dodecane. Stripping solu-
tion in receiver is 1 M a-HIBA.
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Table 5. Transport of Np(IV) with different ligand concentrations in
the membrane. Feed: 3 M nitric acid; Receiver phase: 1 M a-HIBA;
[Ligand]: TREN-G1-DenDGA in 5% isodecanol-95% n-dodecane; Data

after 5 h.
[L], mM % Feed % Transport P x 10° (cm/s)
0.575 720+ 36 260+13 0.121 £ 0.004
2.21 329+16 64.6 + 3.2 0.398 + 0.006
4.42 154 £ 0.8 85.2+43 0.643 = 0.015

no sites will be left to coordinate to the metal ion. Therefore, even though the
transport efficiency with this dendrimer DGA ligand is comparatively lower
than that with TRPN-DGA and i-Pr;-TREN-DGA, these ligands may be very
useful for metal ion transport at higher nitric acid concentrations.

Effect of ligand concentration

The above discussion showed that transport of Np(IV) is low (26%) at 3 M
HNO; with 5.75 x 10~* M TREN-G1-DenDGA in 5% isodecanol-95% n-dode-
cane. For an efficient separation of metal ions, useful for practical purpose,
high throughput, selectivity, and stability of the membrane are required.
Therefore, it is very important to increase the transport rate of Np(IV) through
the membrane. As one of the ways, the transport rate can be increased by
increasing the ligand concentration in the membrane, which eventually
increases the extraction of metal ions in the membrane from the source-
membrane interface according to Equation (6). Therefore, the ligand concen-
tration in the membrane was varied from 5.75 x 10™* M to 4.42 x 107> M to
investigate the effect of the ligand concentration on the transport of Np(IV)
keeping the feed as 3 M HNOj; and the strip as 1 M a-HIBA. The results are
given in Figure 6 and Table 5. It is clear from Figure 6 that with the increase of
the ligand concentration, the transport efficiency increases. For example, at
ligand concentrations of 5.75 x 107* M, 2.21 x 107> M and 4.42 x 10~> M, the
transport of Np(IV) is 26.0%, 64.6%, and 85.2%, respectively. The permeability
coefficient (P) is also increasing with the ligand concentration. This can be
explained from Equation (10).

Dp(iv)
[P (8) + (52)

Here, Dxpav) is the distribution ratio, D, and D, are the aqueous and
membrane diffusion coefficients of Np(IV), respectively, whereas d,, dy, and
7 are the aqueous diffusion layer thickness, membrane thickness, and tortu-
osity factor, respectively. Assuming that the rate-limiting step is the diffusion
of the Np(IV)-TREN-G1-DenDGA complex, the first term in the denominator
of Equation (10) can be ignored and, therefore, the equation simplifies to:

P= (10)
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Figure 7. Transport profile of different actinide ions across a flat sheet supported liquid membrane
from 3 M HNO; as feed phase and 1 M a-HIBA as stripping phase. [Ligand]: 4.42 x 10~ M TREN-G1-
DenDGA in 5% isodecanol-95% n-dodecane.

Table 6. Transport of different actinides from 3 M HNO; as feed acidity after 5 h. Receiver
phase: 1 M a-HIBA; [Ligand]: 442 x 107> M TREN-G1-DenDGA in 5% isodecanol-95%
n-dodecane.

Metal ions % Feed % Transport P x 10® (cm/s) Reference?’
Th(lV) 278 £ 1.1 724+ 29 0.446 £ 0.010 P.W.
Np(IV) 154 + 0.6 852+ 34 0.643 £ 0.015 P.W.
Pu(Iv) 402 £16 605 +24 0.316 £ 0.030 P.W.
Am(lll) 56.7 43.0 0.191 £ 0.007 [38]

aP.W. = Present work.

X Do
doT

pP= DNp(IV) (11)

This equation shows that with the increase of the TREN-G1-DenDGA
concentration, the permeability coefficient value (P) may increase or decrease
depending on the relative values of Dypvy and Dy, and hence, the perme-
ability coefficient values are dependent on the ligand concentration. The
increase of the ligand concentration can increase the D-ratios, whereas it
may decrease the D, values due to increase of the viscosity of the membrane
phase. In the present case, the permeability coeflicient values increase with the
ligand concentration, indicating that Dy,1v) increases more than the decrease
of D, with the ligand concentration. The effect of D, on the concentration may
not be significant owing to the small concentration of the ligand used here,
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which may not change the viscosity of the medium significantly. A similar
increase of the permeability coefficient value was also noticed in our previous
study with the same ligands with Eu(III) and Am(III) transport.Bg]

Comparative transport behavior of Th(IV), Np(IV), and Pu(IV)

The encouraging results of the transport of Np(IV) with TREN-G1-DenDGA
led us to compare the transport behavior of other tetravalent metal ions, viz.,
Th(IV) and Pu(IV), with this ligand under identical experimental conditions.
For the transport study, 4.42 x 107> M TREN-G1-DenDGA in 5% isodecanol-
95% n-dodecane was taken in the membrane, whereas the feed and the strip
phases were 3 M HNO; and 1 M a-HIBA, respectively. The transport profiles
of Th(IV), Np(IV), and Pu(IV) are given in Figure 7, whereas the 5 h transport
data and the permeability coefficient values are presented in Table 6. The
transport values of Th(IV), Np(IV), and Pu(IV) are 72.4%, 85.2%, and 60.5%,
respectively, while the corresponding permeability coeflicient values (P) are
0.446 + 0.010 cm s, 0.643 £ 0.015 cm s ™', and 0.316 + 0.030 cm s .
Compared to the tetravalent metal ions, the transport of the trivalent actinide
ion, Am(IIT), was significantly lower."*®! As the sizes of all these complexes are
nearly the same, assuming 1:1 (M:L) complex formation, the diffusion of the
species across the liquid membrane should take nearly the same time, and the
difference in the transport rates are attributed to the difference in the extrac-
tion efficiency of the ligand towards the metal ions. As discussed below, ionic
potential considerations may not be entirely true for the tetravalent ions, while
this may be true for the trivalent ions.

The lowest transport rate of Pu(IV) compared to that of Np(IV) and Th(IV)
is very unusual and does not follow the ionic potential trend of the metal ion,
which is the highest with Pu(IV)."*! The experimental data showed that the
D-ratios follow the order: Dypavy > Dpuavy > Drnavy (vide supra), which

M(@V) M(@IV) - L Complex
L M(@v)
Nitric acid Alpha-HIBA
FEED MEMBRANE RECEIVER

L = TREN-G1-DenDGA

Scheme 1. Pictorial depiction of the transport mechanism.
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explains why the highest transport was observed with Np(IV) among the
tetravalent ions. On the other hand, the higher transport of Th(IV) compared
to that of Pu(IV) after >4 hours may be due to the slightly different stripping
kinetics of the metal ions. A similar trend of higher transport of Np(IV) than
that of Pu(IV) was reported by us with TRPN-DGA and i-Pr;-TREN-DGA,
although the D-ratio of the latter ion was higher than that of the former ion.!**’

Mechanism of transport
The mechanism of transport in a supported liquid membrane system is
generally given in four parts'®¥ viz. i) extraction of the metal ion at the
feed-membrane interface, ii) diffusion of the M-L complex species along the
thickness of the membrane, iii) decomplexation or stripping of the metal ion at
the membrane-receiver interface and iv) diffusion of the carrier extractant
from the receiver side of the SLM to its feed side.

As shown in Figure 3, the extraction step takes longer time than the stripping
step and the slow transport of the metal ions in the present case is a consequence
of the slow extraction kinetics. Furthermore, the slow transport of the metal ions
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Figure 8. Lag-Time of Np(IV) transport across a flat sheet SLM from 3 M HNO; as feed phase and 1
M a-HIBA as stripping phase. [Ligand]: 442 x 10~ M TREN-G1-DenDGA in 5% isodecanol-95%
n-dodecane.

Table 7. Diffusion coefficients of Np(IV) determined by the lag-time and Wilke-Chang equations.
Feed: 3 M HNOs; Receiver: 1 M a-HIBA; [L]: 4.42 x 10 ~3 M TREN-G1-DenDGA in 5% isodecanol-95%
n-dodecane.

Extractant Lag-time (s) Degt (cm?/s) x 108 D, (cm?/s) x 10° Ref.
TREN-G1-DenDGA 336 £ 7 1.56 + 0.08 5.09 This work
TRPN-DGA 96.1 = 5.0 7.13 +£0.52 6.49 [29]

i-Pr3-TREN-DGA 786 +3.9 8.71 £ 0.61 6.51 [29]
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is also dependent on the diffusion of the metal-ligand complex, which arguably
is rather bulky in view of the six DGA moieties attached to the TREN backbone.
The mechanism of the transport is depicted in Scheme 1.

Diffusion coefficient
The diffusion coeflicient is an important transport parameter, which gives an
idea about the amount of metal ion transport per unit area of the membrane
per unit time under the influence of a unit concentration gradient. This
parameter for Np(IV) was determined by the lag-time method using the
following formula:

 dge
7 6tlag

(12)

where d,, is the membrane thickness (cm), € is the membrane porosity and
tiag is the lag-time. The membrane thickness is 0.007 cm; ¢ is reported to be
0.64. The lag-time is the time that is required for the metal ion complex to first
appear in the receiver solution from the start of the experiment. The lag-time
plot for Np(IV) is shown in Figure 8 and the lag-time is determined by the
intersection point of the two straight lines. The lag-time data along with the
diffusion coefficient values are given in Table 7. The diffusion coefficient (D)
can also be obtained using the Wilke-Chang equation*! which is defined as
0.52,40.5
Dy =7.4x10"8 ()‘M7T> (13)
Ve

where M is the molecular weight of the complex, Np(NO;)4.L (L=TREN-G1
-DenDGA), y and 7 are the solvent association parameter and the viscosity of
the solvent, respectively, V,, is the molar volume of the Np-L complex, and T'is
the temperature in degree Kelvin. The molar volume of TREN-G1-DenDGA
was calculated as 5462.16 cm® mol '**! whereas the molecular weight of the
Np(NO3),. TREN-G1-DenDGA complex was 2925. The dynamic viscosity of
n-dodecane was used as an approximation for the diluent system containing
5% isodecanol-95% n-dodecane being 1.34 mPa.s and y is taken as unity for
the solvent system. The diffusion coefficient values determined by the lag-time
method were compared to those obtained by the Wilke-Chang equation
(Table 7). The diffusion coeflicients calculated with the Wilke-Chang equation
are around two orders of magnitude higher than those obtained from the lag-
time method. This could be due to the non-spherical complex diffusion in the
actual complex vis-a-vis nearly spherical species diffusion assumed in the
Wilke-Chang diffusion model. The diffusion coeflicients obtained with the
analogous ligands TRPN-DGA and i-Pr;-TREN-DGA are also included in the
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Figure 9. Stability of the SLMs for Np(IV) transport studies. Feed: 3 M HNOs; Strip: 1 M a -HIBA;
[Ligand]: 4.42 x 10~ M TREN-G1-DGA in 5% isodecanol-95% n-dodecane.

Table 8. Stability of the SLMs for Np(IV) transport studies. Feed
nitric acid concentration: 3 M; Receiver phase: 1T M a-HIBA;
[Ligand]: 4.42 x 10~> M TREN-G1-DGA in 5% isodecanol-95%
n-dodecane. Data after 5 h.

Day % Feed % Transport P x 10° (cm/s)
1 154 +0.8 85.2+43 0.643 + 0.015
2 207 +1.0 79.0 £ 39 0.554 + 0.003
5 50.8 + 25 489 + 2.4 0.241 £ 0.016

table for comparison purpose, which indicated higher diffusion coefficients of
Np(IV) with these ligands, pointing to the effect of a bulkier size of the ligand
on the diffusion coefficient.

Stability of the membrane

For a liquid membrane involving transport of metal ions, it is important to show
a high trans-membrane flux stability in consecutive cycles of operations.
Generally, it has been observed that SLMs exhibit poor stability and the trans-
port efficiency for metal ion transport decreases from day 1 itself. Therefore, the
stability of the present membrane was investigated by determining the transport
profile of Np(IV) transport, with the present membrane system consisting of
4.42 x 107> M TREN-G1-DenDGA in 5% isodecanol-95% n-dodecane in the
membrane, while feed phase and strip phase are 3 M HNO; and 1 M a-HIBA,
respectively. The transport profile of Np(IV) transport is measured up to 5 days
and before the start of each day/cycle, the feed and strip-phase solutions were
changed with fresh solutions of the same composition without disturbing the
membrane. The transport profile on each day of transport (up to 5 h) is shown in
Figure 9, whereas the transport data at 5 h and the permeability coefficient values
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are given in Table 8. In this case, the transport efficiency also decreases already
from day 1 itself, demonstrating the poor stability of the membrane. For
example, the transport of Np(IV) at 5 h on days 1, 2, and 5 is 85.2%, 79.0%,
and 48.9%, respectively. A stability study at comparatively lower ligand concen-
tration (5.75 x 10™* M) with Eu(III) as the metal ion under identical feed and
strip compositions showed a comparatively poorer stability of the membrane,
[35] indicating that the ligand concentration may affect its stability. This indi-
cates that the ligand is possibly leaching from the membrane into the adjacent
aqueous phases while stirring the phases during the experiment.

When the ligand concentration in the membrane is quite low, the net ligand
concentration in the membrane after leaching becomes very small and hence
there is a large decrease in the permeability coefficient values upon increasing
the number of cycles of operation. For example, the permeability coefficient
values of Eu(III) under identical feed and strip compositions at 5.75 x 10~*
M TREN-G1-DenDGA in the membrane on days 1, 2 and 6 are 0.159 + 0.002
cm s, 0.082 + 0.001 cm s~ ', and 0.014 + 0.002 cm s ', respectively. On the
other hand, the permeability coefficient values obtained with the present
system for Np(IV) transport on days 1, 2 and 5 are 0.643 + 0.015 cm s ',
0.554 + 0.003 cm s~ ', and 0.241 + 0.016 cm s~ ', respectively. Therefore, the
percentage decrease of permeability coefficient values from day 1 to day 2 is
13.8% for Np(IV) transport at an initial ligand concentration in the membrane
of 4.42 x 107> M, whereas it is 48.4% for Eu(III) transport at an initial ligand
concentration in the membrane of 5.75 x 10™* M. A similar poor stability of
the membrane was also noticed with a TREN-DGA containing membrane.[44]

Conclusions

The present investigation deals with extraction and transport studies of
Np(IV) with an N-pivoted dendrimer-DGA ligand (TREN-G1-DenDGA)
dissolved in 5% isodecanol-95% n-dodecane. In select cases, extraction and
transport studies were also performed for Th(IV) and Pu(IV) for comparison
purpose. Slow extraction (within 30 minutes equilibrium D-ratio is reached)
and fast stripping (within 10 minutes equilibrium D-ratio is reached) kinetics
of the metal ions was found. The solvent extraction data showed the formation
of a 1:1 (metal:ligand) species with Np(IV) when extracted at 3 M HNO; and
an increasing trend of extraction of Np(IV) to the organic phase with nitric
acid concentration (1-6 M). Similarly, an increasing trend of Np(IV) ion
transport across a SLM to the receiver phase (1 M a-HIBA) was observed
with the nitric acid concentration, which contrasts with our earlier investiga-
tions with TRPN-DGA and i-Pr;-TREN-DGA. This demonstrates the effec-
tiveness of the TREN-G1-DenDGA ligand for metal ion transport at higher
nitric acid concentrations. This may be due to the presence of a larger number
of DGA-moieties in TREN-G1-DenDGA compared to that in TRPN-DGA
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and i-Pr;-TREN-DGA. This results in a lesser fraction of DGA.HNO; adduct
moieties with TREN-G1-DenDGA (or conversely more free DGAs available
for binding a metal ion) and hence a better transport of metal ions compared
to TRPN-DGA and i-Pr;-TREN-DGA at higher nitric acid concentrations.
The permeability coefficient values of Np(IV) transport increased with
increasing ligand concentration in the membrane. A permeability coeflicient
value of 0.643 + 0.015 cm s~ ' was obtained for Np(IV) transport of 85.2% after
5 h when the ligand concentration in the membrane was 4.42 x 10> M. The
cumulative transport data at 5 h follow the order: Np(IV) > Th(IV) > Pu(IV),
which deviates from their respective D-ratios being Dxpvy > Dpuav) > Drhav).-
Though the liquid membrane stability was not satisfactory, it can be alleviated
by regular replenishment in the case of a longer run for large-scale processing.
It has been clearly demonstrated that TREN-G1-DenDGA is superior to other
related ligands, especially at higher acidities.
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