Journal of Chromatography A 1642 (2021) 462037

journal homepage: www.elsevier.com/locate/chroma

Contents lists available at ScienceDirect

Journal of Chromatography A

Highly efficient uptake of neptunium from acidic feeds using two n

Check for

solid phase extraction resins containing diglycolamide-functionalized

calix[4]arene ligands

Rajesh B. Gujar?, Prasanta K. Mohapatra®*, Mudassir Igbal®, Jurriaan HuskensP,

Willem Verboom P

2 Radiochemistry Division, Bhabha Atomic Research Centre, Mumbai-400 085, India

b Laboratory of Molecular Nanofabrication, MESA+ Institute for Nanotechnology, University of Twente, P. 0. Box 217, 7500 AE Enschede, The Netherlands

ARTICLE INFO ABSTRACT

Article history:

Received 20 December 2020
Revised 25 February 2021
Accepted 27 February 2021
Available online 4 March 2021

Two solid phase extraction resins (SPER) were prepared by impregnating solutions of two diglycolamide-
functionalized calix[4]arenes in 10% isodecanol in n-dodecane into Chromosorb W, as the stationary
phase. While SPER-I contained n-propyl functionalized calix[4]arene, SPER-II contained the calix[4]arene
with isopentyl groups at the carboxamide nitrogen atoms. The SPERs were characterized by SEM, TGA,
FTIR, etc. and were used for the batch uptake of neptunium(IV) from nitric acid feed solutions. While the
uptake of Np(IV) was extremely high with SPER-I (Ky: 47,544 at 3 M nitric acid, ca. 8% extractant load-
ing), SPER-II displayed a significantly lower extraction efficiency (K4: 13,724 under identical conditions) as
indicated by the batch uptake studies. Sorption isotherm studies were carried out which indicated good
fitting to the Langmuir model suggesting uptake conforming to monolayer sorption. Fitting to the D-R
isotherm model conformed to a chemisorption model. Column studies were also carried out and the elu-
tion profiles, obtained with solutions of oxalic acid and nitric acid indicated very sharp peaks suggesting
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that the column can be used for the separation of Np(IV) from acidic radioactive feeds.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Neptunium is one of the most important actinide elements rel-
evant in the nuclear fuel cycle as it is produced in large quantities
during reactor operations wherein the nuclear fuel is bombarded
with thermal neutrons. Due to its long half-life (t;),: 2.1 x 106 y),
237Np, the most abundant isotope of neptunium found in the spent
fuel, also considered as one of the major constituents of the high-
level liquid waste (HLLW) emanating from spent fuel reprocessing
and hence, requires special attention [1]. The separation of minor
actinides such as Np, Am and Cm from the HLIW [2-4] followed
by their transmutation in high flux reactors or accelerator driven
sub-critical systems (ADSS) is one of the major strategies for ra-
dioactive waste management [5]. Neptunium is unique due to its
coexistence in a number of oxidation states in acidic feeds depend-
ing on the redox conditions [6]. Also, Np(V) can easily dispropor-
tionate depending on the feed acid conditions [7]. While Np(IV)
can be conveniently extracted using TBP (tri-n-butyl phosphate),
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the commonly used extractant in the back end of the nuclear fuel
cycle, it cannot co-extract other minor actinide ions such as Am(III)
and Cm(III) due to their lower ionic potential. In this context, other
extractants tailor made for the actinide partitioning can become
handy. Diglycolamides (DGA) are a class of extractants with very
high efficiency for the extraction of trivalent actinides [8-10]. How-
ever, there are only a handful of reports on the extraction of Np
from acidic feeds using DGAs [11,12].

Recently, we developed multiple-DGA ligands where the DGA
moieties are appended to macrocyclic scaffolds such as the
calix[4]arenes [13]. These extractants have shown very high ex-
traction efficiency towards the trivalent actinides but their affinity
towards Np(IV) extraction was mostly unexplored [14]. Recently,
we have reported the solvent extraction of Np using several DGA-
functionalized calix[4]arenes and the results were quite promising
[15].

The solvent extraction processes require large solvent inven-
tory and generate very high volumes of secondary wastes. While
proposing solvent extraction based separation processes involving
exotic ligands such as the DGA-functionalized calix[4]arenes, the
cost can be very high in spite of the use of very low extrac-
tant concentrations [14]. On the other hand, solid phase extraction
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Fig. 1. Structure of the C4DGA ligands L; and Ly.

methods where such ligands can be impregnated into a porous
support material such as Chromosorb W (dimethyl dichlorosilane
treated acid washed celite diatomaceous silica) can be quite inter-
esting. It is now well known that such solid phase extraction resins
can distinctly bring down the cost of the separation process and
can be operated in the column mode, thereby giving the advan-
tages of both solvent extraction as well as ion exchange methods
[16-19].

The present paper deals with the preparation of two novel
solid phase extraction resin (SPER) materials termed as SPER-I and
SPER-II containing two DGA-functionalized calix[4]arene ligands
(C4DGA), termed as Lj and Ly (Fig. 1), impregnated into the pores
of the solid support material, Chromosorb W and subsequent eval-
uation of Np(IV) uptake from nitric acid feeds by batch as well as
column studies. The results were compared with other analogous
resin materials reported in the literature for Np(IV) uptake from
acidic feeds. To our mind, this is the first ever report on the solid
phase extraction of neptunium using impregnated C4DGA ligands.
As the C4DGA ligands are considered highly efficient for actinide
ion extraction [13-15], the resins are considered to be highly effi-
cient for Np(IV) ion.

2. Experimental
2.1. Chemicals

The C4DGA ligands L; and Ly (Fig. 1) were synthesized fol-
lowing a reported procedure [13]| and were characterized by stan-
dard techniques such as 'H NMR, HPLC, and HR-MS. Chromosorb-
W (mesh size 60-80) was procured from John Manville, USA and
was given two cycles of alternate washings with distilled water
and ethanol to get rid of the inorganic and organic impurities,
respectively, followed by drying in an oven at 70 °C to remove
the solvents. 2-Thenoyltrifluoroacetone (TTA) and sulphamic acid
(both >99% pure and procured from Sigma-Aldrich) were used as
received. Dilute nitric acid solutions were prepared from Supra-
pur nitric acid (Merck) and MilliQ water (Millipore, USA) and were
standardized volumetrically prior to use. All other chemicals were
of AR grade.
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2.2. Radiotracers

241Am, Pu (mainly 23%Pu), and 233U were used from the labora-
tory stock solutions, while >2154Eu and 137Cs were obtained from
the Board of Radiation and Isotope Technology (BRIT), Mumbai and
were used after checking their radiochemical purities by alpha- /
gamma-ray spectrometry as the case required. Carrier free 23°Np
was prepared by neutron activation of uranyl nitrate hexahydrate
(ca. 2 mg) in the Dhruva reactor at BARC using a thermal neutron
flux of 8 x 1013 n.cm~2.s7!. The thus produced 23°Np radiotracer
was purified using a previously reported method [20] where the
irradiated uranium salt was dissolved in dilute nitric acid (0.5 M)
and processed to get Np in the +4 oxidation state (by the addition
of a few drops of 5.0 x 10-2 M ferrous sulphamate and 0.5 M hy-
droxylamine hydrochloride) followed by TTA extraction (0.5 M TTA
in xylene). The aqueous solution was considered to have quantita-
tively converted Np to its +4 oxidation state. The organic phase,
containing the Np(IV)-TTA extract, was carefully separated and the
extracted Np(IV) was stripped using 7.5 M HNOs. The stripped
aqueous phase containing 23°Np was washed twice with xylene
to remove small quantities of TTA dissolved in the aqueous phase
and was subsequently used as the Np(IV) stock (0.7 milli Curie in
1 mL). The batch uptake and column studies were carried out us-
ing this Np(IV) stock solution whose oxidation state was checked
every week by TTA extraction studies [20].

2.3. Radiometric assay

241Am, 239Np, 132154Ey, and 137Cs were assayed radiometrically
for their emitting gamma rays using a well type Nal(Tl) scintil-
lation counter (Para Electronics) interphased with a multichannel
analyzer (ECIL, India). The alpha emitting radionuclides, viz. 233U
and 239Pu, were assayed by a liquid scintillation counter (Hidex,
Finland) employing a toluene-based extractive scintillator cocktail
containing 20% D2EHPA (di-2-ethylhexyl phosphoric acid) to take
care of quenching due to nitric acid. In view of the short half-life
of 239Np (2.3 d), decay correction was done for the gamma ray
counts obtained. In cases where very low count rates were ob-
tained, the counting was done for a longer time in order to dis-
count the counting statistics error.

2.3. Preparation of the SPE resins

SPER-I and SPER-II, which contained L; and Ly, respectively,
were prepared following a reported method [21]. About 160 mg
of the ligands were taken along with a weighed quantity of the
diluent mixture (10% isodecanol + 90% n-dodecane) to make a to-
tal of 500 mg of the solvent (ligand + diluents). The entire content
of the solvents was added to two separate stoppered Erlenmeyer
flasks, each containing a slurry made from ca. 1.5 g of Chromosorb
W in 20 mL acetone. The mixture was agitated at ambient temper-
ature for about 24 h, whereupon the solvent was removed carefully
by flushing nitrogen gas with gentle stirring. The resin materials
with >99% of the solvent evaporated were dried in a vacuum des-
iccator to constant weight to yield free flowing materials for the
subsequent studies. From the difference between the final product
and the Chromosorb W taken, the extractant loading on the solid
support was roughly estimated as ca. 8% (w/w) for both the resins.

2.4. Characterization of the SPE resins

The resins, SPER-I and SPER-II, were characterized prior to their
evaluation for Np(IV) uptake and these studies comprised of ligand
loading and decomposition patterns by thermogravimetry (TGA),
surface morphology by SEM (scanning electron microscope) and
presence of the extractants inside the resin pores by FTIR (Fourier
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Transform Infrared) spectroscopy. The TGA studies were carried
out using a NetzschThermobalance (Model: STA 409 PC Luxx) at
a heating rate of 10 °C per minute in air atmosphere up to 800°C.
The combustion of the extractants present in the SPER pores re-
sulted in changes seen in the graphs of mass loss vs tempera-
ture. The surface morphology of the SPE materials was analyzed
by recording scanning electron micrograph (SEM) pictures using
a Stereoscan 100 Cambridge model operating at 15/25 kV with a
magnification of 3000x at a working distance of 15 mm at a tilt
angle of 45° after giving a 15 nm coating of gold using a Balzer’s
coating unit (model: CEA 30). Finally, the presence of the extrac-
tants inside the resin pores was characterized by FTIR recorded on
a Bruker Alpha II ATR-FTIR spectrometer.

2.5. Batch uptake studies

The Np(IV) uptake by the SPERs was done by both batch as well
as column mode operations. The batch uptake studies were carried
out by contacting ca. 10-15 mg of the SPERs, weighed accurately
in plastic vials (10 mL capacity), to which 1 mL of the dilute ni-
tric acid solution containing the radiotracer (ca. 900 - 1000 dps)
was added. The batch uptake studies were carried out in a ther-
mostated water bath at 25 + 0.1°C where the tubes were rotated
vertically at a speed of 20 rpms for about 1 h, while ensuring that
the tubes were always dipped inside the bath. The tubes were sub-
sequently centrifuged and 100 pL aqueous solution aliquots were
removed for subsequent radiometric assay as mentioned above.
The weight distribution coefficient (K;) values of the metal ions
were calculated using the following equation:

G-01 Vv
k=[] e (1)

where C, and C are the concentrations of metal ions expressed in
terms of counts per unit time per unit volume before and after
equilibration, respectively, and V and W represent the volume of
the aqueous phase used (in mL) and the weight of the resin (in
g), respectively. All batch uptake experiments were carried out in
triplicate and the accepted data were found to be within the rela-
tive standard deviation of 5%. The concentrations of 23°Np, 24! Am
and Pu used in the present study were ca. 1012 M, 10-7 M and
10-6 M, respectively, while those of 137Cs, 152154Ey and 233U were
ca. 10> M.

The sorption isotherm studies were carried out by equilibrat-
ing the feed solutions containing varying concentrations of Th (in
the range of 300 mg/L to 1000 mg/L) but spiked with 23°Np ra-
diotracer. The counts in the aqueous phase were estimated from
radiometric assay of 23°Np which gives an idea about the Ce (equi-
librium concentration of the metal ion). The saturation batch up-
take capacity was determined by equilibrating 20 mg resin in a
tube containing 1 mL of Th (1 g/L) solution in 3 M HNO;5 spiked
with 239Np (ca. 1500 Bq). Th(IV) was estimated by UV-visible
spectrophotometry using Arsenazo Il as the chromogenic agent
as mentioned in a previous report [22]. As seen during our col-
umn studies, Th(IV) was a reasonably good surrogate of Np(IV) and
hence, justifies its use in these studies as well.

2.6. Column studies

The column studies using the two SPERs were carried out using
two glass columns (dimension: 20 cm (length) x 0.4 cm (dia)) fit-
ted with bulbs of 10 mL capacity at the top and frits and stop cocks
at the bottom. The columns were packed using a standard method
where a known weight of the SPERs (ca. 500 mg) was added to
the aqueous phase to yield slurries of solutions, which were sub-
sequently poured into the column through the bulbs at the top of
the column. Utmost care was taken to eliminate any air bubble in
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Table 1
Various parameters for the column studies using the SPER-I and
SPER-II resins.
Parameter SPER-I (n-propyl) SPER-II (isopentyl)
Resin weight  0.501 g 0.505 g
Bed height 12.1 cm 123 cm
Bed volume 2.5 cm? 2.6 cm?
Bed density 0.022 g/cm? 0.022 g/cm3
Flow rate 0.05 mL per minute ~ 0.05 mL per minute

the columns which could otherwise affect the flow rates. The col-
umn parameters are listed in Table 1.

The column studies included loading, washing and elution,
each with a given aqueous solution as per the uptake and strip-
ping characteristics of the metal ion standardized from the batch
studies. Prior to loading the Np(IV)-containing feed solution, the
columns were washed with an aqueous phase (ca. 10 mL) contain-
ing the same concentration of nitric acid as in the feed, but sans
the radiotracer. As the 23°Np tracer is carrier free, it was decided
to add thorium nitrate carrier as surrogate for the tetravalent nep-
tunium. After conditioning of the column, the feed solution, con-
taining 1 g/L Th-nitrate solution spiked with the 23°Np tracer (ca.
1000 Bq in 1 mL of the feed) was passed through the column and
the effluent which came out of the column was counted to get the
breakthrough profiles. In view of the short half-life of 23°Np, decay
correction was done after the counting of all fractions was com-
pleted.

All column operations were carried out at ambient tempera-
ture (24 + 1°C) and the column operations were carried out at a
near constant flow rate of 0.05 mL/min. When not in use, the col-
umn flow rates were stopped using stop cocks and the bulbs were
sealed with Para film. The solutions coming out of the columns
were assayed radiometrically for the 23°Np tracer presence as men-
tioned above for which decay correction was done. The elution of
the loaded metal ions was done using a strip solution containing
a mixture of 0.5 M oxalic acid and 0.5 M nitric acid. The uptake
| breakthrough and the elution profiles were plotted as a function
of volume of feed/eluent passed through the column to obtain the
breakthrough / elution curves.

3. Results and discussion
3.1. Characterization of the SPE resins

The SPERs containing the extractants Ly and Ly in the pores of
the solid support, i.e., Chromosorb W were characterized prior to
use for the uptake of metal ions. As mentioned above, the weight
difference between resins indicated ca. 8% extractant loading. This
was further confirmed by thermogravimetric analysis (Fig. 2) for
obtaining information about any water uptake, decomposition of
the extractant, etc. As shown in Fig. 2, the weight loss in the tem-
perature range of 100-120 °C was negligible (almost nil for SPER-I
and <1% for SPER-II), suggesting minimal moisture absorption by
the resins. Also, it is clear that the resins were thermally stable
up to 180-200 °C beyond which slow decomposition occurred. The
final weights of the resins were close to 92%, which remained con-
stant up to 800 °C. The TGA data proved about 8% loading of the
ligands for both the resins and while the ligands were decomposed
in the first step, the second step indicated complete removal of the
oxide impurities.

The extractant loading was further confirmed by FTIR spectro-
scopic analysis (Fig. 3). The >C=0 stretching frequency at ca. 1600
cm~! is clearly seen in the FTIR spectra of both the resins, indicat-
ing the presence of the extractants inside the resin pores.
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Fig. 2. Thermogravimetric analysis of SPER-I and SPER-II resins in air at 10 °C per minute as the heating rate.
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Fig. 3. FTIR spectra of pristine and irradiated SPER-I and SPER-IL

The SEM pictures for both the SPERs were obtained with vary-
ing magnifications and are presented in Fig. 4. The SEM pictures
show porous honeycomb like structures in both the resins suggest-
ing that the extractants are trapped inside the porous structures
which can also lead to fast uptake kinetics, which is a key factor
in developing the resin materials.

3.2. Batch uptake studies

The batch uptake of Np(IV) was studied from 3 M HNOj3 (con-
sidered close to the acidity of the HLLW) using both SPER-I as well
as SPER-IL. For comparison purposes, the uptake studies were also
carried out using pristine Chromosorb W (without any extractant).
While no uptake of Np(IV) ion was seen with pristine Chromosorb
W (Kq < 0.1), very large K, values (>10%) were obtained with both
SPER-I as well as SPER-I], the former yielding 3-4 times higher Ky
values, hence, being one of the most efficient SPERs for Np(IV) up-
take from nitric acid feeds. As mentioned in a separate section be-
low, other actinide ions such as Am3* and Pu**, and UO,%* to a
much lesser extent, were also extracted by the resins suggesting
that the resins can be used for the separation of actinide ions from
acidic radioactive waste solutions. Table 2 lists the uptake data for
Np(IV) with the two SPERs along with other analogous resins re-
ported in the literature [23-27]. As almost no data are available of
DGA-based resins such as TODGA for the uptake of Np(IV) ions, a
comparison is made with Th(IV) and Pu(IV) data. All these indicate
a superior uptake efficiency of the present set of resins. Also, the
efficiency of an Aliquat 336-loaded SPER, which was used previ-

ously for the uptake of Np(IV) from acidic feeds, was comparatively
poor with about two orders lower Ky values.

3.3. Metal ion uptake kinetics

For effective application of the SPERs for the extraction of ac-
tinide ions such as Np(IV) from radioactive feeds, one of the key
factors is the uptake kinetics. It is important to mention here that
faster uptake kinetics can lead to better column performance of the
SPER and hence, a suitable application can be made. The kinetics
of the uptake of Np(IV) ion from 3 M HNOj as the aqueous feed
(spiked with 239Np radiotracer) was studied by measuring the Ky
values at different time intervals.

The data on the kinetics of the uptake of Np(IV) from 3 M HNOj3
using SPER-I and SPER-II, carried out in batch mode, are plotted as
a function of the equilibration time in Fig. 5. Though fast uptake
kinetics was expected (vide supra), ca. 1 hour was needed to at-
tain the equilibrium Ky values for both the resins. Though solvent
extraction studies indicated a much faster attainment of the ex-
traction equilibrium [16], probably due to easier reorientation of
the DGA arms in the diluent medium, the SPERs containing the
calix[4]arene extractants are difficult to orient the DGA arms in
view of the absence or presence of very little diluent leading to
relatively slow uptake kinetics. Therefore, all subsequent batch up-
take studies were carried out with 2 hours of equilibration time.

3.4. Effect of the aqueous feed acidity

Most of the radioactive wastes contain nitric acid as the
medium. In view of this, it was pertinent to carry out uptake
studies on Np(IV) using SPER-I and SPER-II at varying aqueous
phase nitric acid concentrations. The extraction of Np(IV) using
DGA ligands (L) such as TODGA and multiple DGA-containing lig-
ands such as C4DGA from nitric acid feeds reportedly follow a sol-
vation mechanism as per the following equation as given before
[28]:

Np4+aq+n]“0rg+4 NO3;q: Np(NOs3)4 o nLorg (2)

where the subscripts ‘aq’ and ‘org’ refer to the species present in
the aqueous and the organic phases, respectively, and n is close to
3 for TODGA (reported for tetravalent ions [28]), while it is close
to 1 for a C4DGA extractant [15]. On the other hand, when the
ligand is part of the SPER, it can be given by the following general
equation:

Np**,q+Lr+4N03;,= Np(NOs3),.Lg (3)

where the subscript ‘R’ represents species in the resin phase. Both
the above equations indicate that the extraction of Np(IV) ion
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Fig. 4. SEM pictures of SPER-I and SPER-II resins at varying magnifications. (a) SPER-I at 250x magnification; (b) SPER-I at 4500x magnification; (c) SPER-II at 250x magnifi-

cation; (d) SPER-II at 2500x magnification.

Table 2

Comparative Np(IV) (or analogous actinide ion) uptake data using extraction chromatographic resins con-
taining DGA-based or analogous extractants. Uptake studies were carried out at 3 M HNOs. Values inside

parentheses are for Pu.

Extractant in the SPER  Extractant loading  Support Ky Ref.
Aliquat 336 15% Chromosorb W 320 [20]
TODGA 13% Amberchrom® CG-71C  ~ 2500* [21]
TODGA 40% Amberchrom® CG-71 ~1700° [22]
TODGA 47% Chromosorb W 5130° [23]
C4DGA 12% Chromosorb W 5305° [24]
L; (C4DGA) 8% Chromosorb W 47544 (2321)° This work
Ly (C4DGA) 8% Chromosorb W 13724 (1874)° This work

3 Data obtained for Th(IV).
b Data obtained for Pu(IV).

should increase with increasing nitric acid concentration. The re-
sults of the nitric acid concentration variation studies are pre-
sented in Fig. 6. All uptake studies were carried out at HNO3 con-
centrations > 0.5 M due to the possibility of hydrolysis at lower
concentrations. It is interesting to note that the Ky values of Np(IV)
are ca. 50,000 and 3100, respectively, with the SPER-I and SPER-
Il at 0.5 M HNOs3, making the former resin about 16 times more
efficient. The K4 values show an increasing trend with increasing
HNOj3 concentration for SPER-II, a steeper increase in the range 0.5
- 3 M HNOs, followed by a significantly less steep rise thereafter.
On the other hand, an almost flat profile is seen for SPER-I in the
entire nitric acid concentration range investigated in this study.

3.5. Uptake other actinide and fission product elements

Though Np is one of the most important actinide elements,
present in the high-level liquid wastes, there are also other ac-

tinide elements such as Am, Pu and U and fission product elements
such as rare earths and Cs (responsible for the high gamma ray
dose to the personnel) in the acidic radioactive wastes. As shown
in Table 3, while Am3+, Eu3* (taken as a surrogate of the rare earth
elements) and Pu*t are extracted to a significant extent, though
to a much lower extent than Np**, UO,2* is not quite extracted.
The Ky value of ca. 5-10 for U0, suggests that it cannot be held
onto a column containing the resins. On the other hand, Cs(I) was
not extracted to any extent (K4 <0.001). The uptake of the metal
ions follows the trend: Np*t > Eu3* > Am3t > Pu?t >> U0,2+
>> CsT. The Ky values of Pu(IV) are much lower than those re-
ported for a previously studied resin containing another C4DGA
ligand with n-octyl groups [27]. This is partly due to lower ligand
loading in the present set of SPERs and also partly due to the fact
that the C4DGA with n-octyl groups is a better extractant of metal
ions. The poor uptake of UO,2* and Cs* ions shows that, while
treating radioactive wastes, these ions will not be taken up by both



R.B. Gujar, PK. Mohapatra, M. Igbal et al.

Journal of Chromatography A 1642 (2021) 462037

Table 3
Batch uptake data of different metal ions by the SPER-I and SPER-II resins at 3 M HNOs.
Kq
Resin
Np(IV) Am(III) Eu(Ill) u(vI) Pu(IV) Cs(I)
SPER-] 47544 + 2377 16885 + 844 25795 + 1240 5.16 + 0.25 2321 £114 <0.001
SPER-II 13724 + 617 12806 + 604 15525 + 770 9.03+ 0.45 1874 + 93 <0.001
10° Table 4
[ Back extraction of the loaded 2**Np(IV) using various stripping agents.
Resin Stripping solution % Back extraction
-, O SPER-I 0.5 M Oxalic acid + 0.5 M HNO3 88.5
SPER-II 0.5 M Oxalic acid + 0.5 M HNO3 88.6
SPER-I 0.5 M Oxalic acid 80.3
SPER-II 0.5 M Oxalic acid 79.8
s SPER-I 0.5 M HNO3 14.5
zE SPER-II 0.5 M HNO3 74
T
X
10°F 7
V272) SPER-I
—— SPER-I 7777 SPER-II
—O— SPER-II
1 1 1 1 1
0 40 80 120 160 200
Time(min)

Fig. 5. Effect of equilibration time on the uptake of Np(IV) by the SPER-I and SPER-
Il resins as measured by the K, values from a feed containing 3 M HNOs.
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Fig. 6. Effect of the aqueous feed nitric acid concentration on the uptake of Np(IV)
by the SPER-I and SPER-II resins as measured by the K values.

the SPERs. However, the separation of Np*t, Pu*t and Am3+ is not
possible unless their oxidation states are adjusted to their unex-
tractable forms. This means that Pu and Np can be oxidized to the
unextractable +5 or +6 oxidation states for their separation from
Am3+, if all three are present together. Nevertheless, the uptake
data shows that the resins hold promise for actinide ion uptake
from acidic feeds such as nuclear wastes.

3.6. Back extraction and reusability

Back extraction of the loaded activity could be a measure of the
recovery efficiency of the metal ion. In addition, it is also impor-
tant to evaluate the efficacy of the recovered resin for subsequent

3 ' 4
Number of cycles

Fig. 7. Sorption and desorption of Np(IV) on the resins in five successive cycles to
establish the stability of the resin.

reuse. For this purpose, batch experiments were carried out using
ca. 20-30 mg of the resins for back extracting the loaded 23°Np
activity. Three different stripping solutions were used, viz. 0.5 M
HNO; (considering the Ky value of Np is low at low acid con-
centrations and hydrolysis possibility prevented to opt for lower
acid concentration), 0.5 M oxalic acid (used as a complexing agent
for the tetravalent Np) and a mixture of both, i.e.,, 0.5 M oxalic
acid + 0.5 M nitric acid. The results are presented in Table 4.

From Table 4 it is clear that the mixture of oxalic acid and nitric
acid is the most efficient stripping agent with close to 90% back
extraction with both the resins. In view of this, this mixture was
used for the elution during the column studies (vide infra).

After the back-extraction studies, reusability studies were per-
formed using the regenerated resin for another cycle of extrac-
tion and back extraction. Five such cycles of ‘extraction - back ex-
traction’ were carried out for a fair assessment of the resin per-
formance in long term use. The reusability graph is presented in
Fig. 7, which suggests deterioration of the resins on contineous use.
Both the SPER-I and SPER-II resins remain quite stable up to three
repeat runs, after which the Ky-values decrease. However, while
the decrease in the Ky values for SPER-Il was quite significant and
the very low Ky value (decreased from 13,724 on the first loading
to 273 on the fifth loading) rendered the resin quite ineffective,
this was not the case for SPER-I. Though a five-fold decrease in
the Ky value was obtained after five successive runs, it was still
>1 x 104 suggesting that it can be quite useful for Np** ion up-
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take. The aqueous phase was filtered through a 0.2 micron syringe
filter and the Ky values were measured again. As the Ky values
were within £2%, which is the error in the measurements, it ap-
peared that the resin particles were not disintegrated during the
batch uptake studies.

Finally, while evaluating the reusability of the resin materials,
one needs to study the radiolytic degradation of the resin. Though
our previous studies on solvent extraction using the n-propyl and
isopentyl derivatives of the C4DGA ligands have shown marginal
degradation, it was of interest to carry out similar studies using
the SPERs. The resins were exposed to 300 kGy gamma ray dose
in a 60Co irradiator with a dose rate of 4 kGy/hour and the Ky
values were determined under identical conditions to those used
for the data presented in Table 2. While the Ky value of Np(IV)
marginally decreased for SPER-I from 47,544 to 46,588, the respec-
tive numbers were 13,724 and 13,218 for SPER-II suggesting almost
no loss in the uptake efficiencies. As the SPERs find effective use in
the pre-concentration and estimation of the radionuclides in lean
effluents and environmental samples, it was not required to study
the degradation at higher absorbed dose values.

3.7. Sorption isotherms

Though the binding of the actinide ions, sans UO,2*, was very
impressive with both the resins SPER-I and SPER-II, it was of inter-
est to understand the sorption isotherm to it may be conforming
to. Usually, the uptake parameters such as g, the metal ion up-
take capacity at a given time, and the equilibrium metal ion up-
take capacity ge, are needed as a function of the initial as well as
the equilibrium concentration of the metal ion, for this purpose.
In this context, the initial metal ion concentration is very impor-
tant and should be much in excess to the amount of metal ion
needed to saturate the available uptake sites in the resins. As 23°Np
was used as the radiotracer, which is carrier free, the feed solu-
tion was spiked for the sorption isotherm studies with a Th(NOs3),4
solution considering the similar chemical properties of Np** and
Th**. Though Th** has somewhat higher ionic size as compared
to that of Np**, it was considered a suitable surrogate on account
of the fact that it comes close to Np** in its chemical properties
as compared to other possible surrogate tetra-valent ions such as
Zr**t and Hf** which have much smaller ionic radii (both ca. 0.8
A) [29] and hence, higher ionic potential as compared to Np4+.
Furthermore, using a relatively large amount of Np (in the form
of 237Np) would require an elaborate facility for the alpha activity
and hence, was not considered in this study. The equation for the

Table 5
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Langmuir adsorption isotherm is given as:

Co _ [ Cq
qe b'qmax

where Ceq and gmax are the equilibrium concentration of the metal
ion and the maximum uptake capacity (which indicates the mono-
layer coverage of metal ions on the solid), respectively, while ‘b’ is
the Langmuir constant. An aqueous feed containing 1 g/L of Th and
spiked with 239Np was used for these studies and the equilibrium
sorption capacity was determined at varying metal ion concentra-
tions in the aqueous feed solution. After fitting the results to the
Langmuir model (Fig. 8a) straight-line plots were obtained with R2
values > 0.99 (Table 5) suggesting conformation to the monolayer
model. The maximum uptake capacity was found to be 31.2 + 1.2
and 25.6 + 1.1 mg of the tetravalent actinide ion per g of SPEI-
1 and SPER-II, respectively. The b values obtained from the fitting
of the straight-line Langmuir plots (Table 5) can be expressed in
terms of a dimensionless equilibrium constant, RL (also known as
the separation factor [30]) as per the following equation:

R, = 1/(1+bCy) (5)

(4)

qmax

where C, is the initial concentration of the metal ion. Eq. (5) is
used to evaluate the favourability of the Langmuir isotherm model
[31]. The value of Ry can give an idea about the finer details of
the uptake of the metal ion. While R > 1 represents unfavourable
sorption, favourable sorption is given as 0 < R, < 1 and an irre-
versible uptake is represented by R; values equalling to zero. The
value of R was calculated for a series of initial thorium concen-
trations and found to fall between 0 and 1 (0.132 for SPER-I and
0.095 for SPER-II), which confirms that the sorption of Np(IV) onto
the SPER resins is favourable.

Next, the uptake data was fitted to the Freundlich isotherm
model [32] which is represented by the following equation, which
assumes multilayer sorption of the metal ions on the surface.

1
log geq = log Ky + - log Ceq (6)

The sorption data were fitted to the linearized Freundlich equa-
tion (Eq. 6) and the results are presented in Fig. 8b. As seen from
the figure, the fittings are inferior to those seen for the Langmuir
isotherm as concluded from the R? values (Table 5), suggesting
that the multilayer sorption phenomenon may be absent in the
case of both the SPER-I and SPER-II resins. The sorption data were
subsequently fitted to the D-R isotherm model [33] given by the
following equation:

Ing; = Ingmax — BE2 (7)

Parameters calculated from the Langmuir, Freundlich, D-R and Temkin isotherm models for the sorption

of Cs(I) on composite beads; Aqueous phase: pH 3.

Isotherms Parameters Values at 25°C
SPER-I SPER-II

Langmuir b (mL/mg) 6.6 x 1073 9.5 x 1073
Qmax (Mg/g) 31.2 £ 1.2 (30.3 £ 1.3)° 25.6 + 1.1(24.5 + 1.2)°
R? 0.9927 0.9939

Freundlich K¢ (mg/g) 0.521 + 0.081 -0.669 + 0.134
1/n 0.32 + 0.02 0.76 + 0.03
R? 0.9756 0.9929

D-R Gmax (mmol/g) 0.222 + 0.010 0.184 + 0.018
E (kJ/mole) 12.04 + 0.62 12.91 + 0.71
R? 0.999 0.996

Temkin Ar 0.082 + 0.005 0.048 + 0.003
R? 0.972 0.949

3 Values in parentheses refer to the experimental values.



R.B. Gujar, PK. Mohapatra, M. Igbal et al.

O SPER-
O SPER-I

30

25 -

Cela

15 -

0 100 200 300 400 500 600 700 800 900
Cc

e

O SPER-
O SPER-I

Inq

250

350

1 1
150 200 400 450

Journal of Chromatography A 1642 (2021) 462037

1.5

O SPER-

sl O SPER-I

13 |

12

log x/m

1.1+

1.0 -

2.0 22 24 2.6

log C_

28 3.0

28F O sPER

26l O SPERI

24

22 -

18 |

14 -

12 1 1 1 1 1
4.5 5.0 5.5 6.0 6.5

In Ce

7.0

Fig. 8. Uptake data fitted to the linearized forms of (a) Langmuir, (b) Freundlich, (c) D-R and (d) Temkin sorption isotherms.

where 8 and e represent the D-R constant and the Polanyi poten-
tial, respectively. The fitting to the above equation was found to
be reasonably good (Fig. 8c) with a R? value of 0.999 and 0.996,
respectively, for SPER-I and SPER-Il. The parameters of the linear
fitting of the D-R equation are also listed in Table 5. The quantity
B can be correlated to the mean sorption energy (E), the free en-
ergy needed to transfer one mole of metal ions from infinity to the
surface of the sorbent [34], as given by the following equation:

E=1/y/-2p (8)

The value of E can throw light on the sorption mechanism, i.e.,
whether it is chemisorption or physisorption [35]. A value of E >8
kJ/mol signifies to a chemisorption process, whereas a value <8
k]/mol points to a physisorption process. For the sorption of the
tetravalent actinide ions the values of E for SPER-I and SPER-II were
found to be 12.04 + 0.61 kJ/mol and 12.91 + 0.70 kJ/mol, respec-
tively, (Table 5) indicating that the sorption takes place via chemi-
cal interactions.

Apart from the Langmuir and the D-R isotherm models, which
fitted well with the sorption data obtained, an attempt was made
to model to the Temkin isotherm as given by Eq. (9):

ge = BInAr + BInGC, 9)

where At is the Temkin constant. The Temkin isotherm model
takes into account the effects of indirect adsorbate/adsorbate inter-
actions on the adsorption process. The Temkin isotherm model is
based on a multi-layer phenomenon which suggests that the heat

of sorption of all the molecules in the layer would decrease lin-
early with coverage. The sorption data were fitted to the Temkin
isotherm model (Fig. 8d) and the fit parameters are included in
Table 5. As seen from the figure, the fitting was not good and
hence, the fitting parameters were not used for the interpretation.

6x10* |-
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—O— SPER-II

5x10* |

4x10°*
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1x10* |-

10 14

Bed volume of feed (ml)
Fig. 9. Breakthrough profiles for the Np(IV) uptake columns containing SPER-I and

SPER-II resins (Table 5). Feed contained 23°Np tracer spiked solution of 3 M HNO3;
containing 1 g/L Th.
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Fig. 10. Elution profiles of Np(IV) as well as Th(IV) from columns containing SPER-I and SPER-II resins (Table 5). Feed contained 23°Np tracer spiked solution of 3 M HNO;

containing 1 g/L Th.

3.8. Column studies

The batch uptake data (Table 2) being quite promising, column
studies were carried out using a glass column whose parameters
are defined in Table 1. The column was conditioned by passing
about 10 mL of 3 M HNOs. Subsequently, the feed solution contain-
ing 1 g/L thorium nitrate in 3 M HNO3 and spiked with 23°Np ra-
diotracer (ca. 1000 Bq per mL) was passed through the column and
the effluent solution was counted for obtaining the breakthrough
curves. As seen from Fig. 9, the SPER-I based column has a higher
breakthrough volume (9 mL) as compared to the column contain-
ing the SPER-II resin, which is in line with their batch uptake ef-
ficiencies. These data suggest that a larger amount of the Np(IV)
can be loaded onto the column containing SPER-I than onto the
SPER-II column. The elution of the loaded actinide ion was car-
ried out using a solution of 0.5 M oxalic acid + 0.5 M nitric acid
as used in the back extraction studies (vide supra). Surprisingly,
about 5 mL of the eluent was sufficient to elute out the loaded
metal ion from the column (Fig. 10). A closer look to the figure
suggests that the area under the elution curve for the SPER-I resin
is significantly larger than that of the SPER-II resin, which is due to
the higher amount of loaded metal ion on the former column. The
same eluted fractions were subsequently used for the spectropho-
tometric assay of Th(IV) using Arsenazo IIl as the chromogenic
agent as reported in a previous paper [22]. The elution profiles of
Th(IV) matched very well with those obtained for Np(IV) support-
ing the choice of Th(IV) as a surrogate of Np(IV).

4. Conclusions

From the extraction chromatography studies involving the two
SPERs, containing the C4DGA extractants, it is clear that the uptake
of Np(IV) ions is significantly large for both the resins, the Ky val-
ues being >3 times larger for SPER-I than that with SPER-II. With
only 8% loading of the two C4DGA extractants, the Ky results are
much better for both the SPER-I and SPER-II resins as compared to
the previously reported TODGA resins have a significantly higher
extractant loading (in the range of 13 - 47%) with other tetrava-
lent actinide ions such as Th(IV) and Pu(IV). A previously reported
Aliquat 336 based resin displayed much lower (about 2 orders) Ky
values, suggesting that the present set of resins are the best re-
ported for Np(IV) uptake so far. The very high uptake of the metal

ion suggests that the SPERs can be used for the separation of Np
from acidic feeds such as those encountered in radioactive wastes.

The batch uptake data conformed to the Langmuir sorption
isotherm suggesting a monolayer adsorption mechanism and point
to chemisorption where the uptake is followed by a chemical re-
action. The column studies indicate facile loading and elution with
both the resins, though the SPER-I resin-based column showed a
significantly higher efficiency. All these above results based on the
batch as well column studies indicate that the C4DGA-based resins
can be used for the uptake of Np(IV) ions from feeds similar to the
high level liquid nuclear waste (HLLW) and hence, show promise
for application to radioactive waste remediation.
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