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a b s t r a c t 

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 ( K d : 47,544 at 3 M nitric acid, ca. 8% extractant load- 

ing), SPER-II displayed a significantly lower extraction efficiency ( K d : 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 

that the column can be used for the separation of Np(IV) from acidic radioactive feeds. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Neptunium is one of the most important actinide elements rel- 

vant in the nuclear fuel cycle as it is produced in large quantities 

uring reactor operations wherein the nuclear fuel is bombarded 

ith thermal neutrons. Due to its long half-life (t 1/2 : 2.1 × 10 6 y), 
37 Np, the most abundant isotope of neptunium found in the spent 

uel, also considered as one of the major constituents of the high- 

evel liquid waste (HLLW) emanating from spent fuel reprocessing 

nd hence, requires special attention [1] . The separation of minor 

ctinides such as Np, Am and Cm from the HLLW [2-4] followed 

y their transmutation in high flux reactors or accelerator driven 

ub-critical systems (ADSS) is one of the major strategies for ra- 

ioactive waste management [5] . Neptunium is unique due to its 

oexistence in a number of oxidation states in acidic feeds depend- 

ng on the redox conditions [6] . Also, Np(V) can easily dispropor- 

ionate depending on the feed acid conditions [7] . While Np(IV) 

an be conveniently extracted using TBP (tri- n -butyl phosphate), 
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he commonly used extractant in the back end of the nuclear fuel 

ycle, it cannot co-extract other minor actinide ions such as Am(III) 

nd Cm(III) due to their lower ionic potential. In this context, other 

xtractants tailor made for the actinide partitioning can become 

andy. Diglycolamides (DGA) are a class of extractants with very 

igh efficiency for the extraction of trivalent actinides [8-10] . How- 

ver, there are only a handful of reports on the extraction of Np 

rom acidic feeds using DGAs [ 11 , 12 ]. 

Recently, we developed multiple-DGA ligands where the DGA 

oieties are appended to macrocyclic scaffolds such as the 

alix[4]arenes [13] . These extractants have shown very high ex- 

raction efficiency towards the trivalent actinides but their affinity 

owards Np(IV) extraction was mostly unexplored [14] . Recently, 

e have reported the solvent extraction of Np using several DGA- 

unctionalized calix[4]arenes and the results were quite promising 

15] . 

The solvent extraction processes require large solvent inven- 

ory and generate very high volumes of secondary wastes. While 

roposing solvent extraction based separation processes involving 

xotic ligands such as the DGA-functionalized calix[4]arenes, the 

ost can be very high in spite of the use of very low extrac- 

ant concentrations [14] . On the other hand, solid phase extraction 

https://doi.org/10.1016/j.chroma.2021.462037
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2021.462037&domain=pdf
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Fig. 1. Structure of the C4DGA ligands L I and L II . 
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ethods where such ligands can be impregnated into a porous 

upport material such as Chromosorb W (dimethyl dichlorosilane 

reated acid washed celite diatomaceous silica) can be quite inter- 

sting. It is now well known that such solid phase extraction resins 

an distinctly bring down the cost of the separation process and 

an be operated in the column mode, thereby giving the advan- 

ages of both solvent extraction as well as ion exchange methods 

16-19] . 

The present paper deals with the preparation of two novel 

olid phase extraction resin (SPER) materials termed as SPER-I and 

PER-II containing two DGA-functionalized calix[4]arene ligands 

C4DGA), termed as L I and L II ( Fig. 1 ), impregnated into the pores

f the solid support material, Chromosorb W and subsequent eval- 

ation of Np(IV) uptake from nitric acid feeds by batch as well as 

olumn studies. The results were compared with other analogous 

esin materials reported in the literature for Np(IV) uptake from 

cidic feeds. To our mind, this is the first ever report on the solid

hase extraction of neptunium using impregnated C4DGA ligands. 

s the C4DGA ligands are considered highly efficient for actinide 

on extraction [13-15] , the resins are considered to be highly effi- 

ient for Np(IV) ion. 

. Experimental 

.1. Chemicals 

The C4DGA ligands L I and L II ( Fig. 1 ) were synthesized fol- 

owing a reported procedure [13] and were characterized by stan- 

ard techniques such as 1 H NMR, HPLC, and HR-MS. Chromosorb- 

 (mesh size 60-80) was procured from John Manville, USA and 

as given two cycles of alternate washings with distilled water 

nd ethanol to get rid of the inorganic and organic impurities, 

espectively, followed by drying in an oven at 70 °C to remove 

he solvents. 2-Thenoyltrifluoroacetone (TTA) and sulphamic acid 

both > 99% pure and procured from Sigma-Aldrich) were used as 

eceived. Dilute nitric acid solutions were prepared from Supra- 

ur nitric acid (Merck) and MilliQ water (Millipore, USA) and were 

tandardized volumetrically prior to use. All other chemicals were 

f AR grade. 
2 
.2. Radiotracers 

241 Am, Pu (mainly 239 Pu), and 

233 U were used from the labora- 

ory stock solutions, while 152,154 Eu and 

137 Cs were obtained from 

he Board of Radiation and Isotope Technology (BRIT), Mumbai and 

ere used after checking their radiochemical purities by alpha- / 

amma-ray spectrometry as the case required. Carrier free 239 Np 

as prepared by neutron activation of uranyl nitrate hexahydrate 

ca. 2 mg) in the Dhruva reactor at BARC using a thermal neutron 

ux of 8 × 10 13 n.cm 

−2 .s −1 . The thus produced 

239 Np radiotracer 

as purified using a previously reported method [20] where the 

rradiated uranium salt was dissolved in dilute nitric acid (0.5 M) 

nd processed to get Np in the + 4 oxidation state (by the addition 

f a few drops of 5.0 × 10 −2 M ferrous sulphamate and 0.5 M hy-

roxylamine hydrochloride) followed by TTA extraction (0.5 M TTA 

n xylene). The aqueous solution was considered to have quantita- 

ively converted Np to its + 4 oxidation state. The organic phase, 

ontaining the Np(IV)-TTA extract, was carefully separated and the 

xtracted Np(IV) was stripped using 7.5 M HNO 3 . The stripped 

queous phase containing 239 Np was washed twice with xylene 

o remove small quantities of TTA dissolved in the aqueous phase 

nd was subsequently used as the Np(IV) stock (0.7 milli Curie in 

 mL). The batch uptake and column studies were carried out us- 

ng this Np(IV) stock solution whose oxidation state was checked 

very week by TTA extraction studies [20] . 

.3. Radiometric assay 

241 Am, 239 Np, 152,154 Eu, and 

137 Cs were assayed radiometrically 

or their emitting gamma rays using a well type NaI(Tl) scintil- 

ation counter (Para Electronics) interphased with a multichannel 

nalyzer (ECIL, India). The alpha emitting radionuclides, viz. 233 U 

nd 

239 Pu, were assayed by a liquid scintillation counter (Hidex, 

inland) employing a toluene-based extractive scintillator cocktail 

ontaining 20% D2EHPA (di-2-ethylhexyl phosphoric acid) to take 

are of quenching due to nitric acid. In view of the short half-life 

f 239 Np (2.3 d), decay correction was done for the gamma ray 

ounts obtained. In cases where very low count rates were ob- 

ained, the counting was done for a longer time in order to dis- 

ount the counting statistics error. 

.3. Preparation of the SPE resins 

SPER-I and SPER-II, which contained L I and L II , respectively, 

ere prepared following a reported method [21] . About 160 mg 

f the ligands were taken along with a weighed quantity of the 

iluent mixture (10% isodecanol + 90% n -dodecane) to make a to- 

al of 500 mg of the solvent (ligand + diluents). The entire content 

f the solvents was added to two separate stoppered Erlenmeyer 

asks, each containing a slurry made from ca. 1.5 g of Chromosorb 

 in 20 mL acetone. The mixture was agitated at ambient temper- 

ture for about 24 h, whereupon the solvent was removed carefully 

y flushing nitrogen gas with gentle stirring. The resin materials 

ith > 99% of the solvent evaporated were dried in a vacuum des- 

ccator to constant weight to yield free flowing materials for the 

ubsequent studies. From the difference between the final product 

nd the Chromosorb W taken, the extractant loading on the solid 

upport was roughly estimated as ca. 8% (w/w) for both the resins. 

.4. Characterization of the SPE resins 

The resins, SPER-I and SPER-II, were characterized prior to their 

valuation for Np(IV) uptake and these studies comprised of ligand 

oading and decomposition patterns by thermogravimetry (TGA), 

urface morphology by SEM (scanning electron microscope) and 

resence of the extractants inside the resin pores by FTIR (Fourier 



R.B. Gujar, P.K. Mohapatra, M. Iqbal et al. Journal of Chromatography A 1642 (2021) 462037 

T

o

a  

T

s

t

b

a

m  

a  

c

t

a

2

a

o

i  

t

w

m

v

t

s

r

T

w

K

w

t

e

t

g

t

t

a  

1

c

i

t  

d

r

l

t

t  

w

s

a

u

h

2

t

t  

a

w

t

s

t

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 12.3 cm 

Bed volume 2.5 cm 

3 2.6 cm 

3 

Bed density 0.022 g/cm 

3 0.022 g/cm 

3 

Flow rate 0.05 mL per minute 0.05 mL per minute 
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ransform Infrared) spectroscopy. The TGA studies were carried 

ut using a NetzschThermobalance (Model: STA 409 PC Luxx) at 

 heating rate of 10 °C per minute in air atmosphere up to 800 °C.

he combustion of the extractants present in the SPER pores re- 

ulted in changes seen in the graphs of mass loss vs tempera- 

ure. The surface morphology of the SPE materials was analyzed 

y recording scanning electron micrograph (SEM) pictures using 

 Stereoscan 100 Cambridge model operating at 15/25 kV with a 

agnification of 30 0 0x at a working distance of 15 mm at a tilt

ngle of 45 o after giving a 15 nm coating of gold using a Balzer’s

oating unit (model: CEA 30). Finally, the presence of the extrac- 

ants inside the resin pores was characterized by FTIR recorded on 

 Bruker Alpha II ATR-FTIR spectrometer. 

.5. Batch uptake studies 

The Np(IV) uptake by the SPERs was done by both batch as well 

s column mode operations. The batch uptake studies were carried 

ut by contacting ca. 10-15 mg of the SPERs, weighed accurately 

n plastic vials (10 mL capacity), to which 1 mL of the dilute ni-

ric acid solution containing the radiotracer (ca. 900 – 1000 dps) 

as added. The batch uptake studies were carried out in a ther- 

ostated water bath at 25 ± 0.1 °C where the tubes were rotated 

ertically at a speed of 20 rpms for about 1 h, while ensuring that 

he tubes were always dipped inside the bath. The tubes were sub- 

equently centrifuged and 100 μL aqueous solution aliquots were 

emoved for subsequent radiometric assay as mentioned above. 

he weight distribution coefficient ( K d ) values of the metal ions 

ere calculated using the following equation: 

 d = 

[ 
( C o − C ) 

C 

] 
· V 

W 

( mL / g ) (1) 

here C o and C are the concentrations of metal ions expressed in 

erms of counts per unit time per unit volume before and after 

quilibration, respectively, and V and W represent the volume of 

he aqueous phase used (in mL) and the weight of the resin (in 

), respectively. All batch uptake experiments were carried out in 

riplicate and the accepted data were found to be within the rela- 

ive standard deviation of 5%. The concentrations of 239 Np, 241 Am 

nd Pu used in the present study were ca. 10 −12 M, 10 −7 M and

0 −6 M, respectively, while those of 137 Cs, 152,154 Eu and 

233 U were 

a. 10 −5 M. 

The sorption isotherm studies were carried out by equilibrat- 

ng the feed solutions containing varying concentrations of Th (in 

he range of 300 mg/L to 10 0 0 mg/L) but spiked with 

239 Np ra-

iotracer. The counts in the aqueous phase were estimated from 

adiometric assay of 239 Np which gives an idea about the C e (equi- 

ibrium concentration of the metal ion). The saturation batch up- 

ake capacity was determined by equilibrating 20 mg resin in a 

ube containing 1 mL of Th (1 g/L) solution in 3 M HNO 3 spiked

ith 

239 Np (ca. 1500 Bq). Th(IV) was estimated by UV-visible 

pectrophotometry using Arsenazo III as the chromogenic agent 

s mentioned in a previous report [22] . As seen during our col- 

mn studies, Th(IV) was a reasonably good surrogate of Np(IV) and 

ence, justifies its use in these studies as well. 

.6. Column studies 

The column studies using the two SPERs were carried out using 

wo glass columns (dimension: 20 cm (length) × 0.4 cm (dia)) fit- 

ed with bulbs of 10 mL capacity at the top and frits and stop cocks

t the bottom. The columns were packed using a standard method 

here a known weight of the SPERs (ca. 500 mg) was added to 

he aqueous phase to yield slurries of solutions, which were sub- 

equently poured into the column through the bulbs at the top of 

he column. Utmost care was taken to eliminate any air bubble in 
3 
he columns which could otherwise affect the flow rates. The col- 

mn parameters are listed in Table 1 . 

The column studies included loading, washing and elution, 

ach with a given aqueous solution as per the uptake and strip- 

ing characteristics of the metal ion standardized from the batch 

tudies. Prior to loading the Np(IV)-containing feed solution, the 

olumns were washed with an aqueous phase (ca. 10 mL) contain- 

ng the same concentration of nitric acid as in the feed, but sans 

he radiotracer. As the 239 Np tracer is carrier free, it was decided 

o add thorium nitrate carrier as surrogate for the tetravalent nep- 

unium. After conditioning of the column, the feed solution, con- 

aining 1 g/L Th-nitrate solution spiked with the 239 Np tracer (ca. 

0 0 0 Bq in 1 mL of the feed) was passed through the column and

he effluent which came out of the column was counted to get the 

reakthrough profiles. In view of the short half-life of 239 Np, decay 

orrection was done after the counting of all fractions was com- 

leted. 

All column operations were carried out at ambient tempera- 

ure (24 ± 1 °C) and the column operations were carried out at a 

ear constant flow rate of 0.05 mL/min. When not in use, the col- 

mn flow rates were stopped using stop cocks and the bulbs were 

ealed with Para film. The solutions coming out of the columns 

ere assayed radiometrically for the 239 Np tracer presence as men- 

ioned above for which decay correction was done. The elution of 

he loaded metal ions was done using a strip solution containing 

 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 

f volume of feed/eluent passed through the column to obtain the 

reakthrough / elution curves. 

. Results and discussion 

.1. Characterization of the SPE resins 

The SPERs containing the extractants L I and L II in the pores of 

he solid support, i.e., Chromosorb W were characterized prior to 

se for the uptake of metal ions. As mentioned above, the weight 

ifference between resins indicated ca. 8% extractant loading. This 

as further confirmed by thermogravimetric analysis ( Fig. 2 ) for 

btaining information about any water uptake, decomposition of 

he extractant, etc. As shown in Fig. 2 , the weight loss in the tem-

erature range of 100-120 °C was negligible (almost nil for SPER-I 

nd < 1% for SPER-II), suggesting minimal moisture absorption by 

he resins. Also, it is clear that the resins were thermally stable 

p to 180-200 °C beyond which slow decomposition occurred. The 

nal weights of the resins were close to 92%, which remained con- 

tant up to 800 °C. The TGA data proved about 8% loading of the 

igands for both the resins and while the ligands were decomposed 

n the first step, the second step indicated complete removal of the 

xide impurities. 

The extractant loading was further confirmed by FTIR spectro- 

copic analysis ( Fig. 3 ). The > C = O stretching frequency at ca. 1600

m 

−1 is clearly seen in the FTIR spectra of both the resins, indicat- 

ng 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. 

Fig. 3. FTIR spectra of pristine and irradiated SPER-I and SPER-II. 
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The SEM pictures for both the SPERs were obtained with vary- 

ng magnifications and are presented in Fig. 4 . The SEM pictures 

how porous honeycomb like structures in both the resins suggest- 

ng that the extractants are trapped inside the porous structures 

hich can also lead to fast uptake kinetics, which is a key factor 

n developing the resin materials. 

.2. Batch uptake studies 

The batch uptake of Np(IV) was studied from 3 M HNO 3 (con- 

idered close to the acidity of the HLLW) using both SPER-I as well 

s SPER-II. For comparison purposes, the uptake studies were also 

arried out using pristine Chromosorb W (without any extractant). 

hile no uptake of Np(IV) ion was seen with pristine Chromosorb 

 ( K d < 0.1), very large K d values ( > 10 4 ) were obtained with both

PER-I as well as SPER-II, the former yielding 3-4 times higher K d 

alues, hence, being one of the most efficient SPERs for Np(IV) up- 

ake from nitric acid feeds. As mentioned in a separate section be- 

ow, other actinide ions such as Am 

3 + and Pu 

4 + , and UO 2 
2 + to a

uch lesser extent, were also extracted by the resins suggesting 

hat the resins can be used for the separation of actinide ions from 

cidic radioactive waste solutions. Table 2 lists the uptake data for 

p(IV) with the two SPERs along with other analogous resins re- 

orted in the literature [23-27] . As almost no data are available of 

GA-based resins such as TODGA for the uptake of Np(IV) ions, a 

omparison is made with Th(IV) and Pu(IV) data. All these indicate 

 superior uptake efficiency of the present set of resins. Also, the 

fficiency of an Aliquat 336-loaded SPER, which was used previ- 
4 
usly for the uptake of Np(IV) from acidic feeds, was comparatively 

oor with about two orders lower K d values. 

.3. Metal ion uptake kinetics 

For effective application of the SPERs for the extraction of ac- 

inide ions such as Np(IV) from radioactive feeds, one of the key 

actors is the uptake kinetics. It is important to mention here that 

aster uptake kinetics can lead to better column performance of the 

PER and hence, a suitable application can be made. The kinetics 

f the uptake of Np(IV) ion from 3 M HNO 3 as the aqueous feed

spiked with 

239 Np radiotracer) was studied by measuring the K d 

alues at different time intervals. 

The data on the kinetics of the uptake of Np(IV) from 3 M HNO 3 

sing SPER-I and SPER-II, carried out in batch mode, are plotted as 

 function of the equilibration time in Fig. 5 . Though fast uptake 

inetics was expected (vide supra), ca. 1 hour was needed to at- 

ain the equilibrium K d values for both the resins. Though solvent 

xtraction studies indicated a much faster attainment of the ex- 

raction equilibrium [16] , probably due to easier reorientation of 

he DGA arms in the diluent medium, the SPERs containing the 

alix[4]arene extractants are difficult to orient the DGA arms in 

iew of the absence or presence of very little diluent leading to 

elatively slow uptake kinetics. Therefore, all subsequent batch up- 

ake studies were carried out with 2 hours of equilibration time. 

.4. Effect of the aqueous feed acidity 

Most of the radioactive wastes contain nitric acid as the 

edium. In view of this, it was pertinent to carry out uptake 

tudies on Np(IV) using SPER-I and SPER-II at varying aqueous 

hase nitric acid concentrations. The extraction of Np(IV) using 

GA ligands (L) such as TODGA and multiple DGA-containing lig- 

nds such as C4DGA from nitric acid feeds reportedly follow a sol- 

ation mechanism as per the following equation as given before 

28] : 

 p 

4+ 
aq +n L org +4 N O 3 

−
aq = Np ( N O 3 ) 4 • n L org (2) 

here the subscripts ‘aq’ and ‘org’ refer to the species present in 

he aqueous and the organic phases, respectively, and n is close to 

 for TODGA (reported for tetravalent ions [28] ), while it is close 

o 1 for a C4DGA extractant [15] . On the other hand, when the 

igand is part of the SPER, it can be given by the following general

quation: 

 p 

4+ 
aq + L R +4N O 3 

−
aq = Np ( N O 3 ) 4 . L R (3) 

here the subscript ‘R’ represents species in the resin phase. Both 

he 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 HNO 3 . Values inside 

parentheses are for Pu. 

Extractant in the SPER Extractant loading Support K d Ref. 

Aliquat 336 15% Chromosorb W 320 [20] 

TODGA 13% Amberchrom® CG-71C ~ 2500 a [21] 

TODGA 40% Amberchrom® CG-71 ~1700 a [22] 

TODGA 47% Chromosorb W 5130 b [23] 

C4DGA 12% Chromosorb W 5305 b [24] 

L I (C4DGA) 8% Chromosorb W 47544 (2321) b This work 

L II (C4DGA) 8% Chromosorb W 13724 (1874) b This work 

a Data obtained for Th(IV). 
b Data obtained for Pu(IV). 
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hould increase with increasing nitric acid concentration. The re- 

ults of the nitric acid concentration variation studies are pre- 

ented in Fig. 6 . All uptake studies were carried out at HNO 3 con-

entrations ≥ 0.5 M due to the possibility of hydrolysis at lower 

oncentrations. It is interesting to note that the K d values of Np(IV) 

re ca. 50,0 0 0 and 310 0, respectively, with the SPER-I and SPER- 

I at 0.5 M HNO 3 , making the former resin about 16 times more

fficient. The K d values show an increasing trend with increasing 

NO 3 concentration for SPER-II, a steeper increase in the range 0.5 

3 M HNO 3 , followed by a significantly less steep rise thereafter. 

n the other hand, an almost flat profile is seen for SPER-I in the 

ntire nitric acid concentration range investigated in this study. 

.5. Uptake other actinide and fission product elements 

Though Np is one of the most important actinide elements, 

resent in the high-level liquid wastes, there are also other ac- 
5 
inide elements such as Am, Pu and U and fission product elements 

uch as rare earths and Cs (responsible for the high gamma ray 

ose to the personnel) in the acidic radioactive wastes. As shown 

n Table 3 , while Am 

3 + , Eu 

3 + (taken as a surrogate of the rare earth

lements) and Pu 

4 + are extracted to a significant extent, though 

o a much lower extent than Np 

4 + , UO 2 
2 + is not quite extracted. 

he K d value of ca. 5-10 for UO 2 
2 + suggests that it cannot be held

nto a column containing the resins. On the other hand, Cs(I) was 

ot extracted to any extent ( K d < 0.001). The uptake of the metal

ons follows the trend: Np 

4 + > Eu 

3 + > Am 

3 + > Pu 

4 + >> UO 2 
2 + 

> Cs + . The K d values of Pu(IV) are much lower than those re- 

orted for a previously studied resin containing another C4DGA 

igand with n-octyl groups [27] . This is partly due to lower ligand 

oading in the present set of SPERs and also partly due to the fact 

hat the C4DGA with n -octyl groups is a better extractant of metal 

ons. The poor uptake of UO 2 
2 + and Cs + ions shows that, while 

reating radioactive wastes, these ions will not be taken up by both 
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Table 3 

Batch uptake data of different metal ions by the SPER-I and SPER-II resins at 3 M HNO 3 . 

Resin 

K d 

Np(IV) Am(III) Eu(III) U(VI) Pu(IV) Cs(I) 

SPER-I 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 

Fig. 5. Effect of equilibration time on the uptake of Np(IV) by the SPER-I and SPER- 

II resins as measured by the K d values from a feed containing 3 M HNO 3 . 

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 d values. 
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Table 4 

Back extraction of the loaded 239 Np(IV) using various stripping agents. 

Resin Stripping solution % Back extraction 

SPER-I 0.5 M Oxalic acid + 0.5 M HNO 3 88.5 

SPER-II 0.5 M Oxalic acid + 0.5 M HNO 3 88.6 

SPER-I 0.5 M Oxalic acid 80.3 

SPER-II 0.5 M Oxalic acid 79.8 

SPER-I 0.5 M HNO 3 14.5 

SPER-II 0.5 M HNO 3 7.4 

Fig. 7. Sorption and desorption of Np(IV) on the resins in five successi ve cycles to 

establish the stability of the resin. 
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he SPERs. However, the separation of Np 

4 + , Pu 

4 + and Am 

3 + is not 

ossible unless their oxidation states are adjusted to their unex- 

ractable forms. This means that Pu and Np can be oxidized to the 

nextractable + 5 or + 6 oxidation states for their separation from 

m 

3 + , if all three are present together. Nevertheless, the uptake 

ata shows that the resins hold promise for actinide ion uptake 

rom acidic feeds such as nuclear wastes. 

.6. Back extraction and reusability 

Back extraction of the loaded activity could be a measure of the 

ecovery efficiency of the metal ion. In addition, it is also impor- 

ant to evaluate the efficacy of the recovered resin for subsequent 
6 
euse. For this purpose, batch experiments were carried out using 

a. 20-30 mg of the resins for back extracting the loaded 

239 Np 

ctivity. Three different stripping solutions were used, viz. 0.5 M 

NO 3 (considering the K d value of Np is low at low acid con- 

entrations and hydrolysis possibility prevented to opt for lower 

cid concentration), 0.5 M oxalic acid (used as a complexing agent 

or the tetravalent Np) and a mixture of both, i.e., 0.5 M oxalic 

cid + 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 

cid is the most efficient stripping agent with close to 90% back 

xtraction with both the resins. In view of this, this mixture was 

sed for the elution during the column studies (vide infra). 

After the back-extraction studies, reusability studies were per- 

ormed using the regenerated resin for another cycle of extrac- 

ion and back extraction. Five such cycles of ‘extraction – back ex- 

raction’ were carried out for a fair assessment of the resin per- 

ormance in long term use. The reusability graph is presented in 

ig. 7 , which suggests deterioration of the resins on contineous use. 

oth the SPER-I and SPER-II resins remain quite stable up to three 

epeat runs, after which the K d -values decrease. However, while 

he decrease in the K d values for SPER-II was quite significant and 

he very low K d value (decreased from 13,724 on the first loading 

o 273 on the fifth loading) rendered the resin quite ineffective, 

his was not the case for SPER-I. Though a five-fold decrease in 

he K d value was obtained after five successive runs, it was still 

 1 × 10 4 suggesting that it can be quite useful for Np 

4 + ion up-
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ake. The aqueous phase was filtered through a 0.2 micron syringe 

lter and the K d values were measured again. As the K d values 

ere within ±2%, which is the error in the measurements, it ap- 

eared that the resin particles were not disintegrated during the 

atch uptake studies. 

Finally, while evaluating the reusability of the resin materials, 

ne needs to study the radiolytic degradation of the resin. Though 

ur previous studies on solvent extraction using the n -propyl and 

sopentyl derivatives of the C4DGA ligands have shown marginal 

egradation, it was of interest to carry out similar studies using 

he SPERs. The resins were exposed to 300 kGy gamma ray dose 

n a 60 Co irradiator with a dose rate of 4 kGy/hour and the K d 

alues were determined under identical conditions to those used 

or the data presented in Table 2 . While the K d value of Np(IV)

arginally decreased for SPER-I from 47,544 to 46,588, the respec- 

ive numbers were 13,724 and 13,218 for SPER-II suggesting almost 

o loss in the uptake efficiencies. As the SPERs find effective use in 

he pre-concentration and estimation of the radionuclides in lean 

ffluents and environmental samples, it was not required to study 

he degradation at higher absorbed dose values. 

.7. Sorption isotherms 

Though the binding of the actinide ions, sans UO 2 
2 + , was very 

mpressive with both the resins SPER-I and SPER-II, it was of inter- 

st to understand the sorption isotherm to it may be conforming 

o. Usually, the uptake parameters such as q t , the metal ion up- 

ake capacity at a given time, and the equilibrium metal ion up- 

ake capacity q e , are needed as a function of the initial as well as

he equilibrium concentration of the metal ion, for this purpose. 

n this context, the initial metal ion concentration is very impor- 

ant and should be much in excess to the amount of metal ion 

eeded to saturate the available uptake sites in the resins. As 239 Np 

as used as the radiotracer, which is carrier free, the feed solu- 

ion was spiked for the sorption isotherm studies with a Th(NO 3 ) 4 
olution considering the similar chemical properties of Np 

4 + and 

h 

4 + . Though Th 

4 + has somewhat higher ionic size as compared 

o that of Np 

4 + , it was considered a suitable surrogate on account 

f the fact that it comes close to Np 

4 + in its chemical properties 

s compared to other possible surrogate tetra-valent ions such as 

r 4 + and Hf 4 + which have much smaller ionic radii (both ca. 0.8 
˚ ) [29] and hence, higher ionic potential as compared to Np 

4 + . 
urthermore, using a relatively large amount of Np (in the form 

f 237 Np) would require an elaborate facility for the alpha activity 

nd hence, was not considered in this study. The equation for the 
Table 5 

Parameters calculated from the Langmuir, Freundlich, D

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

Isotherms Parameters Values at 2

SPER-I 

Langmuir b (mL/mg) 

q max (mg/g) 

R 2 

6.6 × 10 −3

31.2 ± 1.2 

0.9927 

Freundlich K f (mg/g) 

1/n 

R 2 

0.521 ± 0.0

0.32 ± 0.02

0.9756 

D-R q max (mmol/g) 

E (kJ/mole) 

R 2 

0.222 ± 0.0

12.04 ± 0.6

0.999 

Temkin A T 
R 2 

0.082 ± 0.0

0.972 

a Values in parentheses refer to the experimental valu

7 
angmuir adsorption isotherm is given as: 

C eq 

q t 
= 

[ 1 ] 

b · q max 
+ 

C eq 

q max 
(4) 

here C eq and q max are the equilibrium concentration of the metal 

on and the maximum uptake capacity (which indicates the mono- 

ayer coverage of metal ions on the solid), respectively, while ‘ b ’ is 

he Langmuir constant. An aqueous feed containing 1 g/L of Th and 

piked with 

239 Np was used for these studies and the equilibrium 

orption capacity was determined at varying metal ion concentra- 

ions in the aqueous feed solution. After fitting the results to the 

angmuir model ( Fig. 8 a) straight-line plots were obtained with R 

2 

alues > 0.99 ( Table 5 ) suggesting conformation to the monolayer 

odel. The maximum uptake capacity was found to be 31.2 ± 1.2 

nd 25.6 ± 1.1 mg of the tetravalent actinide ion per g of SPEI- 

 and SPER-II, respectively. The b values obtained from the fitting 

f the straight-line Langmuir plots ( Table 5 ) can be expressed in 

erms of a dimensionless equilibrium constant, R L (also known as 

he separation factor [30] ) as per the following equation: 

 L = 1 / ( 1 + b C o ) (5) 

here C o is the initial concentration of the metal ion. Eq. (5) is 

sed to evaluate the favourability of the Langmuir isotherm model 

31] . The value of R L can give an idea about the finer details of

he uptake of the metal ion. While R L > 1 represents unfavourable 

orption, favourable sorption is given as 0 < R L < 1 and an irre- 

ersible uptake is represented by R L values equalling to zero. The 

alue of R L was calculated for a series of initial thorium concen- 

rations and found to fall between 0 and 1 (0.132 for SPER-I and 

.095 for SPER-II), which confirms that the sorption of Np(IV) onto 

he SPER resins is favourable. 

Next, the uptake data was fitted to the Freundlich isotherm 

odel [32] which is represented by the following equation, which 

ssumes multilayer sorption of the metal ions on the surface. 

og q eq = log K f + 

1 

n 

log C eq (6) 

The sorption data were fitted to the linearized Freundlich equa- 

ion ( Eq. 6 ) and the results are presented in Fig. 8 b. As seen from

he figure, the fittings are inferior to those seen for the Langmuir 

sotherm as concluded from the R 

2 values ( Table 5 ), suggesting 

hat the multilayer sorption phenomenon may be absent in the 

ase of both the SPER-I and SPER-II resins. The sorption data were 

ubsequently fitted to the D-R isotherm model [33] given by the 

ollowing equation: 

n q t = ln q max − βε 2 (7) 
-R and Temkin isotherm models for the sorption 

5 °C 

SPER-II 

 

(30.3 ± 1.3) a 
9.5 × 10 −3 

25.6 ± 1.1(24.5 ± 1.2) a 

0.9939 

81 

 

-0.669 ± 0.134 

0.76 ± 0.03 

0.9929 

10 

2 

0.184 ± 0.018 

12.91 ± 0.71 

0.996 

05 0.048 ± 0.003 

0.949 

es. 
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Fig. 8. Uptake data fitted to the linearized forms of (a) Langmuir, (b) Freundlich, (c) D-R and (d) Temkin sorption isotherms. 
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Fig. 9. Breakthrough profiles for the Np(IV) uptake columns containing SPER-I and 

SPER-II resins ( Table 5 ). Feed contained 239 Np tracer spiked solution of 3 M HNO 3 
containing 1 g/L Th. 
here β and ε represent the D-R constant and the Polanyi poten- 

ial, respectively. The fitting to the above equation was found to 

e reasonably good ( Fig. 8 c) with a R 

2 value of 0.999 and 0.996,

espectively, for SPER-I and SPER-II. The parameters of the linear 

tting of the D-R equation are also listed in Table 5 . The quantity

can be correlated to the mean sorption energy (E), the free en- 

rgy needed to transfer one mole of metal ions from infinity to the 

urface of the sorbent [34] , as given by the following equation: 

 = 1 / 
√ 

−2 β (8) 

The value of E can throw light on the sorption mechanism, i.e., 

hether it is chemisorption or physisorption [35] . A value of E > 8

J/mol signifies to a chemisorption process, whereas a value < 8 

J/mol points to a physisorption process. For the sorption of the 

etravalent actinide ions the values of E for SPER-I and SPER-II were 

ound to be 12.04 ± 0.61 kJ/mol and 12.91 ± 0.70 kJ/mol, respec- 

ively, ( Table 5 ) indicating that the sorption takes place via chemi- 

al interactions. 

Apart from the Langmuir and the D-R isotherm models, which 

tted well with the sorption data obtained, an attempt was made 

o model to the Temkin isotherm as given by Eq. (9) : 

 e = B ln A T + B ln C e (9) 

here A T is the Temkin constant. The Temkin isotherm model 

akes into account the effects of indirect adsorbate/adsorbate inter- 

ctions on the adsorption process. The Temkin isotherm model is 

ased on a multi-layer phenomenon which suggests that the heat 
8 
f sorption of all the molecules in the layer would decrease lin- 

arly with coverage. The sorption data were fitted to the Temkin 

sotherm model ( Fig. 8 d) and the fit parameters are included in 

able 5 . As seen from the figure, the fitting was not good and

ence, the fitting parameters were not used for the interpretation. 
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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 239 Np tracer spiked solution of 3 M HNO 3 
containing 1 g/L Th. 
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.8. Column studies 

The batch uptake data ( Table 2 ) being quite promising, column 

tudies were carried out using a glass column whose parameters 

re defined in Table 1 . The column was conditioned by passing 

bout 10 mL of 3 M HNO 3 . Subsequently, the feed solution contain- 

ng 1 g/L thorium nitrate in 3 M HNO 3 and spiked with 

239 Np ra-

iotracer (ca. 10 0 0 Bq per mL) was passed through the column and

he effluent solution was counted for obtaining the breakthrough 

urves. As seen from Fig. 9 , the SPER-I based column has a higher

reakthrough volume (9 mL) as compared to the column contain- 

ng the SPER-II resin, which is in line with their batch uptake ef- 

ciencies. These data suggest that a larger amount of the Np(IV) 

an be loaded onto the column containing SPER-I than onto the 

PER-II column. The elution of the loaded actinide ion was car- 

ied out using a solution of 0.5 M oxalic acid + 0.5 M nitric acid

s used in the back extraction studies (vide supra). Surprisingly, 

bout 5 mL of the eluent was sufficient to elute out the loaded 

etal ion from the column ( Fig. 10 ). A closer look to the figure

uggests that the area under the elution curve for the SPER-I resin 

s significantly larger than that of the SPER-II resin, which is due to 

he higher amount of loaded metal ion on the former column. The 

ame eluted fractions were subsequently used for the spectropho- 

ometric assay of Th(IV) using Arsenazo III as the chromogenic 

gent as reported in a previous paper [22] . The elution profiles of 

h(IV) matched very well with those obtained for Np(IV) support- 

ng the choice of Th(IV) as a surrogate of Np(IV). 

. Conclusions 

From the extraction chromatography studies involving the two 

PERs, containing the C4DGA extractants, it is clear that the uptake 

f Np(IV) ions is significantly large for both the resins, the K d val- 

es being > 3 times larger for SPER-I than that with SPER-II. With 

nly 8% loading of the two C4DGA extractants, the K d results are 

uch better for both the SPER-I and SPER-II resins as compared to 

he previously reported TODGA resins have a significantly higher 

xtractant loading (in the range of 13 - 47%) with other tetrava- 

ent actinide ions such as Th(IV) and Pu(IV). A previously reported 

liquat 336 based resin displayed much lower (about 2 orders) K d 

alues, suggesting that the present set of resins are the best re- 

orted for Np(IV) uptake so far. The very high uptake of the metal 
9 
on suggests that the SPERs can be used for the separation of Np 

rom acidic feeds such as those encountered in radioactive wastes. 

The batch uptake data conformed to the Langmuir sorption 

sotherm suggesting a monolayer adsorption mechanism and point 

o chemisorption where the uptake is followed by a chemical re- 

ction. The column studies indicate facile loading and elution with 

oth the resins, though the SPER-I resin-based column showed a 

ignificantly higher efficiency. All these above results based on the 

atch as well column studies indicate that the C4DGA-based resins 

an be used for the uptake of Np(IV) ions from feeds similar to the 

igh level liquid nuclear waste (HLLW) and hence, show promise 

or application to radioactive waste remediation. 
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