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A B S T R AC T

Solvent extraction studies were carried out on the selective separation of radio-cesium from 
actual high level waste (HLW) using calix [4]-bis-2,3-naphtho-crown-6 (CNC) in nitrobenzene -
toluene mixture. The separation studies were carried out in two stages. In the fi rst stage, a 100 
times diluted HLW was used and the purity was ascertained by gamma ray spectrometry using 
a HPGe detector. Quantitative separation of radio-cesium (monitored by Cs-137 gamma peak 
at 661 keV) was observed with almost no contamination from any of the other fi ssion products 
present. In the second stage, actual HLW was used for the Cs separation study. Four stages of 
extraction and two stages of stripping using distilled water gave >99% recovery. About 10 mCi 
Cs was recovered by this method. Reusability of the solvent was also carried out and though 
there was no loss in selectivity, slight decrease in the extraction effi ciency was observed after 
the reagent was allowed to be in contact with the HLW for 10 d.
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1. Introduction

Removal of 137Cs from high level waste (HLW) 
would not only facilitate the safe disposal of the latter 
in deep geological repository as vitrifi ed mass, it also 
solves the MANREM problem to a large extent. More-
over, the recovered radio-cesium can be used as a radia-
tion source in gamma irradiators in the environmental 
pollution control, food preservation and sterilization 
of medical accessories, etc. [1]. The use of 137Cs (t1/2 = 
30.1 y) in place of 60Co (t1/2 = 5.2 y) in the irradiators will 
also reduce the shielding requirement and frequency 
of source replenishment. In the world about 34.85 kg 
of 137Cs is produced per day due to the nuclear activity. 

It is, therefore, required to develop effi cient separation 
methods for the recovery of 137Cs from HLW.

A variety of methods based on precipitation, ion-
exchange and solvent extraction are reported in the 
literature for the recovery of 137Cs from various radioac-
tive waste solutions [2–9]. Ion-exchange based methods 
such as RFPR resin have been used for recovery from 
intermediate level wastes where the Cs concentration is 
much lower [10]. On the other hand, though AMP based 
inorganic ion exchanger resins have been suggested 
for the recovery from acidic wastes such as the HLW, 
stripping has been problematic [11]. Solvent extrac-
tion methods based on the use of exotic reagents such 
as chlorinated cobalt dicarbolide (CCD), crown ethers 
and calix-crowns have also shown promise [12–16]. 
Out of these, calix-crown based extractants have been 
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particularly promising due to their high extraction effi -
ciencies and high separation factors with respect to ele-
ments present in the wastes, especially, sodium [16]. 
Calix-crown-6 ligands such as BOBCalixC6 (calix[4]-
arene-bis(tert-octylbenzo-crown-6) have been employed 
for the recovery of Cs from alkaline wastes such as 
those encountered at the Savannah River site while the 
calix[4]-bis-2,3-naphtho-crown-6 (CNC) has been found 
promising for Cs recovery from acidic wastes [17,18]. 
Exceptionally high extraction effi ciency for Cs was 
attributed to pi-interaction with four benzene units of 
the calixarenes [19,20]. Though there are reports on the 
use of BOBCalixC6 for Cs recovery from acidic wastes, a 
detailed investigation has suggested chemical degrada-
tion of the reagent on prolonged use [21]. On the other 
hand, CNC has been found to be stable to chemical deg-
radation in acidic medium even after keeping in contact 
for 100 d [22].

We have developed a solvent containing CNC in a 
mixture of nitrobenzene and toluene (1:1 volume ratio) 
for selective and effective extraction of Cs from simu-
lated HLW [22]. Batch extraction studies have indicated 
quantitative extraction of Cs from SHLW in fi ve stages 
while three stages were required for quantitative strip-
ping. Recycling studies under laboratory conditions 
using the stripped organic phase have shown promise 
with SHLW feeds. However, it is of interest to under-
stand the extraction behaviour and reusability of this 
reagent when applied to actual HLW.

The present study was taken up to investigate the 
separation effi ciency and reusability of the developed 
solvent using actual HLW. The fi rst part of the study 
includes the use of the CNC based solvent for Cs recov-
ery from a 100 times dilute actual HLW. The second part 
includes recovery of Cs from actual undiluted HLW.

2. Experimental

2.1. Materials

Calix[4]-bis-2,3-naphtho-crown-6 (CNC, Fig. 1) pro-
cured from Acros Organics, Belgium was used as received. 
AR grade diluents, toluene and nitrobenzene, procured 
from Fluka Chemicals were used without further puri-
fi cations. All the other reagents used were of analytical 
reagent grade.

2.2. Methods

Solvent extraction experiments were performed by 
equilibrating equal volumes of organic and the diluted 
or the actual HLW in stopperred glass tubes inside a hot 
cell under ambient conditions. Though an equilibration 
time of 1 h was used in our studies with SHLW [22], 
equilibration of about 30 min and 10 min were done for 

studies carried out at glove box (100 times diluted HLW) 
and hot cell (undiluted HLW), respectively. The radioac-
tivity measurements of the fi ssion products were carried 
out using HPGe detector coupled to a multi-channel 
analyzer. The distribution ratio value was defi ned as the 
ratio of the activity per unit volume in the organic phase 
to that in the aqueous phase. Errors in the measurements 
were due to sampling and counting errors and were lim-
ited to ±5%. The recycling studies were carried out by 
allowing the solvent mixture in contact with the actual 
HLW for the required number of days followed by sepa-
rating the organic phase and carrying out subsequent 
extraction studies using the barren solvent mixture after 
contacting with de-ionized water (complete stripping of 
Cs was ensured by successive contacts with de-ionized 
water).

3. Results and discussion

3.1. Studies with diluted HLW

The extraction was found to be driven by the ion 
pair mechanism as given by the following extraction 
equilibrium:

( )+
(aq.) 3 (aq.) (org.) 3(org.)Cs NO L Cs.nL NOn +− −+ + ⋅

 
(1)

where L represent the calix-crown ligand and the sub-
scripts ‘(aq)’ and ‘(org)’ represent the species in the 
organic and aqueous phases, respectively [20]. Usually, 
the value of n is 1 under tracer concentrations [22,23]. It 
is expected that with higher concentration of Cs, both 
the crown-6 moieties may be complexed by Cs+ ion 
which may result in a lower value of n. The composition 
of the undiluted HLW is given in Table 1. The concentra-
tion of the fi ssion products is given in Ci/L while that of 
U and Pu is given in g/L. Activity due to radio-cesium 
is about 6 Ci/L out of which, 137Cs account for about 
5.3 Ci/L. In order to optimize the extraction and strip-
ping conditions, experiments were carried out to recover 
radio-cesium from 100 times diluted actual HLW. The 

Fig. 1. Structural formula of calix-[4]-bis(2,3-naptho)-18-
crown-6 (CNC)
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objective was to see the decontamination from other 
radioactive fi ssion products present in the HLW.

3.1.1. Extraction studies

The initial feed activity as estimated by using an HPGe 
counter is given in Table 2. The acidity of the diluted feed 
solution was adjusted to 2.0 M and the batch extraction 
studies were carried out in a glove box at organic to 
aqueous phase ratio of 1:1. The stage wise batch extrac-
tion data is also presented in Table 2. In the Table, the 
cps of the organic and the aqueous phases are given after 
each contact. It is clear that in 3 contacts near quantitative 
extraction of Cs is possible with almost no contamina-
tion from other fi ssion products. Though some amount 

of 106Ru activity was detected in the organic phases, the 
raffi nate of 3rd contact indicated almost entire amount of 
106Ru as observed in the feed suggesting no contamina-
tion from the radionuclide. The extraction data in terms 
of Ci/L is presented in Table 3 where the dilution fac-
tor is taken into account. The extraction data indicated 
>99.9 % extraction in four stages while the raffi nate (A4) 
indicates that about 0.6% Cs is not recovered.

3.1.2. Stripping studies

Stripping of the organic extract containing both 137Cs 
and 134Cs was carried out by contacting with equal vol-
umes of distilled water. The organic extracts from the 
four batch experiments were mixed to make a com-
posite extract and its composition is given in Table 4. 
Negligible acid uptake in the extraction step ensured 
near quantitative stripping in only two stages. The 
stripping data are also presented in Table 4. As shown 
in the Table, 2.46 Ci/L out of 2.55 Ci/L or about 96.3% 
stripping was observed in the fi rst contact and a fur-
ther 3.3% was achieved in the second contact, making 
a cumulative stripping of 99.6%. The lean organic was 
counted to yield 0.003 Ci/L or about 0.1% of the activ-
ity left over suggesting that two stages were suffi cient 
for the quantitative stripping of radio-cesium from the 
extract. The results also showed negligible contamina-
tion due to 106Ru activity.

Table 1
Composition of the high level waste used in the study 
involving diluted HLW

Constituents Concentration Fission 
products

Concentration 
(Ci/L)

[HNO3] 3.15 M 144Ce 22.3
[U] 10 g/L 125Sb 0.285
[Pu] 1.97 mg/L 106Ru 6.5
Gross β 125 Ci/L 137Cs 10.02
Gross α <0.1 Ci/L 95Zr —
T.S. 19.35 g/L 95Nb 0.018

Table 2
Feed = 100 times diluted HLW in 2.0 M HNO3, Phase ratio = 1:1, Volume = 2 mL, Contact time: 1 h, Extractant = 2.5×10–3 M 
CNC in 1:1 nitrobenzene and toluene mixture

Radio-nuclides Counts per sec (cps) as detected by HPGe detector after the number of contacts given in bracket

 Feed Org (I) Aq (I) Org (II) Aq (II) Org (III) Aq (III)

144Ce 876 UDL 873 UDL 878 UDL 879
125Sb 11.0 UDL 10.2 UDL 10.0 UDL 11.0
106Ru 139 1.11 136 0.543 138 0.245 139
144Pr 19.0 UDL 18.1 UDL 18.5 UDL 18.3
137Cs 935 717 214 163 58.9 44.2 13.1
134Cs 76.3 57.7 17.2 12.8 3.88 2.78 0.897

Note: 50 μl samples were used for analysis by HPGe detector.

Table 3
Extraction data presented in Ci/L after taking into consideration the dilution factor

Radio-
nuclides

Feed
(Ci/L)

O1

(Ci/L)
A1

(Ci/L)
O2

(Ci/L)
A2

(Ci/L)
O3

(Ci/L)
A3

(Ci/L)
O4

(Ci/L)
Raffi nate (A4)
(Ci/L)

144Ce 22.3 BDL 22.3 BDL 22.3 BDL 22.3 BDL 22.3
125Sb 0.285 BDL 0.28 BDL 0.27 BDL 0.275 BDL 0.27
106Ru 6.50 0.029 6.46 0.028 6.44 0.031 6.42 0.031 6.36
137Cs 10.02 7.44 2.47 1.94 0.63 0.46 0.18 0.18 0.066

95Zr BDL BDL BDL BDL BDL BDL BDL BDL BDL
95Nb 0.018 BDL 0.017 BDL 0.017 BDL 0.016 BDL 0.018
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3.2. Extraction studies with undiluted HLW

As in the solvent extraction studies reported using 
simulated high level waste (SHLW) and the studies on 
the recovery of radio-cesium from 100 times diluted 
HLW (vide supra) the subsequent studies using undi-
luted HLW involved 2.5×10–3 M CNC in 50% toluene 
+50% nitrobenzene as the solvent [20]. This solvent 
yielded DCs values of 2.5 and 8.3 for SHLW and 3 M 
HNO3, respectively and was considered suitable for the 
recovery studies using actual HLW [22]. The composi-
tion of the HLW used in the present work is given in 
Table 5.

3.2.1. Extraction studies

The distribution data using the solvent mentioned 
above and the actual HLW feed are presented in 
Table 6. As indicated, the selective separation of Cs is 
very clearly seen and >99% extraction was possible in 
four contacts. In view of hot cell operations involving 
high radiation fi eld, contact time was limited to 10 min. 
However, near quantitative extraction was possible due 
to favourable kinetics of extraction, and no signifi cant 
extraction of other radionuclides was observed even 
after the four extraction steps. This was encouraging as 
both the extraction and separation effi ciencies were satis-
factory (Table 6).

3.2.2. Stripping studies

The stripping of the extracted Cs activity was carried 
out subsequently using distilled water as the strippant 
in a manner similar to mentioned above (under 100 time 
diluted HLW) with the exception that the contact time 
was limited to 10 min. The 137Cs loaded organic phase 
from all the four contacts were collected together and a 
composite extract was prepared for the stripping experi-
ment in a manner mentioned above. Analysis of the 
composite organic phase was carried out for U, Pu and 
was found to be <5 mg/L and <0.1 mg/L, respectively. 
106Ru was not detected in the composite organic phase. 
The stripping data is presented in Table 7. As indicated 
in the table, almost entire amount of 137Cs was stripped 
in two contacts.

Table 5
Composition of the actual high level waste used in the present 
work. Slight variation in the composition as compared to 
that given in Table 1 is due to difference in the batches

Constituents Concentration

[HNO3], M 3.03
[U], g/L 10.70
[Pu], mg/L 1.93
Gross β, Ci/L 122.19
Gross γ, Ci/L 39.44

Fission product nuclides  
144Ce, Ci/L 26.44
106Ru, Ci/L 8.96
137Cs, Ci/L 5.30
95Zr, mCi/L 36
95Nb, mCi/L 56

Table 6
Extraction data with actual HLW. Phase ratio = 1:1, Volume = 2 mL, Contact time: 10 min. Extractant = 2.5×10–3 M CNC in 1:1 
nitrobenzene and toluene mixture

Radio-nuclides O1 (Ci/L) O2 (Ci/L) O3 (Ci/L) O4 (Ci/L) Raffi nate (Ci/L)

144Ce BDL BDL BDL BDL 26.54
106Ru BDL BDL BDL BDL 8.99
137Cs 2.95 1.37 0.74 0.20 0.053l
95Zr BDL BDL BDL BDL 0.034
95Nb BDL BDL BDL BDL 0.058

Table 4
Composite organic extract emanating from the four co-current batch extraction experiments was taken for stripping studies. 
Strippant: Distilled water. Phase ratio: 1:1. Contact time: 30 min

Radio-nuclides Composite
Org. ( Ci/L)

O1 ( Ci/L) A1 ( Ci/L) O2 ( Ci/L) A2 ( Ci/L) Lean Org ( Ci/L)

137Cs 2.554 0.073 2.46 0.003 0.084 0.003
106Ru 0.031 0.028 BDL 0.026 BDL 0.026
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3.3. Reusability studies

The reusability of the solvent was carried out in two 
ways. Firstly, by carrying out the extraction and strip-
ping studies with the regenerated solvent after the fi rst 
set of extraction experiments (data given in Table 8). Sec-
ondly, the solvent was kept in contact with the HLW for 
10 d with intermittent mixing. The organic phase was 
subsequently regenerated and was used for fresh extrac-
tion and stripping studies. The extraction data using the 
regenerated solvent (just after a single cycle of 4 extrac-
tions and 2 stripping stages) for a subsequent extraction 
cycle are presented in Table 8. The DCs value was 1.25 for 
the regenerated solvent after one day in contact and one 
cycle of extraction and stripping as against 1.26 reported 
for the fresh solvent. As seen from the Tables above, the 
DCs values increased in the subsequent stages of extrac-
tion. On the other hand, the DCs value decreased signifi -
cantly to 0.96 when the solvent was regenerated after 
keeping in contact with the HLW for 10 d. This is attrib-
uted to the radiolytic degradation of the solvent. The 
stripping data was, however, were satisfactory as quan-
titative stripping was possible in two cycles in each case. 
Moreover, as seen in Table 8, the selectivity of extraction 
was not lost. These results suggest that the solvent sys-
tem developed for the extraction of radio-cesium from 
high level waste works effi ciently and can be deployed 
for the recovery of Cs-137.

4. Conclusions

The extraction / separation behaviour of radio-cesium 
from the actual HLW using the calix-crown ligand CNC 
appear promising. The extraction and stripping effi cien-
cies were satisfactory as quantitative extraction and strip-
ping were achieved in 4 and 2 stages only. However, the 
extraction effi ciency decreased signifi cantly after keep-
ing in contact with HLW for 10 d. This would increase 
the number of stages and may require replenishment of 
the solvent after prolonged use.

References

[1] IAEA Technical Data Series No. 356, Feasibility of separation 
and utilization of cesium and strontium from high level liquid 
waste. International Atomic Energy Agency, Vienna (1993).

[2] W.W. Schulz and L.A. Bray, Solvent extraction recovery of 
byproduct 137Cs and 90Sr from HNO3 solutions—A technology 
review and assessment, Sep. Sci. Technol., 22 (1987) 191–214.

[3] V.N. Lebedev, Liquid radioactive waste treatment, Radiochem-
istry, 45 (2003) 152–154.

[4] Y. Onodera, H. Mimura, T. Iwasaki, H. Hayashi, T. Ebina and 
M. Chatterjee, A new granular composite with high selectivity 
prepared from phosphomolybdic acid hydrate and inorganic 
porous material, Sep. Sci. Technol., 34 (1999) 2347–2354.

[5] T.J. Tranter, R.D. Tillotson, T.A. Todd and M.D. Argyle, Lab-
oratory-scale column testing using crystalline silicotitanate 
(IONSIV™ IE-911) for removing cesium from acidic tank waste 
stimulant, 2: Determination of cesium exchange capacity and 
effective mass transfer coeffi cient from a 500 cm3 column 
experiment, Solvent Extr. Ion Exch., 23 (2005) 595–609.

[6] T. Sekine and D. Dyrssen, The solvent extraction of alkylmetal 
tetraphenylborates, Anal. Chim. Acta, 45 (1969) 433–446.

[7] W.J. McDowell, B.A. Moyer, G.M. Case and F.I. Case, Selectivity 
in solvent extraction of metal ions by organic cation exchang-
ers synergized by macrocycles: factors relating to macrocycle 
size and structure, Solvent Extr. Ion Exch., 4 (1986) 217–236.

[8] R.A. Peterson, J.O. Burgess, D.D. Walker, D.T. Hobbs, S.M. 
Serkiz, M.J. Barnes and A.R. Jurgensen, Decontamination of 
high-level waste using a continuous precipitation process, Sep. 
Sci. Technol., 36 (2001) 1307–1321.

[9] T.J. Haverlock, P.V. Bonnesen, R.A. Sachleben and B.A. Moyer, 
Applicability of a calixarenes-crown compound for the 
removal of cesium from alkaline tank waste, Radiochim. Acta, 
76 (1997) 103–108.

Table 7
Stripping studies using the composite organic extract 
as indicated in Table 6. Marginally, lower than expected 
activity level is due to dilution errors. Strippant: Distilled 
water, Phase ratio: O/A = 1, Contact time: 10 min

Radio-
nuclide

Composite
Org. (Ci/L)

O1

(Ci/L)
A1

(Ci/L)
O2

(Ci/L)
A2

(Ci/L)

137Cs 1.25 0.081 1.13 0.006 0.155

Table 8
Extraction studies using recycled solvent using actual HLW (composition in Table 5). Phase ratio = 1:1, Volume = 2 mL, 
Contact time: 10 min Extractant = 2.5 × 10–3 M CNC in 1:1 nitrobenzene and toluene mixture

Radio-nuclides Studies with lean organic phase after
one set of experimentsa

Studies with lean organic phase after
second set of experimentsb

 Organic phase from
fi rst contact (Ci/L)

Raffi nate from
fi rst contact (Ci/L)

Organic phase from
fi rst contact (Ci/L)

Raffi nate from
fi rst contact (Ci/L)

144Ce BDL 26.50 BDL 24.36
106Ru BDL 8.92 BDL 9.14
137Cs 2.94 2.36 2.55 2.70
95Zr BDL 0.038 BDL 0.048
95Nb BDL 0.055 BDL 0.065

aThe solvent was exposed to the radiation fi eld in the hot cell for 1 d.
bThe solvent was exposed to the radiation fi eld in the hot cell for 10 d.



P.K. Mohapatra et al. / Desalination and Water Treatment 38 (2012) 59–6464

[10] D. Banerjee, M.A. Rao, J. Gabriel and S.K. Samanta, Recovery 
of purifi ed radiocesium from acidic solution using ammonium 
molybdophosphate and resorcinol formaldehyde polyconden-
sate resin, Desalination, 232 (2008) 172–180.

[11] T.A. Todd, K.N. Brewer, D.J. Wood, P.A. Tullock, N.R. Mann 
and L.G. Olson, Evaluation and testing of inorganic ion 
exchange sorbents for the removal of cesium–137 from actual 
idaho nuclear technology and engineering center acidic tank 
waste, Sep. Sci. Technol., 36 (2001) 999–1016.

[12] J. Rais, P. Seluky, L. Kadlecova and M. Kyrs, Report UJV 3820-
Ch, Nuclear Research Institute, Rez, Czechoslovakia (1975).

[13] V.V. Kovalev, E.V. Khomich, E.A. Shokova and V.A. Babain, and 
M. Yu. Alyapyshev, Synergistic extraction of cesium, stron-
tium, and europium with adamantylated thiacalix[4]arenes in 
the presence of chlorinated cobalt dicarbollide, Russ. J. Gen. 
Chem., 78 (2008) 19–25.

[14] J.D. Law, R.S. Herbst, D.R. Peterman and T.A. Todd, Develop-
ment of a regenerable strip reagent for treatment of acidic, 
radioactive waste with cobalt dicarbollide-based solvent 
extraction processes, Solvent Extr. Ion Exch., 23 (2005) 59–83.

[15] A. Kumar, P.K. Mohapatra and V.K. Manchanda, Extraction 
of cesium–137 from nitric acid medium in the presence of 
macrocyclic polyethers, J. Radioanal. Nucl. Chem., 229 (1998) 
169–172.

[16] A. Casnati, A. Pochini, R. Ungaro, F. Ugozzoli, F. Arnaud, 
S. Fanni, M.-J. Schwing, R.J.M. Egberink, F. de Jung and R.N. 
Reinhoudt, Synthesis, complexation and membrane transport 
studies of 1,3-alternate calix[4]arene-crown-6 conformers, a 
new class of cesium selective ionophores, J. Am. Chem. Soc., 
117 (1995) 2767–2777.

[17] R.A. Leonard, C. Conner, M.W. Liberatore, J. Sedlet, S.B. Aase, 
G.F. Vandegrift, L.H. Delmau, P.V. Bonnesen and B.A. Moyer, 
Devolopment of solvent extraction process for csium removal 
from SRS tank waste, Sep. Sci. Technol., 36 (2001) 743–766.

[18] P.K. Mohapatra, S.A. Ansari, A. Sarkar, A. Bhattacharyya and 
V.K. Manchanda, Evaluation of calix-crown ionophores for 
selective removal of cesium from acidic nuclear waste solution, 
Anal. Chim. Acta, 517 (2006) 308–314.

[19] A. Ikeda and S. Shinkai, Unusually high ionophoricity of 
1,3-alternate-calix[4]arenes: π-donor participation in the com-
plexation of cations? Tet. Lett. (1992) 7385–7388.

[20] F. Ugozzoli, O. Ori, A. Casnati, A. Pochini, R. Ungaro and 
D.N. Reinhoudt, Evidence for cation-π interactions in 
calixcrown KPic complexes from X-ray crystal structure analy-
sis and energy calculations, Supramol. Chem., 5 (1995) 179–184.

[21] P.V. Bonnesen, T.J. Haverlock, N.L. Engle, R.A. Sachleben and 
B.A. Moyer, Development of process chemistry for the removal 
of cesium from acidic nuclear waste by calix[4]arene-crown-6 
ethers, ACS Symposium Series 757, G.J. Lumeta, R.D. Rogers, 
R.D. and A.S. Gopalan, (Eds.), Chapter 3 (2002) pp. 26–44.

[22] D.R. Raut, S.A. Ansari, P.K. Mohapatra and V.K. Manchanda, 
Use of Calix[4]-bis-2,3-naphthocrown-6 for Separation of 
Cesium From Pressurized Heavy Water Reactor Simulated 
High Level Waste Solutions (PHWR-SHLW), Sep. Sci. Technol., 
44 (2009) 3664.

[23] P.V. Bonnesen, L.H. Delmau, T.J. Haverlock and B.A. Moyer, 
Alkaline-side extraction of cesium from Savannah river tank 
waste using a calixarene—crown ether extractant. ORNL 
Report, ORNL/TM-13704 (1996).




