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Summary 

The cis-syn-cis isomer of the dicyclohexano-18-crown-6 ether 
(DCH18C6) was subjected to radiolysis with a 137Cs y-source. 
The cis-syn-cis DCH18C6 radiolytic products were synthesized 
in their different configurations and tested on aqueous synthetic 
solutions of spent nuclear fuels: no influence of the degradation 
products was detected. So, good prospects for the application of 
DCH18C6 to the spent nuclear fuels reprocessing as well as 
liquid effluents treatment was demonstrated. Thus, a process 
combining selective liquid-liquid extraction (DCH18C8-CHC13) 
with solid-liquid extraction (Duolite ARC-9652) for strontium 
traces removal from acidic waste streams is described. This pro
cess allows to a high strontium decontamination factor (25 0 )  
with a very important extraction factor [1] (5000) i n  the presence 
of 3 0  · 10 3 molar excess of sodium. 

Introduction 

Tributyl phosphate (TBP), which is used in solvent ex
traction for decades in a considerable number of indus
trial applications such as the PUREX process in spent 
nuclear fuel reprocessing, has now reached a maxi
mum in efficiency, selectivity and safety. Indeed, the 
main drawback of this extractant is its susceptibility to 
both chemical and radiolytic degradation, and a conse
quence of this defect is that the operation of nuclear 
fuel reprocessing plants is affected. 

Research of new more effective extractants has 
given rise to many works that show the importance of 
crown ethers in separation chemistry of metal ions [1-
5] and, in particular, of dicyclohexano-18-crown-6
(DCH18C6) 1 [6-7].

During the last several decades, considerable effort 
has been directed toward the development of improved 
processes for the removal and recovery of strontium-
90 from nuclear waste streams. This radionuclide, 

* Presented at the 4th International Conference on Nuclear and 
Radiochemistry, St. Malo, France, September 1996. 

along with cesium-137, constitutes a major source of 
heat in these wastes. Its removal would therefore 
greatly simplify their handling and ultimate disposal. 
These last years, solvent extraction [8] and ion ex
change processes [9] for Sr isolation from alkaline, 
weak or strong acid waste solutions have been devel
oped, however, none of the processes described to date 
has proven satisfactory [10]. 

The present work is aimed at studying the effect 
of y-radiations on the structure and on the physico
chemical properties of the DCH18C6, and to describe 
a continuous process combining liquid-liquid extrac
tion with ion exchange techniques for strontium traces 
removal from aqueous solutions, in the presence of 
high sodium concentrations. 

Experimental 

Materials 

All reagents were purchased commercially and used 
as-received. The DCH18C6 isomers were separated 
according to a procedure previously described [11]. 
The Duolite™ ARC-9652 resin contained 1.2 meq of 
strong acid exchange sites (S03H) per g of resin. All 
syntheses of DCH18C6 degradation products were 
performed according to the procedures previously de
scribed [12]. The influence of DCH18C6 radiolytic 
products on Pu, U and Sr extraction by DCH18C6 was
studied with synthetic second cycle solutions of the 
PUREX process. Table 1 shows the main constituents 
of a synthetic second-cycle solution in which Pu and
U are present in macroquantities. 

Recovery of strontium was carried out with simu
lated aqueous wastes. The simulated aqueous wastes 
were prepared by dissolving salts of sodium and 
strontium nitrates in nitric acid. The composition of 
the synthetic waste used in this study is shown in 
Table 2. 
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Table 1. Composition of the synthetic second-cycle solution 

Nuclide 

Activity, Bq L- 1 

Concentration, g L -1 

Nuclide 

Activity, Bq L -1 

Concentration, g L -1 

Pu 

2.29 . 109 

1 

u 

13 .93 . 10' 

1.12 

90Sr 

2 4.79 . 106 

4.75 . 10-6 

134Cs 

1.18 . 106 

25 . 10-9 

Table 2. Chemical composition of the synthetic effluents 

Ion 

Concentration 
(mo! L- 1) 

15 mLDCHl8C61 

( 0,134 mol L"1 CHCl3) 

('o1 
CC

o
o 

o
oX) 

0 .9 

N03 

1 0 .1 2.68 . 10-6 

15 mL of 200 cycle solution 

(Pu= 1 g L"1 U = 1 g L"1 Sr= 4.7 µg L"1) 
+ M mole of radiolysis product 

extraction 
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1 
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Fig. 1. Procedure of radionuclides extraction by DCH18C6 in 
the presence of its radiolytic products. 

Effect of the radiolytic products on the extraction 
of Pu, U and Sr by DCH18C6 

For determination of the influence of radiolytic prod
ucts of DCH18C6 in the aqueous phase on spent 
nuclear fuel reprocessing, 15 mL of second-cycle
solution containing (or not) radiolytic products (7.35 
· 10-3 mol L-1) were shaken with 15 mL of a chloro
formic DCH18C6 solution (0.13 mol L-1). The or
ganic solution (V mL) was washed with water (V mL), 
chloroform was evaporated, then the organic residue 
was calcinated and dissolved in nitric acid (68%).  Ex
traction were carried out according to the procedure 
shown in Figure 1. 

For determination of the influence of radiolytic 
products in the aqueous phase on Pu valence and con
centration, 9.8 · 10-3 mol of the radiolytic product 2

241Am 6()Co 106Ru 106Rh 

3 8.11 . 106 14.8 . 10 3 7.77 . 106 7.77 . 106 

300. 10-6 3 5 4. 10-12 63 . 10-9 6 . 10-14 

137Cs 144Ce 144Pr 154Eu 

2 0 .3 5 . 106 7. 4. 106 7.4 . 106 1.85 . 10 3 

6 . 10-6 63 . 10-9 2.7 . 10-14 1.9 . 10-16 

was shaken with 20 mL of second-cycle solution. Five 
samples were taken as a function of the time, to be 
analysed. 

The concentrations of radioelements in the syn
thetic second-cycle solutions were measured by p 
counting (±6% of precision), a counting and spec
trometry (±5-10% of precision). 

The U and Pu oxidation states were checked using
visible absorption spectrometry. No modification of 
the oxidation states of the metallic species (Uv1 and
Pu1v) was noticed during the extraction processes.

Recovery of strontium from simulated aqueous wastes 

The pilot installation was tested with 30 L of radio
active effluent (Na+ 0.1 mol L-1, Sr2+ 2.68 . 10-6
mol L-1 and HN03 0.9 mol L -1). Concentrations of Sr
and Na were measured both radiometrically (±5% of 
precision) and by atomic absorption spectrometry 
( ±5% of precision). A mixture of 85Sr and 22Na iso
topes was used as tracers. The tracer solutions were of 
sufficient activity to allow a small volume of tracer to 
be added which did not significantly increase the total 
volume of the aqueous solution. 

Results and discussion 

Cis-s y n-c i s  DCH18C6 1 
r a diochemical  s tabi l i ty  

The DCH18C6 radiolytic products have been identi
fied in a previous study [13]. We have noted that no 
product exhibits a macrocyclic structure, and the dra
matically lower complexing and extracting properties 
of open chain polyether compared to macrocyclic "an
alogs" has been reported [14]. The stereochemical 
configuration of the cis-syn-cis DCH18C6 radiolytic 
products was then determined [12]. As a general rule, 
y-radiations give rise to degradation products with re
tention of configuration, i.e. cis configuration (Fig. 2). 
The values of the radiochemical yields, G, are given 
Figure 2. The radiolytic products yields range from 
about 0.01 to nearly 0.3 molecule per 100 eV absorbed 
by the DCH18C6 at an energy of 3290 kGy. As com
pared, at an energy of 1930 kGy, the G values of 
HDBP and H

2
MBP, which are the main radiolytic 

products of TBP, are respectively GHDaP = 2.52 and 
GH2MBP = 0.30 [15]. 
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Fig. 2. Structure of the DCH18C radiolytic products and their radiochemical yields, G. 
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Fig. 3. Effect of the radiolytic products of DCH18C6 on Pu, U 
and Sr extraction. [Compound 2] = [Compound 3] = [Com
pound 4] = 2 .45 · 10-3 mo! L- 1 ([radiolytic products] 

7.35 -10-3 moJL-') 

In order to evaluate the influence of the DCH18C6 
radiolytic products on spent nuclear fuel reprocessing, 
experiments were performed to test whether those 
products modify the extraction of Pu, U and Sr by
DCH18C6. Compounds 2 and 4 were tested because
they had the higher radiochemical yields (i.e. G = 

0.29 and 0.23) [13). Compound 3, which structure was
representative of the symmetric structures, was tested 
to investigate its chelating behaviour. For an acidity
adjusted second cycle solution of 4.9 N, compounds 2, 
3 and 4 were soluble in the aqueous phase. Extraction
of Pu was performed using a synthetic second cycle
solution containing one or more of these radiolytic 
products at the concentration of 7.35 · 10-3 mol L -1• 
Two tests were carried out: the first test without radio
lytic product in the aqueous phase; the second one 
with a mixture of the three radiolytic products at the 
same concentration (i.e. 2.45 · mol L -1) in the aqueous 
phase. 

The loading properties of DCH18C6 are not modi
fied by low or medium concentrations of the three ra
diolytic products in the aqueous medium (Fig. 3). So, 
considering the low radiochemical yields observed for 
DCH18C6 radiolysis [13), it can be concluded that the 
macrocycle radiolytic products do not perturb the ex
traction process. Indeed, it is important to note that 
the concentration of the DCH18C6 radiolytic products 
used was much higher than those expected in industri
al reprocessing. To further investigate the potential of 

13 Pu 

Sr 

� u 

Without cpd Cpd 2 Cpd 3 Cpd 4 

Fig. 4. Effect of the radiolytic products of DCH18C6 on Pu, U 
and Sr extraction. [Radiolytic product] = 7.35 · 10-' mo! L- 1• 

DCH18C6, three tests were carried out with only one 
radiolytic product in the aqueous phase at a higher 
concentration of 7.35 · 10-3 mol L -1 (Fig. 4). 

A 20% decrease in the efficiency of Pu extraction
was observed in the presence of each radiolytic prod
uct (2, 3 and 4) in the aqueous phase. Whereas, Sr
extraction capacity by the DCH18C6 was not modified 
by the presence of synthesized radiolytic products in 
the aqueous phase. 

In order to explain the influence of the DCH18C6 
radiolytic products on Pu extraction, a radioactive sec
ond-cycle solution was kept in contact with compound 
2. Concentrations of total Pu and Pu valence states
(I I I, IV or V I) were determined as a function of the 
contact time between organic and aqueous phases 
(Fig. 5). 

Pum was not detected in any sample of aqueous
phase; DCH18C6 radiolytic products do not reduce 
Pu. On the other hand, a precipitate was observed in
the aqueous phase, the abundance of which was depen
dent on the aqueous phase/compound 2 time of con
tact, and decrease of free Pu in the aqueous phase was
measured. Radiolytic product 2 precipitates Pu and
retains it in the aqueous phase. The presence of 
DCH18C6 radiolytic products could block out Pu ex
traction in a static liquid-liquid extraction system in 
which the degradation products inevitably accumulate. 
However, they do not perturb the process in a contin
uous extraction system. 

While DCH18C6 shows an excellent radio
chemical stability, it provides high Pu and U distri-
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Fig. 5. Variation of free Pu concentration as a function of the 
time of contact between the aqueous phase and a radiolytic prod

uct 2. [2] = 9.8 · 10-' mol. 

bution ratios in chloroform which precludes its use in 
a process-scale application. The development of a new 
liquid extraction process suitable for the spent nuclear 
fuel reprocessing requires an extraction system which 
combine an efficient, selective and radiochemically 
stable extractant with a diluent possessing satisfactory 
physical and chemical properties. Despite the use of 
chlorinated solvent, the high efficiency of DCH18C6 
has prompted us to study a process for the recovery of 
Sr from acidic waste streams. 

R e c o v e ry pro cess of  Sr  
f r o m  acidic  nuclear  w a s t e  s t reams 

Among the radioelements present in traces in  the 
waste effluents 90Sr, which have an half-live of nearly 
30 years, is a potential hazard. Many processes have 
been described for the removal of this radionuclide 
from acidic or basic solutions. Without exception, 
however, these processes involve strontium concen
trations from 70 [16] to 500 [8] times higher than these 
of the effluents we describe. The nature of the solvent, 
the stereochemical configuration of the DCH18C6 iso
mer and the extractant concentration were studied in 
view of the removal of strontium traces in the presence 
of an excess of sodium. The best results were ob
tained using chloroform as solvent and a solution of 
DCH18C6 at the concentration of 0.022 M. 

The potential of the DUOLITE ARC-9652, an or
ganic ion exchanger, for the concentration of Sr was 
then examined. The results obtained have shown that 
the removal of traces of strontium from 0.9 M nitric 
solution containing an excess of sodium can be 
achieved using this resin. Thus, properties of selective 
extraction of DCH18C6 and concentration of the 
DUOLITE ARC-9652 were combined in a continuous 
process of strontium extraction, stripping and concen
tration. 

EFFI.UENT , 30 L 
HN03 0.9 mot L l 

Na+ 0.1 mol L ·l 
s..2+ 2.68 J0-0 mol L ·1 

A 

RAFFINATE 

B 

WATER,0.4L 

A Extraction B Stripping C Concentration 

c 

Fig. 6. Pilot installation for strontium extraction and recovery. 
F1 = Effluent flow rate (L h- 1), F2 = Organic phase flow rate 

(L h- 1), F3 = Sr stripping flow rate (L h- 1). 

The pilot installation shown in Figure 6 was used 
to selectively remove 90Sr from acidic solution in the 
presence of 30 · 103 molar excess of sodium. The 
equipment for doing the process study consists of an 
extraction reactor and a stripping reactor (mixer
settlers ). The number of theoretical stages of liquid
liquid extraction was calculated according to the 
"Kremser formula" [17]. A pH-adjusted synthetic-ef
fluent (pH = 0.46 for 0.9 M HN03) with a flow rate 
of 0.17 L h-1 was added at the first stage to the solvent 
introduced at the third stage with a flow rate of 
0.33 L h-1• In three stages 99,6% of strontium was ex
tracted with a DCH18C6 concentration of 0.022 M. Sr 
decontamination factors (Sr concentration in effluent/ 
Sr concentration in raffinate) of 250 were measured. 

The strontium was then stripped in three stages, 
introducing at the third stage, water at a flow rate of 
0.17 L h-1• In those conditions, more than 90% of 
strontium was stripped. 

Then, the strontium was continuously concentrated 
onto 6 · 10-3 L of Duolite ARC-9652 ion-exchange re
sin. So, traces of strontium contained in 30 L of efflu
ent were concentrated on to 6 · 10-3 L of resin leading 
to a calculated extraction factor of 5000; strontium 
was then readily eluted with 5 M HN03•

Conclusions 

The DCH18C6, and specifically the cis-syn-cis isomer 
of this macrocycle, possesses a high stability toward 
radiolysis. The cis-syn-cis DCH18C6 radiolytic prod
ucts would bring few effect on continuous extraction 
system. Moreover, we demonstrate here that a con
tinuous process based on liquid-liquid extraction 
(DCH18C6-CHC1,) and solid-liquid concentration 
(Duolite ARC-9652) provides an effective method for 
extraction and recovery of strontium traces in the 
presence of an excess of sodium from nitric acid 
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media. Indeed, strontium contained in 30-L sample of 
radioactive effluent is selectively extracted by the 
DCH18C6, in the presence of 30 · 103 molar excess of 
sodium, and then concentrated onto 6 mL of an ion
exchange resin. The overall process therefore reduces 
the volume of material containing the Sr by a factor 
of 5000 and fixes this soluble species onto a small 
volume of organic material. 
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