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ABSTRACT

In the framework of French law programme, studies are under way to selectively remove caesium from
acidic high activity wastes. Calix[4]arene crown derivatives exhibit outstanding efficiency and selectivity for
caesium. An optimisation of the formulation of a selective extractant system for Cs based on crown-
calixarenes and usable in a process which use liquid-liquid extraction is presented. A system involving a
monoamide as a modifier is proposed.
Besides these improvements, a reference solvent based on a standard l,3-di-(n-octyloxy)2,4-calix[4]arene
crown is studied. Flow-sheets related to this system are calculated and easily transferable to the optimised
new system.

INTRODUCTION

In the framework of the 30 of December 91 French law, related to the management of nuclear wastes, studies
are developed to recover long-lived fission products (F.P.) from acidic highly radioactive effluents issuing
the reprocessing of spent fuels, to destroy them by transmutation or to encapsulate them into specific
matrices.
Efforts have been directed towards caesium, particularly l35Cs, which is one of the most harmful fission
products because of its long high life (more than 2.106 years) and its mobility in repository. The elimination
from such a high level waste of137 Cs (a heat emitting nuclide the half life of it is 30 years) may also reduce
the need of cooling F.P. solutions and the time of vitrified waste storage before its disposal in geological
formation (1).
Calixarenes are cyclic compounds constituted by phenol units linked by methylene groups. Crown 6
calix[4]arene compounds which consist of a calixarene frame in the 1,3 alternate conformation
simultaneously offer the selectivity of crown compounds through the poly- ether chain ring size and the
preorganization of calixarenes fixed in a more or less rigid conformation. This class of calixarenes is a new
promising family which exhibits exceptional caesium separation properties (2, 3, 4) either in very acidic
medium (Table I) either in the presence of large amounts of sodium.

TABLE I : EXTRACTION OF CESIUM AND SODIUM - SELECTIVITY Cs/Na (4)
Aqueous feed solution, MN0 3 510"4 M - HNO3 1M

Organic solution, 10'2 M extracting agent in 1,2-nitrophenyl hexyl ether
Compounds

calix[4] arene di isopropoxy crown 6

calix[4] arene di n octyloxy crown 6

calix[4] arene di n octyloxy dibenzo crown 6

calix[4] arene biscrown 6

calix[4] arene bis-o-benzo-crown 6

calix[4] arene bis di benzo crown 6

calix[4] arene bis naphthyl-crown 6

DNa*

<10"3

<10"3

<10"3

1.3 xlO"2

1.7 x lO ' 3

<10"3

<10"3

DCs*

28.5

33

31
19.5

32.5

23

29.5

cc(Cs/Na)

> 28 500

>33000

>31000

1500

19000

> 23000

> 29000
* room temperature

In 1994, a real raffinate was treated in a hot cell to extract caesium with a calixcrown extractant (5). The
success of this 'one batch' experiment confirmed the feasibility of caesium decontamination from high level
liquid wastes.
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Then, it was decided to define a complete scheme process to extract caesium selectively from high level
activity raffmate. The flow-sheet will be included in the general scheme of long-lived radionuclide
partitioning.
To be consistent with this general scheme, it was settled to use liquid-liquid extraction and thus to optimise a
calixarene/diluent solvent according to some hydraulic and chemical criteria. With such an optimised system
different examples of flow-sheet were defined.

In this paper, we report the results of our recent efforts towards developing an optimised solvent suitable for
extracting caesium from acidic high level wastes and usable to liquid-liquid extraction. The first calculated
flow-sheets are also presented.

EXPERIMENTAL

Materials
Crown calixarenes were synthetised by Pr R.Ungaro (University of Parma, Italy) and by ISOTOPCHIM
(Peyruis, France). If necessary, calixarenes were purified with the use of a silica gel and after basic alumina
column. Octanol-1 was provided by Aldrich, TBP by Merck, they were used as received. Monoamides,
obtained from PANCHIM (Evry, Lisses, France), were washed with soda, water and sulfuric acid. TPH was
obtained from CEA/DCC/DRRV (Valrho).
Aqueous phases were prepared by dissolving caesium nitrate (Aldrich) in an aqueous solution containing
nitric acid unless otherwise stated (obtained by dilution of concentrated nitric acid 65% (Merck) with
deionized water).
Batch-equilibrium experiments
Batch equilibrium extraction experiments were monitored by spiking trace concentration of 137 Cs provided
by Amersham and were performed in polypropylene tubes. Equal volumes of aqueous and organic phases
were contacted for one hour (preliminary experiments have shown equilibrium was reached after 2 minutes)
at 30 °C by end-over-end rotation using a controlled temperature chamber (SANYO). Phases disengagement
was achieved by centrifugation in a refrigerated centrifuge maintained at 30°C (Jouan CR3I).
For extraction isotherms data acquisition, the solvents were pre-equilibrated with aqueous phases containing
the same nitric acid concentrations as the aqueous phase under study to prevent the coextraction of nitric acid
during the distribution of cation nitrates.
Analyses
Nitric acid titration were performed using a titroprocessor Mettler DL25 or L67. Cs was determined by y
spectrometry in the organic and in the aqueous phases using a y spectrometer Eurysis (Ge coaxial - EGPC 15
type P). ICP/MS (Inductively Coupled Plasma / Mass Spectrometry) was used to measure other cations.

RESULTS AND DISCUSSION

Optimisation of the formulation of the solvent
The first (calixarene/diluent) system defined in the initial studies (6) used a nitrophenyl alkyl ether (NPAE)
as a diluent because it improved caesium extraction and led to a stable membrane in Supported Liquid
Membranes (SLM) experiments. Such SLM tests allowed us to select the useful calixarenes with a very
small quantity of it. Nevertheless, such a diluent pointed out inappropriate properties regarding hydraulic
behaviour. For example, density and viscosity of these diluents were too high (see Table II) and needed a
modification of the initial system (crown calixarene / NPAE).

TABLE II: DENSITY AND VISCOSITY OF SOME NITROPHENYLALKYLETHERS AT 25°C

Diluent (NPAE)
NPHE (alkyl: hexyl)
NPOE (alkyl: octyl)

Density
1.07
1.04

Viscosity (cP)
8.9
12.4

To optimise the (calixarene / diluent) system, we took into account a list of performance criteria, necessary to
the viability of a solvent extraction process, as listed below :
- the need of use an alkane diluent, pure or including a modifier, in connection with hydrometallurgical
applications and with general French spent fuel reprocessing. The modifier, if necessary serves to both
enhance the Cs extraction power and to prevent third phase formation.
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hydraulic criteria, that is to say a compatibility with liquid-liquid extraction apparatus, density, viscosity,
emulsion formation and phase disengagement...
chemical criteria: satisfactory extraction (HNO3 3 or 4 M) and stripping (HN03 < 0,5M) efficiency,
sufficient selectivity towards other elements of the feed not to be extracted, no third phase formation,
stability (thermal, radiolysis, radiation), extraction and stripping kinetics consistent with contactors used.
safety.

We followed 2 ways of search parallel.

First, we used well-known crown calixarenes whose synthesis is easily controlled and we tried to modify the
diluent. With such systems, we are now able to calculate flow-sheets, that would be the subject of the second
part of 'RESULTS AND DISCUSSION', and we have a sufficient quantity about them to consider the
implementation of a flow-sheet test.
Two examples of theses (calixarene/ diluent) solvents are
First, calix[4] arene di n octyloxy crown 6 (calix octyloxy) used with a concentration of 5.10"2 M in TPH,
modified by NPHE (30% in weight). TPH is an industrial blend of branched alkanes obtained by
polymerisation of propylene and hydrogenation of the formed tetramers (from where its commercial name
will tetra hydrogenated propylene, TPH in French).
Another example is the following one : calix[4] arene di n octyloxy crown 6 used with a concentration of
6.5.10"2 M in TPH, modified by TBP (1.5M).
With such systems, interesting hydraulic properties were already obtained (table III), comparable with the
known behaviour of solvent of PUREX process. It is thus completely possible to use the same types of
equipment as those already implemented in PUREX.
There were no appearance of third phase until initial caesium concentrations in the feed of 2.10"2 M, which
was very beyond the conditions of process considered. The extraction and stripping properties were fairly
good with a DCs about 11 for HN03 M and an efficient stripping for HN03 0.05 M.

TABLE III: SOME HYDRAULIC PROPERTIES of DIFFERENT ORGANIC PHASES USABLE WITH
CALIX[41 ARENE DI N OCTYLOXY CROWN 6

System

Reference system (PUREX)
TBP 30% / dodecane

TPH, modified by NPHE (30% in weight)
Calix octyl oxy 0.05 M in TPH, modified by

NPHE (30% in weight)
TBP 1.5 M/TPH

Calix octyl oxy 0.065 M in
TBP 1.5 M/TPH

Density
(25°C)

0.825

0.851

0.844
0.827

Viscosity
(25°C)

1.68

2.07

Interfacial
Tension

(HNO3 3 M)
10.3 (30°C)

25.7 (30°C)
9.4 (30°C)

-

Interfacial
Tension

(HNO3 4 M)
-

-
7.7 (30°C)

10.7 (25°C)
5.7 (25°C)

Secondly crown-calixarenes were modified as well as possible to optimise the criteria cited before.
We pointed out that, compared to calix[4] arene di n octyloxy crown 6, substituted by an octyl radical, the
addition of a restricted number of carbons on the radical R (see below) is enough to ensure a good solubility
in an alkane diluent, without the need of a modifier.

The calixarenes shown in the figure 1 present a whole a solubility higher than 0.1 M in alkane diluents as
TPH. Long and ramified radicals were chosen to improve the solubility, to move away as well as possible the
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limits of the third phase from the conditions of the process and to limit the potentially surfactant properties of
the degradation products.
Some of these calixarenes even made it possible to shift the formation of an acid third phase to acidities
higher than 4 M (see Table IV). Nevertheless, the calixarene concentrations were too weak to allow a
sufficient extraction of caesium. That is why it was decided to introduce a modifier.

C5 C6

Crown calixarenes soluble in TPH

CH3(CH2)6CH2OH

Octanol-1

OC4H9

OC4H9II P^=O

OC4H9

TBP

MAI

\

C«H,7

MA2

Monoamides

Examples of modifiers

FIGURE 1 : EXAMPLES OF CROWN-CALIXARENES AND MODIFIERS USABLE FOR THE CS
EXTRACTION PROCESS.

Three series of modifiers were considered : alcohols, phosphates and amides. All these modifiers allowed
moving away the third phase occurrence beyond process conditions and enhance caesium extraction.
Alcohols were used in different liquid-liquid extraction processes. For example, octanol was chosen to
solubilize crown-ethers (7). Moyer and coll (8) introduced other alcohols as modifiers usable with crown
calixarenes. The most common phase modifier is the tributyl phosphate used in the TRUEX process or now
in Srex (to replace octanol). Monoamides have been suggested as an alternative for TBP in a variety of
processes (9). They could be used as phase modifiers similarly how TBP is used.

TABLE IV : THIRD PHASE FORMATION DURING THE EXTRACTION OF NITRIC ACID BY SOME
MONO CROWN CALIXARENES

Radical R branched on the calixarene

C2H4OC10H21

C2H4OC12H25

C2H4OC3H6CH(C2H5)(C4H9)

C2H4OCH(CH3)2(CH2)C(CH3)3

C 2H 4OCH 2CH(CH 3 ) (C9H 1 9 )

C2H4OCH(CH3)(C2H4)CH(C2H5)(C4H9)

C 2H 4OCH 2CH(C 2H 5)CH 2CH(C2H 5)(C3H 7)

Third phase boundary
[HNO3]aq (M)

T = 30°C
[calixarene] = 0.05 M diluted in pure TPH

1-2

0.1-0.5

1 -2

1 -2

3 - 4

4-4.5

4-4.5
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We in particular considered the modifiers presented in figure 1. They were tested, associated with crown-
calixarenes. In Table V, we report some interesting (calixarene / modifier) systems according to their Cs
extraction and stripping properties (all of them also present satisfactory hydraulic behaviour and the
maximum caesium concentration in the organic phase attainable without third phase formation exceeds 10"2

M).

TABLE V : EXTRACTION AND STRIPPING PROPERTIES OF I
SYSTEMS USED IN TPH.

Radical R branched on the calixarene

Cl C2H4OC]0H2i (0.135 M)

C2 C2H4OC7Hi4CH(CH3)2 (0.12 M)

C2 C2H4OC7H14CH(CH3)2 (0.12 M)

C6 C2H4OCH2CH(CH3)(C9H19) (0.15 M)

C6 C2H4OCH2CH(CH3)(C9H19) (0.15 M)

C3 C2H4OC3H6CH(C2H5)(C4H9)
(0.12 M)

C3 C2H4OC3H6CH(C2H5)(C4H9)
(0.075 M)

C3 C2H4OC3H6CH(C2H5)(C4H9)
(0.12 M)

C4C2H4OCH(CH3)(C2H4)CH(C2H5)(C4H9)
(0.1 M)

C5
C2H4OCH2CH(C2H5)CH2CH(C2H5)(C3H7)

(0.1 M)

C5
C2H4OCH2CH(C2H5)CH2CH(C2H5)(C3H7)

(0.1 M)

Modifier

TBP (1M)

TBP (0.5M)

MAI (0.3M)

TBP (1M)

MAI (0.5M)

TBP (0.5M)

MAI (0.5M)

MA2 (0.5M)

MAI (0.3M)

MAI (0.3M)

MA2 (0.5M)

iOMh (CALIXARENE/MODIFIER)

DCs (30°C)

Extraction conditions

[HNO
(M)

4

4

4

3

4

4

4

4

4

4

4

3] [Cs] (M)

16.2

8.4

21.8

6.5

18

9.04

8.6

13.8

11.4

8.1

10

5.10"3

3.10"2

1.10"3

1.10'3

1.10"3

1.10"3

1.10"3

1.10"3

1.10"3

1.10'3

1.10"3

Stripping conditions

[HNO
(M)

0.05

0.1

0.05

0.1

0.05

[Cs] (M)

0.03

0.013

0.02

0.007

0.003

10-7

3.1O"2

10-5

10-2

10-3

Up to now, the most interesting formulation of the solvent phase is composed of calixarene C5 (0.1 M),
monoamide MA2 (0.5M) in TPH. Some distribution data which point out extraction and stripping properties
like selectivity over inorganic components present in hot effluents, for different interesting systems, were
gathered in figure 2. Such a system offers a high Cs extraction ability accompanied by a good selectivity. We
note in this figure that all the modifiers retained point out a sufficient selectivity but monoamide MA2 is the
best, that more especially as its concentration is weak. Indeed, the aliphatic radical grafted on the carbonyl
side is branched. Such monoamides are known to have a strong selectivity towards fission products and
trivalent elements compared with that of phosphates or even that of monoamides grafted with linear radicals
(10).
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Influence of nitric acidity and Cs concentration on DCs

calixarene C5 0.1 M, diluent (MA2 0.5 M/TPH), T = 30°C

Extraction of elements present in a simuiant

(HNO3 3 M) by a phase (modifier/TPH) without calixarene

l.E+02 l

l.E+oi :;

I.E+00 -

l.E-01

I.E-02 -

I.E-03
1.

; X X

'. x x

* ft

X

X

H

X *

a a
• •

X

X

-r
•

• HNO3 0.01M

" HN03 0.05M

'• HN03 0,001 M

X HNO3 3M

x HNO3 4M

0

Aqueous phase
simulant
[HNOi]=3.06M

. Tcmpcralure: 30° C
Organic phase
Modificr/TPH

l.E-07 l.E-05 l.E-03

[Csli(M)

TBP 1.5M

MAI 0.5M

MAI 0.3M

MA2 0.3M

FIGURE 2 : INFLUENCE OF THE MODIFIER ON Cs EXTRACTION ABILITY AND ON THE
SELECTIVITY

Note that we did not retain alcohol among the modifiers most interesting. Let us consider the stripping
isotherms of caesium cation according to the modifier used (figure 3). In all the cases when Cs concentration
decreased, we observed, first a decrease of DCs, then an increase for the lowest concentrations. Studies to
explain this behaviour are in progress. Ideas as the formation of several Cs-calixarenes complexes or an
ionisation of the organic phase (8) can be advanced but have to be checked. From the point of view of
process implementation, such behaviour may prevent a sufficient stripping, if the increase observed is too
high.

DCs

0.1 -

'HNO3 0.01M
1 HNO3 O.OOIMI

• • *

l.E-09 l.E-07 l.E-05 I.E-03 l.E-01

1 -

DCs

0.01

l.E-09

• H N O 3 0.01M

• HNO3 0.05M

' H N O 3 0.001IV

• •

l.E-07 l .E-05 I.E-03

0

t

l.E-01 1.E+0

»HNO3 0.0IM

• HNO3 0.0SM

'HNO3 0.IM

l.E-10 l.E-08 l.E-06 l.E-04 l.E-02
|Cs],q(M)

Crown calixarene isopropoxy 0.025M
diluent octanol

Crown calixarene octyloxy 0.065M
diluent (TBP 1.5 M/TPH)

Crown calixarene C5 0.1M
diluent (MA2 0.5 M / TPH)

FIGURE 3 : STRIPPING PERFORMANCE FOR Cs PROCESS ACCORDING TO THE MODIFIER

As we see in figure 3, that is the case for alcohol modifier. To allow stripping, Moyer and coll (8)
recommend the addition of an amine in the organic phase but that complicates the system. That is the reason
why we did not retain alcohols and preferred monoamides, the stripping isotherms of which allow a good
stripping in all range of the caesium concentration, in spite of the increase.

Flow-sheet developments

With the two systems cited before, based on l,3-di-(n-octyloxy)2,4-calix[4]arene crown and diluent
(NPHE/TPH) or (TBP/TPH), flow-sheets were calculated using a computer code developed by P. Baron and
coll (11). An example is presented in the figure 4. Such a flow-sheet will be easily transferable to the future
optimised extractant as the system (calixarene C5, monoamides MA2 0.5M, TPH). It is intended to realise a
test with a simulated waste during the year and with a real raffinate within 6 month in Atalante facility.
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We intend to use centrifugal extractors developed by CEA (12). Preliminary tests pointed out a good
hydraulic behaviour and a satisfactory efficiency of crown calixarenes for these contactors (13). Simulant
and real eflluent will tested with these contactors.

Calixarene octyloxy 6.5.10"2 M
TBP 1.5 M/TPH

Flow rate: 1
6 stages

f extraction

raffinate:
Cs:3.8.10"9M

2 stages

Solvent:
Cs: 0.0057 M
HN0,:l-2M „ s t a g e s

scrub

f
strip

_ *
Back-extracted

solvent

Feed
flow rate: 1
HNO34M
Cs6.10"3M

Cs in aqueous solution
Cs : 0.0055

Scrub solution

Flow rate : 0.1

Back-extraction solution
Flow rate: 1
HNO, 0.05 M

FIGURE 4 : EXAMPLE OF CAESIUM EXTRACTION FLOW-SHEET

Related to process development, some investigations regarding solvent integrity were performed, especially y
irradiation (14, 15). Up to now, our results show those crown calixarenes are radiolytically stable molecules.
Only substituted calixarenes (nitro derivatives) are formed when nitric acid is present. The addition of one
nitro group is not expected to modify the extraction efficiency of the molecule. It appears the diluent plays a
role in the extraction properties of the degraded system. The behaviour of the new system (calixarene C5,
monoamide MA2, TPH) is under investigation.

CONCLUSION

The separation of caesium within the general scheme of long-lived radionuclide partitioning entered its phase
of development. We are capable to propose a (calixarene/diluent) formulation likely to satisfy some
important criteria of selection defined above. The formulation (calixarene C5, monoamide MA2, TPH) is
retained at this point of our studies.
Studies continue with the search of a calixarene completely optimised, usable in a pure alkane diluent, with
some fundamental studies on the understanding of the influence of a modifier on the complexes formed
between calixarene and caesium, with the continuation of the studies of degradation, and of course the
definition of process flow-sheets followed by tests on simulated wastes and hot test conducted on real
effluents.
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