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Abstract. Permeability variation with repeated caesium transport experiments has been chosen to
measure the leaching of the supported liquid membrane by the contacting aqueous solutions. This
allowed us to characterize the SLM stability. Whereas classical crown ethers such as the widely
used 21C7 derivatives were revealed to be poorly efficient and poorly stable in SLMs, crown-
6-calix[4]arene compounds in the so-called I,3-alternate configuration led to very stable (over 50
days), highly selective (concentration factor > 100) and efficient (decontamination factor = 20) SLMs,
for the removal of caesium from high salinity and acidity media. These results were achieved by using
proper organic diluents and introducing hydrophobic substituents in the frame of the calixarenes.
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1. Introduction

Nuclear fuel reprocessing operations produce both high and medium level activity
liquid wastes (HLW/MLW). The major nuclides in these radioactive wastes are
those with long half-lives, mainly 3/+ emitters such as: Tc, I, Zr, Se, Cs, etc.,
or o emitters such as transuranics: Np, Pu, Am, Cm, etc. [1]. That is why great
efforts have been devoted throughout the world to propose harmless storage of
these wastes.

The burial of vitrified reprocessed HLWs (containing fission products and «
emitters) has been considered as the safest method for their permanent disposal [2],
whereas MLWs are treated by evaporation or other conventional techniques such as

* This paper is dedicated to the commemorative issue on the 50th anniversary of calixarenes.
** Author for correspondence.
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chemical precipitation, ion exchange, etc., in order to concentrate their radioactiv-
ity into the smallest possible volume [3]. This treatment nevertheless leads to large
volumes of concentrates composed of active and inactive salts (mainly: NaNOj:
4 mol L~! and HNOj3: 1 mol L™ as the matrix). The greater part of these concen-
trates has to be disposed of in geological formations after embedding due to their
activity in long-life radionuclides (actinides, strontium, caesium, etc.).

Therefore it would be desirable to remove these very long-life radionuclides
from the contaminated liquid wastes before embedding, in both.the above men-
tioned scenarios of treatment and storages. This would allow, on the one hand, the
volume and the radiotoxicity of the wastes to be reduced, and, on the other hand,
part of these decontaminated wastes to be directed to surface repositories. This goal
could be achieved by separating the long-life radionuclides from the matrix and
turning them into short-life radionuclides or at least into nonradioactive elements
through transmutation.

One chemical separation process among others such as liquid-liquid extraction
by specific extractants, or chemical precipitation to decontaminate HLWs and/or
MLWs, could be coupled transport through supported liquid membranes (SLM)
using specific carriers [4-5].

2. Process Description

A SLM consists of an organic liquid solution (mixture of an organic diluent and
a carrier) absorbed by capillary forces onto a microporous support separating two
aqueous solutions [6—8]: the first solution, referred to as the feed solution containing
the permeating ions, is the solution of waste to be decontaminated, and the second
solution, referred to as the stripping solution, initially free of ions (demineralized
water) receives and concentrates the selectively transported radionuclides.

SLMs containing selective carriers (ionophores) give higher fluxes and selec-
tivities than conventional semipermeable porous polymeric membranes, because
diffusion is faster in liquids than in solids. The carrier dissolved in the liquid
membrane favours the distribution of one species out of a mixture by specific
complexation and extraction, if properly chosen [9].

Although they have not yet been industrially applied, SLMs are of great inter-
est both for potential technological applications (in hollow fibers), and for basic
research (in flat sheet SLMs) to determine the transport mechanisms. Because they
require only small amounts of organic solutions, SLMs allow the study of very
sophisticated tailor-made compounds. Unfortunately, one of their major drawbacks
is their great instability. This instability is caused by the disfavourable volume ratio
between the aqueous solutions and the organic membrane, which leads to substan-
tial partitioning of the diluent and/or the carrier in the aqueous solutions [10].

That is why very lipophilic carriers and very hydrophobic diluents have to be
used to avoid their partitioning. Membrane stability can be improved by choosing
the proper diluent of high interfacial tension with water and low water solubility,



CALIXCROWNS IN NUCLEAR WASTE TREATMENT 401

TABLE I Physico-chemical characteristics of organic diluents.

Alkyl Mol. weight  Density  Dielectric Cst.  Viscosity = Surface tension
group  (gmol™!) (gem™h) (Debye) (centipoise)  (dynes cm™")

Hexyl 223.3 1.066 25.7 8.9 34.3
Octyl 251.3 1.036 31.8 12.4 34.3

1 2 3

Fig. 1.  1,3-Dialkoxy-2,4-crown-6-calix[4]arenes (compounds 1, 2, 3) in the 1,3-alternate
conformation.

lower surface tension than the solid microporous support (e.g.: 35 dynes cm™! for
polypropylene), high boiling-point, etc., such as Nitrophenylalkylethers (number
of carbon atoms > 5) and modified carriers with hydrophobic alkyl or aryl groups
[10-12].

3. Experimental
3.1. REAGENTS

The organic diluents: 1,2-nitrophenylhexyl/octylether (o-NPH/OE), were synthe-
tized at the CHIMIE PLUS laboratory and used without further purification. Their
physico-chemical characteristics are summarized in Table I. The tested mono-
crown-6-calix[4]arene compounds 1, 2 and 3 (Figure 1) were synthesized by Pro-
fessor R. Ungaro of the University of Parma, in the framework of a European
Community program collaboration with the French Atomic Energy Commission
(CEA). The bis-crown-6-calix[4]arene compounds 4, §, 6, 7 and 8 (Figure 2)
were synthesized by Drs. J. Vicens and Z. Asfari of the University of Strasbourg
(E.H.LC.S)) [13].
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Fig.2. Bis-crown-calix[4)arenes {compounds 4, 5, 6, 7 and 8).
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Fig. 3. Compound 9: n-decyl-benzo-21-crown-7. Compound 10; #-butyl-benzo-21-crown-7.

The inorganic salts used to prepare the synthetic feed solutions (NaNO3, HNO3)
were analytical-grade products from Prolabo and Aldrich. Radioactive !3’Caesium
was provided by the Amersham company.

3.2. CAESIUM EXTRACTION

In the search for specific extractants able to achieve sufficiently high separation
rates of the major radionuclides of interest (vide supra), substituted calixarenes are
new macrocycles in addition to crown ethers or cryptands which promise selective
complexation and high extraction yields.

For the removal of caesium from HLW to MLW, for instance, crown ethers
(compounds 9 and 10, Figure 3) are well known for their ability to complex and
extract alkali cations from acidic media. The stability of the complexes is linked
to the relative size of the cavity of the crown ether as compared to the complexed
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cation: the most strongly bound cation is the one which best fits into the crown
cation, according to the complementarity principle [15-18].

Unfortunately, caesium (0.338 nm) which corresponds to the cavity of 21-
crown-7 derivatives (0.34-0.43 nm), is not efficiently and selectively extracted
from ML concentrates which contain large amounts of sodium salts and nitric acid
as the inactive matrix [4].

On the other hand, crown-6-calix[4]arene compounds which consist of a cal-
ixarene frame (i.e., phenolic units meta-linked by methylene groups) in the so-called
1,3-alternate conformation (where two opposite phenolic units are flipped upward
and bridged with a polyethylene glycol chain of various length, Figure 1, com-
pounds 1, 2, 3), simultaneously offer the selectivity of crown compounds through
the polyether-chain ring size, and the preorganization of calixarenes fixed in a more
or less rigid conformation [19-21].

The two remaining phenolic units are either derived with long alkyl chains to
enhance carrier lipophilicity or bridged with a second polyethylene glycol chain
to rigidify the calixarene frame leading to bis-crown-calix[4]arene (Figure 2: com-
pounds 4, 5, 6, 7 and 8).

Although these latter compounds present two potential complexing sites, com-
plex stoichiometry studies have proved that it was of the 1 : 1 type (calixarene :
caesium cation). Moreover, introducing aryl substituents such as phenyl or naph-
thyl into the polyether ring(s) (6, 7) greatly enhances the carrier lipophilicity which
favours SLM stability.

These two properties (complementarity and preorganization) lead to great effi-
ciency and selectivity by favouring the distribution of caesium cations over that
of sodium cations. Table II summarizes some extraction results obtained with
calixcrown compounds and classical crown ethers on simulating synthetic MLW
solutions. Extraction experiments were performed by mixing equal volumes (5 to
7 mL) of aqueous and organic solutions in sealed tubes for an hour. Aliquots of
each phase were analyzed by -y spectrometry after centrifugation. The selectivity
of the tested compounds towards caesium, in the presence of sodium, is expressed
as the ratio of the distribution coefficients obtained separately for both cations:

QCs/Na = ];?9 with Dy = LM

Na E[M ]
where 3°[M] denotes the metal species total concentration in the organic phase
and 3~[M] the metal species total concentration in the aqueous phase.

As shown in Table II, calixcrown compounds containing six oxygen atoms in
the ring(s) are much more selective than classical crown ethers. The complexes
best formed with the least hydrated alkali cations (caesium) are probably stabilized
by the 7-bonding interactions arising from the phenyl rings of the I,3-alternate
phenolic units of the calixcrown compounds [22].
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TABLE II. Liquid-liquid extraction experiments: selectivity cv(c,/na) determination. Aque-
ous feed solution: M*(NO; Y5 %x 107 mol L™ in HNO3: 1 mol L1 Organic solution:
extracting agent: 0.01 mol~! in o-NPHE.

No. Extracting agent used Dya Dg Qs /Na
1 1,3-dipropoxy-2,4-crown-6-calix[4]arene 1.8x107% 192 10 500
2 1,3-diisopropoxy-2,4-crown-6-calix[4]arene <1073 285 >28500
3 1,3-di(n-octyloxy)-2,4-crown-6-calix[4]arene <1073 33 >33000
4 bis-crown-5-calix[4]arene 23%x 1072 05 220

5 bis-crown-6-calix[4]arene 13x1072 195 1500
6 bis-(1,2-benzo-crown-6)-calix[4]arene 1.7x107% 325 19 000
7 bis-(1,2-naphtho-crown-6)-calix[4]arene <1073 29.5  >49000
8 bis-crown-7-calix[4]arene <1073 0.3 > 300
9 n-decyl-benzo-21-crown-7 1.3x107% 03 250
10  tbutyl-benzo-21-crown-7 13%x107% 03 250

3.3. TRANSPORT EXPERIMENTS

The transport of ions through the SLM occurs because a chemical gradient is
established between the feed solution and the stripping solution. The use of neutral
carriers such as calixcrown compounds leads to the coupled cotransport of cations
and anions through the SLM [20]. When concentrates or fission product solutions
are used as the feed solution and demineralized water as the stripping solution,
the concentration gradient of the nitrate anions will force the transport of caesium
cations against their own concentration gradient, thus leading to a concentration of
radioactive caesium in the stripping solution. Nevertheless, the basicity as well as
the polarity of the organic diluent that we have chosen to use in order to improve
caesium extraction — by a better solvation of the complex paired anion in the
membrane (nitrates are hydrated anions not easily extracted in major conventional
organic solvents) — lead to substantial transport of nitric acid from the feed to
the stripping solution. This reduces caesium permeation through the SLM by
decreasing the nitrate concentration gradient.

3.3.1. Permeability Determination

The transport of caesium from synthetic aqueous solutions of NaNOs:
4 mol L™I/HNOs: 1 mol L™!, spiked with 37Cs (# 2000 kBq L~!) was fol-
lowed by regular measurement of the decrease of radioactivity in the feed solution
by v spectrometry analysis, using a detection chain from Intertechnique, equipped
with germanium detectors. The counting was always sufficiently long to insure a
relative error in the activity measurements of less than 5%. This allowed graphical
determination of the constant permeabilities Pys (cm h™!) of caesium cation per-
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meation through the SLM for 6-7 h by plotting the logarithm of the ratio C/C?
versus time, as described in the model of mass transfer proposed by P. Danesi

[5]:

C eS

where C = concentration of the cation in the feed solution at time ¢ (mol L~!); C?
= initial concentration of the cation in the feed solution (mol L~!); ¢ = volumic
porosity of the SLM (%); S = membrane surface area (cm?); V' = volume of feed
and stripping solution (mL); and ¢ = time (h).

If experiments are performed under the same conditions (stirring rates, concen-
tration gradients) determination of the permeabilities Pys allows the selectivity and
efficiency of different tested carriers to be characterized and quantified.

With certain assumptions (limited diffusion and controlled process), the perme-
abilities Pjs can be evaluated by the formula:

Dy

Py=—>
M= Dul, + A,

2
where D) is the distribution coefficient of the permeating cation; A, is the ratio
of the thickness of the aqueous diffusion boundary layer to the aqueous diffusion
coefficient; A, is the ratio of the thickness of the membrane to the organic diffusion
coefficient.

Expression (2) shows that under certain conditions where A, is constant
throughout the experiments and Djys A, negligible in front of A,, Py is propor-
tional to Dy (and D)y directly depends on the actual organic carrier concentration
in the SLM).

When repeated transport experiments are performed, in which both the aqueous
feed and receiving solutions are renewed every day while the membrane remains
the same as in the first run, daily partitioning of the carrier from the SLM to the
renewed aqueous solutions causes a decrease of the carrier concentration in the
membrane and thus a decrease of Dy, and proportionally of P,;. The evolution
of the permeability measurements versus the number of runs is a way to describe
SLM leaching by the aqueous solutions and characterizes SLM stability in time.

3.3.2. Materials and Device

We used a thin flat sheet SLM device described by T. Stolwijk [23] and shown in
Figure 4. The volume of both aqueous solutions was 50 mL. The membrane was
a Celgard® 2500 (of 25 pm thickness and 45% volume porosity) polypropylene
microporous support soaked with a solution 10~2 mol L.~! of the tested calixarenes
in 1,2-nitrophenyloctylether (O-NPOE). The surface area of the membrane was
about 15-16 cm?, depending on the device.
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. Polymeric support
Organic phase
Screw
Screw support

: Internal magnet

. External magnet

-EER-BHE

. Thermostated jacket

Fig. 4. Flat sheet supported liquid membrane device for transport expetiments.

3.3.3. Results and Discussion

As summarized in the following diagram (Figure 5), repeated caesium transport
experiments show that 1,3-di(n-octyloxy)-2,4-crown-6-calix[4]arene (compound
3), is more efficient and above all more stable in an SLM than the classical crown
ether 21-C-7 (which is 50 times more concentrated in 0-NPOE). The pendant alkyl
chains attached to the remaining phenolic units furthermore enhance the calixarene
solubility in 0-NPOE.

Whereas bis-crown-6-calix[4]arene (compound 5) rapidly leaks out of the SLM
(Pcs < 0.1 cm h~! after 15 runs) because of its low partition constants between
the organic diluent and the aqueous solutions, very good stability and efficiency
have been observed with the more lipophilic benzo (compound 6) and naphtho
(compound 7) derivatives.

Both families of calixcrown compounds allowed selective removal of
137caesium from sodium containing solutions: less than 100 mg of sodium is
transported within 24 h for compound 7, whereas more than 95% of trace level
137caesium is concentrated in the stripping solution. Nitric acid transport, due to
the basicity of both the organic diluent and the calixarene, could not be limited
to less than 5% (0.05 mol L1y within 24 h, thus leading to concentration factors
(ratio of initial waste concentration to final waste concentration) greater than 700
for a single step process.
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Fig. 5. Caesium permeability measurements for repeated transport experiments.

Conclusion

Calixcrown compounds appear to be a new promising family of carriers for the

S€

lective removal of caesium from high salinity and acidity media such as MLW

through an SLM. By choosing a highly hydrophobic organic diluent, 0-NPOE, and

a

lipophilic crown-6-calix[4]arene derivative in the I,3-alternate conformation

suitable for caesium complexation over that of sodium, very selective and stable
SLMs can be obtained (over a period of 50 days).
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