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The reprocessing operations produce liquid wastes in which the 

main components are n i t r ic acid and sodium ni trate. The goal of the 

experiments is to separate trace amounts of radioactive elements from these 

acidic and high sodium nitrate content solutions. 

CMPO, a neutral bifunctional organophosphonus compound, and 

crown compounds (DC 18 C6 - R21 C7) are able to extract respectively 

actinides strontium and cesium from these high salinity solutions. 

The SLM render the use of expansue tailor-made extractant 

molecules like CMPO or crown ethers possible. The results obtained for the 

extraction of actinides and strontium are promising, but research must now 

be oriented towards improving the stabil i ty of the membrane. 



I . INTRODUCTION 

The reprocessing of spent fuels separates uranium and plutonium 

which are recycled from highly radioactive fission products stored in 

geological formation after v i t r i f icat ion. 

These reprocessing operations produce medium active liquid wastes 

(MALW) in which the main components are i i i u i c acid and sodium n i t ra te. At 

the Marcoule reprocessing plant, i t is planned that the insolubil isation 

process by chemical precipitat ion be substituted by evaporation that enables 

the radioactivity discharged into the environment to be greatly reduced. The 

main disadvantage of the process is that i t concentrates al l inert and 

radioactive salts and leads to an considerable increase of stored solid wastes. 

The goal of the experiments carried out is the separation of the 

waste into a small volume of highly radioactive waste and a large volume 

containing inert constituents and short-l ived nuclides. The latter, a l ter 

cond i t i on ing in matrices l ike bitumen or cement, can be stored in shallow 

land burial. 

The selective removal of actinides, cesium and strontium for which 

the molar concentrations are very low (10"^ - 1Q~8 \\) from sodium ni t rate ( ~ 

k M) and nitr ic acid l iquid wastes cannot be achieved by using organic or 

inorganic ion exchangers. Tests carried out in the laboratory show that only 

ammonium phosphomolybdate makes the removal of cesium possible and that 

an ion exchanger is unable to ef f ic ient ly remove strontium or actinides from 

the concentrates. 

2. EXTRACTANTS USED 

2.1. Extractants of actinides 

HORWITZ and al [1] have synthesized new selective extractants for 

actinides belonging to the family of the neutral bifunctional compounds and 

tested their abi l i ty to extract al l the valences of actinides from acidic and 

high sodium nitrate content liquid waste. Among several compounds, the most 

promising is the n Octyl (phenyl) N,N diisobutylcarbamoyl methyl phosph 'p 

oxide or more simply CMPO (Fig. 1). 



The reaction responsible for the extraction of amencium from the 

acidic n i t rate solution is : 

A m 3 + + 3 NO3- + 3Ë" <p± A m ( N 0 3 ) 3 E3 

E represents CMPO , the bar indicates the organic phase. 

Pu^ + and U 0 2 ^ + are also extracted according to the reaction : 

Pu^ + + * NO3- + *E ^ ± Pu(N0 3 )^ E^ 

U 0 2

2 + + 2 NO3- + 2Ë — • UO2 ( N 0 3 ) 2 \L2 

TBP is added to reduce the possibility of formation of a th i rd phase 

and to increase the solubil i ty of CMPO in di luent, TBP extracts ni t r ic acid : 

HNO3 + TBP ^± TBP ( N 0 3 ) 3 

In low acidity medium (pH > 2), the actinides are back-extracted. 

2.2. Extradants for strontium and cesium 

In 1967, PEDERSEN was the f irst to synthesize the crown ethers, 

the cyclic compounds that form strong complexes with alkal ine or alkaline 

earth elements [2] (Fig. 2) : 

M + + NO3- + E ? ? M N 0 3 E 

M 2 + + 2 N 0 3 - + 2Ë ^± M ( N 0 3 ) 2 E 

Crown ethers l ike 15 C5, 18 C6, 21 C7 which are not very 

l ipophil ic, are relatively soluble in an aqueous solution. The crown compounds 

with benzo or cyclohexano substituents show a more pronounced hydropho-

bicity that makes them ut i l izable in aqueous solutions. (Fig. 2) 

The addition of alkyl and cyclohexyl substituent groups increases 

the hydrophobicity of the macrocycles with minimal reduction of its complex 

abi l i ty . But benzo and other electron-withdrawing substituent group reduce 

macrocycle complexing power [3]. 

The benzo substituted crown ethers produce a stronger bond with 

alkal i metal than with alkaline earth metals : the more r igid benzo 

substituted crown may maintain a cavity in solution thus allowing the alkal i 

metal to prof i t from the fact that no rearrangement of the coordinating 

oxygens is necessary. But, the doubly charged alkaline earth ions require a 

configuration that is not easily attained by the r igid benzo crown ether [it]. 



As PEDERSEN has observed, complexing is weak when the crown 

ether is too small because the cation cannot enter the plane of oxygen atoms 

where the charge density is highest, or when the crown ether is too large 

because the cation cannot be simultaneously close to a l l the oxygen atoms. 

Table 1 

Crown Hole size (A) Crystal ionic diameters 

12 C4 1.2 L i + : 1.20 M g 2 + : 1.30 

1» C4 1.2 - 1.5 Na + : 1.90 C a 2 + : 1.98 

15 C5 1.7 - 2.2 K + : 2.66 S r 2 + : 2.26 

18 C6 2.6 - 3.2 Rb + : 2.96 B a 2 + : 2.70 

21 C7 3.4 - 4.3 Cs + : 3.38 

24 C8 4.5 

Experiments confirm these theoretical considerations : for 

strontium extraction the most ef f ic ient crown ether is DC 18 C6 and for 

cesium extract ion benzo substituent groups of 21 crown 7. 

3. SUPPORTED LIQUID MEMBRANE (S.L.M.) 

3.1. Principle of supported liquid membranes 

A supported liquid membrane consists of an organic solution of an 

extract ing agent (carrier), adsorbed on a thin microporous support. The 

supported liquid membrane separates the aqueous solutions ini t ial ly 

containing the permeating ions (feed solution) from the aqueous solution 

in i t ia l ly free of these ions (strip solution). (Fig. 3) 

The transport of an ion is due to the chemical potentiel gradient 

existing between the two sides of the membrane. If the concentration of the 

permeating ions is much lower than that of the other species responsible for 

the driving chemical gradient, then during the permeation process the 

chemical gradient stays pratical ly constant. In the case of concentrates, the 

driving force is provided by the concentration gradient of n i t rate through the 

sup «orted liquid membrane. 



The permeation of a metal ion from the feed solution to the str ip 

solution takes place because the distribution coeff icient of the metal ion into 

the supported liquid membrane is high. The back-extraction of the metal ion 

is possible i f the distr ibution coefficient of the metal ion between the 

supported liquid membrane and the strip solution is low. 

To favour back-extraction, some complexing organic compounds can 

be added to the strip solution : formic acid, sodium ci t rate .... 

3.2. Double supported liquid membrane system 

It was seen previously that ni tr ic acid is tra sported by CMPO and 

TBP (but also by crown ethers) through the membrane ; what is more, the 

increase of n i t rate ions in the strip solution decreases the driving force. Thus, 

the permeation of metal ions slows down and eventually stops. 

To avoid the build-up of nitrate in the strip solution, CHIAR1ZIA 

and DANESI propose that the excess of ni t rate be removed by a do\ible l iquid 

membrane system [5]. 

Nitr ic acid and actinides are transported by SLM 1 from the feed 

solution to the strip 1 solution and nitr ic acid only by the second membrane 

from strip 1 to strip 2. 

To selectively remove nitr ic acid, CHIARIZ1A and DANESI propose 

the long chain primary amine PRIMENC 3.M.T. This amine selectively 

transports acid n i t r ic to an alkaline solution where it is neutralized but does 

not extract the metal ions. 

The PRIMENE J.M.T; liquid membrane makes it possible to control 

the nitrate concentrationn in the strip solution of actinides and to quantita

t ively transfer these elements. 

4. EXPERIMENTAL 

4.1. Reagents 

CMPO is prepared by M and T Chemicals Co and must be purif ied 

by ion exchange. 

DC 18 C6 is an ALDRICA Chemical Co product. 
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ft21 C7, not commercially available, was synthesized by GRAMAIN 

(University of Strasbourg). 

A l l the reagents used for the synthesis were f irst purif ied : 

In pyridine medium, at ice bath temperature, tosylation of 

hexaethylene glycol : 

HO (CH 2 OCH 2 )6 H + 2 TsCl ~ = i TsO ( CH 2 OCH 2 ) 6 Ts + 2 HCI 

After washing, the precipitate obtained is deshydrated. 

In aprotic solvent (acetonitri le) , reaction of cyclization in 

presence of cesium (template effect) : 

TsO ( C H 2 O C H 2 ) 6 Ts + OH - C 6 H ^ - OH ^± B21 C7 + 2 CsO Ts 

The cristall ised B21 C7 is purif ied in boil ing heptane and the 

macrocycle is l iberated by chromatography over a column of alumina, elut ing 

wi th dichloromethane. 

PRIMENE JJ.M.T. is obtained from ROHM and HAAS. 

A l l reagents are analytical puri ty grade products from ALDR1CH 

Chemical Co. 

4.2. Analysises 

Simulated wastes are prepared with ^^Sr and l ^ c s from 

AMERSHAM, 2 3 9 P u and 2 ^ A m from CEA stocks. 

Y spectrometry measurements are carried out using Ge-Li detector 

and actinides measurements by liquid scint i l lat ion counting or a spectrometry. 

A l l the supported liquid membrane experiments are performed at 

26i.I°C. The dif ferent aqueous solutions are stirred magnetically. 

The permeation of metal ions through the membrane is measured 

by a periodical sampling of the aqueous solutions. 

4.3. Characteristics of the membranes 

The supports of the membrane are micropcrous polypropylene f i lms 

from CELANESE PLASTIC with a normal porosity of 45 % and a pore size of 

0.04 urn. 

CELGARD 2500 and CELGARD 2502 membranes are respectively 

25 pm and 50 urn thick. For all experiments, the membrane area is 35.4 cm 2 . 

The S.L.M. is prepared by soaking the membrane in the organic phase 

containing the extractant for 24 hours. 



itA. Feed solution 

For some special fuels of graphite gas natural uranium reactor 

fuel, the clads must be chemically dissolved. The concentrate, according to 

the nature of the clads, results in three di f ferent compositions : MAR 400, 

MAR 400 (AI), MAR kOO (Mg). 

Table I I . Compositions of waste solutions. Molar concentrations. 

HNO3 
NaN0 3 

Mg(N03)2 6H 20 
A1(N03)2 9H 20 
Ca(N03)2 4H 20 
Fe(N03)3 9H 20 
MaCl 
NaF 
Na 20 Si02 5H 20 
Na3PO^ 
Na 2S0 4 

NH4 N0 3 

TBP 

The presence of aluminium or magnesium docs not modify the 

coefficients of distribution of uranium and plutonium but improves that of 

americium. 

Table I I I . Distr ibution coefficients 

MAR 400 MAR 400 (AL) MAR 400 (Mg) 

D u o 2 + 400 500 5 50 

D P u 4 + 1000 1000 1000 

D A m 3 + 14 35 55 

MAR 400 MAR 400 Mg MAR 400 Al 

I M 1 M 1 M 

3.8 M 3.4 M 3 5 M 

0.078 M 0.62 M 

- - 0.41 M 

0.03 M 0.015 M 0.015 M 

0.015 M 0.0032 M 0.0032 M 

0.0032 M 0.012 M 0.012 M 

0.076 M 0.017 M 0.017 M 

0.023 M 0.001 M 0.001 M 

0.14 M 0.021 M 0.021 M 

0.165 M 0.021 M 0.021 M 

0.1 M 0.1 M 

0.000 56 \ l 0.000 56 M 



5. EXTRACTION OF STRONTIUM 

The evolution of the number of moles, in the liquid phase, as a 

function of t ime is generally linear during the f i rst hours of the experiment, 

an in i t ia l transfer rate is determined by the relationship : 

V M = (mol.h-1) = C M 

t 

C M number of moles of metal ion M 

The flux is defined by M TROMP [6] 

F M (mol.cm"2.s-l) - VM 

S 

The real area of contact between the organic and aqueous solutions 

are unknown through a lack of information above the membrane. Therefore 

the area of support is chosen as the exchange area. 

5.1. Decanol as diluent 

For the extract ion of strontium, the distr ibution coeff icients 

between the organic phase (extractant and diluent) and the feed solution are 

higher for crown ethers diluted in tetrachloroethane than for decanol. 

Tetrachloroethane which has a relatively high water solubi l i ty 

(0.29%) does not allow one to obtain a satisfactory stabi l i ty for the 

membrane. With f la t sheet supported liquid membrane, the effects of 

chemical degradation are magnified because of the very small inventory of 

° r t ractant i n the system. 

Decanol is a promising diluent because alcools or phenols increase 

the solubilisation of the anion associated with the cation extractec 1 by the 

crown ether. S.L.M. consisting of DC IS C6 at different concentrations in 

decanol are stable. The l i fe- t ime exceeds 300 hours, but i t is not possible to 

transfer more than 80 % of strontium from the concentrate to the deionised, 

water used as stripping solution. (Fig. k) 

During the previous tes'.s, a sharp decrease of pH is observed : the 

build up of nitrate slows down the f lux of strontium. To avoid this drawback, 

a double liquid membrane is used, with a second membrane consisting of 

PRIMENE J.M.T di luted in decaline : 



Feed solution : Concentrate 

SLM I : Crown ether in decanol 

Strip 1 solution : Deionised water 

SLM 2 : PRIMENE JM.T in decaline 

Strip 2 : NaOH 

This double membrane system is very ef f ic ient : f irst pH decreases 

slowly, is minimal after 60 hours, then increases and reaches a value higher 

than 2.6. 

The f lux of strontium is very slow : only 32 % transfered into the 

strip solution before precipitate occurs. The low rate of transfer of strontium 

may be duo to the precipitat ion of salts which blind the membrane. (Fig. 5) 

5.2. Hexylbenzene / decanol as diluent 

According to 1ZATT, phenylbenzene is an e/cel lent di luent for the 

dicyclohexano crown ehter ; its very low solubi l i ty in water and its low 

volat i l i ty lead to an excellent stabi l i ty of the membrane. Compared to 

decanol, hexylbenzene presents anotner advantage, i t does not transfer 

acidity. When hexylbenzene is in contact with the concentrate, a th i rd phase 

occurs. The addition of decanol, at a concentration higher or equal to 0.5 M, 

avoids the formation of the third phase. 

Using the mixture of hexylbenzene and decanol as diluent instead 

of pure decanol leads to better results : 

- a lesser decrease in pH; 

- the f lux of strontium through the memorane is increased; 

- recovery of strontium, in the second ce ' l , is higher than 93%. 

When using lower concentrations of extractants, the rate of 

transfer of strontium decreases, but the same percentage of strontium is 

extracted. (Fig. 6 and 7) 

To achieve a greater DF, the double membrane system is used once 

more, with a less concentrated ^trip solution of NaOH (I N) in order to reduce 

the risks of precipitat ion of aqueous solutions. The pH during the whole 

experiment exceeds 1.8 but if the f lux of strontium is higher than in the 

previous experiment with a double SLM, it is s t i l l very low. The precipitat ion 

of salts inside the pores of the membrane seems to be responsible for the 

decrease of permeabil ity of the membrane. (Fig. 8) 



5.3. Hexylbenzene /nonylphenol as diluent 

iNonylphenol which possesses a very high viscosity may be of 

interest in the obtention of a more s table 5LM. Like decanol, nonylphenol 

avoids the formation of a third phase. 

The SLM consistuted by the mixture phenylbenzene - nonylphenol 

presents a high stabi l i ty. At the end of the experiment, the membrane was 

entirely satisfactory, the pH decreasing very slow'y. 

Experiments carried out with the three di f ferent concentrates 

confirm the excellent stabil i ty of the membrane and the high selectivity of 

crown ethers : The bivalent magnesium and the tr ivalent aluminium do not 

modify the results obtained with the concentrate containg mainly sodium : 

For the three concentrates the f lux of strontium is almost the same. 

6. EXTRACTION OF CESIUM 

E. BLASIUS [7] showed that DB21 C7 di luted in nitrobenzene is the 

most suitable crown compounds for the extraction of cesium from acidic high 

sodium nitrate liquid waste. 

P. GRAMAIN who synthesized several crown ethers at the 

University of Strasbourg and who supervized the synthesis of the crown ether, 

chose the B21 C7 whose extractive properties are comparable to DB21 C7 but 

whose synthesis is simpler. 

The extractant power of synthesized B21 C7 is checked on a acidic 

nitr ic solution of cesium (HNO3 0.1 M) and on the concentrate, the 

distribution coefficients are respectively 5.8 and 1.25. 

Nitrobenzene, with a low viscosity is not suitable for obtaining a 

stable S.L.M. I t would be advantageous to remove cesium and strontium from 

the concentrate with only one S.L.M and to introduce B21 C7 into the DC 18 

C6/nonylphenol/hexylbenzene mixture. 

To spare B21 C7 only available in small amounts, we carried out a 

test with a membrane (CELGARD 2500) impregnated by the mixture DC18 

C6 (0.25 M) DB24 C8 (0.1 M) Nonylphenol (0.6 M) diluted in hexylbenzene. 

The stabi l i ty of the membrane is gcod, the pH decreases quite 

rapidily ; in these conditions more than 90 % of strontium and about 10 % of 

cesium are extracted. However, this low percentage extracted is promising, 



the Dft24 CS not being the most suitable crown ether for the removal of 

cesium in high content sodium nitr-" te solutions. 

7. EXTRACTION OF ACTIN1DES 

7.1. Extraction with a single membrane 

For the extraction of actinides, the compounds and the concentra

tions chosen by DANESI were used : Mixture of CMPO (0.25 M) and TBP 

(0.75M) di luted in decaiin. Measurements of the distr ibut ion coeff icients of 

U 0 2 ^ + , P u ^ + , A m ^ + were carried out between the organic phase containing 

the mixture CMPO - TBP di luted in decaiin and other aqueous solutions. 

The results are l isted in table IV. 

Table IV. 

MAR 400 Formic acid Sodium c i t ra te Tartr ic acid HjO Am.acetate 

(1 N) (0.5 M) (1 N) (0.5 M) 

D u o 2 + 400 1.9 10" 2 .3S 6.2 5 . I0 " 2 

D P u 4 + 1000 2.10" 2 3.10" 3 4.10~2 0.70 1.1 

D A m 3 + 1* 2.6 10" 2 9.10"* 0.19 0.69 8,5.10 - 2 

The distr ibution coefficients between the stripping solution and the 

organic phase have to be the lowest, they are high in deionised water but 

very low in sodium acetate. Experiments performed with SLM using the 

dif ferent stripping solutions confirm that sodium acetate is the suitable 

solution for backextracting the actinides : To quantitat ively remove actinides, 

the concentrations of sodium citrate in the stripping solution must be higher 

than 0.4 M. 

A test carried out by adding separately to the concentate one of 

three actinides : U, Pu, Am, after 48 h 99 % of uranium or plutonium and 98% 

of americium are transfered through the membrane. 

It is important to notice the great discrepancy of concentrations of 

uranium (6.7 g . H ) plutonium (6.2 10"5 g # | - l ) a n d a m e r i c i u m (4.7 I 0 " 7 g . H ) . 



The experiment was pertormed again by simultaneously adding the 

three actinides. The percentages of actinides transferred after 54 h through 

the membrane lor U, Pu and Am are respectively : 92, 97 and 99.4 96. (Fig.9) 

7.2. Extraction with double S.L.M 

The stripping solution of sodium ci trate makes i t possible to 

remove nearly quantitatively Pu and Am but the relatively high sodium 

content of the solution l imits the concentration factor of the process. The use 

of a double S.L.M may enable less concentrated complexing solutions to be 

used. To l imi t the secondary wastes, concentration of the stripping solution 2 

must be decreased. pH measurements were performed with di f ferent 

complexing agents in strip solution 1 and wi th di f ferent soda concentrations 

in strip solution 2: pH of the strip solution I shows negligible differences 

when the normality of the strip solution decreases from 4 to 0.5 N. With soda 

solution (0.5 N) as strip solution, three solutions were tested to extract 

uranium : sodium acetate (0.5 M), sodium ci trate (0.05 M) and deionised 

water. 

After 150 hours, pH remains constant, but only 25 % of uranium is 

recovered in the strip solution containing sodium acetate. 

With a pH at all times higher than 2 in the strip solution 1 

(deionised water), 80 % of uranium is transferred through the membrane in 

160 h. An another test was performed with U, Pu and Am, after 55 hours, 93% 

of plutonium and 81% of americium are transfered in the strip solution 1, 

after 130 hours , the strip solution (deionised water; contains 90% of 

americium but only 81% of plutonium. A part of this element returned in the 

feed solution. 

The satisfactory results obtained with sodium ci trate 0.05 M for the 

extraction of uranium (98% in 1 50 hours) lead us to examine the extract ion 

of plutonium and americium separately. The percentages of americium and 

uranium extracted from the feed solution are comparable, but that of 

plutonium is lower (81%). 

The test is carried out again with the three actinides with the same 

strip solution (sodium ci trate 0.05 M). The rate of transfer of plutonium is 

high, 92% extracted after 53 hours , but as the pH continues to decrease 



( ~ 0.3), a part of plutonium returns in the concentrate. The flux of 
americium is lower but even at low pH the americium is always transferred 
from the feed to the strip solution (85% in 180 hours). The low concentration 
of sodium does not allow to make the strip solution sufficiently complexing 
towards actinides, therefore a part of metal ions extracted from the feed 
solution returns in this solution. (Fig. 10) 

The use of a double liquid membrane is difficult to use for the 
decontamination of concentrate : if the concentration of complexing agents 
is too low in the strip solution a part of plutonium extracted returns in the 
feed solution. If sodium citrate in the strip solution 1 or soda concentration 
in the strip solution 2 is too high, pH remains high in the strip solution 1, and 
precipitation occurs in some pores of the membrane leading to a decrease of 
the flux of ions through the membrane. 

8. CONCLUSION 

The use of membranes impregnated with extractant can offer an 
alternative to solvent extraction for the recovery of metals from diluted 
solutions or for the removal of toxic elements. The process which uses little 
energy is simple, but the problem of the stability of the membrane is not yet 
solved. Two factors are particulary important : 

The choice of the diluent which has an effect upon the distribution 
coefficients of the metal ions extracted, in addition, the physical properties 
of diluent are essential so as to obtain a satisfactory stability : low solubility 
in the feed and strip solutions, low volatility, viscosity ... The chemical nature 
of the diluent is also important, it can contribute to the transfer through the 
membrane of unwanted ions like H + . 

Most of the efforts must be carried out on the nature of the 
membrane or the geometry of hollow fibers (large pore dimensions so as to 
easily reimpregnate the fibers, a greater thickness of the membrane so as to 
increase the inventory of the solvent, a larger diameter of fibers so as to 
avoid blocking them). 

Efforts must also be made to find a reliable process of reimpre-
gnation of the membrane. 
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Figure 3 

A : Feed solution - B : Strip solution - C : S.L.U. 
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Figure 5 
Extraction of Sr with a double S.L.M 
DC 18 C6 0.5 M in decanol 

Figure 6 
Extraction of Sr with one S.L.M 
DC 18 C6 0.5 M in hexylbenzene/decanol 



Figure 7 
Extraction of Sr with one S.L.M 
DC 18 C6 0.1 M in Hexylbenzene/decanol 
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Figure 8 
Extraction of 5r with a double S.L.M 
DC18 C6 0.5 M in Hexylbenzene /decanol 
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Figure 9 
Extraction of actinides with one S.L.M 
Strip solution : sodium citrate (0.5 M) 
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Figure 10 

Extraction of actinides with double S.L.M 
Strip solution 1 : sodium citrate (0.05 M) 
Strip solution 2 : NaOH (0.5 M) 


