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ABSTRACT :

The electrochemical reduction of some transplutonium elements (Pu - Cf) and rare earths

(Eu, Tm) from aqueous complexing solutions to amalgams was studied over a wide range of

cathodic potentials in order to get the best separation of californium.

The reduction process in acetate media (pH 1.S - 4.6) at potential around - 1.7, - 1.9 V

SHE.* leads to quantitative extractions of californium into the mercury phase, while more ne-

gative potentials are required for the reduction of the lighter transuranium elements and lantha-

nides. Thus, the optimal conditions of the californium purification from the investigated acti-

nides and lanthanides were determined. Separation factors a were found to be 25 - 90 excep-

ted in the case of Cf/Eu, where poor values (a varying from 7 to 12) were observed. Appli-

cations of more negative cathodic potentials decrease the selectivity of the reduction process. A

similar study with lithium citrate solutions (pH ~ 6) shows that a good separation of cali-

fornium from lighter and heavier actinides is achievable. Separation factor of 88 is obtained for

Cf/Am at-1.98 V.

The anodic stripping of mixed amalgams (Pu, Am, Cm, Bk, Tm and Cf) Hg in nitric acid

and acetic solutions at potentials + 0 .1 , - 0.7 V proceeds slowly and proved to be uneffective

for californium separation from light actinides under described conditions.

*A11 potentials are with reference to the standard hydrogen electrode.



INTRODUCTION

Numerous investigations of transuranium and rare earth elements reduction by alkali metal

amalgams (1,2) or at a mercury pool cathode (3) from aqueous solutions were reported and ci-

ted in the literature. It was shown (3) that the kinetics of the electrochemical reduction of rare

earth elements (R.E.E.) from lithium citrate solutions is faster when we consider the divalent

elements Sm, Eu and Yb. Under the same conditions, Cf is reduced into the lithium amalgam

with higher distribution coefficients than lighter actinide elements Th - Bk, indicating possible

reduction of californium to divalent state.

Similarly, Maly (2) observed also that light actinides in sodium acetate medium are extrac-

ted with lower yields than elements Cf - No (2). This fact suggested again the possible forma-

tion of a divalent oxidation state for californium as well as heavier actinides.

The mechanism of the transuranium ions reduction were studied by radiopolarography

(4) and radiocoulometry (5). It was concluded that in acidic and non complexing media, Fm

(6), Md (7) and No (8) are reduced through a 2 -» 0 reduction process but californium should

correspond to a 3 -» 0 reduction process. However, under different experimental conditions

and presence of SO, ions, it was also proposed a 3 -> 2 -* 0 mechanism (9).

Nevertheless, even in the case of a Cf (Ш) -» 0 process, we can interpret the electro-

chemical reduction of californium by the stabilization of its divalency (10). It is observed that

for a divalent element such as europium, the M^/M0 redox potential is 270 mV more positive

than for the trivalent gadolinium element (11). Similarly, for ytterbium (which has a less stable

divalent state), the 3/0 potential is 100 mV more positive than E° (Tm^/Tm0) (11) and for cali-

fornium, the measured 3/0 potential (12) is 90 mV more positive compared to the trivalent ber-

kelium.

The half wave potential of californium (E1/2 = - 1.75 V) (4) is significantly less negative

than E1/2 corresponding to Am, Cm and Bk (4) as well as lanthanides (13).

We propose to use these electrochemical data to achieve separations of californium from

lanthanides and actinides. The present study is essentially devoted to the determination of sepa-

ration factors of Cf in comparison with Pu, Am, Cm, Bk, Es, Fm, Eu and Tm in acetate and

citrate media at different cathodic potentials.



F.YPF.RTMENTAI, CONDITIONS

The radiochemical purity of the isotopes used in this work 2 3 9Pu, 2 4 1Am, 2 4 4Cm, 249Cf,

252(3; 152EU and 1б*Гт has been checked before electrochemical reduction by recording a and

Y spectra. These isotopes were transfered into 0.5 M HC1 solution. Pu 3 + was prepared and

stabilized by hydroxylamine at 80°C. Aliquots of the stock radioactive solutions were introdu-

ced into die acetate buffer, 1M H Ac + 1 M Na Ac (pH = 4.6). The cathodic and anodic com-

partments of the cell are separated by a cation exchange membrane. 1M sulfuric acid was used

as the anolyte. The studied solution was stirred by argon or nitrogen bubbling. Temperature

was maintained at 15 °C during the experiments. The area of the mercury cathode was 7 cm2

and its volume is 15-20 ml.

The potential of the mercury cathode was measured versus a saturated calomel electrode

(S.C.E). It remains stable during electrolysis up to ± 10 mV.

The distribution coefficient of the radioisotopes was determined according to their activity

decrease in aqueous solution. For this purpose, samples were taken at definite time intervals

and the corresponding a and y spectra were recorded.

The p radioactivity of ̂ B k was determined with a 2 % scintillation counter.

The material balance of the electrolysis and the calculation of the separation factors a

(Cf/M) (with M = Pu, Am, Cm, Bk) were achieved after dissolution of the metals from the

amalgam with boiling 1M HC1 and subsequent determination of the solution activity.

The kinetics of the desamalgamation process of Pu - Cf at a controlled cathodic potential is

investigated with 1M HNO3 and 1M H Ac solutions (T = 15°C) without stirring mercury or

catholyte.

RESULTS AND msriTSSTON

1. Amalgam formation from aqueous acetic solutions.

The variation of the actinide and R.E.E. amalgam yields from aqueous acetic buffer solu-

tions was studied as a function of the cathodic potential, E.

The separation coefficients Cf (Hg) / Me(Hg) for Me=Pu, Am, Cm, Bk, Eu and Tm are

reported in Table 1 and the amalgamation yields (in %) are plotted vs E (Fig. 1).



TABLE 1

Separation coefficients Cf / Me = % м Г ° ( н | ) ( М е = P u > A m > C m > B k ' E u > T m ) " A e

reduction of Ме+3 ions at different potentials of the mercury pool cathode from aqueous acetate

solutions (pH = 4.6, T = 15 °C, t = 0.5 hour).

E c a t (N.H.E)

1.6

1.7

1.8

1.9

2.0

Pu

10

21

21.7

19.8

12.4

Am

12.5

27.6

28

28.3

16.5

Cm

20.8

34.5

39.2

39.6

39.7

Bk

25

38.4

54.4

49.5

39.7

Eu

8.3

17.2

19.6

13.2

9.9

Tm

41.0

52.5

63.5

61.9

55.2

Formation of californium amalgam appears to take place at a potential of -1.45, -1.50 V

while the lanthanides and lighter actinides give noticeable yields into the mercury phase at po-

tentials more negative than -1.6 V. These results are in good agreement with the radiopolaro-

graphic data (4). We can notice also a higher plutonium yield, in comparison with americium,

which confirms an observation already made by Maly (2).

The admitted redox potential of the Am ПЩ couple ( - 2.3 V (14)) exclude the possibility

for americium to be reduced via a 2 -» 0 process. Therefore, the plutonium amalgamation is

expected to proceed easier than that of americium since E° (3/0) of Pu ( - 2.00 V (14)) is 70

mV more positive than E° (3/0) of Am. Similarly, americium half wave potential is less negative

than Ei/2 (Cm, Bk (4) and Tm (13)). It explains the better amalgamation yield of this element

Since the Eu^/Eu2* redox potential is - 0.35 V, the amalgam formation of europium can

only proceed through a 2 -*• 0 process. Moreover, the more negative half wave potential of

europium (Ещ = -1.70 V) (13) in comparison with californium (E1/2 = -1.51 V) (4) interprets

the smaller yield of europium amalgamation (Fig. 1).

The data collected in Table 1 show that application of more negative potentials than -1.8

V decreases the selectivity of the reduction. Consequently the best conditions for the separation

of californium from lanthanides and light actinides are: - 1.7, -1.9 V, 15 - 20 m A/cm2, T =



15°C with 1 M H Ac + 1 M Na Ac. Californium separation factors obtained under these condi-

tions aie greater than those published in (IS).

2. Amalgam decomposition

Besides the amalgam formation, its decomposition was studied in order to see if further

purification of californium from the previously cited actinides and lanthanides could be achie-

ved.

The anodic dissolution of Pu, Am, Cm and Cf in 1 M HNO3 or 1M HAc is observed at

different potentials of the mixed amalgam electrode. Data are reported in Table 2.

TABLE2

Extraction of actinides from amalgams in 1M HNO3 and HAc at

different values of potentials (T = 15° Q

e
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ci
О

S

о
g
S

V

- 0.267

-0.03

-0.43

-0.267

-0.04

Pu

%Pu + 3

3.0

5.9

6.3

10.2

0.2

Pu/Cf

1.96

5.56

5.62

0.99

—

Am

3.15

5.2

5.6

3.7

0.1

Cf/Am

1.93

4.90

5.0

0.35

—

Cm

%Cm+3

2.33

5.6

6.1

0.4

0.1

Cf/Cm

1.43

5.28

5.44

0.038

—

Cf
% c f + 3

1.63

1.06

1.12

10.3

0.1

ш both electrolytes under study the metal is slowly recovered in solution. For instance, a

three hours experiment with 1M HNO3 resulted in the back extraction of only 6% of the amal-

gamated plutonium when the other amalgamated actinides are back extracted with lower or

similar yield. The application of positive electrode potentials leads to the mercury dissolution,

while at potentials more negative than - 0.5 V, the reduction of nitric acid occurs. These phe-

nomena restrict the cathodic potential range to be explored for experiments.



With 1 M HAc and at a cathodic potential of - 0.3 V,. the back extraction of plutonium

and californium is greater than that of americium and curium. The shift to more negative poten-

tials implies a decrease in the back extraction for all the studied elements. At - 0.5 V, the yield

of extraction becomes negligible.

The back extractions of divalent and trivalent lanthanides and actinium from amalgams to

citric solutions were studied in the past (16). From this research, it was concluded that sama-

rium, europium and ytterbium were desamalgamated at potentials close to the half wave poten-

tials of these elements (-1.66, -1.86 V). On the other hand, lanthanum, gadolinium, neody-

minm as well as actinium were recovered in aqueous solution at much less negative potentials :

more positive than -0.76 V which indicates a very irreversible reaction process.

We conclude, from these studies and separation factors in Table 2, that the electrolytic de-

samalgamation process seems to be uneffective for californium separation from light actinides

under the above mentioned conditions.

However, it is to be noticed that the reextraction of divalent lanthanides (Sm, Eu, Yb) oc-

curs at potential much more negative ( - 1.66,- 1.86 V) than in the case of californium and

lighter actinides. This difference could be used to improve the separation of californium from

divalent elements.

3. Amalgam formation from aqueous citric solution

It is interesting to consider an other complexing agent like citrate ions. In this case the sta-

bility constant of the complex with trivalent actinide is about 1010 higher than in the case of

acetate ions. On the other hand citrate complexes with divalent ions are very weak. Moreover,

the irreversible amalgamation reaction with trivalent ions contribute also to differentiate divalent

and trivalent ions (5). For these reasons we used previous electrochemical data (17) to define

the experimental conditions necessary to observe the separation of californium from other acti-

nides and lanthanides.

The variations of the ratios X]/x vs E (Fig. 2 of ref 18) (where x represents the time of half

reaction and ii the limiting value of x) are equivalent to the variations i vs Ê obtained by polaro-

graphy (5). These curves show that californium could be separated with excellent efficiency

from the divalent fermium and mendelevium (as well as nobelium, which is not reported in

(18), since experimental data are similar) and from other divalent ions (Ba, Eu and Ca (5)) and

the trivalent actinides (americium, curium and berkelium).



As an illustration, separation factors of californium from americium are given in Table 3.

TABLE3

Separation factors of Cf from Am, in O.1M lithium citrate solutions, pH 6.5, after 100

mn of electrolysis, the volume of solution vs the area of the mercury cathode being V/S =

1 cm.

Cathodic potential
E(V)

Separation factors

-1.81

20

-1.91

44

-1.98

88

-2.01

29

The separation factors observed under such conditions between other actinides are much

smaller. We have for instance a (Pu/Am) = 1.3, a (Pu/Cm) = 2.1 and a (Am/Cm) = 1.7. It

means that citrate solutions do not allow efficient electrolytic separations for these actinides.

But elaborated electrochemical technics could be useful for californium or transcalifomium ele-

ments from light actinides because it provides significantly higher separation factors from Bk,

Cm or Am than the usual extraction procedures do for these elements in oxidation state (Ш).

CONCLUSION

The amalgamation study of Pu, Am, Cm and Cf and lanthanides (Eu, Tm) in acetate me-

dia under potentiostatic conditions shows that californium is quantitatively reduced at potentials

100 - 150 mV more positive than lanthanides and lighter actinides. The electrolytic reduction of

acetic solutions containing a mixture of these elements, at a potential in the range - 1.7,-1.9 V

allows the californium separation with high separation factors 20 - 64.

The use of citrate solutions is particularly interesting for the separation of californium

from lighter and heavier actinides or divalent ions such as Eu2 +, Ca2+, Ba2+. A separation fac-

tor up to 88, in this complexing medium, is achieved for the couple Cf/Am at -1.98 V

Potentiostatic back extraction of Cf from the amalgam at 25°C proceeds slowly and fur-

ther purification is achievable only from s fnarium, europium and ytterbium.
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CAPTION OF FIGURE

Fig. 1 : Extraction of the metal (Me = Pu, Am, Cm, Bk, Cf, Eu, Tm) vs the cathodic potential

E with acetats buffer solution (1M HAc + Ш Na Ac, pH = 4.6, T = 15°C). Initial

concentration of metals in catholyte is 10"5 -10"12 M, duration of electrolysis : 3 hours.
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