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ABSTRACT

A process developed and tested on a laboratory scale for separating trans-
curium elements from americium and curium consists in preferential solvent extrac
tion of the transcurium elements with 2-ethylhexylphenylphosphonic acid from
dilute HCI solutions. Single-stage separation factors of 100 were found between
californium and curium. Extraction positions of americium, curium, berkelium,
californium, einsteinium, and fermium were determined. Extraction varied with
the inverse third power of the acid composition in the range 1-4 N and directly
with the third power of the extractant concentration.
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.0 INTRODUCTION

This report covers a study of the extraction of the transplutonium elements
by 2-ethylhexylphenylphosphonic acid [_2-EH(0P)Aj from mineral acid solutions,
and its application for separating the transcurium elements from americium and
curium. The 2-ethylhexylphenylphosphonic acid extraction system is proposed as
the second phase of a multiphase separation process to produce and isolate macro
quantities of the transcurium elements. The initial step is separation of the actinide
elements from fission products by tertiary amine extraction (1,2).

Methods of separating the transplutonium elements have mainly depended on
chromatographic elutions from ion exchange columns, i.e., by a-hydroxyisobutyrate
lactate, and glycolare (3) from Dowex 50 resin and by LiCI from Dowex 1 resin (4).
The transplutonium elements, with their very high specific activities, are less effi
ciently separated by the resin process because of radiation damage to the resin and
decomposition of the solution. Liquid-liquid extraction is not affected by the gas
production from radiolysis of water, it may be made continuous, and concentrations
in all parts of the system may be controlled to decrease radiation damage to .the
extractant.

Solvent extraction methods have been proposed by Peppard et al. (5-7) for
separating Bk^+ from Crrr+ or Cf by di-2-ethylhexylphosphoric acid vs HNO3, and
Cf from Cm by the use of di-2-ethylhexylphosphoric acid and 2-ethylhexylphenyl
phosphonic acid vs HCI.

The author gratefully acknowledges the helpful assistance of S. Fried (Lawrence
Radiation Laboratory, Berkeley) in procurement of the transcurium isotopes, and of
R. E. Leuze for helpful and critical suggestions.

2.0 PROPOSED FLOWSHEET

A proposed flowsheet for separation of berkelium, californium, and einsteinium
from americium and curium (Fig. 1) based on distribution coefficient data determined
in laboratory tests indicated that such a separation is feasible. In this flowsheet the
feed is 1 M HCI, scrub 1.5 M HCI, and extractant 1.0 M 2-EH(0P)A in diethylbenzene
(DEB), at flow ratios of 1/1/2. With 8 extraction and 5 scrub stages, the californium
recovery is calculated to be >99.99%, berkelium recovery 99.9% and the decontami
nation factor from curium >10 .

The above flowsheet has not been tested because of very limited supply of
berkelium, but in tests with americium and californium, between which the separation
factor is 130, only a few stages were necessary to give separations greater than were ,
measurable with the limited amount of californium available. In a batch counter-

current experiment with 3 scrub and 4 extraction stages, 99.9%of the californium
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Fig. 1. Transplutonium element separation flowsheet.

was extracted with a decontamination factor from americium of 10 . The conditions

were: feed, 1.4 N HCI; scrub, 1.8 N HCI; extractant, 1.0 M 2-EH(0P)A in diethyl
benzene; flow ratio, 1/1/2. In the 40 cycles through which the experiment was run,
the inefficiency of transferring small (10 ml) volumes in separatory funnels and the
uncertainty of counting low-activity samples decreased the separation factor below
the calculated value.

3.0 LABORATORY EXPERIMENTS

3.1 Extractabi Iity of Transplutonium Elements

In the 2-EH(0P)A vs HCI system, the extractabi Iity of the transplutonium
elements increased with increasing Z (Fig. 2), but not uniformly. The extractabi Iity
of californium was a factor of 100 greater than that of curium, and californium
recovery and purity would be high with only a few stages. With 10 stages, a
separation factor of 10 is theoretically possible in a continuous countercurrent
system.

Because of the separation factors between various transplutonium pairs,

Pair Separation Factor Pair Separation Factor

Cm-Am 1.3 Es-Cf 1.2

Bk-Cm . 30 Fm-Es 2.5
Cf-Bk 3.3

-Sr"

P
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berkelium could also be separated from the transcurium and transberkelium elements
and fermium from californium and einsteinium, but americium would not be separated
from curium or californium from einsteinium.

3.2 Relative Extractability of Lanthanides

The extractabi Iity of the lanthanides increased regularly with increasing Z
(Fig. 3). The separation factor between adjacent lanthanides was ~2.5 and was
consistent for the entire series.

3.3 Extractabi lity of Contaminant Ions

A brief investigation of the extractabi lity of possible contaminant ions (Fig. 4)
showed that Zr4+, Ti3+, Fe3+, Sn2+, Mo042-, U022tf and Pu4+ will be extracted
with the Cf3+. Of these extracted ions, Zr4+, MoO^", U022+, and Pu4+ can be
made to remain in the solvent when the Cf is.stripped with 4 N HCI. Elements
which will not be extracted but remain with the americium and curium are Sr ,
Ru3+, Fe2+, Cu2+, Zn2+, Al3+, Cd2+, Ni2+, Cr3+, Co3+, and Mn2+.

3.4 Effect of Acid Concentration

The extraction of californium was inversely proportional to the third power of
the hydrogen ion concentration at low acidities (Fig. 5). The extractability of both
lanthanides and actinides reached a minimum and then became more extractable at

higher acidities (Fig. 6): The separation factors remained constant to 5.5 M HCI,
where the americium distribution coefficient was minimum. At high acidities the
distribution coefficients started to converge, resulting in lower separation factors.

The distribution coefficient minimum shifts to higher acid concentrations with
decreasing ionic radius. The minima for the lanthanides and transplutonium elements
increase with Z. The 2-EH(0P)A is dimeric (9) and the extracted element participates
in an eight-membered ring through hydrogen bonding. The stability of the chelate
complex would be expected to increase with decreasing ionic radius (8):

Element

Ionic

Radius,
A

HCI Cone

at Extraction

Minimum,

N Element

Tm3+

Ionic

Radius,
A

HCI Cone

at Extraction

Minimum,

N

Ce3+ 1.034 5.2 0.869 8.5

Eu3+ 0.950 6.5 Am3+ 0.99 5.5

Tb3+ 0.923 7.5 Cf3+ 7.0

The 2-EH(0P)A does not extract acid into the organic phase since the HCI
distribution coefficient is <0.005 in acid range 1 to 8 N. The extracted species is
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Fig. 4. Extractabi Iity of various contaminant ions by 1 M 2-EH(0P)A in DEB.
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Fig. 5. Dependence of californium extraction by 1 M 2-EH(0P)A in DEB on
hydrogen ion concentration.

the cation with no associated anions, postulated to be a complex consisting of the
metal ion associated with three dimers of the phosphonate, M [^2-EH(0P)A]]„ ,
probably with solvate water.

3.5 Effect of Acid Composition

The extraction of the transplutonium elements from acid solutions into 2-
EH(0P)A varies with the anion in the order CIO^- >CI > N03~. The distribution
coefficients for californium in the systems 1 M 2-EH(0P)A-DEB vs 2 N HCIO4, HCI,
and HNO3 were 9.5, 1.1, and 0.9, respectively. The decrease in californium
extractabi lity implies complexing in the aqueous phase, nitrate complexing being
more noticeable than chloride.

3.6 Effect of Reagent Concentration

In the HCI range 1-4 N the distribution coefficients were proportional to the
cube of the 2-EH(0P)A molarity in the organic phase (Fig. 7) in the extraction of
californium from 1.3.N HCI into varying concentrations of 2-EH(0fP)A in DEB.

V

V
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Fig. 6. Effect of acid concentration on extractabi lity of lanthanides and
actinides by 1 M 2-EH(0P)A in DEB.
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Fig. 7. Effect of extractant concentration on extraction of californium from
1.3 N HCI.

3.7 Effect of Diluent

The extraction of europium was affected by the nature of the solvent diluent,
i.e., cyclohexane, heptane, carbon tetrachloride, or benzene. Europium extraction
from 2 N HCI into constant 1 M 2-EH(0P)A was greatly increased when some of the
aliphatic diluents were used instead of the benzene type (Table 1). The increase in
europium extractabi lity is in the same sequence as water solubility in the pure
diluent. The effect of the diluent on europium extraction is probably connected
with the permanent or induced diluent dipole (10) through the diluent water content.

3.8 Kinetics of Extraction, Scrubbing, and Stripping

A brief investigation of the rate of mass transfer showed that the extraction,
scrubbing, and stripping reactions took place almost instantaneously. No change in
extraction coefficients was noted after 5 sec equilibration. The extracted material
was as easily stripped after one week in the organic phase as initially, indicating
no polymerization upon standing.

3.9 Effect of Degradation Products and Radiation

The degradation products from 2-ethylhexylphenylphosphonic acid are
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Table 1. Effect of Diluent on Extraction of Europium
from 2 N HCI by 1.0 M 2-EH(0P)A

Eu H20 Solubility,
Diluent D.C. g/l?ter of solvent

n-Heptane . 4.78 0.014
Amsco 125-82 3.48

ri-Dodecane 3.35
Decalin 2.08

Cyclohexane 2.01 0.04
Triethylbenzene 0.89
Diethylbenzene 0.61
Carbon tetrachloride 0.52 0.15
Solvesso-100 0.42

Xylene 0.40 0.38
Toluene 0.37 0.50
Benzene 0.31 0.60

2-ethylhexanol and phenylphosphonic acid. The phenylphosphonic acid is water
soluble and caused no difficulty in extraction, but the addition of 15 vol %2-
ethylhexanol in 1 M 2-EH(0P)A-DEB decreased the distribution coefficients of
californium and americium a factor of 10:

2-EHOH,% Cf D.C. Am D.C.

Control 0.94 0.009

2 0.44 0.005 ,
5 0.32 0.003 '

10 0.16 0.002
15 0.09 0.001

However, the separation factor between californium and americium remained
constant at —100.

Preliminary data on the radiation stability of 2-EH(0P)A in DEB indicate
that irradiation at levels likely to be encountered in processing will have no sig
nificant effect on the separation power or on the chemistry of the extraction. A
1.0 M 2-EH(0P)A solution in DEB was equilibrated with 1.5 M HCI-20 g/liter
Am-241 for a total of 20 whr/liter exposure to a radiation. No change in ameri
cium extraction or in physical characteristics was noted. Exposure of the organic
solution equilibrated with 1.5 M HCI to Co-60 irradiation to 100 whr/liter
resulted in an amber coloration in the organic phase, but there was no change
in the californium-americium separation or extraction. From data on the effect
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of 2-ethylhexanol on extraction, any appreciable degradation from irradiation would
have become evident in decreased extraction coefficients for californium and ameri

cium.

4.0 EXPERIMENTAL PROCEDURE

Due to the limited quantity of Cf-252 available, the experiments were designed
to obtain maximum information with minimum volumes of solution. The solvent ex

traction experiments involving californium were made with 1-ml volumes of organic
and aqueous phases at an activity level of ~10 d/m/ml. The phases were shaken by
hand and centrifuged for phase separation, and samples were put on platinum plates
for counting. Californium-252 was determined by spontaneous fission counting with
no interference from other types of radiation. Berkelium was determined by gas pro
portional counting of the 90-kev (3 radiation with no other types of radiation present.
Americium, curium, einsteinium, and fermium were determined by a pulse height
analysis.

The full ester di-2-ethylhexylphenylphosphonate was obtained from Victor
Chemical Company and the half ester was prepared by refluxing the full ester with
50%excess 3 M NaOH for ~24 hr to split off one alcohol group. The alcohol was
removed by steam distillation and the 2-ethylhexylphenylphosphonic acid was
recovered by acidifying with HCI. The resulting material was centrifuged for
clarification and used without further purification.
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