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Abstract -3-
A rapid and quantitative radiochemical method for the analysis
of plutonium is described. The method is based on the extraction of
plutonium (IV) with thenoyltrifluoracetone in benzene and & re-extraction
into aqueous hydrofluoric acid solution. Plutonium activity is recovered
free from interferences, both radicactive and non-radioactive, and the

method may be readily adapted to remote control.

Introduction

In the standard lanthanum flucride me'l‘;hod.(5 ) for the analysis
of plutonium meny interferences are often encountered. For example, it
is difficult to determine accurately the total plutonium in solutions
containing aluminum nitrate or calcium nitrate. A solvent extraction
method which would free the plutonium activity from these interferences
would be most useful. Such a method would also possess the obvious ad-
vantage of being readily adaptable to remote control, when it is necessary
to remove plutonium from solutions containing large concentratioms of other
radioactive elements.

Wolter(10s 11) investigated the extraction of the di-(2,3 dihydroxy-
5 or 6 tert. butylbenzal) ethylene diimine complex of plutonium (IV) with
twelve solvents. By extracting this complex with chloroform he obtained
very good separation of the rare earths from plutonium. However; he was

unable to devise a method for adapting this method to the separation of
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thorium and zirconium from plutonium. (The use of thenoyltrifluoracetone
is effective in this separation.) Fryzell amd Kleinschmidt(e) extracted
plutonium (III) and plutonium (IV) into chloroform as a cupferron complex.
They found the average recovery to be 86% and on the basis of this value
suggested that a 15% correction for recovery be applied to the results
obtained with this sclvent extraction method. Greenlee and Winner(3)
devised a method for the analysis of plutonium (IV) and plutonium (IIT - IV)
mixtures based on a solvent extraction with acetyltrifluoracetone in benzene;
however, relatively concentrated solutions were used and both the aqueous
and crganic phases were analyzed by using a lanthanum fluoride method similar
to that given by Kbshland(5)o The chelate process for the extraction and
decontamination of plutonium was investigated by Thomas and Crandall(e)
who found that thenoyltrifluoracetone was the most economical ketone for
complexing plutonium (IV). These investigations were on a semi-works scale
and the separations process as given was time-consuming and was not readily
adaptable to use as an analytical method.

Favorable results obtained by other inwestigators(s) in the use
of thenoyltrifluoracetone (hereafter designated as TTA) as a complexing agent
for plutonium (IV) indicated that an effective radiochemical procedure for
the analysis of total plutonium could be devised through the use of this

reagent.

Principle of the TTA Solvent Extraction Method for Plutonium

Many substituted fluorinated 1-3 diketones(s) are known to react

with metallic ions to form unionized chelate compounds which are soluble in
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non-polar solvents immiscible with water. These ions can be separated one
- from the other by taking advantage of the high acid dependence of the ex-
traction of these chelate compounds into non-polar solvents. Thomas and
Graﬁdall(s) found that very few aqueous ions extract appreciably from 0.5 M
nitric acid. These authors report that plutonium (IV), zirconium (IV),
neptunium (IV), cerium (IV); uranium (IV); irom (IIT), and tin (IV) can be
readily extracted while those ions showing very little tendency to extract
from 0.5 M nitric acid with TTA are the ioms of plutonium (III), plutonium (ﬁ),
plutonium (V), uranyl, tin (II), nickel (II), cobalt (II), chromium (III),
thorium (IV), iron (II), aluminum (III), bismuth (III), neptunium (V),
columbium (V), the alkali elements, the alkaline earth elements, and the
rare earth elements with the exception of cerium (IV).

Previous investigators {loc. cit.) have shown that the valence
state of plutonium, the hydrogen ion concentration, the extraction rate; and
the concentration of other semple constituents affect markedly the distri-
bution coefficient which is obtained in a solvent extraction with a benzene
solution of TTA. Since the method must be capable of separating plutonium from
a large number of different sample compositions we have studied these varisbles
and have arrived at conditions for the extraction which will insure quanti-
tative extraction of the plutonium. Suitable reagents for re-extracting the
plutonium from the organic solution in a form which can be counted without
self absorption have also besn studied. The effectiveness of the decontamination
from other radicactive elements was determined and methods of pre-treatment

of general process solutions to make possible the quantitative extraction of
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the plutonium were studied.

Effect of the Nitric Acid Concentration of the Extraction of Plutonium (IV)

Since many solutions submitted for plutonium analysis contain
nitric acid, a study of the effect of the nitric acid concentration in the
aqueous solution on the extraction of plutonium (IV) with 0.5 molar solutions
of TTA in benzene was made.

In these experiments a stock plutonium (IV) tracer solution was
evaporated to dryness and taken up with 16 M nitric acid. Experiments in this
lasboratory have shown that no oxidation or disproportionation of plutonium (IVv)
occurs when heated in concentrated nitric acid solution. Proper dilutions were
made from this solution. The procedure used was to mix in a separatory funnel
equal volumes of the aqueous nitric acid phase and 0.5 M TTA in benzene. A
two minute extraction period was used, no attempt being made to achieve equi-
librium. The aqueous phase was counted for the plutonium (IV) which was not
extracted. The plutonium extracted most readily from a nitric acid concen-
tration of 1 molar. Al higher comcentrations presumably complexing of the
plutonium (IV) by the nitrate ion becomes appreciable while at lower concen-
trations of nitric acid the hydrolysis of plutonium (IV) limits the quantity

of plutonium which can be extracted.



Table I
Effect of Nitric Acid Concentration on the Extraction of Pu (IV)
with Thenoyltrifluoracetone

Percent Pu (IV) Remaining in the

M HRO, Aqueous Phase
16 100
1k 100

- 12 100
10 100
8 100
6 100
b 64.8
2 20.8
1 7.7
0.5 23.6
0.1 bk 9

Extraction Rate Studies of Plutonium (IV)

The rate of extraction of plutonium (IV) from agueous solutions 0.5 M
in nitric acid or 0.5 M in hydrochloric acid by 0.5 M TTA in benzene w;s determin-
ed by Thomas and crandall(a)u As shown in Table I, the plutonium most readily
extracted from a nitric acid concentration of 1 M. The extraction rate has there-
fore been determined at this concentration. The reaction for the chelation of
plutonium (IV) with TTA may be written:

hHT(B) + Pul""(Af--)~ PuTh(B) + hH*(A)
for which the equilibrium constant may be expressed:

(PuTh)p (E*)¥p
= T), (@4
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vhere "HT" represents TTA, the parentheses refer to activities and the
subscripts "B" and "A" refer to benzene and aqueous phases respectively.
The value of the equilibrium constant for the chelating system in 1 M nitric
acid was found to be ~1 x 103. This value is not the true thermodynamic value
since the effect of ionic strength was not considered. However, it may be
regagged as the apparent equilibrium constant for the conditions set forth in
the TTA solvent extraction procedure given below.

A study of the extraction rate was made by preparing an aqueous
solution of 1 M nitric acid containing a known tracer concentration of plu-
tonium (IV) and extracting aliquots of this solution for different lengths of
time with an equal volume of TTA in benzene. The effect of the concentration
of TTA in the benzene solution on the extraction rate and on the distribution
coefficient was determined from the data shown in Table II. A 0.5 M benzene
solution of TTA was chosen for further investigation since the plutonium was
extracted as efficiently by this concentration as with the higher concentrations.

Table II
Rate of Extraction of Pu (IV) from 1 M Nitric Acid

Solutions by Different Concentrations of TTA in Benzene

Time Allowed for Fractional Percent Pu Remaining in the Aqueous Phase
Approach to Equilibrium 0.5M 1M M 3% Lg* M

TTA  TTA TTA  TTA TTA TTA

30 sec. 2,76 2.7Th 2.17 1.4% 1.46 4.36

1 min. 2.72 2.20 1.09 1.39 0.26 3.14

1-1/2 min. 2,76 1.25 1.20 0.75 0.70  0.%9

2 min. 1.96 1.55 1.94% 1.13 1.21 0.28

5 min. 1.62 0.23 0.54 0.39 0.39 0.48

8 min. 0.86 0,43 0.3F 0.23 0.28 0.70

12 min. 0.32 0.26 0.22 0.21 0.2h 0.35

16 min. 0.29 0.28 0.20 0.22 0.15 0.28

*A tendency toward emulsion formation was observed at these concentrations and
as a result the time the phases were allowed to remain in intimate contact
was difficult to control.



Extraction of Plutonium (IV) from PTA-Benzene Solutions

The femoval of plutonium from a TTA-benzene solution may be
accomplished (1) by evaporating the solution to dryness and destroying the
residual organic matter (2) by equilibrating the sclution with an aqueous
solution capable of reducing the plutonium to the more agueous soluble
plutonium (III) valence state or (3) by equilibrating the solution with
aqueous solutions containing reagents having a stronger affinity for the
plutonium ion than does the TTA. Since the evaporation and destruction of the
organic material is a time-consuming procedure, the principal effort was expend-
ed in exploring the latter two possibilities. Thomas and Crandall(8) re-
extracted plutonium from benzene solutions of acetyltrifluoracetone (TFA) by
reducing the plutonium (IV)-TFA chelate in benzene to plutonium (III) in the
agueous phase with stannous chloride and by“reducing the plutonium (IV)-TTA
chelate in benzene to plutonium (III) in the aqueous phase with ferrous chloride.
The writers have performed experiments which indicate that stannous chloride and
ferrous chloride reduce the plutonium (IV) too slowly to be practical for use
in an analytical method.

Studies of the extraction of plutonium from TTA-benzene solutions
into oxalic acid solutions demonstrated that quantitative extraction can be
achieved; however; the concentration of this reagent as well as the concen-
trations of stannous chloride and ferrous chloride which can be used is limited
by the quantity of solid material which can be mounted with the plutonium for
alpha counting. Strong nitric acid solutions (8 M and stronger) readily extract
the plutonium from TTA-benzene solutions; howevér, the use of strong nitric acid

with organic solvents is hazardous. Since hydrofluoric acid forms a strong
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complex vith plutonium and can be completely volatilized, several experiments
were performed in which aqueous solutions containing different concentrations
of hydrofluoric acid were shaken in a separatory funnel with TTA-benzene solutions
containing plutonium (IV). The plutonium was extracted nearly quantitatively
into solutions containing greater than 0.3 M concentrations of hydrofluoric
acid (See Table III). Hydrofluoric acid (0.5 M) was chosen as the most
effective reagent for the removal of plutonium from TTA-benzene solution.
While the fluoride ion is not present in the usual samples submitted for analysis
at this installation; it should be noted here that the fluoride‘ion must be
destroyed or complexed before attempting to extract plutonium from aqueous
nitric acid solutions.
‘ Table ITI
Extraction of Tracer Plutonium (IV)«ffam TTA-Benzene Solutions by Agueous

Hydrofluoric Acid Solutions.

(Volume of organic phase = volume of agueous phase)

Hydrofluoric Acid Time Allowed for Percent*
Concentration (moles g Fractional Approach Plutonium
per liter) to Equilibrium Extracted

0.1 5 min. 90.9

0.3 5 min. 97.6

0.5 5 min. 97.6

0.6 ' 5 min. 97.6

0.7 5 min. 973

0°9 5 minc 9706

*The Plutonium concentration in both the organic phase and in the agueous phase
vwas determined and these values represent averages of the results obtained.

The Preparation of Pure Plutbnium (IV) Solutions

Since the usual samples which are submitted for analysis may contain

L )



plutonium in one or more of its several valence states, in order to’prepare
& pure plutonium (IV) solution; it is necessary first to achieve reproducibly
the quantitative reduction of the plutonium to the plutonium (IIT) valence
state and then to add a reagent known to oxidize plutonium just to the (IV)
valence state.
Five reagents were tested for the reduction of plutonium (IV) or

(VI) to the (III) valence state. The method used was to add a known quantity

of each reagent to an aqueous solution of plutonium (IV) tracer. The nitric
acid concentration of this solution was then adjusted to 1 M and the mixture
stirred vigorously for five minutes. The solution was then shaken in a separatory
funnel for two minutes with an equal volume of a 0.5 M solution of TTA in benzene.
(Thomas and Crandall(s) and Greenlee and.Winner(3) demonstrated that plutonium (III)
does not chelate at this acid concentration with TTA or TFA.) Quantitative re-
duction was effected by hydroxylamine hydrochloride and ferrous chloride (Table
IV). Since any ferric ion produced by the oxidation would be extracted under
these conditions, hydroxylamine hydrochloride was selected for further work.

Table IV
Comparison of Several Reducing Reagents for the Reduction of Plutonium (IV) to

Plutonium (III).

Reagent Used Concentration Percent Pu (IV) Reduced
After Five Minutes.
E20o 6% 27.1
NE,OH . HC1 0.2 M 100
(EHQ)Q HQSOh 0,02 M 33.6
. FeClo 0.02 M 100
32803 | 102% 25.1
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Oxidation of Plutonium (III) to Plutonium (IV)

Thomas end Orandall(a)rused nitrous acid to oxidize plutonium (III)
to plutonium (IVj; Experiments indicated that the oxidation of plutonium (III)
by sodium nitrite is almost instantaneous. The method used was to prepare a
solution of plutonium (III) by the reduction of plutonium (IV) with a solution
0.2 M in hydroxylamine hydrochloride and 1 M in nitric acid (See Table IV).
This solution was then made ~0.17 M in sodium nitrite. Two one-half volume
extractions of ten minutes each using 0.5 M TTA in benzene resulted in a
recovery of 9908% of the total plutonium introduced before the reduction and
oxidation steps. Therefore, sodium nitrite was chosen as the reagent best

suited for the oxidation of plutonium (III) to plutonium (IV).

Separation of Plutonium from Other Radiocactive Elements

Experiments have been performed in vwhich plutonium tracer was
added to pure solutions of other radioactive elements. The plutonium was
quantitatively recovered from 0.15 M nitric acid solutions containing uranium
(150 mg/ml) and tracer concentrations of cesium; columbium; ruthenium, cerium,
rare earths and negligible concentrations of these elements were both extracted
into a 0.5 M TTA-benzene solutions and re-extracted into 0.5 M hydrofluoric acid
solutions. As might be expected from the work of Thomas and Crandall(s) and
from chemical considerations, zirconium activity is almost quantitatively ex-~
tracted into a 0.5 M TTA-benzene solution from nitric acid concentrations of
0.5 M - 1.5 M and re-extracted into the agueous hydrofluoric acid solutions.
If it is desirable to recover the plutqgium free of zirconium activity in a
particular case, this may be done by reducing the plutonium to the non-extract-

able plutonium (III) valence state and then extracting the zirconium out of

SN,
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the aqueous phase with 0.5 M TTA solution in benzene. The plutonium can then
be oxidizeddto the extractable (IV) valence state and extracted in the usual
manner. Usually this separstion is unnecessary unless the level of zirconium
activity is high enough to be hazardous from a health standpoint and to inter-
fere in the determination of the alpha activity of the sample.

The presence of americium which is an alpha emitter must be consider-
ed in any plutonium separation. Usually americium is eliminsted with the
rare earth group in process purification procedure and the traces found in
product plutonium solutions are due to the decay of Pughlo As nuclear reactors
of higher neutron flux are placed in operation; greater concentratiouns of
americium will be found associated with these product solutions. Werner and
Perlman(9) separated americium from lanthanum and neodymium by extra,é;;ing the
apericium from a solution the pH of which had been previously adjusted to 3.27
into & 0.2 M TTA solution in benzene. (Lanthenum and neodymium extract at a pBZ‘
of ~5.) One would not expect apprecisble concentrations of americium to extract
from an agueous solution 1 M in nitric acid (pH = ~0.1). However, in order to
roughly evaluate the separation which can be achieved an agueous solution 1 M
in nitric acid and containing americium tracer was thoroughly mixed for ten
minutes with two one-half volume portions of a 0.5 M TTA solution in benzene.
The organic phases were combined and mixed for five minutes with three one-half
volume portions of a 0.5 M hydrofluoric acid solution. Less than 2% of the
americium activity added to test the procedure was found in the hydrofluoric

acid solution.

General Application of the TTA-Benzene Solvent Extraction Method

Early attempts to apply the TTA-benzene solvent extraction method for

P



plutonium to solutions from the uranium decontamination process as used by the
pilot plant at this installation were unsuccessful. A typical process solution
may contain uranium (150 mg/ml), nitric acid (0.1 M - O.4 M) and plutonium

(9 x 106 to 108 counts per minute per milliliter). Recoveries varied from T0-

85% consistently when the extraction method which recovered pure tracer plu-
tonium quantitatively was used. The presence of a polymeric form of plutonium (IV)
in process solutions was suspected. Several investigators (4, 1, 6, 7) have studied
a highly polymerized form of plutonium (IV). This form can be quantitatively
carried on lanthanum fluoride(7) but exhibits abnormal chemical behavior in

other reactions. Quantitative carrying of plutoniux from these solutions on
lanthanum fluocride but poor extraction with the TTA method were demonstrated in
this laboratory and takem as further indication of the presence of the abnormal
form of plutonium (IV). Kraus(é) suggested that monomeric solutions of plutonium
may be prepared Ey heating the polymer with solutions containing a concentration
of 6‘g or greater nitric acid. The writers were able to convert the polymerized
form of plutonium to the extractable normal form by heating the solution contain-
ing the polymer for several minutes with concentrated nitric acid. For example,

a process solution which contained 30% of the plutonium in the non-extractable
form.was heated several minutes in concentrated nitric acid, after which it was
possible to extract the plutonium guantitatively. Treatment of the polymerized
Plutonium solution with hot 2 M nitric acid and with cold concentrated nitric

acid was unsuccessful in destroying the polymer. Since many of the process
solutions may be diluted to secure a satisfactory counting rate, the dilution is
mede in a manner (see detailed procedure) to insure destruction of any plutonium
polymer present. Experiments from many extractions performed on process solutions
containing aluminum nitrate up to 2 M indicated that negligible amounts of sluminum

extracted as shown by visual observation and no self absorption of plutonium.
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Reagents
Hydrofluoric acid, 0.5 M, was prepared by diluting 3.7 milliliters

of reagent grade (48%) hydrofluoric acid to 200 milliliters with distilled
water. This reagent was stored in a hard rubber bottle.

Hydroxylamine hydrochloride, 1 M, was prepared by dissolving 69.5
grams of C. P. hydroxylamine hydrochloride and diluting to one liter with dis-
tilled water.

Nitric acid; 2 M, was prepared by diluting 25 milliliters of C. P.
concentrated nitric acid to 200 milliliters with distilled water.

Sodium nitrite; 1 M, was prepared by dissolving 69 grams of C. P.
sodium nitrite and diluting to one liter with distilled water.

Thenoyltrifluoracetone; 0.5 M, was prepared by dissolving 1lll grams
of TTA and diluting to one liter with C. P. benzene. The TTA (99+%) was obtain-

ed from the University of Californias Radiation Laboratory.

The Analytical Procedure

The choice of the sample size is governed by the magnitude of the

concentration of plutonium activity and of the beta and gamma ray emitters in

the original solution. The presence of high levels of beta and gemma ray emitters
must be considered because of the health hazard involved and also the fact that

a beta ray counting rate of over 109 counts per minute will inteffere with the
alpha counting on the Simpson proportional alpha counter. A suitable aliquot

of the sample is pipetted into a 100 ml. volumetric flask containing 13 milli-
liters of concentrated nitric acid. The solution is carefully heated to a low
boil over a hot plate and the temperature is held just under boiling for five

minutes. The solution is then made to volume with distilled water. The nitric

o
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acid concentration of this solution should be approximately 2 molar,

One milliliter of the treated solution is added to a 10 ml. beaker
containing 3 milliliters of 2 M nitric acid solution and 1 milliliter of 1 M
hydroxylamine hydrochloride.solution, The solution is then thoroughly mixed
and warmed at ~80° C, for five minutes. The volume of the solution is adjusted
to spproximately 4 milliliters by the addition of several drops of 1 M nitric
acid. The solution is transferred to a 30 ml. separatory funnel with 2 milli-
liters of sodium nitrite (l‘g)y mixed thoroughly and allowed to stand until
bubbles of gas are no longer evolved. Three milliliters of 0.5 M TTA-benzene
sclution are then added and the two phases thoroughly mixed for ten minutes with
a mechanical stirrer or by shaking the funnel manually. After clean phase sepa-
ration is achieved the aqueous phase is drained to another separatory funnel, a
fresh 3 milliliter volume of 0.5 M TTA-benzene solution is added, and the ten
minute mixing period repeated. The phases are allowed to separate cleanly and
the aqueous phase is drained off andvdiscardedo The two organic phases are
combined in one fumnel.

Three milliliters of a 0.5 M hydrofluoric acid solution are added and
this solution thoroughly mixed with the organic sclution for ten minutes. The
aqueous phase is then drained into a clean glasswstofpered graduated cylinder.
Two additional five minute extractions are performed using 3 milliliter portions
of 0.5 M hydrofluoric acid. The agueous phases are combined in the graduated
@linder and mixed thoroughly. A suitable aliquot is pipetted onto a platinum
plate and this aliquot evaporated to dryness under an infra-red heat lamp. In
the evaporation of large sample aliquots, a circle of a suitsble lacquer is
usually painted around the edge of the platifium plate to prevent the sample from
running over the edge. The platinum plate containing the evaporsted sample

aliquot is heated to a dull red heat over a "Fisher" burner to destroy residual
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organic material and counted in one of the several types of alpha counting

devices, In thisrlaboraxoryg the Simpson proportional alpha counter is used

almost exclusively.

Summary

The thenoyltrifluoracetone solvent extraction method described in
this paper is applicﬁble to a large number of different types of samples, it
has few interferences and is readily adaptaeble to remote control techniques.

The method achieves a clean separation of plutonium from cesium, columbium,

ruthenium,; cerium; rare earths, uranium, and aluminum.
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