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ABSTRACT

The extraction of Am, Cm, Eu, and Ce(III) tracers from nitric acid in the presence
of Al(NO3)3 by 18-crown-6 (18C6) or mixtures of 18C6 and chlorinated cobalt di-
carbollide (ChCoD) in nitrobenzene solutions was investigated. The partitioning of
18C6 between nitrobenzene and the aqueous phase was also investigated. In the pres-
ence of Al(NO3)3, 18C6 is selective for Ce over Am, Cm, and Eu. The extraction of
these same metals by ChCoD is suppressed by Al(NO3)3. The extraction of these met-
als is a complicated function of the 18C6-ChCoD concentration ratio. The probable
formation of a 1:1 18C6:ChCoD complex and the effects of ionic strength and pH on
the extraction are discussed.

INTRODUCTION

The extraction selectivity of the crown ether 18-crown-6 (18C6) for light
lanthanides and Am under different conditions (1–4) conforms to the stability
sequence of lanthanide(III) chloride complexes with 18C6 in CH3OH (5).
The selectivity of 18C6 can be used in extraction technology based on chlori-
nated cobalt dicarbollide (ChCoD) for remediation of spent nuclear fuel (6).
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The crown ether 18C6 could replace linear polyoxa compounds that are added
to ChCoD as a synergist and could enable the separation of lanthanides and
transuranic elements (TRU) from radioactive high-level wastes (HLW). The
main goal of the separation is to minimize the quantity of HLW and TRU
waste destined for geologic storage. Implementation of new radionuclide sep-
arations and processes might result in large cost savings from treatment and
disposal of HLW and TRU waste.

The extraction mechanism of metals by crown ethers has a solvation char-
acter. The species Mz1A3

2Ln transfers to the organic phase, where Mz1 is a
metal cation, A2 is an anion, and L is a crown ether (7).

Mz1
(aq) 1 sL(aq)DMLz1

s(aq) (KMLs
z1) (1)

sL(aq)D sL(o) (KL) (2)

MLz1
s(aq) 1 zA2

(aq)DMLsAz (o) (KMLs Az
) (3)

Mz1
(aq) 1 zA2

(aq) 1 sL(o)DMLsAz (o) (K ex) (4)

If the ionic strength is constant and the extractant is in large excess over the
metal, the activity coefficients could be considered to be constant, and the con-
centration extraction constant would be

Kwex 5 [MLsA z](o) /[M z1
(aq)][A2

(aq)]z[L(o)]s (5)

The influence of the anion on the extraction is important. The transfer of the
Mz1L complex to the organic phase causes the transfer of the counterion
through charge conservation. Hydrophobic anions such as picrate, tetraphenylb-
orate, and dipicrylaminate favor metal extraction whereas hydrophilic anions
such as chloride and sulfate interfere (8–10). Indeed, the synergistic behavior of
crown ethers and hydrophobic anions is well established (11).

In the present work we examined the effect of 18C6 on the extraction of rep-
resentative lanthanides and actinides by ChCoD in nitrobenzene. In addition
we determined their extraction behavior in solutions with a high ionic strength
created by the presence of Al(NO3)3.

EXPERIMENTAL

The compounds 18C6 (99.51% pure) and nitrobenzene (991% pure) were
obtained from Aldrich (USA) and used as received. The cesium salt of ChCoD
was obtained from Dzerzhinsk Experimental Plant (Russia) and was con-
verted into the acid by extraction. A stock solution of the cesium salt in ni-
trobenzene was successively shaken 15 times with an equal volume of 10 N
HNO3, once with distilled water, and once with 0.1 N HNO3. The concentra-
tions of ChCoD acid were determined by titration using a Brinkman Model
720 titrator and Brinkman Model 655 digital buret.
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Radiochemically pure 241Am, 244Cm, 152,154Eu, and 141Ce were used to
study the extraction of the respective metal ions. Curium was assayed by al-
pha liquid scintillation counting. Americium, Eu, and Ce were measured as
the gamma emitters by using equipment employing a semiconductor detector.
The extraction experiments were performed in glass vials at 25 6 1°C. The
volumes of the organic and aqueous phases were 2 mL each. The shaking time
was 90 minutes. Aliquots of the two phases were taken for liquid scintillation
or gamma counting. Before liquid scintillation counting, Cm was backex-
tracted from the organic phases by 0.2 M 1-hydroxyethane-1,1-diphosphonic
acid to avoid quenching effects. The distribution coefficients (D) were calcu-
lated as the ratio of the activity in the organic phase to that in the aqueous
phase. The concentrations of 18C6 in the aqueous phase and nitrobenzene
were determined by gas chromatography with mass spectrometric detection
(Hewlett-Packard GC/MS HP589011/HP5989A fitted with a 30 meter J&W
DB-5MS column).

RESULTS AND DISCUSSION

Extraction of 18C6

The distribution of 18C6 between the aqueous and organic phases is plot-
ted in Fig. 1 as a function of [Al(NO3)3] in order to reveal the change in be-

EXTRACTION OF Am, Cm, Eu, AND Ce(III) 2143

FIG. 1 Distribution coefficients of 18C6 (initially 0.2 M in the organic phase) between
nitrobenzene and 0.5 M HNO3 as a function of [Al(NO3)3].
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havior of 18C6 on going to solutions with high ionic strength. For 0.5 M
HNO3, the D value is 0.133, i.e., 18C6 is poorly extracted into the aqueous
phase. The D value increases as [Al(NO3)3] in 0.5 M HNO3 increases. A plot
of log(D) vs log [Al(NO3)3] exhibits no simple linear relationship. In all in-
stances, negligible amounts of Al(NO3)3 are extracted. Thus, the extraction
of 18C6 into acidic aqueous solutions of Al(NO3)3 is probably a complex
function of the concentration and activity of the hydronium ion. Thus, it is
likely that under otherwise constant conditions significant quantities of 18C6
will be lost to the aqueous phase from solutions with high ionic strength.
Thus, industrial processes using crown ethers should utilize those with more
lipophilic properties.

Extraction of Trivalent Am, Eu, Ce, and Cm Tracers
by 18C6

The D values for extraction of trivalent Am, Eu, Ce, and Cm by 0.2 M 18C6
in nitrobenzene from 0.5 M HNO3 are plotted in Fig. 2 as a function of [NO3

2].
The nitrate ion (in addition to the 0.5 M supplied by HNO3) was supplied by
adding Al(NO3)3 to the aqueous solution. The D values are high enough for
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FIG. 2 Extraction of trivalent Am, Eu, Ce, and Cm tracers by 0.2 M 18C6 in nitrobenzene from
0.5 M HNO3 and Al(NO3)3 solution. Values on the abscissa have activities in the organic phase

that are below the detection limit and represent insignificant extraction.
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effective extraction only for the light lanthanide Ce when the aqueous phase
contains appreciable concentrations of Al(NO3)3. As noted above, the D value
for 18C6 also increases as a function of [Al(NO3)3] (Fig. 1).

Extraction of Trivalent Am, Eu, and Ce Tracers by ChCoD

The presence in the extraction system of so hydrophobic an anion as
ChCoD could facilitate the transfer of metal species into the organic phase.
The metal extraction can be considered as an ion exchange:

ML31
(aq) 1 3H1

(o) 1 3ChCoD2
(o)DML(o)

31 1 3H1
(aq) 1 3(ChCoD)2

(o) (6)

Data describing the extraction of trivalent Am, Eu, and Ce tracers from 0.1
and 0.5 M HNO3 as a function of [ChCoD] are presented in Table 1. As ex-
pected according to Eq. (6), increasing [H1] suppresses the extraction of the
tracers. The effect is highly magnified by the fact that the suppression should
depend on [H1]3. For this reason the effect of 18C6 as a modifier on the ex-
traction of the trivalent tracers was examined (see below).

The effect of Al(NO3)3 on the extraction of the tracers was determined by
measuring D values between an aqueous phase containing 0.5 M HNO3 and 2
M Al(NO3)3 and an organic phase containing 0.3 M ChCoD in nitrobenzene.
In all instances, the D values in the presence of Al(NO3)3 are well below unity,

EXTRACTION OF Am, Cm, Eu, AND Ce(III) 2145

TABLE 1
Extraction of Trivalent 241Am, 152Eu, and 141Ce by ChCoD from HNO3

[ChCoD], M DAm DEu DCe

From 0.1 M HNO3

0.01 34.0 59.4 104
0.05 60.0 99.4 197
0.1 56.2 75.1 173
0.15 124 132 357
0.2 173 137 273
0.25 274 231 414
0.3 432 366 496

From 0.5 M HNO3

0.01 0.030 0.050 0.083
0.05 0.020 0.031 0.063
0.1 0.070 0.056 0.090
0.15 0.27 0.21 0.32
0.2 0.70 0.52 0.85
0.25 1.5 1.2 1.7
0.3 3.1 2.6 5.3
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ranging from 0.00561 for Eu to 0.00868 for Ce. These values are three orders
of magnitude less than those obtained in the absence of Al(NO3)3.

Extraction of Trivalent Am, Eu, Ce, and Cm Tracers by
18C6–ChCoD Mixtures

The dependences of the D values have a complex character as a function of
the aqueous and organic phase composition for extraction by a mixture of
18C6 and ChCoD. Figure 3 shows the D values for the tracers from 0.5 M
HNO3 into an organic phase in which the sum total concentration of 18C6 and
ChCoD was 0.3 M. For the solution without ChCoD, the D values are consis-
tent with extraction of the tracers by 18C6 alone (Fig. 2). As the mole fraction
of ChCoD increases, the D values begin to increase, especially after the mole
fraction exceeds 0.5. As expected, the D values for the solution without 18C6
are the same as those found in the last line of Table 1. The plots in Fig. 3 pro-
vide data that is useful in determining whether synergism or antagonism is ex-
hibited by the 18C6–ChCoD mixtures. A comparison of the D values for ex-
traction by 18C6 alone (0.2 M), ChCoD alone (0.2 M), and the 18C6–ChCoD
mixture (0.2 M ChCoD) in Figs. 2 and 3 and Table 1 suggests that the pres-
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FIG. 3 Extraction of trivalent Am, Eu, Ce, and Cm tracers by 18C6–ChCoD mixtures (0.3 M
total) in nitrobenzene from 0.5 M HNO3. Values on the abscissa have activities in the organic
phase that are below the detection limit and represent insignificant extraction. The slightly

positive curves below 0.5 mole fraction of ChCoD are artifacts of the plotting program.
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ence of 18C6 slightly suppresses the extractions of Am and Eu and slightly en-
hances the extraction of Ce. The difference in the D values, which determines
whether synergism or antagonism is present, is positive for Ce and negative
for Am and Eu. For Cm, the lack of data for extraction by pure ChCoD pro-
hibits such a comparison.

The extraction of trivalent Am, Eu, Ce, and Cm tracers in the presence of 2
M Al(NO3)3 by 18C6–ChCoD mixtures with a sum total concentration of 0.3
M was also studied. The D values are plotted in Fig. 4 as a function of the mole
fraction of ChCoD. For the solution without ChCoD, the D values are the
same as those farthest to the right in Fig. 2, where the total nitrate concentra-
tion is 6.5 M. Conversely, the D values for the solution without 18C6 are well
below unity, as seen above. The behaviors of the curves in the intermediate
range are very interesting. In all instances the curves show a broad maximum
that stretches from about 0.5 to 1.0 mole fraction of ChCoD. This anomaly is
observed only when the aqueous phase has a high nitrate concentration, 2 M
Al(NO3)3 (Fig. 4), unlike when the aqueous phase contains only 0.5 M HNO3

(Fig. 3).
The effect of 18C6 on the extraction of the tracers in 0.5 M HNO3 by 0.3 M

ChCoD in nitrobenzene was studied by gradually increasing [18C6]. The re-

EXTRACTION OF Am, Cm, Eu, AND Ce(III) 2147

FIG. 4 Extraction of trivalent Am, Eu, Ce, and Cm tracers by 18C6–ChCoD mixtures (0.3 M
total) in nitrobenzene from 0.5 M HNO3 and 2 M Al(NO3)3. Values on the abscissa have
activities in the organic phase that are below the detection limit and represent insignificant

extraction.
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sults are plotted in Fig. 5. The D values slightly decrease until [18C6] reaches
~0.1 M, especially for Ce, and then begin to decrease more rapidly. At [18C6]
5 0.3 M, where the concentrations of 18C6 and ChCoD are equal, the tracers
are essentially not extracted. This confirms the suggestion by the data in Fig.
3 and Table 1 that 18C6 suppresses the extraction of these trivalent metals
with ChCoD.

Formation of 18C6–ChCoD Complex

The results suggest the formation of a 1:1 complex in nitrobenzene between
18C6 and ChCoD. For example, Fig. 3 shows that the D values for the tracers
remain negligible until the mole fraction of ChCoD reaches 0.5. The D values
then rise very rapidly until the mole fraction of ChCoD reaches 1.0. Such be-
havior is consistent with the formation of a complex of formula
[(18C6)H3O]1 ChCoD2 since until the mole fraction of ChCoD exceeds 0.5,
the extractant is entirely consumed by complex formation and is not available
to form an ion pair with the metal cation.

The rapid decrease in the D value of Ce and the inhibition of the extraction
of Am, Eu, and Cm that are seen in Fig. 4 are consistent with the formation of
a 1:1 complex of 18C6 and ChCoD. As ChCoD is added to the solution, it is
bound into the complex with 18C6 until [ChCoD] exceeds [18C6].

2148 ROMANOVSKII AND WESTER

FIG. 5 Extraction of trivalent Am, Eu, Ce, and Cm tracers by 0.3 M ChCoD from 0.5 M HNO3

as a function of total [18C6].

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

The paths of the curves that are plotted in Fig. 5 are also consistent with the
formation of a complex between 18C6 and ChCoD. As 18C6 is added to the
solution, ChCoD is gradually bound into the complex and becomes unavail-
able as the counterion for the extraction. This effectively blocks the extraction
where the concentrations of 18C6 and ChCoD are equal.

The literature also contains data that are consistent with the formation of a
1:1 18C6–ChCoD complex (4). The reported log D vs log[18C6] curves bear
a striking resemblance to those obtained in the present work. For example, the
reported curve for Ce with [ChCoD] 5 0.0485 M and [HNO3] 5 0.395 can be
compared with our curve for Ce with [ChCoD] 5 0.3 M and [HNO3] 5 0.5
M. Both curves exhibit a rapid decrease of D as [18C6] approaches [ChCoD]
[log(0.0485) 5 21.3]. It is also notable that the D values are lower for the so-
lution with the lower [ChCoD].

Finally, gas chromatographic (GC) analysis of 18C6 in 18C6–ChCoD mix-
tures provided convincing evidence for the formation of a 1:1 complex. For
solutions of pure 18C6, GC results were in excellent agreement with the ex-
pected values. However, 18C6 could not be detected in 1:1 18C6–ChCoD
mixtures. For 2:1 18C6–ChCoD mixtures, only about 50% of the 18C6 was
detected. These results are consistent with the formation of a nonvolatile com-
plex with the probable formula [(18C6)H3O]1 ChCoD2.

Effect of Ionic Strength

The salt Al(NO3)3 was chosen to adjust the ionic strength of the solutions for
several reasons. First, Al31 has a small ionic radius and should not effectively
compete with the lanthanides and actinides for 18C6 or the ChCoD counterion.
This was confirmed by examining the extraction of Al31, which showed that no
detectable extraction occurred, as mentioned above. Second, the high charge on
Al31 imparts a greater ionic strength to its solutions than would be produced by
a unipositive ion, e.g., Li1. Finally, reprocessing solutions can be expected to
contain large concentrations of Al31 from dissolved cladding or fuel or both.

The increased extraction of 18C6 with increasing [Al(NO3)3] is attributed
to the increased activity of H3O1 as the ionic strength increases. This suppo-
sition is supported by the nonlinear plot of log D vs log [NO3

2]. The slope con-
tinuously increases with increasing [Al(NO3)3]. For example, the slope be-
tween 0 and 0.5 M Al(NO3)3 is only 0.22, whereas that between 1.5 and 2.0
M Al(NO3)3 is 3.97.

Increasing [NO3
2] by adding Al(NO3)3 to solutions of trivalent Am, Eu, Ce,

and Cm tracers in 0.5 M HNO3 is responsible for the increasing D values. The
data are of somewhat limited quality owing to the small D values. However, the
slope of a plot of log DCe vs log[NO3

2] is 3.16 with a correlation coefficient of
0.993. The fact that the D values for extraction of Ce are much greater than for
the other metals is probably due to its larger stability constant with 18C6 (5).

EXTRACTION OF Am, Cm, Eu, AND Ce(III) 2149
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Effect of pH

A comparison of our data with published data (3) for the extraction of Am
and Eu by 18C6–ChCoD mixtures reveals that the pH of the aqueous phase is
very important. For example, the D values for extraction by 0.03 M ChCoD
and 0.2 M 18C6 in nitrobenzene vary from 90 6 2 for Am and 33 6 1 for Eu
at pH 1.9 to 0.20 6 0.006 and 0.078 6 0.00, respectively, at pH 1.1. Similarly,
at pH 0.3 the D values for extraction by 0.3 M ChCoD and 0.3 M 18C6 in ni-
trobenzene are 6.36 6 0.18 and 2.15 6 0.06, respectively, whereas the D val-
ues measured in the present work for these same metals by 0.15 M ChCoD and
0.15 M 18C6 are insignificant (Fig. 3). This large decrease of the D values
with decreasing pH agrees well with the published results. The same effect is
seen with 15-crown-5–ChCoD mixtures (3).

The effect of pH is also evident in the data in Table 1. The D values for all
tested metals significantly decrease as the pH of the aqueous phases decreases.

Effect of Extractant Concentration

In the presence of 2.8 M Al(NO3)3, D values of 3.20 6 0.20 and 0.51 6 0.03
for Am and Eu, respectively, on extraction by 0.3 M ChCoD and 0.3 M 18C6
in nitrobenzene from 0.5 M HNO3 are reported (3). The present work yielded
D values of 0.0540 and 0.0113 for Am and Eu, respectively, on extraction by
0.15 M ChCoD and 0.15 M 18C6 in nitrobenzene from 0.5 M HNO3 (Fig. 4).
The differences in these D values are probably due to the lower extractant con-
centrations in the present work since the pH of the solutions and [Al(NO3)3]
are approximately the same.

In another study (2), D values of 0.89 6 0.04 and 0.28 6 0.01 for Am and
Eu, respectively, on extraction by 0.2 M 18C6 and 0.3 M ChCoD from 0.5 M
HNO3 were found. Our work gave D values of 0.231 and 0.170 for Am and
Eu, respectively, on extraction by 0.12 M 18C6 and 0.18 M ChCoD from 0.5
M HNO3. The slightly lower D values in the present work are consistent with
poorer extraction at lower extractant concentrations.

CONCLUSIONS

Addition of 18C6 to ChCoD is advantageous in separating actinides and
lanthanides from HLW owing to the fact that Ce extraction is enhanced
whereas that of Eu and Am is inhibited. Use of 18C6 in the ChCoD extraction
technology would enable the extraction and separation of Cs, Sr, and transplu-
tonium elements from HLW with one extractant. This would have a definite
advantage for waste treatment. Data relating to the separation factors of Am
and Eu in similar systems have been reported by this group (12).
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