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heptane or tétrapropylène hydrogéné, was investigated through small-angle neutron
scattering (SANS) measurements. The SANS data were interpreted using the
Baxter model for hard-spheres with surface adhesion. According to this model, the
increase in scattering intensity observed when increasing amounts of Pu(NO3)4 are
extracted into the organic phase, is due to interactions between small reverse
micelles containing three to five TBP molecules. In n-dodecane, the micelles
interact through attractive forces between their polar cores with a potential energy
of up to 22.6 kBT. This strong intermicellar attraction leads to organic phase
splitting with the separation of most of the solutes of the original organic phase
into a distinct phase containing interspersed layers of n-dodecane. When HPT is
the diluent, the intermicellar attraction energy calculated from the SANS data is
much lower, and no third phase formation is observed under comparable chemical
conditions. However, when a significant amount of the initial aqueous plutonium is
in the form of plutonyl ions, PuO2þ
2 , the critical energy potential is reached even
in HPT. A potential explanation of the effect of Pu(VI) involves the formation of a
plutonyl trinitrato complex.
Keywords: Plutonium third phase formation, HPT, SANS, Baxter model

INTRODUCTION
It is well known that under certain conditions, solvent extraction systems
may undergo what is known as third phase formation. Basically, the
organic phase splits into a heavy phase rich in extractant, mineral acid,
and metal; and a light phase consisting of mostly diluent. This occurrence
in an industrial setting, involving fissile materials, can be especially problematic to safety. For example the PUREX process,[1] which involves the
extraction of plutonium dissolved in nitric acid, into an organic phase of
tri-n-butyl phosphate (TBP) dissolved in a suitable diluent, may create the
necessary conditions for third phase formation. The safety implications of
third phase formation for plutonium processing have been discussed
elsewhere.[2]
Third phase formation in nuclear solvent extraction systems with TBP has
been thoroughly reviewed by Vasudeva Rao and Kolarik.[3] With respect to
plutonium, several authors have presented data covering many of the
common important variables.[4 – 8] Typically, in third phase studies, data for
the phase splitting boundary are reported as a limiting organic concentration
(LOC). This value is the maximum concentration of metal found in the
organic phase prior to a visual observation of phase splitting.
Several recent advances have been made in the study of third phase
formation. Beginning with the work of Osseo-Asare,[9,10] third phase
formation in TBP systems has come to be viewed from a reverse micelle
microemulsion approach. Subsequently, many of the concepts and techniques
of colloid and surfactant chemistry have been shown to be effective tools in
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studying aspects of third phase formation. In particular, small-angle neutron
scattering (SANS) has been demonstrated as an effective probe of the
morphology of organic phase species.[11,12]
Interpretation and analysis of the SANS scattering data has been largely
based on the pioneering work on small-angle X-ray scattering measurements
of the interactions between small reverse micelles in the N,N0 -dimethyl-N,N0 dibutyl-2-tetradecylmalonamide (DMDBTDMA)-dodecane-HNO3 solvent
extraction system.[13,14] These works modeled the reverse micelle interaction
via the Baxter model for hard-spheres with surface adhesion, also known as
the “sticky spheres” model.[15] The Baxter model allows the calculation
of the energy of interaction between small reverse micelles assumed as
incompressible spheres.
The reverse micelle approach and the Baxter interaction model have been
successfully employed in the study of the TBP –HNO3 system,[16] as well as
systems involving U(VI) and Th(IV) extraction by TBP in alkanes.[17 – 19]
These works have shown that in a 20% TBP system, third phase formation
can be modeled as resulting from the interaction between small reverse
micelles consisting of 3 to 4 TBP molecules which, under suitable conditions,
attract to form the third phase.
To date, no investigations utilizing SANS on a 30% TBP system containing Pu have been reported. In addition, very little structural information exists
on the role of the diluent in the reverse micelle interactions. It is well known
that the diluent plays a crucial role in third phase formation.[3] Increased
branching provides greater resistance to third phase formation,[20] though
tradeoffs such as increased flash points can be associated with these
materials.
The use of hydrogenated polypropylene tetramer (HPT), which may also
be known as 4,4 dipropyl heptane or tétrapropylène hydrogéné, as the diluent
in PUREX-type processes has been proposed. Nominally considered a
branched dodecane, HPT is commonly used in the French reprocessing
industry, specifically because of its resistance to third phase formation. A study
characterizing HPT and its third phase resistance was recently performed.[2]
HPT was determined to be a highly branched mixture of pure alkanes
ranging in molecular mass from C9 to C12, with the average mass slightly
below that of dodecane. With respect to third phase formation, HPT was
confirmed to be highly resistant to Pu(IV) third phase. However, it was
noted that the presence of Pu(VI) can substantially lower the LOC of the
system.[2]
The objective of this work was to utilize the SANS technique for a comparison of third phase formation in the extraction of Pu(IV) nitrate from
aqueous HNO3 solutions into 30% TBP dissolved in n-dodecane and HPT.
The results were compared with previously published systems for other
actinides and, within the constraints imposed by the limited availability of
beam time; an attempt was made to develop further information on the
enhanced phase splitting effect of the plutonyl ion.
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EXPERIMENTAL
A series of five samples were prepared with organic phase loadings of Pu(IV)
at predetermined fractions (0.5, 0.75, and 1.0) of the LOC for Pu(IV) in the
30%TBP/n-dodecane. The third phase sample in n-dodecane was prepared
at approximately 1.5 LOC. Samples of both the heavy and light phases
were analyzed. A corresponding series of samples was made using the same
initial aqueous Pu concentrations, but with HPT as the diluent. No third
phase was observed at 1.5 LOC (n-dodecane) in the HPT diluent. Background
samples were also prepared containing each of the pure diluents, as well as
each diluent-TBP mixture pre-equilibrated with 7 M HNO3. Additionally,
one sample was prepared using a mixture of Pu IV-VI valence states in
HPT at the previously determined corresponding LOC condition. The
sample matrix is shown in Table 1.
SANS Sample Preparation
Organic phases were prepared using deuterated TBP (C12D27O4P3, 98%, CDN
Isotopes) as received, in order to enhance neutron contrast and have a common
comparison between diluents. The HPT (Novasep SAS, France) and
n-dodecane (Aldrich) were used without further purification. The organic
phases were prepared using 30% (v/v) d-TBP (referred to as simply TBP
hereafter) and twice pre-equilibrated with an equal volume of 7 M HNO3
prior to extraction.
Plutonium nitrate solutions were prepared from the nitric acid dissolution
plutonium oxide stocks obtained from Argonne National Laboratory. All
plutonium used was 242Pu (99.9% by mass) determined via alpha spectroscopy, which minimized radiolysis effects in the organic phase, and
Table 1. Sample list
Sample #
H-0
H-50
H-75
H-100
H-150
H-Mix
D-0
D-50
D-75
D-100
D-Hvy
D-Lgt

Contents
HPT-30% TBP, pre-equilibrated with 7 M HNO3
HPT-50% LOC for n-dodecane
HPT-75% LOC for n-dodecane
HPT-100% LOC for n-dodecane
HPT-150% LOC for n-dodecane
HPT-LOC with mixed Pu valence
n-Dodecane, 30% TBP, pre-equilibrated with 7 M HNO3
50% LOC
75% LOC
100% LOC
150% LOC-heavy phase
150% LOC-light phase
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reduced the radiological hazards involved with the experiments. The stock
solution was purified using anion exchange on an AG-MP1 resin column.
After taking to dryness, the material was dissolved in 7 M HNO3. A small
addition of hydrogen peroxide [21] was used to ensure tetravalent oxidation
state, which was confirmed using UV-Visible spectroscopy by the absence
of the strong 830 nm absorption line of Pu(VI).[22] Individual solutions of
Pu were prepared for extraction experiments by further dilution of the
common stock to achieve the desired initial aqueous phase concentration.
Samples consisting of 0.5 mL per phase were vigorously contacted for
5 minutes using a vortex mixer, and then centrifuged for approximately
5 minutes. Sample cells, 1 mm thick quartz discs (Helma USA) were filled,
capped, and wrapped with ParafilmTM . Individual cells were then loaded
into a custom made, gasket-sealed, aluminum cassette.

Determination of Sample Compositions
Plutonium concentrations were determined using liquid scintillation counting of
triplicate 10 mL aliquots of organic phase further diluted in dodecane. Organic
phase acid concentrations were determined by stripping duplicate 10 mL
aliquots diluted with dodecane into an equal volume of 0.1 M (NH4)C2O4,
followed by a contact with deionized water. The aqueous phases were
combined and titrated against 0.0098 N NaOH using an automated Metrohm
716 titrator with a semi-micro Orion, sealed, gel combination electrode.
Heavy and light phase TBP concentrations were determined using the distribution ratio method described previously.[11] The concentration of water in the
organic phases was not determined. Previous studies, however, have shown
that water extraction does not play a major role in TBP-HNO3 systems.[23,24]

SANS Experiments
The SANS measurements were performed at the time-of-flight small-angle
neutron diffractometer (SAND) at the Intense Pulsed Neutron Source
(IPNS) of Argonne National Laboratory.[25,26] For each sample the data
were collected as scattered intensity, I(Q) (cm21) versus momentum
transfer, Q ¼ (4p/l) sin(u) (Å21), where u is half the scattering angle and
l is the wavelength of the probing neutrons. The SAND instrument
provides a Q range of 0.004 2 0.7 Å21.

Data Analysis
The methodology and derivations of the approaches used here have been
discussed in detail elsewhere.[11,12,17 – 19] The purpose of this paper was not
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to develop new approaches to the analysis of SANS data, but rather to apply
demonstrated techniques to a new system. However, for clarity, a brief
overview of the specific application to this data is provided.
In this analysis, organic phase aggregates, considered as reverse micelles
(consisting of TBP in the lipophilic shell, and plutonium nitrate, nitric acid and
minor amounts of water in the polar core) are treated as spherical particles for
the purpose of interpreting the neutron scattering data. Two models were
examined, where the changes in scattering intensities observed when
increasing amounts of Pu(NO3)4 were transferred into the organic phase,
were attributed to either:
1.
2.

Growth of non-interacting particles (Guinier analysis), or
Interaction between small particles (Baxter model).

For a volume fraction of solute particles, h, each with a volume, Vp (cm3)
the scattering intensity function can be expressed as:
I(Q) ¼ ðDrÞ2 hVp P(Q)S(Q) þ Iinc

ð1Þ

where Iinc is the incoherent scattering background of the solvent (cm21) and
(Dr)2 is the contrast factor (cm24) representing the difference in neutron
scattering properties of the deuterated TBP and diluent. The structure
factor, S(Q), accounts for interparticle interactions. The form factor, P(Q),
provides information on the shape and size of the solute particles.
For the Guinier analysis,[27] the data were plotted as the natural logarithm
of corrected scattering intensity, ln(I(Q)), versus the square of the momentum
transfer, Q2. From the slope and y-intercept of these plots, information was
obtained on the radius of gyration of the spherical particles and their
molecular mass. This information was then used with the known mass and
molar volumes of the particle components (TBP, plutonium nitrate, and
nitric acid) to determine the number of TBP molecules, or aggregation
number, nTBP, in each particle. The procedure for these calculations has
been described in detail elsewhere.[11,12,19]
The scattering data were also subjected to analysis via the Baxter model,
following the previously demonstrated procedure.[17 – 19] The Baxter model
treats the reverse micelle aggregates as hard (incompressible) spheres interacting through a narrow square potential well with an attractive potential. An
approximate value of the potential energy of attraction (which is negative
by convention) between two hard spheres, U(r), is given by the following
equation:
 

d  dhs
U(r) ¼ lim ln 12t
ð2Þ
dhs
d!dhs
where dhs is the diameter of the hard spheres, (d2dhs) represents the width of
the narrow square attractive well, and the reciprocal of t, t21, is the
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“stickiness parameter” and its value is higher when the adhesion between
particles is stronger. When the distance between the left rims of two
particles is larger than dhs but smaller than d (i.e., for dhs , r , d), the
particles experience attraction. The limit in Eq. (2) indicates that the calculation of the interparticle attraction potential energy is valid only when the
attractive well is extremely narrow, i.e., with a width within 10% of the
particle diameter ((d 2 dhs)/dhs  0.1). Both t21 and U(r) are expressed in
kBT units, where kB is the Boltzman constant and T is the absolute temperature. A very useful feature of Baxter’s model approximation is that analytical
expressions have been derived for the structure factor S(Q) in terms of the
parameters t and dhs.[14,28]
RESULTS AND DISCUSSION
The sample compositions and their respective solute volume fractions, h, are
presented in Table 2. Based on visual observations, the heavy phases for both
diluents appeared to be slightly more than one third of the total organic phase
volume. The values for h were calculated from the sum of the molar volumes
for the plutonium nitrates, HNO3, and TBP. These values were obtained from
the densities and molecular weights of the respective compounds. For Pu(IV),
a literature value of 2.977 g/cc for the density of Pu(NO3)2 . 5H2O was used
with a correction for the water molecules.[29] For the mixed valence sample,
the ratios of each oxidation state were determined by UV-Visible spectroscopy
of the aqueous phase before and after equilibration. Literature data was not
available for PuO2(NO3)2, subsequently the molar volume calculated for
UO2(NO3)2 was used.[17]
Table 2. Sample compositions and solute volume fractions
Sample #
H-0
H-50
H-75
H-100
H-150
H-Mix
D-0
D-50
D-75
D-100
D-Hvy
D-Lgt
a

[HNO3], M

St. Dev

[Pu], M

St. Dev

[TBP], Ma

h

Error

1.06
0.71
0.68
0.57
0.40
0.70
1.07
0.76
0.66
0.56
0.80
0.20

0.06
0.01
0.03
0.01
0.01
0.04
0.02
0.01
0.02
0.01
0.02
0.01

0.00
0.13
0.19
0.25
0.35
0.18b
0.00
0.14
0.20
0.25
0.76
0.15

0.000
0.01
0.01
0.01
0.03
0.01
0.00
0.01
0.01
0.01
0.05
0.01

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
2.31
0.28

0.342
0.342
0.347
0.349
0.353
0.344
0.343
0.345
0.347
0.349
0.809
0.108

0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.015
0.035
0.004

Estimated accuracy of + 5%.
[Pu(VI)] ¼ 0.08 M.

b

290

J. Plaue et al.

In general, the compositional data is consistent with the expected classical
stoichiometry of the Pu(NO3)4 . 2TBP solvate[30] and the HNO3 . TBP solvate
for a tetravalent extraction system.[31] The heavy phase composition is also
consistent with these solvates. The light phase appears to exhibit slightly
different component ratios, likely due to the low concentration of TBP.
Also of note, within experimental error, there were no observable differences
in extracted Pu concentrations (distribution values) between the two diluents.
The intensity values, I0, from the y-intercepts of the Guinier analysis are
presented in Fig. 1. The increase in I0 with increasing Pu concentration
indicates either a particle growth phenomenon or particle interaction in the
organic phase. When the effect is solely attributed to particle growth, the
results show substantial growth in the aggregation number. Most strikingly,
as the plutonium organic phase concentration is increased, there is a substantial growth in the TBP aggregation number, nTBP. Typically, for amphiphiles
in nonaqueous media, such as TBP in n-dodecane, physical limitations and
free energy arguments have demonstrated aggregates numbers of less than
10.[32] Based on the findings here, at the LOC condition in n-dodecane, the
nTBP is approximately 130. Clearly these results appear unrealistic, and
therefore suggest that a simple aggregation model is not a valid explanation
of third phase formation in this plutonium system. This conclusion is in
agreement with previous SANS investigations on Th(IV) and U(VI).[17 – 19]

Figure 1.

Results of Guinier analysis.
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However, the results from the particle growth model do show a substantial difference in the behavior of the two diluents. In the HPT system, there is
relatively no aggregate growth from a HNO3 pre-equilibrated system all the
way to the LOC condition for n-dodecane. Higher values of nTBP are only
seen for the H-150 concentration. The analysis also shows the strong
effect of the plutonyl ion in the aggregate behavior. The mixed valence
LOC exhibits a factor of 2 higher nTBP over a similar concentration of
pure Pu(IV).
For the particle interaction model calculations, Eq. (1) was used in
conjunction with the previously reported equations for the structure factor
S(Q),[14,17 – 19,28] and expressing P(Q) as the form factor of a sphere with a
radius R ¼ dhs/2.[33] In the calculations, 3.90  1021 cm24 and 3.91 
1021 cm24 were used as the contrast factors for n-dodecane and HPT,
respectively, and the h values for each sample were taken from Table 2.
The three parameters Iinc, dhs and t were used as independent fit parameters
and were optimized using the procedure described previously.[17 – 19]
For each sample, the value of the hard-sphere diameter, dhs, was used to
calculate the volume of the spherical scattering particles, Vp. This volume
comprises both the volume of the inorganic constituents of the particle (the
polar core) and the volume occupied by the TBP molecules (the lipophilic
shell). By using the analytical data in Table 2, the volume of the shell was
estimated by subtracting from Vp the volume occupied by the inorganic
solutes. Finally, the average TBP aggregation number was calculated by
dividing the volume of the shell by the molecular volume of TBP.
An example of the scattering data and calculated Baxter fit is presented
for sample H-100 in Fig. 2. The observed scattering data, the calculated
functions for S(Q) and P(Q), and the resulting calculation of I(Q) as
expressed in Eq. (1) are depicted. The calculated fit is quite good, with only
slight deviation toward the lower values of Q. For S(Q), there is a pronounced
maximum near Q values of 0.5. Using Bragg’s law, this maximum can be
used to obtain the correlation distance between interacting micelles,
dsep ¼ 2p/Qmax.
Baxter model fits for all of the investigated samples in both diluents are
shown in Fig. 3. In general, the calculated fits are quite good. There are two
small exceptions. For samples H-0 and H-50, the experimental data show a
slight power curve trend at values of Q less than 0.015. None of the other
eight curves exhibit this behavior, and the calculated fits do not capture this
effect. It is suspected that these samples may have had a small solid
contaminant.
The calculated Baxter fit parameters are given in Table 3. In both diluents,
with the exception of the third and light phase, there is an increase in dhs as
nitric acid is replaced with plutonium nitrate. This swelling is also
accompanied with an increase in nTBP. Accordingly, as the Pu(NO3)4 concentration in the organic phase increases, there is an increase in 1/t, which translates into a greater interaction potential. In n-dodecane, when U(r) reaches the
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H-100.
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Scattering data (symbols) and calculated functions (lines) for sample

critical value of 22.6 kBT, phase separation takes place and most of the solutes
(TBP, Pu(NO3)4 and HNO3) report in a separate and heavier organic phase.
To fit the SANS data for the third phase sample in n-dodecane, the same
procedure outlined previously was followed.[17 – 19] This sample, which has
much higher concentrations of TBP, Pu(NO3)4 and HNO3 than the other
samples, was considered as a continuous phase made of the TBP-complexes
of plutonium nitrate and nitric acid containing interspersed small amounts
of n-dodecane. The Baxter model calculations for the third phase sample in

Figure 3. SANS data plots with Baxter model fits. The n-dodecane samples (D series)
are on the left and HPT (H series) on the right.

Sample #
H-0
H-50
H-75
H-100
H-150
H-Mix
D-0
D-50
D-75
D-100
D-Hvy
D-Lgt

Results of Baxter fit parameters
dhs, Å

Error

dsep, Å

nTBP

Error

1/t

Error

U(r), kBT

Error

13.0
15.6
15.6
16.1
17.2
14.1
15.2
16.4
17.6
17.5
14.8
16.4

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.7
0.2

10.4
12.7
12.7
13.3
14.0
11.5
12.7
13.3
14.7
14.4
12.3
14.0

2.30
3.53
3.47
3.77
4.57
2.56
3.23
4.01
4.89
4.84
4.55a
3.60

0.47
0.07
0.08
0.09
0.14
0.06
0.07
0.09
0.10
0.09
0.60
0.09

11.4
8.8
9.8
10.5
12.7
13.3
10.9
11.4
12.3
16.0
7.9
8.5

0.6
0.3
0.4
0.5
0.8
0.8
0.5
0.7
0.7
1.2
0.1
0.0

22.25
21.99
22.10
22.17
22.36
22.41
22.21
22.25
22.33
22.59
21.88
21.96

0.07
0.05
0.06
0.07
0.09
0.09
0.07
0.09
0.08
0.11
0.02
0.01
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Table 3.

a

This is not a TBP aggregation number; it indicates the number of n-dodecane molecules contained in diluent pockets
interspersed in the third phase.
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Table 3, performed by using the n-dodecane volume fraction obtained from
the analytical data in Table 2, provided an aggregation number of 4.5. This
value no longer represents a TBP aggregation number; rather it represents
the number of dodecane molecules contained in pockets (or layers if the
system is bicontinuous) interspersed in the third phase.
There are some obvious differences observed between the two diluents. In
general, all of the parameters are minimized in the HPT systems. The micelles
do not swell as much, nor do they accumulate as many TBP molecules. The
critical U(r) value of 22.6 kBT is never reached in the HPT system. Since
the compositions in each matched system are equivalent, it can be concluded
that the observed differences in the aggregate behavior can be strictly related
to the nature of the HPT diluent. The bulkier molecules of this highly
branched diluent prevent the swollen reverse micelles from reaching the
level of intermicellar attraction energy required for phase separation.
For comparison purposes, the most similar published system it that of
Th(IV) in 20% TBP/n-octane.[18,19] This work showed consistent critical
U(r) of approximately 22.10 kBT over four different nitric acid conditions.
Although comparisons between different diluents are not straightforward,
the higher U(r) values observed in the present work is likely due to differences
in the TBP concentration and properties of the metal-extractant bonding.
Though no quantitative explanation has been put forth, it is clear from the
available data that characteristics of the metal play an important role in
third phase formation.[3] However, the slight increase in aggregation
numbers for increasing the TBP concentration from 20 to 30 volume
percent is consistent with expectations for non-aqueous micellar
behavior.[32] The values observed here are also in agreement with findings
for simple nitric acid extraction under similar conditions.[16]
The mixed valence sample (H-mix) exhibits several interesting features.
For this sample, which contained 46 percent PuO2þ
2 , the micelle diameter at
LOC is substantially smaller than any of the pure Pu(IV) loaded samples,
and is only about 1 Å larger than the H-0 sample. A similar pattern is
observed for the aggregation numbers. In terms of energies, the absolute
U(r) value for the LOC condition in this system (22.41 kBT) is somewhat
lower than for the LOC condition in the n-dodecane system, but the error
ranges do overlap.
The most intriguing result obtained for the mixed valence sample is that
the presence of Pu(VI) promotes third phase formation, which was observed
even in HPT, and at a much lower total Pu LOC than the Pu(IV) LOC in
n-dodecane (0.18 vs. 0.25). This result was unexpected, based on the similarity
of behavior between Pu(VI) and U(VI), since it has been previously shown
that U(VI) does not exhibit a strong tendency toward third phase formation
when extracted by TBP in n-dodecane.[11,17] The effectiveness of Pu(VI)
in promoting third phase formation in TBP systems has been potentially
[2]
linked to the trinitrato complex of Pu(VI), PuO2(NO3)2
It has been
3.
reported that this complex has a significantly higher stability than the
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corresponding U(VI) complex, and, therefore, starts to form at relatively low
HNO3 concentrations (.4 M).[34,35]
The consequences of the large PuO2(NO3)2
3 anion on third phase formation
can be easily understood by considering that, when extracted by TBP in the
form of the HPuO2(NO3)3 acid, it should behave in a way similar to other
acids of very large and little hydrated anions, such as HClO4. It is well
known that HClO4, among other mineral acids, is the most effective in
inducing phase splitting in TBP-alkane systems.[36,37] A complete investigation
should be performed on the Pu(VI)-TBP-alkane diluent system at various
aqueous acidities to further determine whether Pu(VI) trinitrato complex is
present in the organic phase and its role in third phase formation.

CONCLUSIONS
Third phase formation in the extraction of plutonium nitrate by TBP in ndodecane and the HPT branched diluent was studied as a function of metal
loading using the SANS technique. As anticipated, compositional data
showed similar extraction behavior between the two diluents. Attempts to
interpret the SANS data with a particle growth model led to unrealistically
high aggregation numbers at the LOC condition. This result implies, as has
been shown for other metals, that Pu third phase formation is not the result
of progressive, extensive aggregation of TBP molecules. A particle interaction
model using the Baxter sticky spheres model provided more consistent results.
According to this model, TBP in n-dodecane, in contact with aqueous
phases containing nitric acid and plutonium nitrate, forms small reverse
micelles containing three to five TBP molecules. These micelles swell when
polar solutes such as nitric acid and metal nitrate are incorporated into their
polar core. The swollen micelles interact through van der Waals forces
between their polar cores. The separation of most of the solute particles in a
new phase is energetically favorable when the energy of attraction between
the particles in solution becomes substantially larger (22.6 kBT, for 30%
TBP) than the average thermal energy (kBT). Upon phase splitting, most of
the solutes in the original organic phase (TBP, water, HNO3 and metal
nitrate) collect in a separate phase containing interspersed layers of n-alkane.
Our SANS data and the Baxter model provided an explanation of the
different behavior of n-dodecane and HPT in terms of mechanism and energetics of third phase formation. When the reverse micelles are separated by
molecules of a highly branched diluent such as a HPT, the critical attraction
energy of 22.6 kBT is not reached, even at Pu(IV) loadings of 150 percent
of the LOC for n-dodecane.
A single sample study of the effect of Pu(VI) on third phase formation
confirmed that the presence of PuO2þ
2 ions in the system strongly promotes
phase splitting, causing the intermicellar attraction energy to reach the
critical value at much lower total plutonium concentrations than for pure
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Pu(IV). The negative effect of Pu(VI) on the ease of phase splitting can
possibly be attributed to the formation, under the experimental conditions of
this work (7 M HNO3 in the aqueous phase), of significant amounts of the
plutonyl trinitrato complex species.
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