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SANS Study of Third Phase Formation
in the Th(IV)-HNO3/TBP-n-Octane System#

M. Borkowski,! R. Chiarizia,”* M. P. Jensen,'
J. R. Ferraro,' P. Thiyagarajan,’
and K. C. Littrell®

!'Chemistry Division and *IPNS Division, Argonne National Laboratory,
Argonne, Illinois, USA

ABSTRACT

Formation of a third organic phase at high metal loading in the extraction
of tetravalent actinides by TBP in aliphatic diluents has been investigated
mostly from the standpoint of the composition of the organic phase
species before and after phase splitting. Very little is known of the
structure and morphology of the organic phase species. In this work, a
study of third phase formation upon either dissolution of Th(NO3), in
20% TBP in n-octane or Th(NO;), extraction from 1 M HNOj3 by 20%
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non-exclusive, royalty-free license to publish or reproduce the published form of this
contribution, or allow others to do so, for U.S. Government purposes.
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3334 BorkowskKi et al.

TBP in n-octane is reported. Chemical analyses have shown that, under
the conditions of this work, Th(IV) exists in the organic phase mainly as
the trisolvate Th(NOj3),-(TBP);. The third phase species also contains a
small amount of HNOj;, presumably hydrogen-bonded to the trisolvate
complex. Small-angle neutron scattering measurements on TBP solutions
loaded with only HNO; or with increasing amounts of Th(IV) revealed
the presence, before phase splitting, of large ellipsoidal aggregates with
the parallel and perpendicular axes having lengths up to about 230 and
24 A, respectively. Although the formation of these aggregates is
observed in all cases, that is, when only HNOj3, only Th(NO3)4, or both
HNOj; and Th(NOs), are extracted by the TBP solution, the size of the
aggregates is largest in the latter case. Formation of these aggregates is
probably the main reason for phase splitting.

Key Words: Third phase; Th(VI); TBP.

INTRODUCTION

Third (or heavy) organic phases, formed in the extraction of high amounts
of metal species from aqueous phases containing mineral acids by extractants
dissolved in nonpolar diluents, are highly structured phases that can be
regarded as liquid crystals having a lamellar stucture.!"*'Very little structural
information, however, is available on the species that are present in the
organic phase immediately before separation into a light and a heavy layer.

It has been recently recognized that in the solvent extraction of metal
species by a variety of extractants in nonpolar diluents, the phenomenon of
third phase formation is preceded, in general, by extensive aggregation of the
metal-extractant complexes in the organic phase. This was reported for the
first time, to our knowledge, in the extraction of Pr(NOs3); by octyl(phenyl)-
N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO) in various dilu-
ents.”** In this study, small-angle neutron scattering (SANS) measurements
revealed the presence in solution of polymeric species having an elongated
shape with a diameter up to 40A and a length as high as 500 A. The
investigators hypothesized that the formation of these large particles might be
an intermediate stage between a single organic phase containing only
monomers and the separation of a third phase.

Similar observations have been reported in recent works on HNO;
extraction by N,N'-dimethyl-N,N’-dibutyl-2-tetradecylmalonamide (DMDB-
TDMA) in n-dodecane.”~"Also in this case, small-angle x-ray scattering
measurements revealed the onset of extensive aggregation of the organic
phase species when phase splitting was approached. In one of these works,'®!
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the investigators successfully attempted the theoretical prediction of third
phase formation through the Flory—Huggins theory of polymer solutions. This
approach was based on the analogy between the clouding phenomena
occurring in aqueous solutions of nonionic surfactants and the DMDBTDMA
system, in which aggregate interactions seemed to be responsible for third
phase formation.

In other SANS investigations of metal extraction by dialkyl-substituted
alkylenediphosphonic acids in toluene, some of the present authors observed
the formation of large cylindrical aggregates upon loading the organic phase
with progressively higher concentrations of certain metal ions, such as Fe(III)
and Th(IV).[S*m]Attempts to further increase the metal concentration in the
organic phase eventually led to the separation of a semisolid third phase. The
appearance of this new phase might be interpreted as the final step of an
extensive aggregation process involving the organic phase species. In these
studies, it was also observed that the aggregates formed by the Th(IV)-
diphosphonic acid complexes were much larger than those brought about by
other cations, and that the tendency of these aggregates to grow increased
substantially as the point of phase separation was closely approached.

The extraction systems just mentioned involve bifunctional extractants. In
these systems, large polymeric species in the presence of high-metal
concentrations are expected, as metal ions can act as a bridges by binding to
functional groups of different extractant molecules, thus leading to formation
of large polynuclear species. However, formation of aggregates in the organic
phase before third phase formation has also been observed with
monofunctional extractants. In fact, in an attempt to verify that the formation
of large aggregates in the organic phase before phase splitting is a general
feature shared by most, if not all, solvent extraction systems, we have revisited
the U(VI)-HNOg/tri-n-butylphosphate (TBP)-n-dodecane system from the
standpoint of third phase formation.''! SANS measurements on TBP
solutions loaded with only HNO;5 or with increasing amounts of UO,(NO;),
revealed the presence, before and after phase splitting, of ellipsoidal
aggregates with the parallel and perpendicular axes having lengths up to about
64 and 15 A, respectively.

The objective of this work is to report on the morphology of the species
present in the organic phase before third phase formation in the extraction of
Th(NOj3),4 by alkane solutions of TBP. This study complements our previous
work on UO,(NOs3), extraction by TBP.''we thought it would be interesting
to investigate the Th(IV) system because: (1) the extraction of Th(IV) and
other tetravalent actinides by TBP under conditions suitable for third phase
formation has been the subject of several investigations (the most important
physicochemical results are summarized in two excellent reviews!!>13): (2) in
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analogy with the behavior of dialkyl-substituted alkylenediphosphonic acids,
it was expected that the Th(IV)-TBP organic phase complexes would form
much larger aggregates than those observed for U(VI).

EXPERIMENTAL
Materials

In the present work, the same materials were used as in our previous
investigation.[“] n-Octane and deuterated octane (d;g, 98 atom % D, in the
following indicated as D-octane) were obtained from Aldrich Chem. Co.
(Milwaukee, WI, USA). In this study, D-octane was preferred to D-dodecane
as the diluent to reduce the cost associated with the preparation of a large
number of samples for SANS measurements. Th(NO3)44H,O was obtained
from Fisher Scientific Co. (Pittsburgh, PA, USA). and used as received.

Sample Preparation and Characterization

Four series of samples were prepared for the SANS measurements. 20%
(v/v) TBP (0.73 M) in D-octane, not contacted with any aqueous phase, was
the only sample of the first series.

The samples of series 2 (a through c) were prepared by dissolving
increasing amounts of solid Th(NO;3)44H,0 in the 20% TBP solution in
D-octane. These samples did not contain HNOj3, but only the Th(IV) nitrate
salt. Sample 2c has the highest concentration of Th(NOs), achievable in the
organic phase (LOC, limiting organic concentration) without phase splitting.
Any attempt to introduce more Th(NO3), in the system is followed by the
splitting of the solution into a heavy (sample 2d, with a density of 1.246 g/mL)
and a light organic phase (sample 2e). The behavior of Th(NO3;), is thus quite
different from that of UO,(NO3),. With the latter salt, it is possible to saturate
the TBP solution without phase separation. The different behavior of the
Th(IV) and U(V]) nitrate salts confirms the well-known fact that tetravalent
actinides are much more effective than hexavalent actinides in promoting third
phase formation.!'¥!

Samples 3 (a through f) were prepared by equilibrating, at 23 = 1°C and at
a phase ratio of 1 the 20% TBP solution with aqueous phases containing
progressively higher HNO; concentrations (1, 2.5, 5.0, 7.5, 11.0, and 16.0 M,
respectively) and no Th(IV) salt. With n-dodecane as the diluent, phase splitting
is observed when TBP extracts nitric acid from concentrated aqueous HNO, ¥
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However, no third phase formation was observed in the preparation of the
samples of series 3, in agreement with previous results showing that shorter
alkyl chains in the diluent depress the tendency to third phase formation.!'?

The samples of series 4 (a through f) contained varying concentrations
of both HNO; and Th(IV). They were prepared by contacting a small volume
of the TBP solution with an equal volume of 1 M HNOj solutions containing
progressively increasing concentrations of Th(NO3),. When contacting the
20% TBP organic phase with an aqueous solution that was 1.11 M in
Th(NO3)4 and 1 M in HNOs;, a third phase was obtained having a volume of
about 17% of the original organic phase volume, and a density of 1.158 g/mL
(sample 4e). Sample 4f was the light organic phase in equilibrium with the
third phase sample. Sample 4d had the Th(IV) limiting organic concentration
(LOC). This sample was obtained by first causing formation of the third
phase and then adding very small amounts of lean organic phase and/or water
until the third phase disappeared, as indicated by the absence of turbidity in
the organic phase.

After centrifugation and phase separation, aliquots of the various phases
were analyzed. The HNOj; concentration in the aqueous phases was determined
by potentiometric titration to pH ~ 6 with standard base after appropriate dilution
and after making the solution 0.2M in (NH4),C,0,4 to mask the metal. The
aqueous Th(IV) concentration was determined by ICP-AES. The organic HNO;
and Th(IV) were first stripped by contacting two times an aliquot of the organic
phases diluted five fold with octane, with an equal volume of water and then with
a larger and known volume of a 0.1 M (NH4),C,0,4. HNO3; and Th(IV) in the
stripping solution were then determined as discussed previously.

In all the samples where no third phase was generated, the equilibrium
TBP concentration was assumed to be equal to the initial one, that is, 0.73 M,
neglecting small changes of the organic phase volume upon dissolution or
extraction of Th(NO3), and/or HNO;. The TBP concentration in the heavy and
light organic phases resulting from phase splitting were determined following
a published procedure.!'™ According to this procedure, if a TBP solution in
aliphatic diluents is contacted with aqueous 10 M HCIO,, the TBP reports
quantitatively to the heavy organic phase that is generated. The TBP
concentration in the original solution can then be estimated with a good degree
of approximation (= 10%) from the volume of the third phase. The 2d, 2e, 4e,
and 4f samples were first diluted with a known volume of n-octane and then
contacted with 10 M HCIlO, in thin calibrated test tubes after HNO5 and
Th(IV) stripping. In each case, the volume of the TBP-HCIO, containing third
phase was converted into TBP concentration by using an ad hoc calibration
curve of third phase volume vs TBP concentration.
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SANS Measurements

The SANS measurements were performed at the time-of-flight, small-
angle neutron diffractometer (SAND) at the Intense Pulsed Neutron Source of
Argonne National Laboratory.''®!'”! The main characteristics of the SAND
diffractometer have been described in the preceding paper.!'"! For each
sample, the data were collected as scattered intensity, 1(Q) (cm™) vs
momentum transfer [Q = (477/X) sin(6) (A")], where 6 is half the scattering
angle and A is the wavelength of the probing neutrons.

The SANS data were also analyzed using nonlinear, least-squares fits to
the following form factor for an ellipsoid of rotation!'®!:

P(Q,a,b) = / 7" 3lsin(Qr(a,b,a)) — Qrla, b, @)cos(Qr(a,b, )]
e (Qr(a,b,a))’

sinada

ey

including a multiplicative scale factor for the intensity at Q =0 and a constant
background term to account for incoherent scattering from hydrogen. Here,
« is an orientation angle used to integrate over all possible orientations of the
particles relative to the incident beam, « is the length of the semiaxes
pendicular to the axis of rotation, b is the length of the semiaxis parallel to the
axis of rotation, and

b
a,b,a)=a (sin2a+—cos2a) 2)
a

From the values of @ and b, the radius of gyration, R,, of the particles was
calculated through the relation Ry = J((2a? 4+ b?)/5). R, is a measure of the
spatial extension of the particle and is given by the root-mean-squared
distances of all the atoms from the centroid of the scattering particle.

RESULTS AND DISCUSSION

Table 1 summarizes the analytical results for the samples investigated in
this work. When solid Th(NOs), is dissolved in 20% TBP in D-octane, the
highest metal concentration achievable is 0.21M (LOC condition). If
Th(NOs3), is extracted from a 1 M HNO; aqueous solution, the Th(IV) LOC
concentration is lower, 0.18 M. This is the result of the competition between
Th(IV) and HNO; for the P=0 groups of TBP. The competition is clearly
visible in samples 4a through 4d, where an increase of metal concentration is
accompanied by a decrease in HNOj; concentration.
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Table 1. Composition of samples for SANS measurements.

Sample [TBP'M  [ThI’M  [HNO;M  [Disolvate]*M  [Trisolvate]* M  [HNOsTBP]M  [TBP] free M
1 0.73 0 0 0 0 0 0.73
2a 0.73 0.038 0 0 0.038 0 0.62
2b 0.73 0.16 0 0 0.16 0 0.26
2¢ (LOC) 0.73 0.205 0 0 0.205 0 0.115
2d (third ph) 2.17 0.74 0 0 0.74 0 0

2e (light ph) 0.20 0.076 0 0.028 0.048 0 0

3a 0.73 0 0.17 0 0 0.17 0.56
3b 0.73 0 0.36 0 0 0.36 0.37
3¢ 0.73 0 0.61 0 0 0.61 0.12
3d 0.73 0 0.72 0 0 0.72 0.01
3e 0.73 0 0.84 0 0 0.73 0

3f 0.73 0 1.22 0 0 0.73 0

4a 0.73 0.021 0.115 0 0.021 0.115 0.55
4b 0.73 0.13 0.096 0 0.13 0.096 0.24
4¢ 0.73 0.16 0.090 0 0.16 0.090 0.16
4d (LOC) 0.73 0.18 0.079 0 0.18 0.079 0.11
4e (third ph.) 1.9 0.60 0.125 0 0.60 0 0

4f (light ph.) 0.44 0.12 0.059 0 0.12 0.059 0

?Estimated accuracy = 5%, except for samples 2d, 2e, 4e, and 4f (* 10%).
® Estimated accuracy * 5%.

¢ Estimated accuracy *+ 10%.

4 Th(NO;3)4(TBP),.

¢ Th(NO3)4(TBP),.
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The table also reports the concentrations of the disolvate Th(NO;)4 (TBP),,
the trisolvate Th(NO;)4(TBP);, the HNO5- TBP species, and the free TBP in
the samples. These concentrations have been calculated from the TBP, Th(IV),
and HNOj; analytical concentrations by using the following metal and extractant
mass-balance equations:

[Th] = [Th(NO3),-(TBP),] + [Th(NO3),-(TBP);] 3)

[TBP] = 2[Th(NO3),-(TBP),] + 3 [Th(NO3),-(TBP);]
+ [HNO3-TBP] + [TBP]f;cc @)

In these equations, thorium nitrate is assumed to exist in the TBP organic
phase as disolvate and trisolvate species, in agreement with previous work
indications,“z]and nitric acid is assumed to exist as the HNO3-TBP species.
TBP is known to extract HNOs; from aqueous solutions forming species
having the composition (HNO5); TBP with i equal to 1 through 4."'*'The data
for the 3e and 3f samples in Table 1 clearly indicate that (HNO;);-TBP species
with i > 1 are formed when the TBP solution is contacted with 11 and 16 M
aqueous HNOg;, respectively. However, as experimentally confirmed in our
previous investigation,!''for aqueous HNO; concentrations lower than
~10M, the approximation that HNO; exists in the organic phase
predominantly, if not only, as the HNO3- TBP species can be safely held.

When the Th(IV), HNOj;, and TBP analytical results are such that the
presence of free TBP can be excluded, egs. (3) and (4) can be solved for the two
unknowns, the disolvate and trisolvate concentrations. On the other hand, when
the initial TBP concentration is in excess of the concentrations of HNOs and
metal (expressed as the trisolvate), the concentration of the disolvate can be
neglected. In this case, eqs. (3) and (4) allow the calculation of the concentrations
of the trisolvate and of free TBP. For the third phase samples, in analogy with the
U(VI) case,!" it is assumed that HNOj is part of the third phase Th(IV) complex
species. The [HNO3- TBP] term therefore does not appear in eq. (4) for these
samples. Also, no free TBP is assumed to exist in the third phase solutions.

Based on the results of these calculations, a few considerations can be
made on the composition of the samples in Table 1. In the samples of series 2,
no HNOj is present and all the TBP is available for Th(IV) to form a trisolvate.
The trisolvate is the preferred complex as long as there is free TBP. In the light
phase sample, the TBP concentration is much lower and the extractant
distributes between a disolvate and a trisolvate species.

In the samples of series 4, because the HNOj3 concentration is low, there is
always enough TBP for the trisolvate to form. In the third (4e) and light phase
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(4f) samples, the TBP concentration is sufficiently high to form only the
trisolvate, practically without free TBP.

Finally, it is interesting to observe that in the third phase sample (4e), the
ratio of Th(IV) to HNO;3 concentration is much higher than 1. This is in
contrast with the U(VI) system, for which a unit ratio of U(VI) to HNOj in the
third phase was reported.[l UThis difference between the Th(IV) and the U(VI)
third phases undoubtely arises from the vastly different experimental
conditions used for sample preparation [1 M aqueous HNO; for Th(IV) vs
10M for U(VD)]. Preliminary measurements have indicated that if Th(IV)
third phase samples are prepared by extracting the metal from concentrations
of aqueous HNOj; higher than 1 M, ratios of metal to acid concentration much
closer and even lower than 1 are obtained. It seems, therefore, that the
composition of the third phase species is not constant, but depends on
the aqueous acidity. This phenomenon is relatively difficult to discern in the
U(VI) system, simply because it is not possible to prepare a U(VI)-TBP third
phase at aqueous HNOj3 concentrations lower than ~ 10 M.

Figure 1 shows the SANS data for the samples of the series 1 and 2. These
data clearly illustrate the very pronounced increase in scattering intensity

10 — -
2¢c, LOC
2d, Third Ph.
2b
2a
1 2 4
e 1 . 1
O s 3
e % i 2e, Light Ph. T
s |
T 014 {
0.01 — — e
0.01 0.1 1

Q, A

Figure 1. SANS data for samples of series 1 and 2. For the composition of the samples,
see Table 1. The continuous lines represent the ellipsoid of rotation fit of the data.
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observed in the low Q region, when increasing amounts of solid Th(NO3)4 are
dissolved in 20% TBP up to the LOC conditions (from data set 1 to data set
2¢). After phase splitting, a much lower scattering intensity is exhibited by the
light phase (sample 2e), while the scattering profile for the heavy phase
(sample 2d), a concentrated solution of TBP and Th(IV), is quite different
from that for the other samples.

Figure 2 shows the SANS data for selected samples of series 3. The data
for sample 1 (TBP alone) are included for comparison. The data in Fig. 2
indicate that introduction of a small amount of HNO; in the TBP solution
(sample 3a) causes an increase of the scattering intensity at low Q. However,
this intensity remains essentially constant with an increase of the HNO;
concentration, until a stoichiometric excess of HNOj relative to TBP is present
in the organic phase (sample 3e), and increases substantially only when the
HNO; to TBP concentration ratio is much higher than one, as in sample 3f.

Figure 3 collects the SANS data for the samples of series 4, together with
sample 3a (no metal) for comparison. The scattering intensity for samples 3a,
4a, and 4b is practically the same, indicating that small amounts of Th(NOs)4

10

0.1 ————— —
0.01 0.1 1

Q,A

Figure 2. SANS data for samples 1, 3a, 3e, and 3f. For the composition of the samples,
see Table 1. The continuous lines represent the ellipsoid of rotation fit of the data.
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4e, Third Ph.

= 4f, Light Ph.

0.1 —— — :
0.01 0.1 1

Q,A

Figure 3. SANS data for sample 3a and for samples of series 4. For the composition
of the samples, see Table 1. The continuous lines represent the ellipsoid of rotation fit
of the data.

extracted together with HNO;5 from a 1 M aqueous HNOj solution, have little
or no effect on scattering. On the other hand, when the metal concentration
approaches the LOC conditions (samples 4c and 4d), a very pronounced
increase in scattering intensity is observed. After phase splitting, similar to the
data in Fig. 1, the light phase exhibits a reduced scattering intensity
(sample 4f), while the heavy phase (sample 4e) originates a quite different
scattering profile.

Figures 1, 2, and 3 also show the fit of the data with an ellipsoid of rotation
form factor. The fit is generally good, except for the LOC solution of series 4.
For each data set, Table 2 reports the perpendicular (a) and parallel (b)
semiaxes, the gyration radius calculated from the values of the semiaxes, and
1(0), the scattering intensity at Q = 0.

The values of the semiaxes and of R, in Table 2 clearly indicate that by
dissolving Th(NO3), or by extracting Th(NOj3)4 and HNOj3 in 20% TBP, large
aggregates are generated in solution, whose growth with increasing metal
concentration that takes place mostly along the b axis. The largest particles are
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Table 2. Ellipsoid of rotation fit of SANS data.

a, perpendicular b, parallel

Sample semiaxis, A semiaxis, A R, A 1(0) cm ™! Ny exp Ny cale
1 4.7 £ 0.6 152 04 74 +04 0.55 £ 0.02 1.6 £0.1 1.6
2a 45+09 193 +£0.3 9.1 04 0.87 = 0.01 25+0.2 2.8
2b 7.0+ 0.2 29.3 £ 0.3 13.8 £0.3 1.98 = 0.02 55+03 5.0
2¢ (LOC) 9.5%0.1 73.8 £0.8 335 +0.7 5.87 = 0.05 16 = 1 17.5
2d (third ph) 6.8 =04 19.1 £ 0.5 9.6 +0.5 0.71 = 0.01 — —
2e (light ph) 6.4+ 0.5 21.7 £ 0.6 10.5 £ 0.6 0.44 = 0.01 45*03 53
3a 59+02 20.7 £0.2 10.0 £ 0.2 1.01 £ 0.01 28 +0.2 2.9
3b 6.1 =02 23.5£0.3 11.2+0.3 1.19 £ 0.01 33+0.2 35
3c 6.2 *+0.3 23904 114 +£0.3 1.06 = 0.01 3.0+0.2 2.9
3d 56 0.2 24.1 £0.3 11.3£0.2 1.03 £ 0.01 29+0.2 3.0
3e 6.5+0.2 252 +04 12.0 £ 0.3 1.09 + 0.01 3.1+02 3.0
3f 85+ 0.1 394 £ 0.5 184 £ 04 2.30 £0.02 64+ 04 6.0
4a 6.1 £0.2 212 £0.2 102 £0.2 1.09 £ 0.01 3.1+02 2.9
4b 7.0 £0.1 27202 129 = 0.2 1.61 £ 0.01 45+03 4.4
4c 83+ 0.1 457 £0.3 21.1 £0.3 3.53 £0.02 9.9 + 0.6 9.7
4d (LOC) 12.1 £ 0.1 114 =1 514 +0.9 132 £ 0.1 37 £2 36
4e (third ph.) 9.6 0.1 46.6 = 0.5 21.7 04 4.11 = 0.03 — —
4f (light ph.) 8.1+ 0.1 443 £ 0.5 205+ 04 242 +0.02 11 *1 11
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formed in the LOC solutions or series 2 and 4, with the b axis reaching the
lengths of ~ 148 and 228 A, respectively.

Following the same approach reported previously,!''! the scattering
entities in the samples of Table 2 can be described as TBP aggregates. Since
the SANS data are available on an absolute scale, the I(0) values can be used
to determine the molecular weight of the extractant aggregates and, hence,
the aggregation number of TBP in the aggregates, through eq. (5), which holds
forQ=0:

10) = Ny(p, = p)* V3 )

where Nj is the number of scattering particles per volume, V,, is the particle
volume, and p,, and p; are the scattering length densities of the extractant and
solvent respectively.

After rearranging and introducing molar quantities in eq. (5), one obtains
eq. (6), from which the weight average aggregation number of TBP, n,,, can be
calculated for each sample:

_ My 6.022X10% digpl(0)
MWrgp  [TBPliwa (pp — ps)"MWigp

(6)

I‘IW

In eq. (6), My, is the weight average molecular weight of the extractant
aggregates, MWrgp and drgp are the molecular weight (266.32) and the
density (0.973 g/mL) of the extractant, and [TBP],,; is the total extractant
concentration in the organic phase. The scattering length densities of TBP
(pp = 1.566 X 10°cm?) and of D-octane (ps = 6.426 X 10'°cm?) were
calculated from the sum of the scattering length densities of the individual
atoms. As the scattering contrast between solute and solvent is essentially
determined by the different neutron scattering properties of the H and D
atoms, only the highly hydrogenous molecule of TBP was considered in the
calculation of pp.

Table 2 reports the TBP aggregation number obtained by using eq. (6) for
all samples, except the third phase. For the latter samples, a different approach
was followed (vide infra). Uncertainties in the n,, values were derived from
the uncertainty in I(0) and the assumption of 2% uncertainty in drgp and 5%
uncertainty in [TBP] (for samples 2e and 4f, the uncertainty in [TBP]y
was about 10%).

In Fig. 4a, the n, values are plotted as a function of the metal
concentration in the samples of series 2 and 4. In Fig. 4b similar data are
shown for the U(VI) system described previously.!''"For the Th(IV)-TBP
system, the curves in Fig. 4a exhibit a much steeper increase of n,, for metal
concentrations approaching the LOC condition than for the U(VI) case. These
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Figure 4. TBP aggregation number, ny, as a function of metal concentration in the
organic phase: a) data from the present work; b) data from Chiarizia et al.l'"

results confirm the tendency of Th(IV) to promote formation of larger
aggregates than other cations, in analogy to our previous observation with
dialkyl-substituted alkylenediphosphonic acids.”®"'"!

The experimental n,, ¢, values in Table 2 can be reproduced by making
hypotheses on the species in solution, and then obtaining calculated ny cac
values from mass-balance considerations and the following expression for the
weight average aggregation number>"":

>0 [(TBP),]

™ IR, @
where [(TBP),] is the organic phase concentration of each n-mer of TBP with
or without HNOj3 and/or Th(IV). In the calculations, it has been assumed that
free, unbound TBP exists either as a monomer or as a dimer with a
dimerization constant of 2.6.*'"The validity of this approach was confirmed
by the excellent agreement of calculated and experimental n,, values for
sample 1, where only TBP is present in solution.

For the samples of series 2, calculated n,, values that agree with the
experimental ones are obtained by assuming that the Th(NOj)s(TBP);
trisolvate (as well as the disolvate in the light phase sample) exists as dimers
(seen in the SANS data as TBP hexamers and tetramers, respectively). For
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sample 2c, however, representing the LOC conditions, a hexameric trisolvate
(for a total of 18 molecules of TBP) needs to be assumed. According to this
model, the steep increase in the TBP aggregation number observed prior to
third phase formation (see Fig. 4a) corresponds to the self-assembly of six
trisolvate molecules in a large, ellipsoidal aggregate with axes of 19 and
148 A, respectively.

For the samples of the series 3, containing only HNOj;, the hypothesis
that HNO3- TBP exists in solution as tetramers (samples 3a and 3b) or
trimers (samples 3c, 3d and 3e) leads to calculated n,, values that match
the experimental values well. For sample 3f, where each TBP molecule is
bound to more than one HNO3, the ny, cxp can be reproduced by assuming
that the (HNO;);; TBP complexes are hexameric.

The samples of series 4 contain both the Th(NOs),- (TBP)5 trisolvate and
the HNO5-TBP species, besides monomeric and dimeric TBP molecules. The
HNO;-TBP should be tetrameric, as indicated by the results of sample 3a for
the extraction of HNO; from 1 M aqueous HNOj;. To reproduce the
experimental ny, values, it is necessary to hypothesize that the trisolvate exists
as a dimer in samples 4a and 4b, and as a tetramer in samples 4c and 4f. To
reproduce the experimental n,, value for the LOC sample, one must assume
the existence of very large aggregates of the trisolvate (a 13-mer, for a total of
39 TBP molecules) together with tetrameric HNO3-TBP. As for the samples of
series 2, the almost “explosive” increase of the TBP aggregation number just
before phase splitting (see Fig. 4a) can then be rationalized as the self-
assembly of 13 molecules of Th(NO3),:(TBP); in a huge ellipsoidal aggregate
with axes as long as 24 and 228 A, respectively. From a TBP aggregation
standpoint, it seems, therefore, legitimate to interpret third phase formation as
the result of a very pronounced aggregation process leading to particles that
when the LOC condition is approached, may be too large for remaining in
solution and may thermodynamically be more stable if separated in a third
phase.

For the interpretation of the SANS data of the third phase samples, the
same approach outlined previously!'"! was attempted. According to this
appproach, the third phase is considered as a solution of D-octane in a diluent
made of the Th(NOs3)4-(TBP); trisolvate (with some HNO; in the case of
sample 4e). For these samples, the scattering data should reveal the presence
of pockets of D-octane in a matrix of hydrogeneous TBP.

From the analytical data in Table 1 and the densities of the third phase
samples, the D-octane concentrations in the third phase were estimated to be
2.26 and 2.69 M for samples 2d and 4e, respectively. The scattering length
density of Th(NO3)4-(TBP); (9.761 X 10° cm?) was calculated by including
the contribution of all its atoms. This value was used, together with
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the scattering length density of D-octane, in a properly modified version of eq.
(6), to calculate the average number of D-octane molecules contained in
pockets of D-octane in the third phase samples.

The results were about one and six D-octane molecules for samples 2d
and 4e, respectively. The first value seems unrealistic because the radius of
gyration of one n-octane molecule, calculated as shown by Chiarizia
et al."'for n-dodecane, is only 3.6A and, therefore, much lower than the
value of 9.6 A provided by the SANS data for sample 2d. The second value,
however, is more representative. In fact, six contiguous molecules of n-octane
describe a cylinder about 74 A long, with a radius of gyration that is 21.4 A, in
perfect agreement with the value of 21.7 A obtained from the fit of the data for
sample 4e.

CONCLUSION

When Th(NOs), is introduced into a 20% TBP solution in n-octane,
organic phase splitting into a heavy and a light layer is readily achieved both
when solid Th(NOs), is dissolved in the solution, and when the metal is
extracted from dilute aqueous nitric acid. This behavior is quite in contrast
with that of U(VI), for which no phase splitting is observed by dissolution in
20% TBP of solid UO,(NOj3), or by U(VI) extraction from aqueous
HNO; = 10M.

Under the experimental conditions of this work, chemical analyses have
indicated that Th(IV) exists in the TBP phase predominantly as the trisolvate
Th(NO3)4(TBP);. This also applies to the metal species in the heavy and light
phases resulting from phase splitting. In the third phase obtained by extracting
Th(NO3), from 1 M HNOs;, the third phase species also contains a small
amount of HNO; at a Th(IV) to HNOj5 concentration ratio of about 5.

Small-angle neutron scattering measurements on D-octane solutions
containing only TBP, or TBP loaded with increasing amounts of HNO; and/or
Th(IV), provided information on size and shape of the particles in solution.

When HNOj is extracted by a 20% TBP solution in n-octane in the
absence of metal ions, the SANS data indicate the formation of small
ellipsoidal aggregates, each containing three to four HNO3;-TBP molecules.
Larger aggregates are observed if the TBP solutions is contacted with 16 M
HNOS.

When Th(NOs), is dissolved in the TBP solution, or when Th(NO3), is
extracted from 1 M aqueous HNOj;, small aggregates are initially formed,
containing six TBP molecules (dimeric trisolvate). However, as the Th(IV)
concentration in the organic phase is increased, the size of the aggregates
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increases dramatically, especially for metal concentrations immediately
preceding third phase formation, as it is the case for samples containing the
metal limiting organic concentration (LOC). In the case of Th(IV) extraction
from 1 M HNO;, for example, the ellipsoidal aggregates have axes that are
about 24 and 228 A long, respectively.

The aggregates in the light phase resulting from phase splitting are
somewhat smaller than those observed in the LOC samples. The third phase
can be described as a continuous and probably highly structured Th(NO3),-
(TBP)3-(HNO;), phase, where the value of the x coefficient depends on the
aqueous HNOj; concentration. The third phase has interdispersed pockets of
diluent, each containing about six molecules of D-octane (at least in the case
of the third phase obtained through solvent extraction).

In the U(VID)-TBP system investigated previously, much smaller
aggregates than those of the present work were detected in solution prior to
phase splitting."" "It was concluded, therefore, that the main reason for third
phase formation was the presence of a molecule of HNOj in the third phase
species having the UO,(NOj3),:(TBP),-HNO3 composition. It was hypoth-
esized that the introduction of a large amount of HNOj; in the polar core of the
reverse micelle-like TBP aggregates made the aggregates too polar for being
compatible with an alkane diluent.

A similar explanation can still apply for the Th(IV)-TBP system
investigated in this work. The polarity increase of the TBP aggregates can be
provided in this case by the high charge of the Th(IV) cation. However, an
alternative explanation can be given for third phase formation in the Th(IV)-
TBP system. In this case, this phenomenon can be reasonably attributed to the
presence in solution of very large aggregates where the TBP molecules are
structured in the coordination sphere of the Th(IV) cation. When these
aggregates become exceedingly large, as observed for example in the LOC
samples investigated in this work, the Th(IV)-TBP species separate in a
different and thermodynamically more stable phase, from which most of the
diluent has been expelled.
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