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ABSTRACT

The formation of a third phase in solvent extraction (due to splitting of the organic
phase into two layers) often occurs when the aqueous phase is highly concentrated in
acids. This has been reported with the extraction system dimethyldibutyltetradecyl-
malonamide (DMDBTDMA)/n-dodecane/water/nitric acid, both in the presence and
absence of metal ions. Whereas many experimental efforts have been made to inves-
tigate the effects of different parameters on third-phase formation, very few attempts
have been made to predict this phenomenon on theoretical grounds. Because the part
played by aggregation of the extractant molecules is recognized, we propose a new
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predictive approach based on the use of the Flory-Huggins theory of polymer solu-
tions, which had been successfully applied for the prediction of phase separation phe-
nomena in nonionic surfactant solutions. We show that this model can provide an ex-
cellent prediction of the demixing curve (in the absence of metal ions) when
establishing the relation between the interaction parameter x> calculated from this
theory and the nitric acid content of the aqueous phase. Apparent values of the solu-
bility parameter 8, of the diamide extractant at different acid loadings have been cal-
culated, from which the effect of the nature of the diluent can also be very nicely pre-
dicted.

INTRODUCTION

The separation of radioelements, and especially actinides, from nuclear
wastes is a big challenge which concerns the reprocessing of spent nuclear
fuel. Specitic processes, like PUREX or DIAMEX, are currently under inves-
tigation (1). A great deal of work has been done in the past few years to im-
prove these technologies through finding new extracting agents which have
some required properties (1-4). For instance, a number of investigations have
concerned malonamide derivatives of the following general formula (1, 3-5):

o 0
R R

~ e
I
R R" R

Among this series of new reagents, N,N'-dimethyl N,N’-dibutyltetradecyl-
malonamide (DMDBTDMA, in which R = CH3, R’ = C4;Hy and R" =
C,4Hz9) has proved to be a well-suited compound to extract trivalent actinides
from nitric acid solutions into aliphatic diluents like TPH (hydrogenated
tetrapropylene). Besides its good extracting properties, it is completely incin-
erable and has very low water solubility. On the other side, some of its nega-
tive characteristics ate its ability to coextract lanthanides with actinides and its
tendency to form a third liquid phase under certain extracting conditions (1).

The phase behavior of DMDBTDMA/n-dodecane/water/HNO3; quaternary
systems has been recently investigated (6) with n-dodecane being a good
model for TPH. A phase analysis has been performed with HNOj; concentra-
tions up to about 10 M. The demixing leading to third-phase formation has
been shown from small-angle x-ray scattering (SAXS) and surface tension
measurements to be very likely associated with the interactions of primary ag-
gregates of DMDBTDMA molecules in the organic phase. The analysis of the
x-ray scattering curves has demonstrated that the primary aggregates are prob-
ably pentameric and look like small reverse micelles with a very low water
content (6). This is a confirmation of previously reported NMR data (7) sug-
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gesting a self-assembling of DMDBTDMA molecules in the form of small ag-
gregates (aggregation numbers of 4 in TPH and 6 in benzene were found to be
consistent with the data).

Third-phase formation is a general problem often encountered in extraction
processes taking place in highly acidic media and has strong implications for
industrial developments. The splitting of the organic phase has been well doc-
umented in the case of the extractant TBP (tributylphosphate) and the main re-
sults have been reviewed by Osseo-Asare (8) and by Vasudeva Rao and Ko-
larik. (9). Parameters influencing third-phase formation in systems including
alkylmalonamides have recently been examined by Smith et al. (10). Never-
theless, most information in this domain is essentially of an empirical charac-
ter, and very little has been done so far to predict third-phase formation on the-
oretical grounds. A first approach toward predicting phase splitting was
suggested by Erlinger et al. (6) who considered short-range interactions be-
tween the colloidal aggregates within the framework of the model proposed
by Baxter (11) for the hard sphere sticky potential.

It should be emphasized that third-phase formation occurs both in the pres-
ence or absence of metal ions: only the maximum attainable concentration of
nitric acid before demixing is more or less affected by the presence of metal-
lic species (1). For this reason we will not consider the addition of metal ions
in the present work, but we will simply attempt to predict phase separation in
the quaternary system consisting of DMDBTDMA/n-dodecane/water/nitric
acid. Our approach has been adopted after considering that there was some
analogy between the present situation, in which interaggregate interactions
seem to be responsible for the phase separation, and the clouding phenomenon
that occurs in aqueous solutions of nonionic surfactant (12-14) (note, how-
ever, that the interaggregate interactions are taking place in a water continuum
in the latter case and in an organic continuum in the former one). The cloud-
ing point phenomenon is related to the decrease of the solubility in water of
the hydrophilic polar heads of the surfactant molecules when the temperature
is increased. When the cloud point temperatures are plotted as a function of
the surfactant concentration, a demixing line is obtained showing a lower con-
solute temperature. Similar to what is observed in our case, the phase diagrams
(phase compositions versus temperature for nonionic surfactants or phase
compositions versus nitric acid concentration for DMDBTDMA) are highly
unsymmetrical with separation in one surfactant (extractant)-rich phase and
one surfactant (extractant)-poor phase. In the case of nonionic surfactants the
demixing line during increasing temperature can be successfully predicted us-
ing the Flory—Huggins theory of polymer solutions (12-14). We have at-
tempted to use the same approach here to calculate the interaction parameters
between DMDBTDMA and the diluent (n-dodecane) when the nitric acid con-
centration is varied. The evolution of an apparent solubility parameter of the
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extractant molecule was consequently determined, from which the phase be-
havior in other diluents could in principle be predicted.

THEORETICAL BACKGROUND AND HYPOTHESIS

The theory of Flory—Huggins (15) strictly describes only solutions of lin-
ear polymers. It is based on calculation of the mixing entropy, ASy;, from a
statistical description of the total number of configurations of the polymer
chain when the monomeric units are placed, one after the other, in a quasi-
lattice. In the simplest case each cell of the quasi-lattice is occupied by a sol-
vent molecule whose molar volume is approximately equivalent to that of a
monomeric unit. The enthalpy of mixing, AHy, is calculated using the con-
cepts of regular solution theory, introducing the so-called interaction param-
eter, X2, between the solvent and the macromolecule. The free energy of
mixing, AGyy, is then readily calculated from the expressions of ASy and
AH),.

Knowing the expression of AGy, the thermodynamics of phase separation
allows the calculation of the composition of the coexisting phases. At equilib-
rium the chemical potentials of the solvent and of the solute are indeed equal
in each phase. This can be described by the following equations:

In vy + (1 - %) v5 + Xpve=Inv] + (1 - %) i+ x1v? (1)
andb_‘
1 ’ 1 ’ ! 1 " 1 " "
;ln vy — (1 ";) U1 + X12012= ;h’l vy — (1 - ;) U] + X12U|2 (2)

where v] and v5 are the volume fractions of the solvent and solute in one
phase (the less concentrated one), respectively; v and v% are their volume
fractions in the second phase (v| =1 — vy and v = 1 — v%); and x is the mo-
lar volume ratio between solute and solvent (in the simplest case mentioned
above, it is proportional to the degree of polymerization). A method of reso-
lution of these equations has been proposed by-Flory, from which the demix-
ing curve can be predicted (16). '

The x,, parameter of ‘the Flory—Huggins theory can be shown, from the
concepts of the regular solution theory, to be of the form (17):

1% ,
X2 = R_} ®; - §2)2 | 3)

where V is the molar volume of the solvent and 9; are the solubility parame-
ters of the solvent (i = 1) and solute (i = 2), respectively.
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Although the distribution of the segments of a polymer chain in a lattice
model does not have much to do with the possible arrangements of micelles of
surfactants in a similar lattice, the Flory—Huggins theory was previously used
in micellar systems (12-14). In fact, even if it is not rigorously adapted, it can
provide a useful tool for understanding some of the properties of micellar sys-
tems, and this is the way we have approached the problem in the present pa-
per. We are perfectly aware of the limitations of the Flory—Huggins theory
when treating the case of micellar aggregates. These limitations have recently
been pointed out by Blankschtein et al. (18), who emphasized that it is nor-
mally necessary to take into account the unique characteristics of micellar ag-
gregates and their size distribution, which distinguish them from classical
mixtures.

" However, in the case of DMDBTDMA, we are supposed to be dealing with
small aggregates (4 to 6 monomers, as said above), and one can imagine the
atoms of the long tetradecyl chains (R") followed by the amido groups and by
the butyl substituents (R) to be distributed in a quasi-lattice in the same way
as a polymer chain. The interactions between DMDBTDMA molecules inside
the aggregates are nevertheless expected to be responsible for a decrease of the
configurational chain entropy compared to what it would be for a simple poly-
mer chain. Following previous works in the same direction (13, 14), and re-
membering that x is the molar volume ratio between solute and solvent, we
have adopted the following definition:

n Vz

e *)

x =
where n is the aggregation number and V,, is the molar volume of a monomeric
unit in the aggregates. ,

The following hypothesis or approximations have been made in order to ap-
ply this model to the problem of third-phase formation.

1. We have only considered the splitting of the organic phase, ignoring the
presence of the aqueous phase [the volume of the latter changes only
slightly with increasing acidity, and its concentration in DMDBTDMA.
can be neglected according to a previous work (6)].

2. We have assumed that the entities which self-associate close to the phase
separation limit in the aggregates are constituted of complexes of
DMDBTDMA and HNOs in a 1:1 ratio [this is consistent with the fact
that the third phase has been shown (6) to occur in a region where the ra-
tio between the extracted acid concentration and the initial concentration
of DMDBTDMA is around 0.8, i.e., not very far from 1]. Since the molar
volume of this complex is not known, the V,/V, ratio was approximated
by My/M,; where M, and M, are the molecular weights of the complex
DMDBDTMA:HNO; and dodecane, respectively.
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3. The use of the regular solution theory normally implies that the enthalpy
of mixing is small, which is the condition for the mixing entropy to be ex-
pressed as that of an ideal solution. This requirement is not strictly satis-
fied here (see above). :

In the present approach the diamide aggregates will be treated similarly to
the polymer of the Flory—Huggins theory. The idea is to quantify the change
of solubility of DMDBTDMA in dodecane while varying the nitric acid con-
centration in the aqueous phase by associating a value of the interaction pa-
rameter X, with a nitric acid content. We will then obtain an apparent solu-
bility parameter, 8,, for the diamide extractant or, more exactly, for its
aggregates. The change in solubility obviously has a close relationship with
the protonation state of the extractant. We made a very rough approximation
by considering that we are always dealing with the same form of the extrac-
tant, but this is justified by the fact that the addition of one proton to the
molecule only changes by one unit a molecular weight as large as 501.7 for
the DMDBTDMA:HNO; complex, whereas it may drastically change the in-
teractions with the solvent (dodecane).

EXPERIMENTAL

Chemicals

The dimethyldibutyltetradecylmalonamide (DMDBTDMA), 99% pure,
was obtained from Panchim (France) and used as received. N-Dodecane (pu-
rum) and nitric acid (65%) were from Fluka. Deionized doubly distilled water
was used throughout the study. The multiphase systems were prepared as re-
ported in a previous publication (6).

Techniques

The detérmination of DMDBTDMA concentrations in the organic phases
were carried out using HPLC. The apparatus (Kontron Instrument) was
equipped with a UV-visible detector (220 mm). Details concerning the col-
umn (Cg-grafted silica) and the eluent (methanol/water mixture) can be found
in Ref. 6. ° ‘ '

‘The density measurements for obtaining the apparent molal volumes were
performed with a digital densimeter (Anton Paar, Austria). The apparatus
measures the resonant frequency of a mechanical oscillator (U-glass tubing)
filled with the solution, and it gives, after adequate calibration with air and wa-
ter, the density value to four significant digits.

The theoretical calculations to obtain the curves predicted from the
Flory—Huggins treatment were performed with Excel software (Microsoft).
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RESULTS AND DISCUSSION

A diagram showing the demixing line between the single organic phase and
the biphasic system issued from its split into a middle phase and an upper one
was presented in a previous publication (6). The initial concentration of
DMDBTDMA in the organic phase was 0.46 M. Further experiments demon-
strated that the concentrations of diamide measured in the separated phases for
each particular equilibrium concentration of HNOs in the aqueous phase are
independent of the initial DMDBTDMA concentration. The results appear to
be consistent with the so-called lever rule (19). The experimental curve ob-
tained in this manner is represented in Fig. 1, where the equilibrium composi-
tion of the organic phases has been plotted as a function of the nitric acid con-
tent of the aqueous phase. In order to apply treatment of the Flory—Huggins
theory to these data, it was necessary to convert the extractant concentrations
measured in both phases into volume fractions. This was done by calculating

- N
N »
L

[DMDBTDMA] , (mol/!)
-—
1

o
oo
1

20

o
(o]
1

0.4 1

0.2 1

0 1 T T ‘A

0 2 4 6 8 10
[HNO3]qq (mol/l)

FIG. 1 Demixing line separating the 2-phase and the 3-phase systems: diagram showing the

DMDBTDMA concentrations as a function of the aqueous equilibrium concentration of nitric

acid (upper part of the curve: concentrations in the middle phase; lower part of the curve: con
centrations in the upper phase).
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the apparent molal volumes ¢5 and ¢3 of the assumed DMDBTDMA:HNO;
complex (of molecular weight M) from the densities d of each phase accord-
ing to (20):

M, sd—do
P2 = dO 10 d()C (5)

where dj is the density of dodecane (0.7460) and C is the concentration of
DMDBTDMA. The values of ¢5 and ¢’ are necessarily roughly approximated
since the nitric acid content was a simple estimate and the presence of a small
amount of water in the organic phase was neglected. It was then assumed that

v, = Cp/1000 ©6)

where the concentration C is in mol-dm 2 and ¢, is in cm®-mol %,

We have used the procedure described by Flory (16) to solve Eqgs. (1)-(2).
After series expansion of the logarithmic terms, introduction of new variables,
and rearrangements we obtain

(v — D*02+ 1205 (y + D[(y + DAn y)/2 — (y — D]/x — 12

X[(y+ Dny)/2 = (y—=DVx=0 (7)
where
Y = v3lvs (®)

By fixing the value of x, this quadratic equation is easily solved for differ-
ent values of -y to obtain v5, from which v3 is immediately calculated. The val-
ues of the interaction parameter are then deduced from Eq. (2) which can be
rearranged to give

o+ (vh — v) — Bus

= 9
X2 T s = uh)I2 — (0% + vh)] ®
with
o = (Invy)/x (10)
B=(y— Dk (1)

The approximation made in establishing Eq. (6) is normally strictly valid
when vj and v% are small. However, the percentage error introduced by the
approximation [3.6% at a volume fraction of 0.6 (17)] can be considered small
enough even at the large volume fractions considered in the present work.
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For a given value of the parameter x, we can calculate the interaction pa-
rameter X, for each pair of experimental values (v5, v%) corresponding to a
well-defined equilibrium concentration of nitric acid in the aqueous phase.
The results of the simulations obtained for different values of x are represented
in Figs. 2(a—d), and we recall that, according to Eq. (4), each value of x is as-
sociated with a value of the aggregation number z. The agreement between the
experimental points and the theoretical prediction has been tested in the range
of x between 8 (n = 2.7) and 20 (n = 6.8). Outside this range the quality of
the fitting of the experimental data becomes very poor. The sum of squared
deviations have been plotted as a function of the assumed value of x in Fig. 3.
We have either considered all the data points available or omitted the two of
them corresponding to the highest x;, value. This is justified by the fact that
the approximations made become less and less acceptable when the HNO;
concentration is increased, making questionable the calculation of the appar-
ent molal volume. When the two data points obtained for the largest acidity
are omitted, the minimum deviation is obtained for x = 14, which corresponds
to an aggregation number n = 4.75 (note that these values are only slightly dif-
ferent when the calculations involve all the data). This result is extremely in-

0.08

0.06 -

0.04 -

0.02 1

0 5 10 15 20 25 30
X

FIG.3 Sum of squared deviations (between the predicted curves and the experimental values)
as a function of x. [ ]: considering all available data points. +: omitting the two data points
obtained for the largest acidity.
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FIG. 4 Relation between the interaction parameter x;, and the concentration of nitric acid in
the aqueous phase for the best x-value (x = 14). Solvent: dodecane. The equation of the straight
line best fitting the data is y;, = 0.0833[HNO;] + 0.5539.

teresting because it is in very close agreement with the previous determina-
tions [#n = 4 in TPH (7) and n = 5 in dodecane (6)]. It thus strongly reinforces
our confidence in the present approach to the problem of third-phase forma-
tion. ‘

The relation between the aqueous phase acidity and the interaction param-
eter x1, is shown in Fig. 4. The linear behavior observed makes very easy to
change the scale from ¥, to [HNOs], and the results presented in Figs. 2(a—d)
could just as well have been plotted as a function of the nitric acid concentra-
tion in the abscissa. It should be emphasized here that the curve giving the pair
of values (v5, v%) as a function of x,, is universal for a fixed value of x. Only
the relation between x;» and [HNOs] will change. When v5 = v, the critical
value of x;, obtained in dodecane for x = 14 (x> = 0.80) is thus expected to
control the stability of the organic phase, whatever the nature of the diluent.

The model is indeed able to predict in a very satisfying way the influence
of the nature of the diluent on the maximum loading of nitric acid in the aque-
ous phase before the formation of a third phase. Referring to the experimental



11: 14 25 January 2011

Downl oaded At:

766 LEFRANCOIS ET AL.

TABLE 1
Molecular Parameters Characterizing the Different
Solvents Used in This Work (from Ref. 22).

Solvent 3 Vi (cm>/mol)
n-Hexane 7.3 131.6
n-Dodecane 7.8 228.6
n-Hexadecane 8 204.1
Toluene 8.9 106.8

data obtained in n-hexane, n-hexadecane, and toluene which have been re-
ported by Erlinger et al. (21), we have calculated the phase separation curves
for these three solvents. Using Eq. (3), we can calculate for each value of x,
(associated with a nitric acid concentration through the linear dependence
shown in Fig. 4: 1, = 0.0833 [HNO3] + 0.5539), an apparent value of 3,, the
solubility parameter characterizing the behavior of the diamide extractant at
each specific acidity. For that we only need the values of V; and §, for dode-
cane (see Table 1). Knowing the variations of 8, with the equilibrium con-

TABLE 2
Apparent Values of the Solubility Parameter 3, in Dodecane for the Assumed 1:1
Extractant/HNO; Complex at Different Acidities and Corresponding Calculated Values of the
Interaction Parameter x,, in Hexane, Hexadecane, and Toluene

X12
[HNOs],q (mol/L) 3, n-Hexane n-Dodecane n-Hexadecane Toluene
0 10.327 0.49 0.59 0.64 0.09
1 10.47 0.53 0.66 0.72 0.11
2 10.613 0.58 0.73 0.81 0.13
3 10.756 0.63 0.81 0.9 0.15
4 10.899 0.69 0.89 1 0.17
5 11.041 0.74 0.97 1.1 0.2
6 11.184 0.8 1.06 12 0.22
7 11.327 0.86 1.15 1.31 0.25
8 11.47 0.92 1.24 1.43 0.28
9 11.613 0.99 1.34 1.55 0.32
10 11.756 1.05 1.44 1.67 0.35
11 11.899 1.12 1.55 1.8 0.39
12 12.042 1.19 1.66 1.94 0.42
13 12.185 1.27 1.77 2.08 0.46
14 12.328 1.34 1.89 2.22 0.51
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centration of nitric acid in the aqueous phase and assuming that the values are
tiot affected (or very weakly affected) by the nature of the diluent, we can cal-
culate the x;, values associated with the three solvents mentioned above, us-
ing the parameters given in Table 1, which have been taken from Ref. 22. We
have collected in Table 2 the corresponding values of x;, when the nitric acid
concentration is varied. It can be easily checked that, as for dodecane (Fig. 4),
the variation of x;, with the aqueous concentration of HNOs is practically lin-
ear or very close to linear (a slight upward curvature could better fit the ex-
perimental points).

Figure 5 shows the simulated curves for three of the solvents considered in
this work. For toluene there is no possible demixing (x;» always remains
smaller than the critical value of 0.80): the calculated values are outside the
accessible range of nitric acid concentration, in perfect agreement with the ob-
servations of Erlinger et al. (21). For the three linear hydrocarbons, the demix-
ing values drawn from Fig. 5 are almost exactly as expected from the above-
mentioned results. The experimental (theoretical) values for the lower nitric
acid concentrations leading to phase separation are the following: n-hexade-

1
V2
0.9 - n-HEXAQECANE L]
PR " -’: -—
4 - " -
0.8 e —
- -
0.7 1 Pid
g -
06 Ry
l’ /

0.5 1 s //
0.4" l’ //

.'
03 4 ;)

' l TOLUENE [
0.2 4 '

L\
0.1 1 \

N

‘.."}\«a—.
0 T e " r —— —
0 2 4 6 8 10 12 14

[HNO3].q (mol)

FIG.5 Predictions of the demixing lines separating the 2-phase and the 3-phase systems for the
solvents n-hexadecane, n-dodecane, and n-hexane. The . prediction for toluene is outside the
indicated range of nitric acid concentration. i
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cane, 2.2 * 0.1 (2.1); n-dodecane, 3.5 = 0.1 (3.0); and n-hexane, 5.4 = 0.1
(5.7). A complete comparison of the experimental results with the predicted
demixing lines would require new experiments to convert the DMDBTDMA
concentrations reported in Ref. 21 in volume fractions. Nevertheless, the the-
oretical prediction from the Flory—Huggins theory and from the solubility pa-
rameters can already be considered as excellent.

This work should only be considered as a first attempt to predict third-phase
formation using the same concepts as in the Flory—-Huggins theory, which ap-
plies to the thermodynamics of polymer solutions. The striking point is that,
in spite of the approximations involved, the regular solution theory appears to
be well suited for this purpose, as indicated by the excellent agreement be-
tween the experimental results and the theoretical prediction in any particular
solvent. A posteriori, this strongly suggests that the phase splitting is essen-
tially governed by the solubility gap between the diluent (characterized by a
solubility parameter 8;) and the diamide/HNO; aggregates (characterized by
a parameter d,, which is a function of the acidity but is almost independent of
the nature of the diluent). The physical phenomenon behind the variation of 8,
with the acidity can be attributed to the modification of the polarity in the core
of the aggregates. The fact that this simple modification is able to drastically
change the solvent/aggregates interactions argues in favor of an open aggre-
gate structure (open meaning accessible to the solvent; see Fig. 14 in Ref. 6)
rather than in favor of a classical reverse micellar structure (note that from this
point of view, the term “reverse micelle” is probably improper to qualify such
aggregates, although it has often been used).

We have made the hypothesis that the dependence of x;, with the nitric acid
concentration is entirely supported by 8, and not by 8. This can be further
justified by the fact that very little nitric acid can be extracted by the organic
solvent itself (distribution coefficient << 1). Consequently &; can be consid-
ered as an intrinsic solubility parameter of the solvent, contrary to 3, which is
only an apparent parameter. At the present stage of this work the good pre-
dictions of the solvent effect were obtained taking the same value of x as for
dodecane (x = 14) and ignoring the implied change of the aggregation num-
ber of the diamide molecules.

Coming back to the value of the diamide aggregation number n, which was
estimated from the best fit of the experimental data obtained in dodecane with
the curve predicted from the Flory—Huggins theory, the following comments
have to be made. According to the definition used for x (Eq. 4), it should be
emphasized that the obtained value of n depends on the value adopted for the
V,/V, ratio (or for the M,/M ratio used as a first approximation). For reasons
already discussed in the preceding parts, we felt it justified to assume in the
treatment a DMDBTDMA:HNO; complex in a 1:1 stoichiometry, and this has
led us to an aggregation number n = 4.75 (in dodecane), in remarkable agree-
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ent with other values from the literature. Any change in the adopted value

- for the My/M, ratio would lead to different values of n. So, for instance, if the
- simple diamide molecule was considered in place of the diamide:HNO; com-
‘plex, we would end up with an aggregation number close to 9 instead of being
.close to 5. This would not drastically change the conclusions of the present

work except that the interacting aggregates would be slightly larger than pre-

sviously reported.

CONCLUSIONS

In this paper we have proposed a new approach to predict the phenomenon
of third-phase formation. This approach, based on the analogy of the demix-
ing curve with that obtained for the clouding point phenomenon of nonionic
surfactants, makes use of the Flory—Huggins theory of polymer solutions.
The theory allows the calculation of the interaction parameter x;, between
the extractant aggregates and the diluent. x;,, which has been shown to be
correlated with the nitric acid content of the system, provides a way of mea-
suring the solubility of the extractant aggregates. The prediction of the
demixing curves was shown to take into account the effect of the nature of
the diluent by simply introducing in the model the relevant molecular pa-
rameters (molar volume and solubility parameter). This preliminary work
needs to be extended in order to examine the effect of factors known to re-
duce third-phase formation; for instance, the use of branched solvents or the
addition of phase modifiers (9, 10).

The next step will be to see how to explain the fact that the presence of
metal ions in one particular solvent can change the acid content inducing third-
phase formation. The general observation is that the presence of metal ions de-
creases the concentration of nitric acid necessary for demixing (1). The metal
complexation thus decreases the solubility parameter 3, associated with the
extractant. One can consequently assume that the interactions between the
metal ions and DMDBTDMA play a role analogous to the interactions of the
extractant with the protons and can, in some manner, replace them.
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