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Abstract:

To perform the selective extraction of trivalent actinides over trivalent lanthanides from
aqueous nitric acid solutions (up to 1 mol/L), different nitrogen bearing ligands were tested :
2,2':6',2"-terpyridine (Tpy), 2,4,6-tri-(pyrid-2-yl)-l,3,5-triazine (TPTZ) and 2,6-bis-(5,6-di-n-
propyl-l,2,4-triazin-3-yl)-pyridine («Pr-BTP). Although these molecules are very similar in
their formula (potentially planar terdendate M(III) binding site), their performances are very
different, rcPr-BTP being far better than Tpy and TPTZ for M(III) extraction and Am(m) /
Eu(III) separation at high acidity (up to 1 mol/L HNO3).
This difference was linked to the affinities of these molecules versus M(III) and H* (pKa). It
was then found that the minimum value of the electrostatic potential generated by ab-initio
calculations in vacuo can be linked to the pKa value of these molecules. Thus, there might be
a possibility in case of M(III) / H* competition for the extraction by a set of similar ligands
that ab-initio calculus give an indication of the extraction and An(ffl) / Ln(III) separation
potentials of these molecules at high acidities.

Introduction t

The separation of trivalent actinides, americium and curium, from actinides and
lanthanides mixtures is an important step in an advanced partitioning process for wastes
issued from the reprocessing of spent nuclear fuel. The requirements of such a partitioning
process, as seen nowadays, are as follows :

• Selective extraction of the An(III) (the less abundant),
• Extraction from acidic aqueous solutions (at least 1 mol/L),
• No generation of secondary wastes (if possible, use of potentially completely

disposable molecules, composed of C, H, O and N, thus fulfilling the so-called
CHON principle).

To achieve this separation, the use of soft donor (N) complexants and/or extractants is
a potential way [1,2]. hi this paper, we thus determine the potentialities of several extractants,
namely Tpy, TPTZ and «Pr-BTP, to extract selectively Am(III) over Eu(III), alone or in
synergistic systems if their affinity towards the metallic cation is too low. We then try to
understand the difference of performances for these different systems.

Experimental :
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Chemicals :
Acid, (HA) : a-bromodecanoic acid (98 % purity) was from FLUKA.
Nitrogen polydendate ligands, (L): TPTZ and Tpy were ALDRICH analytical grade

reagents, and used as received. «Pr-BTP was kindly provided by Dr. KOLARIK, and its purity
checked by NMR, and found to be over 98%.

Diluent: Hydrogenated Tetrapropene (TPH) from PROCHROM (Champignols, 54,
France), and rc-Octanol from Merck were used.

M(III) extraction procedure and determination of complexation constants :
Extractions of Am(III) and Eu(III) at tracer levels were performed using 241Am and

152Eu (y counting at 59.54 keV and 121.78 keV for 24IAm and I52Eu, respectively). Organic
and aqueous phases were mixed for 30 minutes at 22°C. Distribution ratio DM were calculated
according to the equation DM = [Activity]org. / [Activity]aq. ; [Activity]org. and [Activity]aq.
being the radioactivity (in counts Is.) of Am or Eu at equilibrium for equal volumes of
organic and aqueous phases, respectively. Separation factor SFAIWEU were calculated as
DAITI/DEU ratio for the same experimental conditions.

The determination of the complexation constants were carried out using UV-visible
specrophotometry. Different solutions containing the same initial concentration of ligand and
increasing concentrations of HCl (or MCI3) are realized. The ionic strength is kept constant at
1=1 through addition of LiCl salt. The modifications of the ligand spectrum, namely the UV
bands at 220 and 270 nm are recorded. The experimental spectra are fitted with theoretical
ones, using a non linear regression method (Partial Least Squares or PLS), on a wide range of
wavelength (usually 100 nm, including the two regions of interest (220 and 270 nm)). The
fitting parameter is the protonation constant (or the complexation constant in case of M(III)
complexation). The fitted theoretical spectra thus give the values of these constants.

Results and discussion :

Molecules:

The Table 1 presents the molecules used within this study:

Name Acronym Molecule

2,2':6',2"-terpyridine
Tpy

TPTZ

2,4,6-tri-(pyrid-2-yl)-l ,3,5-
triazine

«Pr-BTP
2,6-bis-(5,6-di-n-propyl-

1,2,4-triazin-3-yl)-pyridine

Table 1 : Nitrogen hearing ligands used in this study
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From Table 1, we can point out many similarities in these ligands, such as

• Ligands composed of pyridine and triazine rings,
• Potential M(III) terdendate binding site.

M(III) extraction:

The Fig. 1 presents some typical results obtained for M(III) extraction by these
systems. These systems have been studied a lot recently, for their potential ability to extract
selectively Am(III) over Ln(III) from aqueous solutions of low pH [3-6] .

1000-.

1E-3

^ (mol/L)

Figure 1 : Extraction of Am(III) and Eu(III) by TPTZ / Tpy in a synergistic system
Ore. Phase.: [L] = 0.1 mol/L, faBrCw] = 1 mol/L, TPH
Aq. Phase : [HNO3J = variable, room temperature

The synergistic extraction of M(III) (= M) by TPTZ or Tpy (= L) and otBrCio mixtures
have been already studied, as mentioned before. The global formula for the extraction system
was determined to be :

y).HaBrC10 <-> M(L)z(aBrC10)x(HaBrC10)v
3+ +x.H+ (1)

These studies have outlined different phenomena about this extraction system, which can
explain the extraction and separation curves presented above :

* At low pH (below pH = 1), the TPTZ becomes soluble in aqueous phase, and there is
a decrease in the extraction performances. This phenomenon is more important in the case of
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Tpy. This is shown by the steep decrease of the DM(III) VS HNO3 curve for Tpy for [HNO3] >
0.1 mol/L.

* the slope of (-3) for the log(DM(iii)) vs log([HNC>3]) indicates that for the reaction (1)
three protons are exchanged.

The Table 2 gives some data concerning extraction by nPr-BTP.

[HNO3]
mol/L

1
2

DAm(III)

0.9
0.7

SFAITI/EU

120
118

Table 2 : Extraction of AmfTTT) and Eu(Tm by wPr-BTP
DTP Phase : [nPr-BTP] = 0.01 mol/L, TPH/n-Octanol (80/20) by volume
Aq. Phase : [HNO3J = variable, room temperature

These results are preliminary ones, and the mechanism of extraction is not known for
the moment. Nonetheless, the results shown in Table 2 are the best ones ever obtained for
Am(III) extraction and am(III) / Eu(III) separation from high acidity aqueous solutions by
nitrogen bearing ligands.

The main characteristics of the extraction for Tpy, TPTZ and wPr-BTP can be
summarized in the Table 3 below :

Molecule

Tpy, TPTZ

wPr-BTP

SFAITI/EU

«10

>100

DAm(III)

= 1

« 1

[HNO3]aq.
(mol/L)

0.1

1

Synergist required

YES (aBrC,o)

NO

Table. 3 : Comparison of M(TTT) extraction by different systems

It is important to understand why there are so important differences for so similar
molecules. That's why we were interested in the complexation behavior of these molecules.

M(III) complexation :

The complexation constants of Tpy, TPTZ and wPr-BTP with H* and M(III) (M = Eu)
were determined. Some values for TPTZ and Tpy are available in the literature [4, 7 - 9 ] , but
for different media and determined with different techniques, which prevents a good
comparison between the data.

We determined the protonation constants and the complexation constants, in a mixed
media (75 % MeOH / 25 % H2O) for solubility reasons, and the ionic strength was kept equal
to I = 1 by adding LiCl salt. In the processing of the data, we noticed a very low complexation
of Li+ by our ligands. But this didn't seem to affect the value of the complexation constants
determined so far. For the moment, we only have partial results, shown in Table 4 :
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Tpy

TPTZ

nPr-BTP

Solvent medium CH3OH/H2O (76/24),
I - 1 mol.I/1 (LiCl), 25°C

Acidity
constants
pK,

3,6

2,3

~1

pK2

2,9

0,9

/

Complexation
constants with Eu3+

logpl(Eu)
2,4

2,9

/

Selectivity
Eu3+/H+

pH=0

-4,1

-0,3

/

pH=l

-2,1

1,7

/

Table 4 : Complexation and protonation constants for different molecules

For Tpy and TPTZ, the complexation constants with Eu(III) are quite similar. On the
opposite, TPTZ exhibits lower pKa than Tpy. This can be linked to the better extraction
performances of TPTZ over Tpy at low pH (see Fig. 1).

The selectivity (S), as expressed in Table 4 is the relative affinity of the ligand for
M(III) in presence of both M(III) and IT1". It is based on the fact that there is a direct
competition for the binding site between H+ and M(III). We assumed that if the molecule is
protonated, then it can not bind the metallic cation. This is obvious for Tpy, and generally
acknowledged for TPTZ. For nPr-BTP, it might be possible that the molecule be protonated
and complexed at the same time. The selectivity value can be defined, for low pH as :

S = log p,(Eu) - (pK, + pK2) - 2*pH (2)

If S is a positive value, then, there will be a preferential complexation over
protonation. If S is negative, then the protonation will occurs preferentially to the M(III)
complexation. Table 4 shows that the M(III) complexation is only possible for TPTZ, above
pH = 1, which is in agreement with the extraction data.

And last, nPr-BTP exhibits very low pKas, the second one being so low that it was not
found during this study. Since we saw no modification on the spectra up to 1 mol/L HNO3, we
can assume that pK2 value is below zero. This can be the explanation for the high affinity of
nPr-BTP for M(III) at high acidity. Of course, more M(III) complexation data is needed before
any definitive conclusion can be proposed.

It seemed thus that the pKa value of the extractant is a key parameter in this case of
M(III) extraction at high acidity. We thus tried to link this simple experimental value to an
ab-initio calculation conducted on these ligands.

Ah-initio calculations :

The aim of this work was to find an ab-initio calculated parameter able to reproduce
acido-basic scale for organic molecules.

We have first worked on heterocyclic molecules with nitrogen donor atoms in order to
be close to molecules of interest in the laboratory.

The geometries of these heterocycles were optimized using Gaussian94 [10] software
with a 6-31G* basis set. During this calculation, some properties of the molecules were
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computed, amongst them the Mulliken atomic charges. For each molecule, the electrostatic
potential (ESP) values were then computed over a grid of points surrounding the molecules,
for the same optimal geometry than calculated before.

We checked first a possible relationship between the calculated Mulliken charges and
the experimental pKa values, but there was no agreement. Table 5 shows the calculated values
of the electrostatic potential for our set of molecules and the experimental pKa in water, taken
from the literature [11 - 13].

Molecule

5.25 2.3 1.3 0.65 <1
Electrostatic

potential minima
(kcal/mol)

-68.65 -69.45 -61.69 -56.76 -60.95

Table 5 : Relationship between nitrogen heterocycles pKa and the electrostatic potential

(ESP) minimum calculated by quantum chemistry

The electrostatic potential renders charge distribution from the point of view of the
approaching reagent. Regions of negative potential indicate areas of excess negative charges.
For all molecules, these regions are located close to nitrogen atoms. The more negative the
electrostatic potential, the more basic should be the substrate. That is the trend observed in
Table 5 : the basicity of the heterocycles increases while the minimum of electrostatic
potential becomes more negative. There seems to be a correlation between the ESP minima
and the pKa value.

The next step was the calculation of ESP minima for our extractants Tpy, TPTZ and
BTP. Table 6 shows the minimum of the ESP calculated for three ligands used for
An(III)/Ln(III) separation. A range of values is given for the bis-triazine-pyridine (BTP)
because the complexing conformation is not yet known.

Molecule

pKa

Electrostatic
potential minima

(kcal/mol)

Tpy

3.6/2.9

-95.8

TPTZ

2.3/0.9

-85.3

rtPr-BTP

~1

-74.1 to-82.1

Table 6 : Electrostatic potential (ESP) minimum (kcal/mol) calculated by quantum chemistry
for ligands used for An(III)/Ln(III) separation

As in Table 5, we can see a clear correlation between the ESP minima and the pKa
experimental values. It is then possible to link the potential M(III) extraction at high acidity to
an ab-initio calculated parameter, through the pKa value.
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Conclusion :

This study has shown that under certain conditions (similar set of molecules, M(III) /
H+ competition for the extraction - complexation by the ligand), the electrostatic potential of
an extracting molecule, which is an ab-initio calculated value, could be a good index of its
potential M(III) extraction capacity at high acidity. It could be interesting to check the validity
of the relationships on a more extended set of molecules.
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