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CLOSED NUCLEAR 
FUEL CYCLE OPTION

• Recycling of reusable material
• Better waste management
• Radiotoxicity reduction
• Proliferation resistance

To improve
Sustainability – Acceptability
of nuclear energy worldwide

ADVANCED CLOSED CYCLE

Relatore
Note di presentazione
An advanced closed cycle including the partitioning and transmutation strategies is of major importance and leads to benefits to the ...
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MA Partitioning and Transmutation (P&T) strategy

Hydro-metallurgical processes
Solvent extraction

i-SANEX 
innovative Selective ActiNide

EXtraction process

INTRODUCTION: P&T strategy

Relatore
Note di presentazione
Up to now the hydrometallurgical processes have been the reference technology adopted by the PT strategy with several programs in EUROPE. 
The GANEX grouped actinide extraction is a recent concept that addresses the simultaneous partitioning of all transuranium elements for their homogeneous recycling divided into two cycles, the first the bulk Uranium is extracted from the used fuel and then the transuranium elements are extracted together in the second cycle.

Among the heterogeneous recycling strategies developed, 
The single cycle processes represent an advantage in comparison with the multicycle by being economically and time favoured. 
The new single cycles merge into one cycle the DIAMEX diamide extraction with the SANEX selective extraction approach. 3 cycles have been implemented and investigated, the selective extraction of americium from the PUREX raffinate ; the 1-cycle sanex where trivalent actinides are directly extracted from the PUREX raffinate by a powerful extractant and the recent innovative sanex strategy that I am discussing more in detail as it has been the process under investigation of our department recently. 
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TODGA + regular-SANEX processes

0.005 M TODGA + 0.015 M CyMe4BTBP in 1-octanol
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+ 5 vol.% 1-octanol
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0.2 M TODGA in kerosene with 5% of 1-octanol
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solvent 
extraction 

experiments 
with simulating 

feeds

TRFLS

HPLC/ESI-MS

UV-Vis

(ligand/diluent)

 Ageing
 Hydrolysis
 Radiolysis

Extracting
performances 

SpeciationSolvent
degradation

PoliMi is involved in EU projects dedicated to the
Advanced Partitioning of Spent Nuclear Fuel since 2002

Fluid dynamic
properties

(density, viscosity)

Relatore
Note di presentazione
Evaluation of the extracting performances by solvent extraction experiments with simulant feeds;

Assessment of the complexation and extraction mechanisms by spectroscopic and spectrometric techniques (ESI-MS, UV-Vis, TRLFS) 

Evaluation of the solvent degradation due to ageing, hydrolysis and radiolysis phenomena
 Identification of the ligand/diluent degradation by-products by HPLC technique coupled with ESI-MS;
 Investigations on the radiolytic degradation mechanisms by EPR;
 Assessment of the impact of degradation on:
 extracting performances by solvent extraction experiments
 fluid dynamic parameters such as density and viscosity  
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TODGA + regular-SANEX processes
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Pyridine-2,6-bis(1h-1,2,3-triazol-4-yl) based ligand 7

 CHON principle

 High MAs selectivity
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PyTri-Diol PyTri-Tetraol

 Fast kinetics

 High hydrolytic and radiolytic stability
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• Affinity for An and Ln;
• CHON principle;
• High stability;

• Fast kinetics;
• Hydrodynamically safe.

• An/Ln selectivity;
• Fast kinetics;
• Hydrodynamically safe;

• Not CHON;
• Low stability.

0.2 M TODGA extractant 
in kerosene + 5 vol.% 1-octanol

An and Ln co-extraction
from feed solution

An stripping 
from loaded organic solvent

Previous i-SANEX/GANEX reference system
New An stripping solvent

PyTri-compounds in nitric acid

Macerata E. et al., Hydrophilic Clicked 2,6-bis-Triazolyl-Pyridines
Endowed with High Actinide Selectivity and Radiochemical Stability:
towards a Closed Nuclear Fuel Cycle, J. Am. Chem. Soc., 2016, 138
(23), pp 7232-7235, DOI: 10.1021/jacs.6b03106

Novel i-SANEX/GANEX reference system
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The investigation on novel stripping agents confirmed the previous results:

PyTri-Diol PyTri-Tetraol PyTri-Hexaol

Best ligand within the 
PyTri-family

Within the family, PyTri-Diol
is slightly more selective
for An towards Ln

Am(III) and Pu(IV) experiments following the cation signal: stepwise addition of ligand to the cation solution

Eu(III) experiment following the ligand signal: stepwise addition of cation to the ligand solution

Monophasic UV-Vis experiments
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PyTri-Diol PyTri-Tetraol PyTri-Hexaol

Radiochemical 
stability

Stability constants unaltered
in solutions aged for months
and/or irradiated up to 200
kGy

The investigation on novel stripping agents confirmed the previous results:
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PyTri-Diol PyTri-Tetraol PyTri-Hexaol

Protonation
An/Ln selectivity 

PyTri-ligands form more
stable complexes:
- at lower acidity;
- with An rather than with Ln

Monophasic TRLFS experiments at process conditions (0.44 M HNO3)

Cm(III) experiments following the cation signal (0.44 M 
and 0.069 M HNO3, 0.001 M HClO4)

The investigation on novel stripping agents confirmed the previous results:
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PyTri-Diol PyTri-Tetraol PyTri-Hexaol

Speciation studies 
by TRLFS

 An increase of the ionic
strength leads to the
stabilization of the M(PTD)3

3+

while the increase of the H+

concentration leads to
decomplexation;

• cH+ plays an important role
on the stability of the
complexes.

Normalized fluorescence spectra of Cm(III) at 
increasing PTD concentration in 10−3 mol/L 
HClO4. 

Normalized emission spectra of the
[Cm(PTD)n]3+ (n = 0, 1, 2, 3) complexes in
10−3 mol/L HClO4.

Confirms the An(III)/Ln(III) selectivity
observed in the extraction
experiments.

The investigation on novel stripping agents confirmed the previous results:
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• Aqueous and Organic phases coming from extraction

Aq. phase: 0.08 M PTD in 0.44 M HNO3
Org. phase: loaded organic phase

Stripping aqueous phase
Before in black
After in purple

Solvent extraction follow-up by means of ESI-MS

Loaded organic phase
Before in black
After in purple

The decrease in the intensity of the formed
La-TODGA ion species confirms some back-
extraction of La into the aqueous phase .

1:2 is the dominating species of the extraction

1:2

1:1
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ESI-MS not only has the ability to:

• Preserve and transport metal-ligand complexes from solution to the gas phase

• Determine and confirm stoichiometry of the complexes in solution

As it is also a complementary technique to:

• Evaluate the selective affinity of the extractants towards the metallic cations (An3+/Ln3+)

• Contribute to the understanding of the interaction synergism of combining extractants (M-L 

competition, thermodinamic and kinetic studies)

• Gas-phase stability of the formed complexes

CID (collision-induced dissociation)
Cone voltage variation
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ESI-MS spectra of an equimolar solution of La(III) complexes with PTD in  CH3OH at 10-4M. 

1:2

ESI-MS spectra of Am(III) complexes with PTD in MeOH/H2O 75:25 (v/v). cL/cAm = 10. 

1:3

1:2

1:3

Am(III)

La(III)

Macerata E. et al., J. Am. Chem. Soc., 2016, 138 (23), pp 7232-7235, DOI: 10.1021/jacs.6b03106

Speciation studies by Electrospray Mass Spectrometry

Relatore
Note di presentazione
The ESI-MS has been used for stoichiometry confirmation in which was observed previosly in the UV-Vis and the fluorescence spetroscopy study, the 1:2 complexes represent the major species. Nevertheless, the 1:3 complex species are also present. 
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ESI-MS of a solution containing 
La(NO3)3 + Eu (NO3)3 + TODGA at 10-4 M in 

CH3CN. c[L]/c[M] = 2

ESI-MS of a solution containing 
La(NO3)3 + Eu (NO3)3 + Pytridiol at 10-4 M in 

MeOH. c[L]/c[M] = 2

PTD shows a slight preference for La(III)

TODGA shows a clear preference for Eu(III)

In agreement with the DM and SF Values obtained for the Stripping of Am3+

from a TODGA-Based Organic Phase into a PyTri-Based Aqueous Solution
SF Eu/Am= 144; SF La/Am = 8

Relatore
Note di presentazione
(selectivity between Am/La << Am/Eu;  SF Eu/Am= 144; SF La/Am = 8)

known inability of TODGA to tightly bind lighter Ln ions rather than from an intrinsic affinity of PyTri ligands for La(III) ion
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MS2 [La(NO3)2(PTD)2]+ MS2 [La(NO3)2(TODGA)2]+
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HNO3 loss preferred Ligand loss preferred
Lower binding affinity of 
TODGA with La, in the
presence of NO3 ions

TODGA shows a lower binding affinity which is in agreement with the observations in solution
where the complex is solvated by nitric acid. 
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Non-specific An/Ln extracting agentSelective Actinide stripping agent
Lipophilic Hard O-donor ligandHydrophilic Soft N-donor ligand

Relatore
Note di presentazione
Lower ability of TODGA to remain bind to La as seen in the extraction coefficients (selectivity between Am/La << Am/Eu;  SF Eu/Am= 144; SF La/Am = 8)

When nitrate counterions are bind to the metal, TODGA shows a lower binding affinity which is in agreement with the observations in solution where the complex is solvated by nitric acid. 
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La(NO3)(PTD)(TODGA)2
2+

La(NO3)2(PTD)(TODGA)+

La(PTD)(TODGA)2
3+

La(NO3)(PTD)(TODGA)2+

La(NO3)(PTD)2(TODGA)2+

La(PTD)2(TODGA)3+

2+

2+

2+

3+

3+

1+

Mixed complexes formed with 
both extractants coordinated to 
the metal ion can give insights 
on coordination selectivity and 
synergistic effects observed on 
extraction.[1]

La:TODGA:PTD 1:1:10 ratio 
10-4M CH3CN:CH3OH 50/50 v/v

[1] Muller, J. et al,  Understanding the synergistic effect on lanthanides (III) solvent extraction by systems combining  a malonamide and dialkyl phosphoric acid, Hydrometallurgy, 169 (2017) 542-551.
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• In the heterogeneous i-SANEX process, among the tested hydrophilic PyTri-ligands,
PyTri-Diol proved to have an extraordinary radiolytic resistance of the stripping
phases confirmed by means of several analytical techniques;

• In paralel with the other tecniques, ESI-MS proved to be a valuable complementary
tool:

 To obtain information about the complexes formed during the solvent extraction process;
 To evaluate the stability of possible intermediary species formed upon the extraction

procedure;
 Valuable approach for obtaining structural information and contribute to the

characterization of the coordination sphere;

• The outstanding extracting behaviour of PTD-system can arise from the formation of
intermediary mixed complexes containing both extractants (TODGA-PTD) and
therefore a comprehensive understanding of such ligand selectivity is essential on a
fundamental level.
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• Further confirmation of the results with computational chemistry

• Additional complexation studies of the TODGA-PyTriDiol extracting
system and other Ln

• Evaluation of the gas-phase stability of the formed complex
species and the M-L competition in mixed complexes with both
extractants and the actinides.

Work partially 
developed at:
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