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ABSTRACT: Recovery of trivalent minor actinides or of all transuranium elements from highly 

active raffinate could be industrially achieved by innovative Selective ActiNide EXtraction 

(i-SANEX) and Grouped ActiNide EXtraction (GANEX) processes respectively. All chemicals 

involved in the partitioning of actinides must be resistant to acidic and radioactive environment, 

since hydrolysis and radiolysis can have huge impact on process safety and performance. In this 

work, the hydrolytic and radiolytic stability of two innovative hydrophilic complexing agents, 
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2,6-bis[1-propan-1-ol)-triazolyl)]pyridine (PTD) and 2,6-bis[1-(propan-1,2-diol-

triazolyl)]pyridine (PTT), have been investigated as they proved to be endowed with high actinides 

selectivity. In order to simulate the damage experienced at process conditions, the stripping 

solutions were aged in HNO3 for several weeks and γ-irradiated up to 200 kGy with 60Co sources. 

Batch liquid-liquid extraction tests were performed on fresh, aged and irradiated stripping 

solutions in order to verify whether ageing and γ-irradiation affect system performance. 

Furthermore, Nuclear Magnetic Resonance (NMR) analyses were carried out to ascertain the 

radiation-induced ligand degradation and consequent by-products formation. The stripping 

solutions manifested so exceptional performance and radiochemical stability, even at harsh process 

conditions, to demonstrate their industrial applicability to i-SANEX and GANEX processes. 

 

Introduction 

The accomplishment of nuclear fuel cycle sustainability and public acceptance should not 

disregard the improvement of natural resources exploitation and final repository footprint. For this 

reason, U and Pu recycling and minor actinides (MA: Np, Am, Cm) Partitioning and 

Transmutation (P&T) strategies have been conceived 1–3. Until today, some hydrometallurgical 

processes, above all Plutonium and URanium EXtraction (PUREX) and its evolutions, have been 

successfully implemented at the industrial scale to retrieve U and Pu isotopes for the fabrication 

of MOX fuel 4,5. In the last decades, great efforts have been devoted to the key and challenging 

issue of developing efficient processes to transmute trivalent MA after selective separation from 

lanthanides (Ln), as most of them are neutronic poisons 6,7. Worldwide, promising 

hydrometallurgical processes have been proposed to overtake MA/Ln separation 8–11. Furthermore, 



 3 

several joint research projects funded by the European Commission have been focused on 

developing compact and simplified separation strategies by limiting the number of cycles and 

devoting special attention to safety issues 6,12. A promising process, named innovative-Selective 

ActiNide EXtraction (i-SANEX), has been proposed for the recovery of trivalent MA directly from 

the PUREX raffinate 13–15. Moreover, a more challenging concept has been introduced with the 

Grouped ActiNide EXtraction (EURO-GANEX) process, with the aim of homogeneously 

recovering in a single product solution all TRU regardless of their oxidation state 16,17. In both 

cases, An and Ln are firstly extracted and separated from other elements contained in the acidic 

aqueous feed by means of one or more lipophilic ligands characterized by high An and Ln affinity 

along with satisfactory radiochemical stability, such as N,N,N’,N’-Tetraoctyl Diglycolamide 

(TODGA) 14,18,19. In the second step, the An are selectively back-extracted into an aqueous phase 

by a hydrophilic complexing agent. In addition to the fulfilment of engineering performance 

constraints, i.e. affinity, fast kinetics and easy reversibility of An complexation, these water-

soluble ligands should also comply with the CHON principle, i.e. being constituted only by C, H, 

O and N atoms to be incinerable without secondary solid waste production at the end of their life. 

Moreover, in view of the industrial application, they should be stable towards hydrolysis and 

radiolysis 20. So far, several hydrophilic ligands based on the BTP (bis-triazinyl-pyridine), BTBP 

(bis-triazinyl-bipyridine) and BTPhen (bis-triazinyl-phenantroline) complexing cores have been 

developed 21,22, such as 2,6-bis(5,6-di(sulfophenyl)-1,2,4-triazin-3-yl)pyridine (SO3-Ph-BTP) 23. 

Unfortunately, none of them has fully matched all the above-mentioned constraints.  

In particular, the resistance towards hydrolysis and radiolysis is an undeniable key requirement 

in view of the industrial scale-up of advanced SNF partitioning processes due to the radioactive 

nuclides content 24,25. In fact, radiolysis may induce production of ligand and diluent by-products, 
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leading to consumption of the original ligand and to potential alteration of several properties 26,27. 

Furthermore, radiation-induced alterations would undesirably affect not only the separation 

efficiency, but also the physico-chemical properties of the solvent 28. In particular, the alteration 

of density and viscosity and the formation of precipitates and third phases has to be investigated, 

since they may compromise the hydrodynamic properties of the system or else the safety of the 

future reprocessing plants, due to malfunctioning at the pumps and at the centrifuges 29–31. The 

stability of the TODGA organic solvent was exhaustively investigated. Now, the degradation 

mechanism, the main by-products and the impact on process performance are avowed 32–35. While 

a wide literature exists about the radiochemical resistance of several lipophilic extractants 

developed for the 1-cycle SANEX 36–38, few studies deal with the hydrophilic complexing agents. 

One of the most relevant ligands, 2,6-bis(5,6-di(sulfophenyl)-1,2,4-triazin-3-yl)pyridine 

(SO3-Ph-BTP), showed a scarce stability in the homogeneous phase, and an opposite behaviour as 

a biphasic SO3-Ph-BTP/TODGA system 39,40.  

  

PTD PTT 

Figure 1 Molecular structures of PTD (left) and PTT (right) 

In this paper, two hydrophilic complexing agents have been studied: 2,6-bis[1-(propan-1-ol)-1,

2,3-triazol-4-yl)]pyridine (PTD, see Figure 1, Left) and 2,6-bis[1-(propan-1,2-diol)-1,2,3-triazol-

4-yl)]pyridine (PTT, see Figure 1, Right). Their N3 chelating unit built on a central pyridine and 

arranged with two triazoles guarantees the selectivity for An, as already outlined in recent 

publications 41–43. These CHON complexing agents proved to be outstanding candidates for An 

selective stripping in i-SANEX or EURO-GANEX processes. In particular, PTD was already 
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successfully tested in an industrial-like single-stage centrifugal contactor device, proving its 

effectiveness in separating trivalent minor actinides from Ln 44. Also hydrolytic and radiolytic 

stability of aqueous stripping solvents based on PTD or PTT have already been outlined, but still 

deserve further investigations 45. The aim of this paper is to shine a light on this aspect. In order to 

simulate the radiolytic damage delivered at reprocessing conditions, stripping solutions containing 

the hydrophilic ligand were irradiated at different absorbed doses by means of a 60Co gamma 

source with 2.5 kGy/h dose rate and subsequently analysed. In order to distinguish the contribution 

of hydrolysis from radiolysis, aliquots of the same solutions were aged for the same length of time. 

Therefore, the results obtained with irradiated solutions have been compared with those obtained 

with fresh and aged solutions. The investigation has been mainly focused on assessing the 

performances of these irradiated solutions under i-SANEX and EURO-GANEX process 

conditions by means of batch liquid-liquid extraction tests. Furthermore, density, viscosity and 

acidity of the stripping solutions were measured before and after irradiation, in order to verify that 

no modification of physico-chemical properties occurred, possibly resulting in alterations of the 

system fluid-dynamics. Finally, the ligand degradation and consequent by-products formation 

have been ascertained by NMR spectroscopy. 

 

Materials and Methods 

Analytical grade reagents were purchased from Sigma Aldrich and used without further 

purification. In order to simulate the process feed, a simplified High Active Raffinate (HAR) 

solution was prepared by dissolving weighted amounts of La(NO3)3•6H2O (99.99% purity), 

Ce(NO3)3•6H2O (99.0%), Pr(NO3)3•6H2O (99.9%), Nd(NO3)3•6H2O (99.9%), Sm(NO3)3•6H2O 

(99.9%), Eu(NO3)3•5H2O (99.9%), Gd(NO3)3•6H2O (99.9%) and Y(NO3)3•6H2O (99.8%) in 3 
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mol/L HNO3 diluent. The feed was conveniently spiked with representative radiotracers. The 

solutions of 152EuCl3 in 1 mol/L HCl, used at Politecnico di Milano and at ATALANTE facility 

(CEA Marcoule) laboratories, were purchased from LEA-CERCA (France). The solution of 

241Am(NO3)3 in 1 mol/L HNO3, used at Politecnico di Milano, was supplied by Eurostandard CZ 

(Czech Republic). While the radioactive solutions containing 239Pu(IV), 241Am(III), and 244Cm(III) 

used at CEA laboratory were prepared by dissolving weighed amounts of the respective oxides in 

HNO3, followed by careful purification by ion exchange chromatography and verification of the 

oxidation state by UV-Vis spectrophotometry, as elsewhere described 46–48. In particular, the 

composition of these stock solutions was: 0.017% 238Pu, 96.91% 239Pu, 2.99% 240Pu, 0.065% 241Pu, 

and 0.009% 242Pu for Pu, 98.74% 241Am, <0.02% 242Am, and 1.25% 243Am for Am, and mainly 

244Cm for Cm. TODGA ligand was provided by the Institute for Nuclear Waste Disposal at 

Karlsruhe Institute of Technology, Germany. All the organic solvents used in this work were 

prepared by dissolving weighted quantities of extractant in kerosene with 5 vol.-% 1-octanol to 

obtain 0.2 mol/L TODGA concentration. PTD and PTT complexing agents were synthetised at 

Università di Parma according to the procedures elsewhere described 41. Otherwise explicitly 

specified, all the stripping solutions studied in this work consisted of 0.08 mol/L PTD or 0.15 

mol/L PTT in 0.44 mol/L HNO3, as optimized in a previous work 41,44. 

Ageing 

Stock PTD and PTT stripping solutions were prepared, pre-equilibrated with the organic solvent 

and stored in 20 mL glass vials closed with a plastic lid and kept in the dark at lab temperature 

(22 °C ± 2 °C). In order to evaluate the effect of ageing on extraction properties by means of batch 

stripping experiments, 300 μL aliquots were subsampled from the stock solutions immediately 

after preparation and after 66 and 321 or 342 days.  
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Irradiation 

The PTD and PTT stripping solutions were stored in 4 mL glass vials closed with a plastic lid 

and sealed with Parafilm® in order to avoid sample leakage during irradiation. Between the 

preparation and the analysis, the samples were kept in the dark. If not explicitly specified, the 

stripping solutions were not pre-equilibrated with the organic solvent. The irradiations were 

performed at ambient temperature by 2.5 kGy/h dose rate 60Co source. Even though the radiation 

damage received by the stripping solutions should mainly derive from alpha radiolysis, the 

irradiation was performed by gamma sources. This choice is usually justified by the technically 

simpler implementation of gamma irradiations and by the more conservative results with respect 

to alpha radiolysis 27. At the end of the irradiation of the sample with highest absorbed dose, all 

samples were stored in the dark at 4 °C ± 1 °C until liquid-liquid extraction experiments. 

Therefore, same thermal treatment was used for all samples. The same irradiation and storage 

procedures were employed with 0.08 mol/L PTD solutions in 0.44 mol/L DNO3 for NMR 

investigation.  

Density, viscosity and acidity measurement 

Density measurements of fresh and irradiated PTD stripping solutions were performed by DMA 

35 N Anton Paar portable density meter. The samples were kept in a thermostatic bath and analysed 

at temperatures of interest for the process, namely from 20 to 45°C ± 0.1°C, with 5°C temperature 

increments between each density measurement. An equilibration time of about 10 minutes was 

applied at each temperature step to enable the samples to reach the desired temperature. Each 

density value is averaged on ten measurements. The measuring uncertainty was estimated 

according to minimum mean square error method, considering the standard deviations of the 

acquired data and the measuring uncertainty associated to the instrument (±0.001 g/cm3) 30,31,49. 
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Viscosity measurements of fresh and irradiated PTD stripping solutions were performed by 

KPG-UBBELOHDE micro-viscometer with 0.32 mm diameter capillary. Also in this case, the 

above-described protocol was followed to analyse the samples at the temperatures of interest for 

the process, between 20°C and 45°C ± 0.1°C. A digital stopwatch with 1/100 s time resolution was 

used to measure the efflux time, afterwards corrected by the Hagenback factor and then averaged 

on five measurements. Finally, the kinematic viscosity and the associated uncertainty are 

calculated as described in a previous work 30,31,49. 

Acidity measurements of fresh and irradiated PTD and PTT stripping solutions were performed 

by potentiometric titration with 0.1 mol/L NaOH standard solution, using Titrando 905 Metrohm. 

Solvent extraction experiment 

Details about the solvent extraction experimental protocol and equipment are reported in the 

Supplementary Information (SI). All batch stripping experiments were performed by contacting 

equal volumes of aqueous stripping solution and the TODGA-based organic solvent, previously 

loaded from an aqueous feed and scrubbed with 0.5 mol/L HNO3 15. In order to understand the 

radiolytic effect on the extraction properties, the results obtained with irradiated stripping solutions 

are compared with those of samples aged for the same period of time. Two different aqueous feed 

solutions suitably spiked with radiotracers were used to load the organic solvent: one merely 

consisting of 3 mol/L HNO3 (feed I) and another one more realistic and representative containing, 

coherently with the PUREX raffinate composition, 2.49 g/L of yttrium and Ln (from lanthanum to 

gadolinium, see Table 1) in 3 mol/L HNO3 (feed II). Trace amounts of selected radionuclides 

(about 10 kBq/mL each) were added: 239Pu(IV), 241Am(III) and 244Cm(III) as representative of An 

and 152Eu(III) for Ln. After the tests, the activity concentrations of 241Am and 152Eu in aqueous and 

organic phases were quantified by γ-spectrometry, exploiting the γ-lines at 59.5 keV and 121.8 
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keV, respectively. In view of α-spectrometry analysis, two aliquots of aqueous phases and three 

aliquots of organic phases were sampled and evaporated to dryness on steel planchets. 

Consequently, the activity concentrations of 239Pu(IV), 241Am(III) and 244Cm(III) were determined 

by α-spectrometry, exploiting the lines at 5156.6 keV, 5442.8 keV and 5762.7 keV respectively. 

Since 241Am was measured both by α and γ spectrometry, it was used to normalize 244Cm and 239Pu 

activity concentrations, in order to minimize their mass balances errors. The concentrations of 

stable Y and Ln were determined by Inductively Coupled Plasma - Mass Spectrometry (ICP-MS). 

Table 1 Composition of feed II used in the extraction experiments. 

Element Concentration 

(kBq/mL) 

Element Concentration 

(mg/L) 
244Cm(III) 10 Y 72 
239Pu(IV) 10 La 288 
241Am(III) 10 Ce 710 
152Eu(III) 10 Pr 259 

  Nd 921 

  Sm 155 

  Eu 34 

  Gd 53 

 

The performance of irradiated stripping solutions was evaluated by comparing distribution ratios 

(DM, where M is the metal) and separation factors (SFM1/M2, where M1 and M2 are different cations) 

with those obtained with un-irradiated reference solutions. The efficiency is evaluated by the DM, 

calculated as the ratio between the concentration of M in the organic and in the aqueous phases. 

Whereas, the selectivity for An towards Ln is expressed by the SFLn/An, defined as the ratio between 
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DLn and DAn. The activity balance was checked and the overall accuracy in the determination of 

DM was estimated to be within ±10% for distribution ratios between 0.01 and 100.  

NMR analysis 

All solutions to be analysed by NMR were prepared with 0.08 mol/L PTD in deuterated nitric 

acid and eventually irradiated by 2.5 kGy/h dose rate 60Co source at 100 kGy. Signal identification 

was accomplished by 1H and 13C NMR analyses on a fresh PTD solution. Confirmation of signal 

assignment was achieved by 2D homo and heteronuclear NMR. All analyses were performed by 

introducing a pure nitromethane capillary in the NMR tube, in order to have a reference signal. 

Nitromethane 1H, 13C and 15N signals were set at 4.40, 63.22 and 0 ppm respectively 50. 

Results and Discussion 

Physico-chemical properties of irradiated solutions 

In previous works, the physico-chemical properties of aqueous diluent (0.25 and 0.5 mol/L 

HNO3) were investigated after gamma irradiation of pure solutions or in presence of the organic 

diluent (namely kerosene with 5 vol.-% 1-octanol) 30,31. Both diluents manifested a suitable 

physico-chemical stability with respect to radiolysis. Those experiments revealed that they should 

withstand the radiolytic degradation without alterations that could compromise safety and 

performances of the process 30,31. For this reason, some physico-chemical properties of the 

stripping solutions containing the complexing agent, PTD, were studied. Radiolysis was simulated 

by means of irradiation with the 2.5 kGy/h dose rate 60Co source. First of all, the irradiated 

solutions remained transparent, without any precipitate. Density, viscosity and acidity were 

measured and the results are reported in the following Figure 2, Figure 3 and Figure 4 respectively. 

Moreover, the acidity measurement was accomplished also with fresh and irradiated PTT stripping 

solutions. 
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Figure 2 Density of fresh and irradiated 0.08 mol/L PTD in 0.44 mol/L HNO3. The irradiation was 

performed with the high dose rate 60Co source (2.5 kGy/h) up to absorbed dose of 100 kGy. The 

analyses were performed at different temperatures from 20°C to 45°C.  



 12 

 

Figure 3 Viscosity of fresh and irradiated 0.08 mol/L PTD in 0.44 mol/L HNO3. The irradiation 

was performed with the high dose rate 60Co source (2.5 kGy/h) up to absorbed dose of 100 kGy. 

The analyses were performed at different temperatures from 20°C to 45°C.  
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Figure 4 Acidity of fresh and irradiated 0.08 mol/L PTD (blue square markers) and 0.15 mol/L 

PTT (red circle markers) in 0.44 mol/L HNO3. The irradiation was performed with the high dose 

rate 60Co source (2.5 kGy/h) up to absorbed dose of 200 kGy.  

No evidence of radiation-induced alteration of density, viscosity and acidity was found. In fact, 

deviations from the values of the fresh solutions lie within the limit of experimental uncertainty 

and cannot be ascribed to the radiolytic effect. These experiments outlined that also the solutions 

containing the complexing agent are stable towards radiations in terms of preservation of density, 

viscosity and acidity. This result is very promising for the future implementation at an industrial 

scale. Actually, alteration of these properties could affect the ligand performances, due to films 

formation or acidity changes. Moreover, the safety of the process could be compromised not only 

by the formation of dangerous by-product (i.e. hydrogen or explosive compounds), but also by 

precipitates, density and viscosity changes, which may impact on fluid dynamics of the system 

and on centrifugal contactor safety operation.  
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Extracting properties of aged solutions 

With the purpose of assessing the ageing effect on their extracting properties, PTD and PTT 

stripping solutions were aged up to 321 and 342 days respectively. The aged stripping solutions 

remained transparent, without any precipitate. They were contacted with the fresh TODGA-based 

organic solvent, previously loaded from feed I spiked with 241Am(III) and 152Eu(III) and scrubbed 

with 0.5 mol/L HNO3. The results of these experiments are compared with those obtained with 

fresh stripping solutions. As it could be inferred from the results reported in Figure 5, both PTD 

and PTT ligands maintain their extraction performance at least up to the extreme ageing period of 

about one year. In fact, the distribution ratio of Am(III) is steadily below unity and that of Eu(III) 

above unity, so that the SFEu/Am is almost constant along the whole ageing period considered, within 

the experimental uncertainty. These results promisingly demonstrate that both PTD and PTT 

stripping solutions are stable towards ageing in nitric acid solutions at least up to one year. 
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Figure 5 Distribution ratios of trivalent Am and Eu as a function of aqueous stripping phase ageing. 

Distribution ratios uncertainty bars are within the marker size. Organic phase: 0.2 mol/L TODGA 

in kerosene with 5 vol.-% 1-octanol loaded from feed I spiked with 241Am(III) and 152Eu(III) and 
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scrubbed with 0.5 mol/L HNO3. Aqueous stripping phases: 0.08 mol/L PTD (top) or 0.15 mol/L 

PTT (bottom) in 0.44 mol/L HNO3. The stripping phases were aged in the dark at ambient 

temperature (22°C ± 2°C) for 66 and 321 or 342 days. 

Extracting properties of irradiated solutions 

Several experiments were performed in order to verify whether gamma irradiation affects the 

ligand performance of irradiated PTD and PTT stripping solutions. These solutions were irradiated 

by 2.5 kGy/h dose rate 60Co source at different absorbed doses up to 500 kGy. First of all, it has to 

be pointed out that the irradiated solutions remained transparent, without any precipitate, for 

whatever irradiation condition. In order to perform the extraction experiments, the irradiated 

stripping solutions were contacted with the TODGA-based organic solvent, previously loaded 

from different feeds conveniently spiked with trace amounts of An and Ln representatives. 

Distribution ratios and separation factors obtained with irradiated stripping solutions were 

compared with those of samples aged for the same period of time. 

A preliminary investigation aimed at obtaining a first information on the performances of PTD 

after irradiation up to 200 kGy was reported in a previous work 41. The experiments were 

performed by contacting the irradiated stripping solutions with the TODGA-based organic solvent 

loaded from the simplest feed solution (feed I) spiked with 241Am and 152Eu. The distribution ratios 

of both radionuclides do not show evident alterations at increasing absorbed dose with respect to 

not irradiated stripping solution: DAm remains significantly smaller than unity and DEu greater than 

unity. Consequently, the Eu/Am separation proves to be effective at least up to 200 kGy. These 

encouraging results are consistent with previously mentioned analyses and suggests an 

unprecedented radiolytic resistance of the PTD based stripping phase 51. In order to get more 
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complete information on the performance of irradiated PTD and PTT stripping solutions, further 

irradiation and extraction experiments have been carried out and are herein reported. 

The PTD and PTT stripping solutions were irradiated by HDR 60Co source at different absorbed 

doses up to 500 kGy. These solutions were contacted with the fresh TODGA-based organic solvent 

loaded from feed I spiked with 241Am and 152Eu. The results of these stripping experiments are 

reported in the following Figure 6. As it could be evidenced, the distribution ratios of PTD are 

almost constant until the exceptional absorbed dose of 200 kGy, in confirmation of previous 

results, but sharply decrease at 500 kGy. Since this effect is more important for 152Eu than for 

241Am, the Eu/Am separation factor worsen by increasing the absorbed dose. Reassuringly, the 

process requirements are still fully met even at the extreme 500 kGy absorbed dose, since DEu 

remains largely above the unity. Concerning PTT, the distribution ratios undergo a similar 

decreasing trend, merely steeper at lower absorbed doses. Also in this case, the process 

requirements are still fully fulfilled, even if the effect on DEu is more evident and leads to a 

reduction of SFEu/Am with the absorbed dose. 
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Figure 6 Distribution ratios of trivalent Am and Eu as a function of absorbed dose. Distribution 

ratios uncertainty bars are within the marker size. Organic phase: 0.2 mol/L TODGA in kerosene 

with 5 vol.-% 1-octanol loaded from feed I spiked with 241Am(III) and 152Eu(III) and scrubbed 
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with 0.5 mol/L HNO3. Aqueous stripping phases: 0.08 mol/L PTD (top) or 0.15 mol/L PTT 

(bottom) in 0.44 mol/L HNO3. The irradiation of the stripping phase alone was performed with 2.5 

kGy/h dose rate 60Co source up to absorbed dose of 500 kGy. 

Another solvent extraction experiment was performed with the PTD and PTT stripping 

solutions, pre-equilibrated with the TODGA-based organic solvent before irradiation by 2.5 kGy/h 

dose rate 60Co source at different absorbed doses up to 200 kGy. After the irradiation, these 

solutions were contacted with the fresh TODGA-based organic solvent loaded from feed I spiked 

with 241Am and 152Eu. The results of these stripping experiments are reported in the following 

Figure 7. 

 



 20 

 

Figure 7 Distribution ratios of trivalent Am and Eu as a function of absorbed dose. Distribution 

ratios uncertainty bars are within the marker size. Organic phase: 0.2 mol/L TODGA in kerosene 

with 5 vol.-% 1-octanol loaded from feed I spiked with 241Am(III) and 152Eu(III) and scrubbed 

with 0.5 mol/L HNO3. Aqueous stripping phases: 0.08 mol/L PTD (top) or 0.15 mol/L PTT 

(bottom) in 0.44 mol/L HNO3. The irradiation of the stripping phase alone was performed with 2.5 

kGy/h dose rate 60Co source up to absorbed dose of 200 kGy, after pre-equilibration with the 

organic solvent. 

Concerning PTD, DAm is almost constant in the whole dose range considered, further confirming 

the previous results. On the contrary, DEu slightly decrease as the absorbed dose increase, so that 

the Eu/Am separation factor tends to degrade. The distribution ratios and the Eu/Am separation 

factor of the PTT stripping solution undergo a similar decreasing trend as well, merely visible also 

for DAm. Anyhow, the process requirements are still fully satisfied both with PTD and PTT 

stripping solutions. 
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In order to assess if radiolysis has an impact on PTD and PTT selectivity for Am towards all Ln 

present in the PUREX raffinate, a more complex and representative feed (feed II) spiked with 

241Am(III) and 152Eu(III) was employed. PTD and PTT stripping solutions were irradiated with 2.5 

kGy/h dose rate 60Co source up to 200 kGy. The results are reported in Figure 8 as a function of 

the absorbed dose. For all the measured samples, a good agreement was found between distribution 

coefficients of 152Eu and stable europium, even if the former is present at tracer concentration 

while the second at approximately 45 mg/L. 
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Figure 8 Distribution ratios of trivalent Am and Ln as a function of absorbed dose. The uncertainty 

bars are within the marker size. Organic phase: 0.2 mol/L TODGA in kerosene with 5 vol.-% 1-

octanol loaded from feed II spiked with 241Am(III) and 152Eu(III) and scrubbed with 0.5 mol/L 
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HNO3. Aqueous stripping phases: 0.08 mol/L PTD (top) or 0.15 mol/L PTT (bottom) in 

0.44 mol/L HNO3. The irradiation was performed with 2.5 kGy/h dose rate 60Co source up to 

absorbed dose of 200 kGy. 

In the case of PTD, the distribution ratios of trivalent Ln and 241Am are almost constant with the 

absorbed dose. In fact, the alteration of these values is comprised within the associated uncertainty. 

Moreover, Am distribution ratio remains significantly below the unity and DLn above the unity. 

However, lanthanum is the most back-extracted Ln, the SFLa/Am of about 10 is consistent with the 

process requirements. Similar results were achieved with PTT even if, in this case, a slight 

reduction of distribution ratios with the absorbed dose could be inferred for all cations, as already 

outlined by the abovementioned results. These preliminary batch experiments clearly showed that 

PTD and PTT based stripping solutions could provide satisfactory selectivity for Am over the Ln 

family in backward extraction mode even at elevated absorbed doses (up to 200 kGy). These 

outstanding results, already obtained with trace concentrations of metal ions, have now been 

corroborated with the organic phase loaded with real concentration of Ln (feed II). 

In order to assess if irradiated PTD and PTT based stripping solutions could be used in i-SANEX 

and GANEX processes, a series of experiments was performed with the TODGA-based organic 

solvent loaded from feed I and feed II, spiked with 241Am(III), 244Cm(III), 239Pu(IV), 152Eu(III) 

tracers, and scrubbed with 0.5 mol/L HNO3. Before the solvent extraction experiments, the PTD 

and PTT stripping solutions were irradiated with 2.5 kGy/h dose rate 60Co source up to 200 kGy. 

The concentration of stable Ln was not assessed because of unavailability of active ICP-MS 

technique in the ATALANTE facility. Anyway, all results collected so far would confirm that no 

appreciable alteration of DLn values is expected with respect to the data reported in Figure 8 44. 

The results of the stripping experiments obtained by contacting PTD and PTT solutions with the 
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organic solvent loaded from feed I and feed II are reported in Figure 9 and Figure 10 respectively. 

The distribution ratios of 241Am(III) and 244Cm(III) were measured in order to verify the affinity 

of the ligands for trivalent actinides and, consequently, the applicability to i-SANEX process. On 

the other hand, the affinity between ligands and actinides in different oxidation states was assessed 

by determining the 239Pu(IV) distribution ratios. Since Ln were not measured, 152Eu(III) was 

assumed as their representative. The uncertainty bars included in the graphic take into account the 

mass balance error and the measuring uncertainty. In the case of 152Eu and 241Am the uncertainty 

is approximately 10%, in the case of 244Cm and 239Pu is around 20%. 
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Figure 9 Distribution ratios of 241Am(III), 244Cm(III), 239Pu(IV), 152Eu(III) as a function of 

absorbed dose. The uncertainty bars of DAm and DEu are within the marker size. Organic phase: 

0.2 mol/L TODGA in kerosene with 5 vol.-% 1-octanol loaded from feed I spiked with 241Am(III), 

244Cm(III), 239Pu(IV), 152Eu(III) at 3 mol/L HNO3 and scrubbed with 0.5 mol/L HNO3. Aqueous 

stripping phases: 0.08 mol/L PTD (top) or 0.15 mol/L PTT (bottom) in 0.44 mol/L HNO3.  The 

irradiation was performed with 2.5 kGy/h dose rate 60Co source up to absorbed dose of 200 kGy. 

 



 26 

 

 

Figure 10 Distribution ratios of 241Am(III), 244Cm(III), 239Pu(IV), 152Eu(III) as a function of 

absorbed dose. The uncertainty bars of DAm and DEu are within the marker size. Organic phase: 

0.2 mol/L TODGA in kerosene with 5 vol.-% 1-octanol loaded from feed II spiked with 241Am(III), 
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244Cm(III), 239Pu(IV), 152Eu(III) at 3 mol/L HNO3 and scrubbed with 0.5 mol/L HNO3. Aqueous 

stripping phases: 0.08 mol/L PTD (top) or 0.15 mol/L PTT (bottom) in 0.44 mol/L HNO3.  The 

irradiation was performed with 2.5 kGy/h dose rate 60Co source up to absorbed dose of 200 kGy. 

The results obtained with feed I are comparable with those of feed II, as they show very similar 

distribution ratios trends. Concerning PTD, as it could be observed, the 152Eu distribution ratio is 

rather constant and above 1. At the same time, the distribution ratios of trivalent MA are 

consistently below 1 up to 200 kGy, so that the separation factors between trivalent Eu and MA 

are always extremely high, proficiently fulfilling i-SANEX process requirements. Moreover, the 

distribution ratios of 241Am and 244Cm manifest a similar trend with the absorbed dose. Concerning 

the applicability to the GANEX process, even if 239Pu(IV) shows a little more fluctuating trend 

with the absorbed dose, the goal of TRU/Ln separation is successfully reached at least up to the 

exceptional absorbed dose of 200 kGy. The results obtained with irradiated PTT stripping 

solutions are similar to those of PTD. In this case, the separation factors between europium and 

MA are slightly lower. Moreover, 239Pu distribution ratio seems to slightly decrease with the 

absorbed dose. In any case, also the PTT based stripping solvent manifests promising stability 

towards radiolysis. Even if the preservation of the promising selectivity for MA and TRU of 

irradiated PyTri-based stripping solvents was successfully demonstrated by liquid-liquid 

extraction experiments, it is important to understand the degradation mechanism in terms of 

quantification of ligand consumption and by-products formation. 

Degradation of irradiated solutions 

As already outlined in the literature, information about ligand degradation cannot be just 

gathered from alteration of distribution ratios of irradiated solutions. In fact, the radiolytic by-

products may have extraction properties markedly different from those of the pristine ligand 52. In 
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order to shine a light on the hydrolytic and radiolytic degradation of PTD based stripping solutions, 

a preliminary study on irradiated solutions has been carried out by NMR. In particular, a PTD 

solution was irradiated at integrated dose of 100 kGy by a 60Co source characterized by 2.5 kGy/h 

dose rate. A suitable non-irradiated stripping solution was freshly prepared and kept as reference 

in order to discriminate the possible effect of ageing and radiolysis.  

NMR spectroscopy was employed with the purpose of confirming the preliminary results already 

obtained by ESI-MS and FT-Raman, whose results have already been published elsewhere 51. The 

NMR spectra are reported in SI. No radiation-induced signals shifts were observable in 1H-NMR 

spectrum of irradiated PTD if compared with the fresh one. Furthermore, several new signals could 

be recognised in the spectrum of the irradiated sample, but the relative areas of these new signals 

were few % of the original ones, in agreement with former FT-Raman results. The 13C-NMR 

spectra of fresh and irradiated ligand solutions did not show any radiation-induced alteration. 

Similarly, homonuclear (gCOSY) and heteronuclear (gHMBCAD and gHSQCAD) 2D NMR 

spectroscopic analyses were performed, and no differences were evidenced. This means that the 

by-products concentration is below few mmol/L, in agreement with all other results. It was 

concluded that the PyTri chelating unit should not present neither hydrolytic nor radiolytic 

degradation. This is coherent with FT-Raman results, since the intensities of the Raman bands 

referred to vibrational modes of the aromatic moiety of the ligands remain unchanged 51. 

Consequently, radiation-induced modification may reasonably occur just on the alkyl chains, 

rather than on the chelating unit. 

Conclusion 

The results of this research contribute to demonstrate the efficacy of the PyTri-based stripping 

solutions in the cutting-edge hydrometallurgical separative strategies for the reprocessing of An 
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from the SNF. In fact, these complexing agents proved to fulfil the main requirements for future 

industrial implementation: i) CHON principle, ii) feasible scale-up of the synthesis, iii) selectivity 

for MA and TRU and low affinity for Ln and other cations of the PUREX raffinate, iv) fast 

stripping kinetics, v) reversibility of An retention, vi) no hydrodynamic problems such as third 

phases and precipitates, vii) stability towards hydrolysis and radiolysis. In particular, it was 

confirmed that gamma irradiated PTD and PTT based stripping solutions are promisingly stable 

towards radiolysis. In fact, their excellent selectivity for MA and TRU over Ln is maintained up 

to the extreme absorbed dose of 500 kGy, not only with trace concentration cations but also with 

an organic solvent loaded from a more realistic synthetic PUREX raffinate. Moreover, density, 

viscosity and acidity, that are physico-chemical properties relevant for the process implementation, 

are also preserved. The NMR analytical technique further proved PTD resistance towards radiation 

damage.  

Further investigations are on-going, in order to obtain information essential for the industrial 

implementation of PyTri-based stripping solutions, such as: i) metal loading capacity, ii) impact 

of temperatures reached in the industrial devices on the extracting properties, iii) study of 

degradation mechanism by HPLC-DAD and HPLC-MS analyses and iv) identification and 

confirmation of the degradation by-product structures by HPLC-MS2. The synthesis and analytical 

characterization of the proposed by-products will be essential for the definitive confirmation of the 

radiolytic degradation path and will allow to evaluate their impact on the extracting efficiency. 
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