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Global Overview on the Nuclear Fuel Cycle Backend 
and IAEA Related Activities  

Clément Hill , Amparo Gonzalez - Espartero  
International Atomic Energy Agency, Vienna International Centre, PO Box 100, Vienna, Austria, 1400 ( c.hill@iaea.org )  

 

 

One of the main concerns of the population regarding nuclear power is the safe management of the Spent Nuclear Fuel 
(SNF) after discharged from the reactors. There are however technical solutions, implemented since the inception of 
̟̦̝̖̣̔̒ ̡̨̠̖̣ ̟̚ ̥̙̖ ˦ˡЯ̤˝ ̟̒̕ ̄˿˷ ̙̤̒ ̖̖̟̓ ̤̗̖̝̪̒ ̞̟̘̖̒̒̕ ̗̠̣ ̞̠̣̖ ̥̙̟̒ ˧ˡ ̪̖̣̤̒˝ ̨̨̠̣̝̖̕̚̕˟ 

Currently,  417 nuclear power reactors operate in 31 countries. SNF is discharged at a rate of about 10 ,000 tHM/year. As of the 
end of 2022, t he accumulated SNF inventory that has been globally discharged since the deployment of nuclear power  
amounts to approximately 430 ,000 tHM, of which around 70% are  curr ently stored  (under wet and dry  conditions ), waiting 
for further steps or final disposition,  and the rest has been reprocessed (mostly for recycling  valuable fissile materials ). The 
lifetime extension of some nuclear reactors is contributing to an increase  in the amount of stored SNF. 

Understanding the behaviour of SNF in various storage systems, as well as the ageing and degradation mechanisms of 
storage structures, systems and components, remains vital to ensure that SNF can continue to be stored safely a nd 
subsequently transported to disposal or reprocessing facilities, even after long term storage. As spent fuel disposal 
programmes are progressing and approaching the final stages of construction in some Member States, there has been an 
increase in the nu mber of preparation activities, such as the development of characterization programmes. Continuation 
of such efforts is particularly important when considering that greater reactor efficiencies have been achieved through the 
production of SNF with higher i nitial enrichments and higher burnups, leading to increases in thermal outputs and 
potentially higher risks of cladding embrittlement that may impact subsequent SNF management steps.  

Despite an overall reduction in global spent fuel reprocessing capacity  (after the clos ure of reprocessing plants in the 
United Kingdom ), there is an increasing interest in the development of advanced recycling technologies . As new fuel 
designs are envisaged for both existing fleet s of nuclear reactors and those of future advan ced reactor designs (including  
SMRs), which may lead to potentially different behaviours in SNF management, innovative SNF management solutions will 
need to be sought to allow for their timely deployment . International collaboration and partnership will therefore be 
paramount for their success. The main goal of nuclear scientists, engineers, operators, and regulators, today, is th us  to 
continue improving, developing and licensing new technologies to address current and future challenges of the nuclear 
fue l cycle backend, so as to ensure the nuclear fuel cycle sustainability, through advanced nuclear energy systems that 
can preserve natural resources and reduce the burden of the nuclear waste generated.  

Integration of new and innovative fuel cycles with exi sting fuel cycles is an important undertaking to address current energy 
supply challenges and ensure the sustainable, safe and secure development of nuclear power. While already implemented 
in some countries, initiatives to address advanced reactor ̤Я spent  fuel and radioactive waste management , in an 
integrated manner , are starting to be discussed and developed in several  countries.  

The International Atomic Energy Agency (IAEA) support s sustainable, safe, secure, reliable and economic nuclear fuel 
cycles as sociated with current and future generations of nuclear power reactors, by providing its 178 Member States with 
relevant technical information (guidance) based on operational experience  and best industrial practices, through:  

- The c oordinat ion of  internatio nal research activities, via  Coordinated Research Projects  [1- 3] (CRPs) , the final reports 
of which compile research findings, and policy and strategy approaches in Member States ; 

- The o rganiz ation of  technical events, workshops and international conferences  to provide Member States with fora for 
sharing technical information , such as : 

o T̙̖ ̖̙̟̝̅̔̔̒̚ ˾̖̖̥̟̘̚ ̠̟ б˴̙̝̝̖̟̘̖̤̒˝ ˸̡̤̒ ̟̒̕ ̡̡̠̣̥̦̟̥̖̤̀̚̚ ̗̠̣ ̥̙̖ ˾̟̘̖̞̖̟̥̒̒ ̠̗ ̄˿˷ ̗̣̠̞ ̄˾̃ 
̖̙̟̠̝̠̘̖̤̅̔̚в, that ga thered more than 100 participants from 32 countries in September 2022, the 
Proceedings of which were published last December [ 4] , 

o The International Conference on Spent Fuel Management from Nuclear Power Reactors, to be held in Vienna, 
on 10- 14 June 2024 ; 

mailto:c.hill@iaea.org
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- The p ubli cation of  technical reports  [5,6] or guides  ( including interactive publications [ 7] ) , compiling relevant 
information and best practices;  

- The management of specific databases; and  
- The development of e- learning materials [8] and infographics ( Fig.1)  for capacity building in Member States . 

 

  

Fig.1. Inventory of SNF around the world (amount of SNF discharged, reprocessed and stored by country and by 
storage system ) and Dry Storage technologies . 

The presentation will provide an overview on the issues  of the b ackend of the n uclear fuel cycle , worldwide,  and on the IAEA 
programmatic a ctivities  in support of its Member States under the sub - Programme on the Management of Spent Fuel from 
Nuclear Power Reactor and Radioactive Material Transportation . 
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Status  of t he French Nuclear Fuel Cycle Program  
François Sudreau  

Energy Division, CEA, Centre de Paris - Saclay, 91191 Gif- sur - Yvette, France  
 

 

Context  

This presentation gives an update concerning the French nuclear fuel cycle R&D program.  

Currently, the French nuclear  fuel cycle is based on plutonium monorecycling, that is to say that plutonium is recovered 
from UOx spent fuel and reused in MOX fuel. After irradiation, these MOX fuels are stored. They are not considered in France 
as nuclear waste as they contain valuab le fissile materials, including around 6 % of plutonium, and as the feasibility of their 
reprocessing has been demonstrated since 70 tonnes of spent MOX fuels have already been reprocessed in France, at 
Marcoule and La Hague facilities.  

This strategy allow s to save 10 % of natural uranium compared to an open cycle, avoids to have plutonium in the final waste 
to be stored in deep geological repository, decreases the net production of plutonium of the nuclear reactor fleet and 
allows to stabilize the UOx spen t fuel inventory.  

On February 2022, President Macron expressed his wish that, in addition to pursuing the massive development of renewable 
energy sources, the lifepan of current reactors be extended, subject to the agreement of the ASN, whenever possible. In 
addition, a program for six EPR2 type reactors is launched as a first step to guarantee France's energy independence and 
achieve carbon neutrality by 2050. Moreover, French Government has launched a major Investment Plan for the Future 
called "France 20 30". One objective of this plan is to promote the emergence, in France, of innovative nuclear reactors. In 
̥̙̥̒ ̡̝̟̒˝ ̡̡̣̠̩̞̥̖̝̪̒̒̚ м˦ˡˡ ̞̝̝̠̟̚̚ ̣̖̒ ̝̝̠̥̖̒̔̒̕ ̥̠ ̧̧̟̟̠̥̖̒̚̚ ̣̖̥̠̣̒̔ ̡̛̣̠̖̥̤̔˝ ̤̖̓̒̕ ̠̟ ̒ ̝̝̔̒ ̗̠̣ ̡̛̣̠̖̥̤̔ ̥̙̥̒ ̙̤̒ 
been published in March 202 2. Research and innovation around breakthrough nuclear reactor concepts should thus 
provide new answers to the challenges specific to the nuclear industry, for example in terms of competitiveness, safety, 
security, closing the nuclear fuel cycle or reducin g the volume and activity of radioactive waste. Thus, 11 projects (9 for 
fission reactors and 2 for fusion ones) were selected to be awarded, leading to a cumulative state support of 130 million 
euros.  

All these decisions have an important impact on the fu ture French nuclear fleet and consequently on possible nuclear fuel 
cycles. In this field, in February 2024, the Nuclear Policy Council, chaired by President Macron, confirmed the main thrusts 
of French policy on the fuel cycle back end, combining reproces sing and reuse of spent fuel, with an objective of a closed 
fuel cycle. Following this decision, Bruno Le Maire, French Minister of the Economy, Finance and Industrial Sovereignty, 
announces in March 2024 (i) a program to extend the lifetime of the La Hagu e and Melox plants beyond 2040, (ii) the launch 
of studies for a new MOX fuel fabrication plant and (iii) the launch of studies for a new spent fuel processing plant by 
2045/2050.  

Plutonium Multirecycling in LWR  

For the medium term, CEA, Orano, EDF and Fra matome have launched a major R&D program and associated industrial 
feasibility studies for plutonium multirecycling in Light Water Reactor. Three strategic objectives have been defined. First,  
characterize the interest of multirecycling compared to monorec ycling in terms of materials and waste management. 
Second, asses the industrial feasibility of the multirecycling in Light Water Reactors considering, on one hand, the impacts 
on the reactors in terms of safety and performances and, on the other hand, on t he current and future backend facilities 
and logistics (particularly transportations). Third, evaluate the technical and economic impact of multirecycling compare 
to monorecycling.  

After several assessments and optimizations of fuels made with multi - recycl ed plutonium and core management 
strategies, a standard MOX fuel assembly, using a low fissile plutonium quality, called MOX - ˾̃ ̗̠̣ б˾̀̉- Multi - ̖̪̝̟̘̃̔̔̚в 
has been defined. Industrial deployment scenarios have been simulated, considering a future French EPR  fleet with a 
combined installed capacity of 40 or 50 GWe, and plutonium multirecycling from 2046. These simulations show that, until 
the end of the century (i) plutonium and uranium multirecycling in LWR could allow saving 40 % of naturel uranium 
compared  to an open cycle, (ii) spent MOX fuel inventory could be stabilized and total spent fuel inventory reduced and 
(iii) plutonium inventory can thus be stabilized.  
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Closing the nuclear fuel cycle  

Beyond plutonium multirecycling in PWR, France maintains the ob jective of the full closure of the nuclear fuel cycle using 
Fast Reactors. The goals of this next step are (i) the full independence from natural uranium input using the depleted 
uranium stockpiles resulting from enrichment activities and (ii) the long - ter m stabilization of zero net production of 
plutonium and spent fuel. The reference path is to pursue the development of high - power Sodium - cooled Fast Reactor 
technology and deploy them, if necessary, by the end of the century. In the same time, in the frame  of France 2030 plan, 
other concepts, particularly Advanced Modular Fast Reactors, such as SRF (sodium cooled), LFR (lead cooled) and MSR 
(molten salt) reactors, are considered by new comers to be part of the solution for the reduction of the MOX fuel inve ntory 
and even of the waste that today are destined to be stored in deep geological repositories.  

In this context, studies have been launched to explore the potential of fast neutron molten salt reactors for actinide 
transmutation. These reactors could be fed only with plutonium (in particular plutonium with a low isotopic vector) or with 
plutonium and minor actinides. An R&D on the priority items, with lower technological maturity, is thus in progress in the 
frame of the Fourth Investment Program for the F uture started in 2022.  

Impacts on treatment and fabrication processes  

Today, with plutonium monorecycling, there is no industrial MOX fuel treatment and MOX fuel is manufactured with a 9 % 
plutonium content. With plutonium multirecycling in PWR, it would b e necessary to treat MOX and MOX2 fuels and MOX fuel 
production would be multiplied by around three. Moreover, plutonium multirecycling in Fast Reactors would need to treat 
and manufacture MOX fuels that could have a plutonium content up to, at least, 25 %  and probably 30 %, or even more.  

Thus, some challenges have to be overcome to implement plutonium multirecycling. Concerning MOX reprocessing, two 
main steps are considered in French R&D programs: dissolution and separation. For the dissolution step, volo xidation, which 
allows to turn irradiated fuel pellets into powders, and thus to increase surface contact and dissolution kinetics, is 
investigated theoretically and experimentally on fresh and irradiated MOx fuels. For the separation step, a program is 
pe rformed to develop and industrialize a single cycle process without oxydoreduction reactions. Indeed, using monoamide 
solvents seems to be an interesting alternative to TBP due to their good stability, high selectivity and high recovery factor  
for uranium and plutonium. This high selectivity allows considering a simpler flowsheet with a single cycle for extraction 
and purification of plutonium and uranium. Moreover, in this process, partitioning is made by changing the acidity of the 
solution, avoiding usin g oxydoreduction and stabilisation agents. This will lead to a process well adapted to high plutonium 
contents, more compact, less expansive and easier to control than the current separation process.  

Conclusion  

To conclude, the use of nuclear energy will i ncrease and diversify in the world in the next decades. Thus, it is necessary to 
preserve the natural resources recycling reusable fissile materials. France is evaluating a step - by - step approach starting 
with plutonium multirecycling in PWR, before reachin g the full nuclear fuel cycle closure using Fast Reactors. In that way, 
France is performing a large R&D program, particularly on innovative reprocessing and fuel fabrication processes.  

At the same time, through collaborations between CEA, Orano, EDF, Fram atome and CNRS, as well as with new emerging 
players, the value of advanced technologies is being assessed with a view to improving the management of plutonium 
and minor actinides.  
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Nuclear Fuel Recycle Activities in the Office of 
Nuclear Energy  

Stephen  Kung  
Office  of Nuclear Fuel Cycle , U.S. Department of Energy  

19901 Germantown  Road, Germantown, MD 20874 - 1207 
 

 

 

This presentation will cover the nuclear f uel recycle research and development (R&D) activities supported by the U. S. 
Department of Energy , Office of Nuclear Energy  (DOE- NE). DOE- NE conducts applied R&D on advanced fuel recycle 
technologies that have the potential to improve resource utilization and energy generation, reduce waste generation, and 
limit proliferation risk. DOE - NE focuses on dev eloping advanced fuel recycling technologies and addressing fundamental 
materials separations and recovery challenges that present significant degrees of technical risks and financial 
uncertainties. DOE - NE stewards the capabilities and knowledge relied upo n by policy makers to make informed decisions 
regarding nuclear fuel cycle options. Such decisions in turn rely on the development of efficient and economical separation 
methods that can accept the used nuclear fuel containing actinides and fission product s to recycle selected actinides, 
recover valuable by - products, and deliver waste streams that are suitable for disposal.  DOE- NE supports the development 
and demonstration of various recycling technologies to make available small quantities of high - assay lo w enriched 
uranium materials for advanced reactor fuel - fabrication R&D needs.  
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Future Fuel Cycles Ь a UK Perspective  
Paul Nevitt  

National Nuclear Laboratory, Chadwick  House, Birchwood Park, Warrington, WA3 6AE, UK  
 

 

UK Civil Nuclear Roadmap and Current Perspective  

UK Government has set out a vision and plan for fuel cycle in the UK. The  UK Civil Nuclear Roadmap a published earlier in 
2024 by UK Government  ̤̖̥ ̠̦̥ ̨̙̠ ̥̙̖ ̗̦̖̝ ̪̝̖̔̔ ̡̦̟̖̣̟̤̕̚ ̠̥̙̓ ̧̘̠̖̣̟̞̖̟̥Я̤ ̟̖̥ ̫̖̣̠ ̟̒̕ national security objectives. 
The roadmap set out key aspects of future fuel cycles in the UK, As the UK embarks on a nuclear renaissance, the ability to 
deliver this in a way that continues to enable national security outcomes depends on the UK regenerat ing its domestic fuel 
cycle capabilities. This focuses on three key areas: front end fuel production, research and innovation in advanced 
uranium - based fuels, and maintenance and development of a skilled workforce.  

In addition, while the current inventory  of spent nuclear fuel and radioactive waste is either stored on nuclear power station 
sites or at Nuclear Decommissioning Authority (NDA) sites such as Sellafield, the UK long - term strategy for finally disposing 
of the most highly active radioactive waste  inventory is to develop an engineered Geological Disposal Facility (GDF). A 
process is well underway to identify a suitable site in which to develop a GDF that has suitable geology and the support of 
a local community. However, the first spent fuel is not  expected to be placed into a GDF until the 2050s. Until then, there is 
sufficient interim storage for the inventory from UK legacy, existing nuclear fleet and currently planned future plants.  

Finally, the UK reprocessed spent fuel on an industrial scale f rom the 1950s to 2022. Commercial industrial scale 
reprocessing came to an end in the UK with the closure of the Thermal Oxide Reprocessing Plant (THORP) in 2018. There is 
currently no industrial scale reprocessing in the UK and no plans to restart reproce ssing.  

 

Managing the UK Legacy  

It is clear that the  journey from nuclear fuel cycle to waste management and environmental restoration  is evolving in the 
UK. The NDA has responsibility for ma naging inventories of legacy nuclear materials including spent fu els and plutonium 
on behalf of the nation b. The NDA mission will span decades and takes billions  in investment, i t will require new plants, new 
processes, new stores, new disposal facilities . It is replete with technical challenges and opportunities . All needing highly 
multi - disciplinary teams with diverse skill sets . The strategic approach in the UK is focused around: consolidate, storage, 
disposition (right solution), safeguards assurance, counter - proliferation.  

In relation to spent fuels disposition, i n 2012 the NDA and UK government took the decision to complete the reprocessing 
contracts and commit the remaining (predominantly) A dvanced Gas Reactor (AGR)  fuel, and future arisings, to long - term 
pond storage . This is considered the most cost - effective and  viable strategy but mean s that the UK had to underpin this 
approach including the storage and disposal of around  5,000 t onnes  of AGR fuel.  Research and development to underpin 
and support this includes: c orrosion trials of fuels , condition monitoring of f uels , disposability studies . 

The UK has also set out its approach to plutonium management through the NDA Strategy b. Plutonium has been produced 
at Sellafield since the early 1950s from the reprocessing of spent fuel from UK power stations and overseas utilities. There is 
around 141 tonnes  owned by NDA and  its customers. Most of it is stored as a powdered oxide form in storage cans but some 
of the material is in the form of residues and various powders, pellets and assemblies.  ˸̧̠̖̣̟̞̖̟̥Я̤ ̧̛̠̖̥̖̓̔̚ ̤̚ ̥̠ ̡̦̥ ̥̙̖ 
plutonium beyond reach . This could be by reu se as Mixed Oxide Fuel (MOX) in nuclear reactors or as an immobilised 
product. This would put the material in a form which reduces the long - term security risks and burden during storage  and 
is aligned with its ultimate disposal in a GDF.  In addition, t he p lutonium  science and support to can surveillance programme 
is critically important to reducing the risks with the long - term storage of plutonium . The NDA are continuing to progress the 
development of the reuse as MOX and immobilisation options.   

                                                                                 

a https://www.gov.uk/government/publications/civil - nuclear - roadmap - to - 2050   
b https://assets.publishing.service.gov.uk/media/605cb82fd3bf7f2f112f0 f84/NDA_Strategy_2021_A.pdf   

https://www.gov.uk/government/publications/civil-nuclear-roadmap-to-2050
https://assets.publishing.service.gov.uk/media/605cb82fd3bf7f2f112f0f84/NDA_Strategy_2021_A.pdf
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Key strate gic decisions  have been  made by NDA and UK government over the last decade to bring about the benefits of 
consolidation of fuels and materials and the completion of reprocessing.  There will be considerable demand for R&D to 
support future strategy developm ent and underpinning . For spent fuels much of this technical work is around approaches 
to storage, transport and ultimately disposal . The plutonium  programme will last decades, and the supporting R&D 
programme is a major UK endeavour.  

 

Looking to the Futu re  

˷̟̝̝̪̒̚˝ ̝̠̠̜̟̘̚ ̧̠̖̣ ̥̙̖ ̝̠̟̘̖̣ ̥̖̣̞ ̨̥̠̣̤̒̕ ̗̦̥̦̣̖ ̤̦̤̥̟̝̖̒̒̓̚ ̗̦̖̝ ̪̝̖̤̔̔˝ ̥̙̖ ̆˼ ̧̟̖̤̥̖̚̕ ̤̘̟̗̟̥̝̪̔̒̚̚̚ ̟̚ ̥̙̖ Ю˿̦̝̖̣̔̒ 
˺̧̟̟̠̥̠̟̒̚ ̣̠̘̣̞̞̖́̒Я˟ This included, the Advanced Fuel Cycle Programme  (AFCP) c, led by the National Nuclear 
Laboratory, to devel op the next generation of nuclear fuels and fuel cycles . AFCP marked the biggest public investment in 
future nuclear fission fuel cycle R&D in a generation in the UK Ь AFCP looked at the role of advanced nuclear fuels and fuel 
cycles for a Net Zero future (Figure 1). With UK Government committed to achieve carbon neutrality by 2050, AFCP aimed 
to lay the foundation from which the UK could maximise its current capability, meet Net Zero and deploy sustainable fuel 
and recycling concepts through the future. AF ˴́ ̡̠̟̖̖̣̖̚̕ ̒ ̢̦̟̦̖̝̪̚ ̧̠̝̝̠̣̥̖̔̒̓̒̚ ̡̡̣̠̙̒̒̔ ̥̠ ̧̟̟̠̥̠̟̒̚̚˟ ̟̥̟̘̆̚̚ ˿˿˽Я̤ 
unique nuclear infrastructure with the innovative skills and capabilities of more than 100 organisations across over 10 
countries, AFCP delivered a suite of fuel cycle science them ̖̤ ̨̥̙̚ ̞̖̤̦̣̝̖̒̒̓ ̡̞̥̒̔̚ ̣̠̤̤̒̔ ˳̣̥̟̒̚̚Я̤ ̧̧̖̠̝̟̘̚ ̨̝̠- carbon 
landscape. Including delivering future roadmaps across advanced fuels and fuel cycles d. 

 

Figure 1. Schematic representation of the UK fuel cycle with the focus areas of the Advanced Fuel Cycle  Programme (AFCP) 
highlighted in green.  

 

Working collaboratively for a sustainable future  

Through bilateral and multi - lateral international relationships the UK continues to drive forward the importance of 
sustainable fuel cycles and the R&D needed to unde rpin these, such that options are available to decision and policy 
makers in a timely fashion. The fuel cycle underpins and will continue to be an essential part and enabler to the UK 
̧̘̠̖̣̟̞̖̟̥Я̤ ̟̖̥ ̫̖̣̠ ̟̒̕ ̟̥̠̟̝̒̒̚ ̤̖̦̣̥̪̔̚ ̧̛̠̖̥̖̤̓̔̚˟ 

  

                                                                                 

c AFCP Ь Advanced Fuel Cycle Programme Ь Advancing fuel cycle innovation to secure a Net Zero future (nnl.co.uk)  
d https://afcp.nnl.co.uk/wp - content/uploads/sites/3/2021/06/AFCP - Advanced - Nuclear - Roadmaps.pdf   

https://afcp.nnl.co.uk/
https://afcp.nnl.co.uk/wp-content/uploads/sites/3/2021/06/AFCP-Advanced-Nuclear-Roadmaps.pdf
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Overview of the Material  Recovery and Waste Form 
Development Program  

Kenneth C Marsden  
12525 N Fremont Ave, Idaho Falls, ID 83402  

 

 

The Material Recovery and Waste Form Development program is led by and funded thr ough the Office of Materials and 
Chemical Technologies inside the U.S. Department of Energy, Office of Nuclear Energy. It is a research program with a 
mission to develop  advanced  fuel  recycling  technologies  to  improve  resource utilization,  reduce  repository  burden,  limit  
proliferation  risk  and  improve economics. Program activities include (1) u se of recycling  technologies  to  produce  HALEU 
materials  for  advanced reactor  fuel - fabrication R&D  needs; (2) resolution of nuclear  materials  separation  and  recovery  
challenges  for various  advanced  reactor  fuel designs; (3) development of  efficient  and  economical  technologies  for  
commercially  viable future  industrial  deployment; and (4) expansion of  capabilities  and  knowledge  in nuclear chemistry  for  
a  broad range  of  nuclear  applications. Technical areas inside the research program include simplified a queous  separations , 
vapor  phase  processes, py rochemical process es, m olten  salt  fuels , recycling o ff- gas  management, and advanced waste form 
development . 
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Lab - Scale  Pulsed Columns Trials for a New Nuclear 
Fuel Recycling Process  

Garzon Losik German , Lamadie Fabrice, Roussel Hervé  
CEA, DES, ISEC, DMRC, Univ. Montpellier, Marcoule, France  

 

Context and goals  

CEA is currently developing a new spent nuclear fuel reprocessing process , which is especially effective for fuels with high 
plutonium  content . The process uses a n N,N- dialkylamide extract ing  molecule.  

To validate the process chemistry, complete extraction cycles are performed  using surrogate  feed solutions (uranium and 
plutonium) or actual  spent fuel  solutions. These tests are perform ed in laboratory - scale mixer - settlers, which have the 
advantage of being miniaturisable and easy to operate in a nuclear confinement enclosure  [1]. 

However, the pulsed column wi ll be the device selected for a future facility , as in the current Orano  plant at La Hague. This 
apparatus  offers several advantages over the mixer - settler, such as crud s management, criticality control, and the 
absence of moving parts. It is mandatory to ensure that this type of apparatus performs correctly with the new solvent, 
both in terms of hydrodynamics and mass transfer efficiency.   

The knowledge and experience of CEA and O rano  in  the operation of pulsed columns with  the current TBP - based solvent 
ca nnot  be  directly appli ed  to the new solvent due to its higher viscosity when loaded with uranium. Therefore, a new study 
on  the operation of pulsed columns is necessary. The latter  involves both experimental work and a modeling and simulation 
approach to s upport scaling up to an industrial size . This communication presents the results of the experimental part of 
this approach.  

The objective of this experimental work is twofold:  first, to demonstrate the suitability of the new solvent to be  use d in pulsed 
columns  under the conditions specifie d for the new industrial process ( including specific flow rates, flow rate ratios,  and 
uranium  load); and second, to collect  data to validate the model ling  of the pulsed column hydrodynamics.  

Initial tests we re conducted using the smallest columns available at the CEA (15 mm in diameter) , in order to  minimize the 
required quantities of uranium and solvent. These tests allowed  us not only to optimize the column packing, taking into 
account the solvent viscosity , but also  to demonstrate the efficiency of these columns for uranium extraction and back -
extraction.  

When scaling up from 15 mm columns, the first larger diameter chosen is 25 mm. This diameter allows for a significant 
increase in flow rates (by a factor of 2.8, corresponding to the cross - section ratio). Furthermore , it is the smallest diameter 
suitable for  disc and doughnut packing, which is the type of packing u sed  in industrial columns.  

Mat erial  

The columns , of a height of 2 meters,  used in the experime nt s are made of glass and have stainless steel packing  with  
settlers located at both ends  of them . 

A pneumatic type  pulser , similar to those used at  industrial scale at La Hague plant, is used to ensure mixing inside the 
column . Fluids are circulated using  pumps combined with Coriolis flowmeters.  

Different  types of characterisation are possible.  

- For single - phase tests : measuring residence time distribution by  inject ing  an optical  tracer on the inlet side 
of the column and monitor its concentration on the outlet side using an online refractometer.  

- For two - phase tests : measuring  the dispersed phase h old - up by sampling the emulsion; a dditionally, 
captur ing  images using an endoscope ( SOPAT GmbH ) to obtain the droplet size distribution  [2] . 

Single - phase tests  

The tests begin  with a single phase, either aqueous (simple distilled water) or organic (a mixture of alkanes with  the same 
viscosity as the N,N- dialkylamide  based  solvent loaded with uranium).  
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The first  objective of these tests is to verify the possibility of obtaining a pulsating movement in the column, despite the 
solvent's viscosity.  

The main purpose is to determine the axial mixing  by measuring the residence time distribution.  Axial mixing  is a critical  
parameter for column efficiency and is also a validation criterion for CFD simulations.  

It was found that  axial mixing is not dependent on the flow rate or phase nature, but solely on the pulsation amplitude. A 
correlation derived from previous studies on other fluids correctly estimates this axial mixing  [3].  

Two - phase tests  

Various  parameters  have been tested  including  flow rates (ratio of organic  to aqueous phase and total flow rate of both 
phases) and the pulsation amplitude. Both types of emulsions, oil - in- water and water - in- oil, were tested to cover the 
majority of operating conditions of  the columns in the future process. Several hundred sets of operating parameters were 
tested.  

Among other results, t he measurements allow:  

- To plot the range of correct column operation on a Sege and Woodfield diagram,  
- To monitor the evolution of the dispers ed phase hold - up  as a function of flow rate s and puls ation  amplitude,  
- To quantify the trends  of the droplet  size distribution as a function of these parameters. It appears that this 

distribution is particu larly sensitive to pulsation, with size decreasing  as amplitude increases.  

Conclusion and outlook  

It has been experimentally demonstrated that the N,N- dialkylamide  based  solvent  enables proper hydrodynamic  
operation of pulsed columns  with disc and doughnut packing . 

The study will continue by gradually approaching  the operating conditions of industri al columns . The next steps will be to 
test extraction cycles with  nitric acid and then with uranium in 25 mm  diameter  columns, and conducting hydrodynamic 
tests with uranium - loaded solvent in 100 mm diameter columns.  

   

Various  aspects  of the emulsion in a 25 mm diameter pulsed column with disc and doughnut  packing  
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Among the several processes developed for the advanced reprocessing of spent nuclear fuel, the DIAMEX (DIAMide 
EXtraction) process uses malonamide molecules for the separation and co - extraction of actinides and lanthanides from 
the raffinate of the PUREX  (Plutonium Uranium Reduction EXtraction) process. Several studies were dedicated to the so 
called third - phase formation that occurs at high metal loading or in specific acid conditions in aliphatic solvents.[1] It was 
usually concluded that this deleterio us phase arises from the formation of supramolecular aggregates mainly composed 
of the extractant molecules.[2] On the other hand, recent study on the use of malonamide molecules for the extraction and 
separation of Pd(II) and Nd(III) by solvent extraction  has pointed out two main driving forces that could explain the 
selectivity: coordination and extractant aggregation.[3] It has thus been demonstrated that, Pd(II) only needs coordination 
to be extracted whereas Nd(III) needs, in addition, the aggregation of the extractant. From these observations it has been 
highlighted that extractant aggregation can be beneficial for solvent extraction process if it can be controlled to enhance 
separation whilst avoiding third - phase formation.  

In order to confirm a poten tial correlation between the separation efficiency and the extractant aggregation, and to 
determine the physicochemical parameters that triggers the supramolecular organization, a model malonamide molecule 
used in the DIAMEX process, i.e. ˵˳˾˲ ˙˿˝˿Я- Dimethyl - ˿˝˿Я- dibutyl - 2- tetradecylmalonamide), was investigated. This 
extractant was dissolved, at room temperature, in pure  n- heptane, pure toluene, and mixtures of both solvents at different 
ratios, and contacted with different nitric acid so lutions (0 M, 1 M, 3 M and 5 M HNO 3) with and without the presence of two 
metal ions, i.e. Pd(II) and Nd(III). These two solvents possess different relative permittivity at room temperature ( i.e., ʀheptane  
= 1.924, ʀtoluene  = 2.392), and topology with an a romatic ring for toluene that could lead to additional П- interaction with the 
extractant [4, 5].  

For each experimental condition, distribution ratios of Pd(II) ( DPd) and Nd(III) ( DNd), as well as separation factors ( SPd/Nd  = 
DPd/ DNd) were determined (see F igure 1a and b). In parallel, small - angle neutron scattering (SANS) technique was used to 
determine the size and shape of the aggregates formed (see Figure 1c and d).  From these results, it can be said that n-
heptane promotes the formation of large assemb lies (high initial scattering intensity, I0, and large gyration radius, RG), 
whereas the presence of toluene tends to reduce the size of the assemblies (low I0, small RG) which was directly correlated 
to extraction separation efficiency. In addition, these  results confirmed that water and nitric acid molecules contributes to 
̥̙̖ ̖̩̥̣̥̟̥̒̔̒ ̘̘̣̖̘̥̖̒̒Я̤ ̤̥̣̦̥̦̣̖̔ ̝̖̟̘̒̕̚ ̥̠ ̝̣̘̖̣̒ ̘̘̣̖̘̥̖̤̒̒˝ ̤̒ ̥̙̖ ̤̥̥̖̣̟̘̔̒̚ ̟̥̖̟̤̥̪̚̚ ̟̣̖̤̖̤̔̒̚˝ ̨̙̖̟ ̥̙̖ ̟̥̣̔̚̚ 
acid concentration increases.  

Finally, it can be concluded that  the selectivity of the process can be control by the size of the aggregates which is triggered 
by the organic solvent properties. In the present study, solvent nature was modified using different mixtures to control the 
process efficiency. In addition, th e potential of aggregation control for solvent extraction separation can be directly applied 
for the extraction of Pd from automotive catalysts or shredded electronic scraps. This strategy can also be extended to 
most of the extractant molecules involved i n the spent nuclear fuel recycling strategy as they all possess an amphiphilic 
nature and, for some of them, their aggregation properties have already been characterized in the literature.  
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Figure 1: Distribution ratio (DM) and selectivity factor ( SPd/N d) of Pd(II) and Nd(III)  (a, b) , and SANS data of DBMA (c, d) as 
function of toluene/n - heptane volume ratio, pre - contacted with 1  M nitric acid solution (a, c) and 3 M nitric acid solution 
(b, d) (initial metal concentration: [Pd(II)] aq =100mg/L, [Nd(III)] aq =200mg/L). I 0 represent the scattering intensity at low 
scattering wave vector q, and R G is the gyration radius of the scatterers.  
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Over the past eight decades, extensive research has been dedicated to the domains of uranium recovery, 
purification, reprocessing, and recycling, propelled by its critical applications in nuclear technology. Nowadays, the nuclear 
power stands as an importa nt source of electricity, contributing approximately 10% to global electricity generation. 1 The 
hydrometallurgical process for uranium extraction has undergone notable evolution throughout this period.  

The REDOX plant, commissioned in 1951, was the very first reprocessing facility based on countercurrent, 
continuous flow separation of plutonium and uranium utilizing aliphatic ketone as an extractant. 2 A few years later, in 1955, 
the initiation of operati ons at the PUREX plant employed tributyl phosphate as an extractant. 2,3 

The exploration of organic, lipophilic extractants, including trialkyl phosphine oxides 4 and monoamides (GANEX 
1st cycle process) 5, as well as lipophilic ion exchangers like protonated  trialkylamines  (AMEX process) 6, has been integral to 
the ongoing pursuit of efficient U(VI) separation in solvent extraction methods 7. These developments underscore the 
dynamic nature of uranium processing methodologies, emphasizing the continuous quest f or enhanced technologies in 
the realm of nuclear fuel cycle management.  

 

 This presentation will provide a concise overview of challenges encountered in established uranium recovery 
processes, encompassing issues like the stability of organic extractants under process - relevant conditions, solvent 
hydrodynamic properties, and variations in selectivity. A central focus will be on novel solvating extractants designed for 
U(VI) recovery. Particular attention will be given to ex ploring the impact of varying alkyl group size within extractants on 
both selectivity and stability.  

The evolution of uranium processing spanning  more than 80 years, bridg ing  historical achievements with the 
latest cutting - edge developments, providing valu able insights into the continual refinement of uranium recovery 
methodologies  will be presented . 
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Innovative solvent ext raction processes are currently under development at CEA for the reprocessing of MOX 
spent nuclear fuels. N,N- dialkylamides  demonstrated their potentiality in the recovery and recycling of plutonium and 
uranium, as an alternative to TBP. First, they exhibi t a good stability towards radiolysis and hydrolysis. Secondly, distribution 
ratios of plutonium(IV) and uranium(VI) with N,N- dialkylamide  are such that their extraction and separation is possible, 
without using any reducing agent for the uranium Ь plutoni um partitioning.  

The extraction process is modeled using thermodynamic equilibrium calculations. Those calculations are based 
on activity coefficient determination for both aqueous and organic phases and on solving mass action law. For these 
models, assump tions have to be made related to the speciation of the complexes ( N,N- dialkylamides -  metallic cation for 
instance). Therefore, the knowledge of this speciation is essential to ensure a good predictivity of the model.  

A bibliographical state of the art was  established, and allowed to highlight the most promising methods 
described in the literature in order to obtain speciation diagrams of the complexes formed during the extraction of nitric 
acid and uranium(VI) with a N,N - dialkylamide solvent. Those methods  include various spectroscopy studies, such as UV -
Vis and IR as well as numeric processes to deconvolve the resulting spectra (including Principal Component Analysis).  

Batch experiments were performed to study the behavior of water, nitric acid and U(VI) t owards their extraction 
by a N,N - dialkylamide and to determine extraction isotherms. All extraction experiments were performed at 25°C by 
contacting the N,N- dialkylamide diluted in IP185  isane with aqueous solutions at various nitric acid and uranium 
concentrations. All organic phases were also characterized thanks to spectroscopic technics to obtain information about 
the speciation of the complexes in the organic phases.  

Experimental distribution data were described with a physicochemical model based on the application of the 
mass action law on each extraction equilibrium and assumptions about the stoichiometry of the complexes formed in the 
organic phase. Deviations from ideality in aqueous phase were estimated by calculating the activity coefficient of each 
component according to the "simple solutions" model. Deviations from ideality were also determined in organic phase 
thanks to Sergievskii - Dannus approach. During the modeling work, assumptions have to be made regarding the speciation 
of the formed complexes. Agreement between simulated and experimental speciation allows refine the species hypothesis. 
That is why the experimental speciation data has been included as an input to the previously described model that was 
only fed with distribution data. The best group of complexes is the one that give the best agreement between experimental 
and calculated data for both distribution and speciation data. It is expected that this additional data will provide to the 
model a better robustness for various condi tions (such as nitric acid, solvent and U(VI) concentrations).  
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For nuclear fuel recycl ing , the  reprocessing process is the most essential. Currently, the PUREX method is exclusively 
employed  in the spent fuel reprocessing, where  U and Pu  to be recycled  are separated from fission products and minor 
actinides through selective solvent extraction  using tributyl phosphate (TBP). This method is beneficial to gain high  
decontamination factor and technological reliability  through its long history over 80 years . However, unavoidable concerns 
are still present  in terms of potential isolat ion of  Pu, safety risks arising from large  excess  amounts of organic solvents , and 
ope ration complexity  through repeated extraction cycles . To improve the nuclear security aspect, Pu is once separated 
from UO 2

2+ through reduction of extractable Pu 4+  to unextractable Pu 3+, followed by remixing with U.  

To address these issues , we have propos ed an advanced reprocessing technology  based on selective crystallization of 
nuclear fuel materials (NFM) , NUclear fuel MAterials selective Precipitation  (NUMAP)  [1], where  double - headed N- alkylated 
2- pyrrolidone  derivatives (DHNRP, Fig.1) are employed  for  selective recovery of NFM, U, Pu and even Th. In our NUMAP method, 
separation of each NFM completes in a respective single step precipitation, where any organic solvents are no longer 
required to be used. Its another striking advantage is impossibility of  Pu isolation, while Pu is always present  with U even 
after separation.    

Herein , we propose  installation of the NUMAP principle to the U/Pu separation step after their primary decontamination 
in the PUREX process. If successful, there will be no chance for Pu isolation throughout the reprocessing process, making 
the security aspect of nuclear fu el cycle much improved.  As a first step to know feasibility of this  PUREX- NUMAP hybrid  
reprocessing, we studied  behavior of U(VI)  in 30% 
TBP/hydrocarbons after addition of DHNRP shown in Fig. 1 in 
terms of molecular and crystal structures of deposits as we ll 
as  recovery  yield of U(VI) from the organic phase . 

To simulate the primary decontamination in PUREX, 
aliquots of 3.0 M HNO3 aqueous solution containing 0.2 M 
U(VI) and 30% TBP /hydrocarbons (hexane, n- dodecane) 
were added to glass  vials in  1:1 v/v, and shaken for 5 min. To 
the separated organic phase , DHNRP equivalent to U(VI) 
initially loaded  was added  as being done in NUMAP , 
followed by sonication. After centrifugation, the separated 
supernatant was mixed with  0.1 M HNO3(aq)  in 1:1 v/v , and  
shaken for 5 min. The U concentration s in all aqueous 
phases  were  measured by ICP - AES to calculate efficiencies 
of respective steps in the PUREX- NUMAP hybrid reprocessing. The obtained precipitation was  also characterized  by pXRD 
and FT- IR. For crystal st ructure analysis , the organic phase  (100 ʈL) after the primary decontamination was layered  in a 
glass vial with 3 M HNO 3(aq) (100 ʈL) dissolving DHNRP. The obtained crystals were analyzed by SCXRD.  

When DHNRP was added directly to the organic phase s of bo th hexane and n- dodecane , yellow precipitation was 
immediately obtained  after sonication , except for L2 in the hexane system.  A sticky  chunk material  was formed  adding L4 
in the hexane system, while fine crystalline powder of the U(VI) precipitate was yiel ded in  n- dodecane  in a similar manner 
to those of other DHNRP .  

 

Fig.1 Double - headed 2 - pyrrolidone derivatives (DHNRP) 
used in this work.  

L1 L2

L3 L4
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 Figure 2 shows a typical result of a 1D coordination polymer of [UO 2(NO 3) 2(L4)] n. In our previous work, DHNRP reacted with 
UO2

2+ in  HNO3(aq)  to  form isomorphous and isostructural coordination polymer having the  same composition  in principle 
[2] . The obtained pXRD pattern of the yellow precipitation well agree with the calculated pXRD pattern from  the SCXRD 
results, indicating that the  yellow precipitation  yielded in each system  is a  crystalline [UO 2(NO 3) 2(DHNRP)] n. 

A set of above results clearly demonstrates that DHNRP facilitates recovery of U(VI) from the organic phase after primary 
decontamination in the PUREX process. In addition to these data, the recovery efficiency of U(VI) was assessed to know 
suitability of this hybrid method for spent fuel reprocessing. Table 1 summarizes recovery efficiency of U(IV) at each step of 
the PUREX- NUMAP hybrid method in use of different diluents (hexane, n- dodecane) and different DHNRP (L1 - L4). The total  
recovery of U(VI)  after t he PUREX primary decontamination and the NUMAP precipitation  was 67%~86% in both diluent 
systems . In the primary decontamination using 30% TBP/hydrocarbons, U(VI) extractability ( E%) was higher than 90%, while 
not always perfect. In general, such a solvent  extraction step can be repeated to gain the U(VI) recovery as demanded. 
The most important finding in this study is that our NUMAP approach is applicable for recovery of U(VI) from non - aqueous 
phase even under the presence of 30% TBP, the strong and selec tive extractant for U(VI). The actual precipitation ratio 
(ppt%) was 73% (L1, n- dodecane) at the lowest, and 97% (L4, n- dodecane) at the highest . To improve ppt%, we can further 
optimize reaction conditions such as DHNRP loading and reaction time under son ication. As  observed in use of  L4, selection 
of diluent also gives large  impact to  the U(VI) recovery.   

In conclusion,  we have successfully 
demonstrated feasibility of  the PUREX- NUMAP 
hybrid reprocessing in terms of the recovery of 
U(VI)  from organic phase despite presence of 30% 
TBP. DHNRP best suitable for U(VI) recovery  from 
n- dodecane  is L4. The applicability of the PUREX -
NUMAP hybrid  method  for the recovery of Pu, 
which is important in reprocessing, also needs to  
be further investigated using Pu simulants.  
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Table 1. U(VI) Recovery rate in PUREX - NUMAP Hybrid  

diluent &  

DHNRP 

PUREX 

E% 

NUMAP 

ppt%  

total recovery  

% 

n- hexane  

L1 

 

95 

 

80 

 

76 

L3 95 83 80 

L4 95 75 72 

n- dodecane  

L1 

 

92 

 

73 

 

67 

L2 92 79 72 

L3 91 85 77 

L4 89 97 86 

 

Fig.2 Crystal structure of [UO 2(NO 3) 2(L4)]  n  

(blue: U, red: O, purple: N, gray: C, light gray: H)  
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Background  

The N,N- dialkylamide d i(2 - ethylhexyl)isobutyram ide  (D2EHiBA) shows great promise for selective uranium extraction from 
spent nuclear fuel solutions. Several successful hot experiments have been performed in the framework of past EU projects 
(e.g. ACSEPT) at the CEA and JRC ITU that demonstrated the U(V I)/Pu(IV) separation and decontamination of fission 
products from UOX and MOX fuel. [1, 2] For this purpose ,  D2EHiBA was proposed as CHON compliant extractant in the GANEX 
1st cycle in a homogenous recycling strategy. The typical feed specifications are similar to a PUREX High Active Feed, and in 
the range of 5 -6 M HNO3. The co - extraction of Tc - 99 and Pu/Np(VI) is suppressed by addition of hydrazine in the scrubbing 
solution.  

For recycling of spent high assay low enriched uranium (HALEU), e.g. from future small modular reactors, the selective 
recovery and valorization of the enriched uranium fraction could also be envisioned by a D2EHiBA - based solvent extraction 
process. [3]  Similarly, HALEU can be recycled from residues of medical isotope production, where typically only ppm 
quantities of transuranic elements and Tc - 99 are present. A single - cycle D2EHiBA - based process could be imagined 
without the need for an organic complexant or reductant in the scrubbing  step , as the amounts of Np are not of major  
concern, and Tc - 99 can still be efficiently removed further downstrea m, for example in an ammonium diuranate (ADU) 
precipitation step.  

The objective of this work is to demonstrate the U(VI)/Pu(IV) separation without the use of complexant or reductant, 
obtaining a high decontamination factor ( DF)  for Pu(IV) and Ru (III) , using TBP as a benchmark. For this purpose, the use of 
lab - scale short residence time annular centrifugal contactors (ACCs) have several  advantage s as they have a small 
footprint, low liquid hold - up, and hence steady - state is faster  reached compared to mixer - settlers or pulsed columns, 
hereby minimizing the required volumes of process solutions and liquid waste. [4]  

Method  

Rousselet BXP012 ACCs with inner rotor diameter of 12 mm were substantially  modified for this work. The rotor length was 
increased with 2 cm to obtain a more consistent volume in the annular mi xing zone, and increased phase separation 
performance. To obtain visual process feedback, translucent PMMA rotor surroundings were made, with an increased 4 
mm annular gap. In - house designed and 3D - printed stainless steel stators were fitted with  angled co llector rings and 
optimized liquid flow paths. These modifications were essential for working with D2EHiBA at high flow rates and high uranium 
loading conditions.  

The simulated feed solution for this experiment consisted of U, Pu, Tc, Ru and Am. Natural ur anyl nitrate was used to prepare 
a 240 g U L - 1 feed solution in 3 M HNO 3. Natural ruthenium nitrosyl nitrate was irradiated in the BR1 reactor  (Mol, BE) to produce 
~1 MBq Ru- 103 (T1/2: 39.26 d) tracer. 2 GBq Tc - 99m (T 1/2: 6.01 h) was obtained from elution of a Mo - 99/Tc - 99m generator from 
a hospital (Geel , BE). A 10 MBq Pu- 239 TIMS spike solution was added to the simulated feed (A Pu- 239/A Pu- 238 > 100; APu- 239/A Pu- 241 
~ 5), also containing a small amount of Am - 241. Finally, the equivalent of 0.1 M NaNO 2 was slowly added to the feed solution 
to set the oxidation state of Pu prior to the start of the experiment.  

Gamma spectroscopy was used to quantify Tc - 99m (140.5 keV, 89.1%) shortly after obtaining the inter - stage process 
samples at steady - state using a Canberra BEGe 3830 detector. The samples were then remeasured for quantification (or 
low MDAs) of  Ru- 103 (497 keV, 91%), U- 235 (185 keV, 57.1%), and Am - 241 (59.5 keV, 35.9%). Pu - 239 was quantified with alpha 
spectroscopy using  a Canberra Alpha Analist.  

The flow sheet  shown in Figure 1  was used for the experiment, focused on high loading of the organic phase and maximum 
throughput. Nitric acid concentration of the feed was relatively low at 3 M HNO 3, to avoid build - up of Pu(IV)  in the extraction 
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section, and minimize Np co - extraction. Online density measurement of the scrubbing solution flowing back to extraction 
was used to fine tune the process parameters.  

 

Extraction Scrubbing
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1.1 M 

D2EHiBA in 

dodecane

0.48 L h
-1

Raffinate

Approx. 0.177 L h
-1

Feed
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& 3 M HNO3

0.105 L h
-1
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Scrub

2 M HNO3

0.072 L h
-1

Uranium-loaded 
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-1

 

in 1.1 M D2EHiBA 

in dodecane

8 stages 7 stages

Online 
density

 

Figure 1: Flow sheet for experimental U(V I)/Pu(IV) separation using D2EHiBA extractant  

Results  

Steady - state conditions were obtained after approximately 100 minutes. Average residence time s in the mixing zones 
varied between 30 and 40 seconds. More than 99.9% of U was recovered, and U(VI)/Pu(IV) separation was highly successful 
with a DF of higher than 104. Build - up of Pu(IV) in the extraction section was effectively avoided under these process 
conditions. The scrubbing process was performant, even at a high O/A ratio of 6.66. Am - 241 and Ru- 103 were not extracted, 
and aqueous phase carry - over between extraction and scrubbing was calculated to be less than 0.1%, further 
demonstrating the performance of the modified BXP012 annular centrifugal contactor s. DRu was determined to be less than  
0.001 in the  extraction section, demonstrating that D2EHiBA is superior in Ru decontamination compared to TBP. It was 
observed  that 75% of Tc - 99m was co - extracted by uranium in the form of UO 2(NO 3)(TcO 4), and 25% eventually remained 
in the raffinate.  

Conclusions  

The U(VI)/Pu(IV) separation in modified lab - scale annular centrifugal contactors using D2EHiBA extractant without the  
need of  using complexant s or reductant s was successful, and it was demonstrated that this solvent extraction process can 
be envisioned for sel ective recovery of uranium from spent enriched uranium solutions.  
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As part of the reflections on the next gener ation of spent nuclear fuel (SNF) reprocessing plant, the R&D carried out on 
innovative processes aims to respond to the challenges of multi - recycling of plutonium in PWR. The considered processes 
should therefore allow the treatment of all fuels (MOX1, MO X2, ENU and URE), which could include fuels with large grain 
microstructure. The current TRL status and the strategy adopted for the development of innovative processes involved for 
the SNF reprocessing are detailed in this paper.  

 

The approach followed is  based on a selection of innovative process bricks appropriate to integrate the next generation of 
reprocessing plant. The following processes have been considered: shearing by hyperbaric fluid jet, oxide/cladding 
separation by voloxidation, powder dissolu tion as well as innovative separation by solvent extraction without redox agents. 
The functional analysis carried out on these processes made it possible to identify the R&D programs to be carried out and 
to define the criteria to be achieved in order to i ncrease their TRL level. At the current stage of R&D, only the innovative 
separation process has exceeded TRL 3 and the ongoing studies on the other process bricks aim to reach, a level of 
technological maturity sufficient to access the interest to pursue the research carried out with a view to industrial 
qualification.  

 

During the last years, key results for the increase in TRL of innovative process bricks have been obtained. Thus, a voloxidat ion 
test of non - irradiated Cr - doped UOX fuel pellets showed that  voloxidation is the only continuous technology tested yet 
which makes it possible to overcome the impact on the dissolution behavior of the microstructure of the large grains UOX 
fuels and therefore maintain the processing rate of this type of fuel. In ad dition, significant improvements of the solvent 
involved in the separation process have been obtained and its efficiency have been demonstrated during experimental 
trails performed with surrogate solutions and genuine MOX spent fuel dissolution solutions.  

 

 

This work was carried out in the framework of a collaborative program involving CEA, Orano and EDF.  
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Understanding actinide speciation in lipophilic organic systems is a critical factor for developing novel liquid - liquid 
extraction processes for advanced nuc lear fuel reprocessing and lanthanide and actinide recovery from ore containing 
naturally occurring radioactive materials (NORM). A simplified process is desirable to reduce costs, secondary waste 
generation, and increase safety. Several advanced solvent e xtraction processes for the recovery of uranium, transuranics, 
and minor actinides (U/TRU/MA) have been developed worldwide: Euro - GANEX, ExAm, CHALMEX, NEXT, etc. A US- based  
process for separating minor actinides (MA) from lanthanides (Ln) in spent nuclear  fuel has been previously developed, 
called the Actinide Lanthanide Separation Process (ALSEP). This process has proven effective in separating Am and Cm 
from Ln in spent fuel mixtures feasible by the combination of t he organophosphorus acidic extractant 2 -
ethylhexylphosphonic acid mono - 2- ethylhexyl ester (HEH[EHP], P507) and a neutral diglycolamide (DGA) extractant, 
N,N,N,N- tetra(2 - ethylhexyl)diglycolamide (T2EHDGA)  in n - dodecane . If processes such as ALSEP could be applied to also 
separate the other actin ides (An) this could result in a more sustainable fuel cycle that would be an indispensable aid in 
combating the issues of pollution and greener energy.  

We report here proof - of - principle experimental results and the speciation studies of An in organic med ia. In 
contrast to the EU approach, the proposed process does not separate Pu from U, thus creating a suitable stream for 
advanced fuel fabrication, while keeping the proliferation risks at minimum. Experimental data on Pu and Th partitioning 
with HEH[EHP] and EXAFS analysis of uranyl in the T2EHDGA organic phase are shown in Fig 1 and 2.  

 

Figure 1. Extraction of Pu 4+ and Th 4+ by 0.01M HEH[EHP]/ddn , acid dependence . 
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Figure 2. EXAFS fit and the proposed structure of UO 2(NO 3) 2
.T2EHDGA 
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̦́˾˾˲ ̤̚ ̟̒ ˶̆ ˹̠̣̫̠̟̚ ˣˡˣˡ ̡̛̣̠̖̥̔ ̥̥̝̖̚̕ б̝̦̥̠̟̦̞́̚ ˾̟̘̖̞̖̟̥̒̒ ̗̠̣ ˾̠̣̖ ˲̘̝̥̪̚̚в ̟̝̦̟̘̔̚̕̚ ˣˡ ̠rganizations (R&D, 
Industr ies, Universities  and  Safety Authorities ) and has a budget of 7 M м [1]. The project aims to consider the impacts of 
using high plutonium (Pu) content mixed oxide (MOx) fuels on the nuclear fuel cycle. This includes work packages on 
reactor safety and performance to consider different options for Pu management in Generation IV nuclear reactors. Pu 
management in Gen IV reactors will contribute to safer, more efficient and sustainable nuclear energy production.  As part 
of these work packages Pu - active practical studies and modelling studies are being undertaken. The work focusses on fuel 
performance evaluation, including an extensive review of historic material test (MTR) and fast (FR) reactor irradiation 
studies, post irradiation exa mination of Trabant and CAPRIX irradiation studies, and reactor simulation studies. Practical 
studies to determine fundamental data, such as thermal diffusivity, which is used to refine high plutonium content reactor 
simulation studies, aim to consider ext ensive multi - recycling of Pu in ISO or burner fast reactor operating modes. To support 
these extensive reactor and fuel cycle studies key reprocessing studies are underway and are discussed herein.  

The focus of the reprocessing work package (WP5) is to co nsider the feasibility and impacts of reprocessing fuels with high 
plutonium content (above 40 Ь45  %Pu) and fuels used in mainstream fast reactor operations (plutonium content of 
20Ь35 %Pu). There are many aspects that will ultimately need to be considered  to develop a reprocessing flowsheet and 
operating plant. PuMMA studies have focused on two key areas: fuel dissolution and the radiation impact on the solvent. A 
key issue for reprocessing of high plutonium content fuels is the refractory nature of PuO 2 that slows the dissolution rate of 
MOx as the Pu content is increased  [2] . An increased Pu content also increases the alpha radiation dose to the chemical 
separation solvent used in reprocessing. This work package has been divid ed into the following tasks:  

1. Coordination of MOx dissolution studies  
2. Unirradiated MOx dissolution studies  
3. Irradiated MOx dissolution studies  
4. Evaluation of solvent dose  

 

A summary of the studies are detailed below:  

 

Coordination of MOx dissolution studies  

To understand how each series of dissolution experiments will be conducted and maximize comparability of results.  

 

Unirradiated MOx  dissolution studies  

Two types of studies have been carried out:  

- MOx powder dissolutions at low concentrations to improve understanding of the effect of Pu content on 
dissolution chemistry. A series of dissolution tests have been conducted using with 27, 53 and 80  %Pu MOx 
powders and different nitric/nitrous acid concen trations and temperatures. Temperature has been observed to 
be the main factor in increasing the dissolution rate of higher (53 and 80  %Pu) MOx powders.  

- MOx pellet dissolutions at process concentrations to select dissolution conditions for irradiated MOx dissolution 
studies and allow comparison with irradiated MOx samples. These dissolution tests used unirradiated MOx pellets 
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(CAPRA) under refluxed 8 and 10  mol/l nitric acid conditions and very slow dissolution were observed on the 
timescales of a working day.  

 

Irradiation MOx dissolution studies  

Two series of irradiated MOx dissolution studies are underway:  

- Small - scale Trabant 2 dissolutions are being carried out under chemical conditions that are known to accelerate 
the dissolution of Pu - rich oxides. Thes e include nitric acid based silver(II) and fluoride catalyzed processes. Initial 
results show an improvement in plutonium recovery [3] .  

- CAPRIX dissolution studies have applied primary nitric acid dissolution, secondary silver( II) plutonium recovery 
dissolution and residue characterization (fusion) methods to high flux and upper rod region irradiated fuels. The 
primary nitric acid dissolution which was carried out over 10  hours was incomplete but much more rapid 
compared to unir radiated dissolution tests. The dissolution of Pu - rich residues from this primary dissolution 
stage using silver(II) was successful, but required long time scales (multiple days). The fusion method has 
allowed characterization of the residues from silver(I I) dissolution. The results of the full flux region are published 
[4]  and work on upper flux region is underway.  

 

Evaluation of solvent dose  

Increasing the Pu content, and therefore minor actinide content, of MOx fuel increases  the alpha dose from the MOx fuel 
because these radionuclides have shorter half - lives and as such decay more rapidly than uranium, This leads to increased 
radiation dose to the solvent used in the chemical separation process. Work to develop new modelling tools is underway 
to evaluate the absorbed dose to solvent and initial results show that a moderate increase in dose occurs upon increasing 
the plutonium content to 45  %Pu. Further studies are planned, which will contribute to the development of strategies  to 
management solvent lifetime and quality.  

 

Summary  

PuMMA reprocessing studies aim to assess the feasibility of reprocessing 40 Ь45  % Pu content MOx fuels using hydro -
reprocessing methods. Initial work demonstrates good feasibility and highlights the chal lenges of the design of a dissolver 
cycle for high Pu content MOx and highlights areas for further work.  
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As a low greenhouse gas emitter, fission - based nuclear energy is a necessary component of our energetic transition. Yet, 
one cannot ignore the radiotoxic waste produced from this energy source Ь especially High Level Waste (HLW). Although 
deep geological r epository is a long - term solution for storing used nuclear fuel (UNF), its  extensive period of safety 
̞̟̘̖̞̖̟̥̒̒ ̣̤̖̤̒̚ ̤̖̣̠̦̤̚ ̠̟̖̣̟̤̔̔ ̥̒ ̥̙̖ ̡̦̝̓̔̚ ̧̝̖̖̝˟ ˴̦̣̣̖̟̥ ˸̖̟̖̣̥̠̟̒̚ ˺˺˺ ̣̖̥̠̣̤̒̔ ̦̤̖ ̝̖̤̤ ̥̙̟̒ ˢˡ˖ ̠̗ ̥̙̖ ̗̦̖̝Я̤ 
potential energy; thus, a closed, sustainable nuclear fuel cycle presents a more attractive approach, increasing the energy 
extracted while reducing the volume of HLW generated and the amount of uranium mined . Current efforts focus on 
recovering U and Pu to create mixed oxide (MOX) fuel, w hich is fed back into the reactor. A step further would be to reprocess 
the minor actinides (MA) Ь such as Am, Cm, and Np Ь ̨̙̙̔̚ ̣̖̒ ̡̣̖̤̠̟̤̝̖̓̚ ̗̠̣ ̥̙̖ ̛̞̠̣̥̪̒̚ ̠̗ ̥̙̖ ̆˿˷Я̤ ̣̠̥̠̩̥̪̒̔̕̚̚̚˟ ̌ˢ̎ 

Two techniques to recover MA from UNF under research are pyro metallurgical (non - aqueous) and hydrometallurgical 
(aqueous) reprocessing. The former is based on high temperature electrolytic or electrorefining methods. The main 
drawback is that their complete industrialization has not been achieved. The latter (hydrom etallurgical/aqueous 
reprocessing) is based on liquid - liquid extraction. This process has been implemented industrially for many years, mainly 
through PUREX (Plutonium and Uranium reduction extraction), recovering U and Pu which are used in the production of MOX 
fuel. Thus, many new advanced reprocessing methods are aqueous - based.  

˲̟ ̡̞̠̣̥̟̥̒̚ ̗̥̠̣̒̔ ̟̚ ̥̙̖ ̧̡̖̖̝̠̞̖̟̥̕ ̠̗ ̥̙̖̤̖ ̢̦̖̠̦̤̒ ̡̣̠̖̤̤̖̤̔ ̤̚ ̥̙̖ ̖̩̥̣̥̟̥̒̔̒ ̞̠̝̖̦̝̖̔Я̤ ̣̖̤̤̥̟̖̒̔̚ ̥̠ ̙̪̣̠̝̪̤̤̕̚ 
and radiolysis. The extractant solution contains a high con centration of nitric acid and a considerable number of 
radionuclides. These extreme conditions may degrade the extractant molecule, causing changes in its composition, 
affecting the separation efficiency and physiochemical properties of the solvent, and le ading to an increase in secondary 
waste. Moreover, this could affect the safety and economy of future reprocessing plants. Therefore, it is of utmost 
importance to study the performance, stability, and byproducts of these extractant molecules and possible setbacks under 
highly acidic and radioactive conditions.   

One of the most promising extractants is ˿˝˿˝˿Я˝˿Я- tetraoctyldiglycolamide (TODGA), a lipophilic molecule used for the 
extraction of MA and Lanthanides (Ln). TODGA is under consideration for severa l processes, such as i- SANEX [2] or EURO-
˸˲˿˶̉ ̌ˤ̎ ˙̒ ̡̠̤̤̝̖̓̚ ̡̠̥̠̟̚ ̗̠̣ ̥̙̖ ̤̖̠̟̔̕ ̪̝̖̔̔ ̠̗ ̥̙̖ ˸˲˿˶̉ ̡̣̠̖̤̤̔˚˟ ̅̀˵˸˲Я̤ ̙̪̣̠̝̪̥̔̕̚ ̟̒̕ ̣̠̝̪̥̒̔̕̚̚ ̤̥̝̥̪̒̓̚̚ ̧̙̖̒ 
been extensively studied by several authors and up to nine degradation compounds (DCs) have b een detected and 
characterized [4]. Recent studies, conducted under more realistic conditions, have led to the detection of three new DCs 
[5]. Little is known about these compounds except for their mass spectra (the mass - to - charge ratios or m/z are 256, 47 6 
and 518). Experimentalists have proposed 2 - D structures for these new TODGA DCs, with m/z = 518 having four possible 
isomers (see Fig. 1 a - d).  

Continuous advancements in supercomputing have made quantum chemistry software a useful tool to complement 
exp erimental data. In many cases, simulations can help determine a reaction mechanism and the relative thermodynamic 
stability of reaction products. In this study, we performed first - principles calculations to analyze the m/z = 518 structures 
proposed by expe rimentalists in Fig. 1 (a - d). A dditional structures were proposed and analyzed after a literature review on 
the preferred reactivity sites of diglycolamides (see Fig. 1 e - j). Calculations were performed with ORCA 5.0.3 code at the DFT 
(Density Functional T heory) level. The B3LYP hybrid functional with the def2 Karlsruhe basis set group was used for the 
geometry optimization, characterization, and Gibbs Free Energy calculations. All the geometries were characterized as 
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minima by positive vibrational frequenc ies. However, due to the large size of the molecules Ь and thus the large number of 
rotating ʎ- bonds Ь its potential energy function is quite flat; to take this into account, a small spatial distribution test was 
performed. Additionally, cis  and trans  form s ( cis  refers to both carbonyl oxygens facing the same direction in a plane, and 
vice versa for trans) were considered for all structures.  

Our study found that the most favorable bonding sites for m/z = 518 were the carbonylic carbons, the etheric carbons , and 
the first carbon of the octyl chain. Simulated infrared (IR) spectra were computed as possible reference material for the 
confirmation of the DCs structures.  

 

Figure 1 : Initial (a - d) [5] and additional (e - i) proposed 2 - D structures for the new m/z = 518 TODGA degradation 
compound  

1. Poinssot, C. et al. Prog. Nucl. Energy 92, (2016) 234Ь241 
2. Wilden, A. et al. Procedia Chem. 7, (2012) 418 Ь424.  
3. Malmbeck, R. et al. Radiochim. Acta 107, (2019) 917Ь929  
4. Sugo, Y. et  al. Radiochim. Acta 90 , (2002) 161Ь165 
5. Sánchez - García et al., Radiation Physics and Chemistry, 177, (2020) 109094  
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Future fast nuclear reactor fuel cycles allow for the multi - recycling of Pu and possibly Am. L ife cycle assessment  studies 
show that Am recycling could significantly decrease the required high - level waste repository surface area for a given 
amount of electricity produced, and thus allow for a more efficient use of a deep geological repository. [1] The selective 
separation of Am(III) from a PUREX high - active raffinate solution is therefore envisioned to implement an industrial process 
compatible with the industrialized PUREX separation. Due to the complex mixture of minor actinides, fission and corr osion 
products in the PUREX raffinate, the Am(III) separation process demands a highly selective separation system. In the 
previous European projects, the innovative - SANEX process was developed, using a TODGA ( Figure 1) based solvent to extract 
An(III) and Ln(III) together, and selectively back - extract Am(III) and Cm(III) using SO 3- Ph- BTP.[2]  Using the innovative - SANEX 
system as a reference, the AmSE L process was developed within the previous EU SACESS and GENIORS, and the current  EU 
PATRICIA projects. The AmSEL process is based on the innovative - SANEX process and uses the same solvent composition, 
but the more Am(III) selective SO 3- Ph- BTBP (Figure 1)  ligand for back - extraction by exploiting the inverse Am/Cm selectivity 
of TODGA and SO3- Ph- BTBP.[3]  

 

Figure  1:. Chemical structures of TODGA and SO3- Ph- BTBP. 

The chemical system was optimized, and kinetics data were measured in single centrifugal contactor experiments. These 
data were used to develop an AmSEL process flow sheet using the PAREX+ simulation code. [4]  The flow sheet was optimized 
regard ing the available number of 16 centrifugal contactors and maximizing Am recovery rate and Am/Cm 
decontamination factor s, while limiting Am recycling in the process stages. As the AmSEL system was based on the already 
demonstrated innovative - SANEX process, a loaded solvent was prepared by batch extractions. The same PUREX raffinate 
solution as tested in the innovative - SANEX process  was used, and analyses of the loaded solvent showed comparable 
composition to the one produced in the centrifugal contactor demo nstration. [2]  This loaded solvent was used as organic 
feed for the centrifugal contactor test. Figure 12 shows the final flow sheet of the AmSEL pr ocess, comprising 12 stages for 
selective Am(III) stripping and four stages for Cm(III) and Ln(III) re - extraction.  

mailto:a.wilden@fz-juelich.de


 

46  

 

Figure 1. AmSEL process flow sheet tested in centrifugal contactors.  

The AmSEL centrifugal contactor test was run for ca. 9.5  h until sampling and quick a and g analyses of the effluents showed 
constant 241Am, 244Cm and 152Eu concentrations. Then, the test run was stopped, and the content of the mixing was analyzed. 
Figure 2 shows the 241Am, 244Cm and 152Eu concentration profiles. An Am(III) product containing 45% Am(III) and only 5% 
Cm(III) was obtained. The remaining Am(III), Cm(III) and Ln(III) were routed to the spent solvent. The separation from Ln(III) 
was very good with high decontamination factors. However, significant recycling of Am(III) occurred, which needs to be 
addressed in further process optimizations. More centrifugal contactor stages are required  to improve Am(III) recovery and  
the  Am/Cm decontamination factor . 

The results of the AmSEL demonstration test will be presented and discussed. Also, further developments from the PATRICIA 
project regarding a sulfur - free alternative Am(III) stripping agent  will be presented.  

 

Figure 2:. 241Am, 244Cm and 152Eu concentration profiles.  
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Recycling americium (Am) from spent nuclear fuels is an important option considered for the future nuclear fuel cycle as 
americium is the main contributor to the long - term radiotoxicity and heat power of the ultimate waste. In this framework, 
the AmSEL flowsheet aims at recovering and purifying americi um from a PUREX raffinate. This  separation can be achieved 
by  co - extracting lanthanide(III) (Ln) and actinide(III) cations (Am(III) and Cm(III)) in to  an organic phase containing the 
TODGA extractant ( N,N,N',N'-  tetraoctyldiglycol amide in Figure 1) , and then strip Am(III) selectiv ely towards curium and 
lanthanides  (W ilden et al., Solvent Extr. Ion Exch. 2015, 33, 2, 91- 108) . The water - soluble ligand SO 3- Ph- BTBP (6,6ǋ- bis(5,6 -
dialkyl - 1,2,4- triazin - 3- yl) - 2,2ǋ- bipyridine in Figure 1) is used to selectively strip Am from the  loaded organic phase . 

 

 

Figure 1. Chemical structures of TODGA and SO 3- Ph- BTBP 

The objective of this work is to design a flowsheet for the Am stripping and Cm re - extraction steps to recover americium 
selectively from Cm and Ln, with TODGA as extractant and SO 3- Ph- BTBP as complexing reagent. The ext raction and 
scrubbing steps of the process were already tested in a former project and will be used as it is.  

Based on an extraction  model by TODGA previously developed in the framework of the SACESS project  (Vanel et al., Procedia 
Chem. 2016, 21, 223- 230) , a model i s implemented in the PAREX+ code to simulate the complexation of americium and 
curium by SO 3- Ph- BTBP (Dinh et al., GLOBAL 2013 conference, Salt Lake City, September 29 th  Ь October 3 rd  2013) . The model 
evaluates five series of tests run in a  single - stage centrifugal contactor  correctly. The determined complexation constant s 
at equilibrium are consistent with those found in literature  (Wagner et al.,  Dalton Trans., 2015, 44, 17143; Wagner et al.,  Solvent 
Extr. Ion Exch. 2016, 34, 2, 103- 113). The main limitations of the model are  the small range of acidity (0.7  M Ь 0.8 M HNO3) of 
the experimental data and the simplified SO 3- Ph- BTBP speciation (data at 10 mM SO 3- Ph- BTBP).  

With this model, different configurations of flowsheets are studied. Depe nding on the separation factor between Am and 
Cm, Am recovery rate and decontamination factor between Am and Cm can be hardly achieved simultaneously , and the 
flowsheet is highly sensitive to experimental parameters. A flowsheet was proposed and implement by the Jülich team in 
August 2023  (see figure 2) . 
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Figure 2. The AmSEL flowsheet  

At the end of this test, it was possible to recover 45% of americium in the Am production flow, with a decontamination factor  
between Am and Cm around 9. The first exploita tion of the Jülich test shows it is necessary to adapt the SO 3- Ph- BTBP 
speciation constant (flowsheet at 16 mM SO 3- Ph- BTBP) and the acidi ty  profile. With these adaptations, it is possible to 
simulate the Am and Cm profiles  correctly  (see figure 3) . These results will be used to design the flowsheet implemented 
at NNL in February 2024.  

 

Figure 3. Simulation of the Jülich test profiles  
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The management of spent nuclear fuel (SNF) is still a challenge for modern society, impacting on the social acceptance of 
nuclear energy. The advanced recycling of SNF by hydrometallurgical  processes could led to several benefits, above all the 
significant reduction of the long - term radiotoxicity and heat load of nuclear waste, strongly impacting on waste 
management and repository requirements.  

In this perspective, the efficient separation of Am from Cm is a key point. Indeed, once removed U and Pu from SNF by PUREX 
process, Am isotopes are the main responsible for the long term radiotoxicity of nuclear waste. Cm isotopes are inevitably 
co - extracted with Am, due to their identical chemical b ehavior, but their relevant neutron emission and heat load make 
them undesired presence in the fuel fabrication step. Therefore, the separation of only Am from PUREX raffinate could 
facilitates the fabrication of Am - bearing fuel that could be fruitfully tr ansmuted into shorter - lived isotopes by using proper 
reactors.   

The experimental work focused on the development of new water - soluble ligands, made only of carbon, hydrogen, oxygen 
and nitrogen, able to selectively keep Am in the aqueous phase while Cm is  removed into the organic phase within AmSel 
(Americium Selective separation) like processes [1]. In particular, the research reported in the present study would like to 
improve the knowledge about two new classes of hydrophilic ligands recently developed for the hydrometallurgical 
reprocessing of SNF, namely the bis triazolyl bipyridines and the bis triazolyl phenanthrolines [2, 3].  

Three new derivatives belonging to these two classes, referred in the following BTzBP 1, BTzBP 2 and BTzPhen 1, were 
synthes ̫̖̚̕ ̨̗̠̝̝̠̟̘̚ ̒ ̡̣̠̖̦̣̖̔̕ ̡̣̖̠̣̥̖̕ ̟̚ ̝̥̖̣̥̦̣̖̒̚˟ ̙̖̅ ̝̘̟̤̒̚̕Я ̤̥̣̦̥̦̣̖̔ ̤̚ ̙̣̥̖̣̫̖̔̒̒̔̚̕ ̪̓ ̒ ̥̖̥̣̖̟̥̥̖̒̒̕ ̟̥̣̠̘̖̟̚-
based complexing core functionalized with different lateral chains to try to improve the limited solubility of these classes 
of water - solu ble ligands [2, 3]. The work done highlighted the complexity in producing high purity compounds with good 
yields, and synthetic efforts were devoted to improving the yields while keeping a suitable purity. Despite characterization 
by NMR and ESI- MS techniq ues did not evidence relevant differences in the different ligand batches, differences were 
observed in the batch solubility and extracting behaviour. The introduction of a longer ethoxy - ethanol chain on the triazole 
in BTzBP 1 and BTzPhen 1 succeeded in a chieving an excellent solubility in diluted nitric acid solutions (130 mM in [HNO 3]>0.2M 
for BTzBP1; 100 mM in [HNO3]> 0.1M for BTzPhen1). Conversely, a branched  lateral chain resulted in an improvement in 
solubility at a lower extent (50 mM in [HNO 3]>0.4M  for BTzBP 2).  

The ligand affinity for Am over Cm were studied under AmSel process conditions and taking into consideration the most 
relevant parameters. Different series of liquid - liquid extraction experiments were performed with organic phases 
composed of TODGA in kerosene containing 5% of 1 - octanol and aqueous phases containing the ligand and representative 
cations ( 241Am, 244Cm, 152Eu in trace amount and La). Aqueous phase acidity and extractants concentrations were optimized 
to achieve a satisfactory Am separation from Cm. The most promising results were obtained for BTzBP 1 and BTzPhen 1 that 
enable to separate Am from Cm in a narrow range of acidity (around 0.3M HNO 3 for BTzPhen 1 and 0.4 - 0.5M HNO3 for BTzBP 
1) and with a separation factor for Cm ove r Am around 2, comparable to what achieved in the AmSel process. Am extraction 
is not substantially affected by temperature in the range (22 - 32°C) and extraction kinetics resulted to be rapid. Phase aging 
and stability towards gamma radiation were consider ed: the behavior of the ligands after ageing and gamma irradiation 
at low dose (25kGy) seems to be encouraging, but irradiation experiments at high absorbed doses (>100 kG) are still in 
progress.  

Overall, based on the experimental results collected, it is worth to further investigate the extracting behavior of BTzBP1 and 
BTzPhen 1. They could be potential CHON alternative to SO 3- Ph- BTBP ligand, the current reference ligand in AmSel process 
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for Am selective stripping. Indeed, the here reported ligands are co mparable to the reference one in terms of Am selectivity 
and extraction kinetics, but are more soluble, enabling a greater process flexibility, and CHON - compliant, facilitating the 
secondary waste management.  
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Since the f irst synthesis of diglycolamides by Sasaki et al . in 2001, much research has been devoted to the synthesis and 
testing of new diglycolamide derivatives for minor actinide partitioning from spent nuclear fuels  [1]. One of the most 
promising extractants to come out of this research is ˿˝˿˝˿Я˝NЯ- tetraoctyl diglycolamide (TODGA). TODGA shows excellent  
extraction properties, good resistance to hydrolysis and radiolysis, and it is compliant with the CHON principle. Research 
into its extraction properties culminated with the testing of a TODGA - TBP system for minor actinide recovery from a genuine 
PUREX raffinate [2] . TODGA extraction is considered as the first step in several selective actinide or selective americium 
separation systems, such  as i- SANEX and AmSel processes [3, 4] . In parallel,  new diglycolamide analogues with varying 
̝̜̪̝̒ ̙̟̤̔̒̚ ̨̖̣̖ ̤̪̟̥̙̖̤̫̖̚̕ ̥̠ ̠̥̟̓̒̚ б̦̟̤̪̞̞̖̥̣̝̔̒̚ ̘̝̪̠̝̞̖̤̔̒̕̚̚̕в ˙̆˵˸˲̤˚˟ Although a number of  different 
structures have been synthesized, extraction experiments have so far mainly focused on separation of adjacent 
lanthanides or actinide - lanthanide separation and only a handful have been tested for their Am - Cm selectivity.  

 

One diglycolamide with good extraction performance is N,N- di - isopropyl -˿Я˝˿Я- didodecyldiglycolamide (iPDdDGA, Figure 
1). Extraction studies showed much more efficient extraction than what was observed for TODGA. During the GENIORS 
project, demonstrations in combination with TPAE N and SO 3- Ph- BTBP showed an improved separation between Am and 
Cm compared to TODGA. Although the influence of steric hindrance of the alkyl chains on the extraction properties of 
diglycolamides has already been investigated in previous studies, the effects of intr oducing a different symmetry into 
diglycolamide structures is not fully understood yet [5] . In order to gain more insight into these effects, new extractants 
similar in structure to iPDdDGA, keeping the same diglycolamide core and varying alkyl chains, were synthesized and tested. 
They were then evaluated t hrough batch extraction tests with the AmSel system (TODGA + SO 3- Ph- BTBP) as a reference. 
Furthermore, a number of experimental speciation techniques were performed to probe the complexes formed in the 
organic phase.  

 

In this work, five new diglycolamides  were synthesized via the two - step synthesis method described by Mossand [6] . In the 
first step, didodecylamine was added onto diglycolic anhydride, which was then followed by substitution of a second 
diamine onto the molecule with the coupling agent (1 - cyano - 2- ethoxy - 2- oxoethylidenaminooxy)dimethylamino -
morpholino - carbeni um hexafluorophosphate  (COMU). The synthesized diglycolamides were N,N- dipropyl -˿Я˝˿Я-
didodecyldiglycolamide (PDdDGA), N,N- dibutylamine -˿Я˝˿Я- didodecyldiglycolamide (BDdDGA), N,N- di - isobutyl -˿Я˝˿Я-
didodecyldiglycolamide (iBDdDGA), N,N- dipentyl -˿Я˝˿Я- didode cyldiglycolamide (PnDdDGA), and N- pipperidinyl -˿Я˝˿Я-
didodecyldiglycolamide (pipDdDGA), and are presented in Figure 1 [4] . In the original AmSel system, a first extraction step 
is performed whereby the trivalent lanthanides and actinides are co - extracted w ith TODGA dissolved in a kerosene diluent 
from a 3  mol/L nitric acid solution. This is then followed by a second step where americium is selectively stripped with 16 
mmol/L of the SO 3- Ph- BTBP complexant dissolved in a 0.7 mol/L nitric acid solution. In thi s study, TODGA was replaced with 
the newly synthesized diglycolamides. Distribution ratios of lanthanides as well as 152Eu, 241Am, and 244 Cm tracers were 
measured for both the loading and stripping steps, while focusing on the separation factors between Am  and Cm and how 
these compare to those obtained for TODGA and iPDdDGA. The extraction experiments were followed up by a speciation 
study whereby ESI - MS, UV/VIS, and FTIR spectroscopy were employed to determine the stoichiometry of the formed 
complexes, cha racterize the complexes, and compare the different extractants.  



 

52 

 

 

 

Figure  1: iPDdDGA (top right) and the newly synthesized diglycolamides  
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Recycling of minor actinides from PUREX raffinate solution is a decisive step towards closing the nu clear fuel cycle. A major 
challenge is the separation of Am(III) from Cm(III) and other trivalent fission lanthanides (Ln (III) ). The Americium Selective 
(AmSel) process [1] was designed for this task combining the water - soluble tetradentate N - donor ligand SO 3- Ph- BTBP 
(tetrasodium - 3,3',3'',3'''- ([2,2' - bipyridine] - 6,6'- diylbis(1,2,4 - triazine - 3,5,6- triyl))tetrabenzenesulfonate,  Figure 11) with the 
well - known An(III)/L n(III) coextracting agent TODGA ( N,N,N',N'- tetra - n- octyl diglycolamide,  Figure 11). 

 

 

Figure 1: Chemical structures of SO 3- Ph- BTBP and TODGA. 

Due to the preferential affinity of BTBP - type ligands  for Am(III) over Cm(III) [1- 2] , selective Am(III) stripping is possible from an 
organic An(III)/Ln(III) - loaded TODGA solution into a nitric acid solution containing SO 3- Ph- BTBP. The separation of Am from 
Cm and the light Ln (La - Gd) is achieved by adjusting the nitric acid concentration to approx. 0.8 mol  L- 1 HNO3 to reach 
distribution ratios DAm(III)  < 1 and DCm(II I),DLn(III) > 1 (Figure 2, left).  

 

Figure  2: Distribution ratios of Am(III), Cm(III) and the Ln(III) (w/o Pm, incl. Y) for a batch extraction with 0.2  mol  L- 1 TODGA 
in n- dodecane and 0.01 mol  L- 1 SO3- Ph- BTBP in 0.1 Ь 2 mol  L- 1 HNO3, shaking for 15  min at 22°C ±1°C with 2500 rpm.  
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As hydrophilic N - donor  ligands are known for their susceptibility against protonation in acidic solutions competing with 
metal complexation [ 3] , and due to the extraction properties of TODGA,  increasing distribution ratios with increasing nitric 
acid concentrations are expected. However, a significant drop in distribution ratios of the heavy Ln (Tb - Lu) and Y  can be 
observed for ѐ1 mol  L- 1 HNO3

[1] (Figure 2, right)  indicating a strong complexation of these ions with SO 3- Ph- BTBP. Wagner et 
al. considered this remarkable behavior of the heavy Ln  to originate from  the formation of SO3- Ph- BTBP complexes  in the 
aqueous phase  with  a  composition  other than the already known 1:2 metal - to - ligand complexes. [1,4] Since fundamental  
understanding o f the complexation mechanism of soft N - donor ligands is necessary for future des ign  of  optimized ligands , 
the complexation of SO 3- Ph- BTBP with different Ln was further elucidated by different spectroscopic methods (UV/Vis, NMR) 
as well as ESI - MS. At low nitric acid concentrations (10 - 3 mol  L- 1 HNO3), SO3- Ph- BTBP complexation is observed for all 
lanthanides.  Remarkably, at high nitric acid concentrations (3 mol L - 1 HNO3), SO3- Ph- BTBP only forms complexes with the 
heavy , smaller  ionic radii  Ln ions, e.g., Ho 3+ (Figure 3, left) . Regardless of the nitric acid concentration, NMR studies of 
SO3- Ph- BTBP complexes with heavy Ln  always show ed the  formation of the  same complex speci es (allegedly the 1:2 
complex) . This surprising observation refutes the  assumption of  the existence of complexes with a composition other than 
1:2.[1] Apparently , SO3- Ph- BTBP is able to form complexes with the smaller  heavy Ln  ions in a deprotonated form even at high 
nitric acid concentrations.  

 

 

Figure 3: UV/Vis spectra of  Ho3+ at 3 mol L - 1 HNO3 recorded within 360 min  after adding SO 3- Ph- BTBP solution with a molar 
metal - to - ligand ratio of 1:2 (left). Absorbance at specific wavelengths as a function of time (right).  

Complexation equilibrium for the light Ln is reached very fast. In contrast, equilibrium for the heavy Ln is reached between 
90 min at 10 - 3 mol  L- 1 HNO3 to 4 h at 3  mol  L- 1 HNO3 (Figure 3, right). This effect was also confir med by kinetic batch extraction 
studies and is presumably caused by the kinetically inhibited (de)complexation of the [Ln(SO 3- Ph- BTBP)2] complexes. 
However, the mechanism is not yet understood and requires further studies . 
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Plutonium - 238 production capabilities have been reestablished in the United States through efforts conducted 
at Oak Ridge National Laboratory. After irradiation in the High Flux Isotope Reactor, neptunium - 237 targets are transferred 
to the Radiochemical Engineering Deve lopment Center, where they are dissolved and processed to separate plutonium -
238 and neptunium - 237. Solvent extraction is the first process used to obtain separate plutonium and neptunium streams, 
and the fission products are discarded. However, that robus t process does not provide streams with the purity required for 
the plutonium product to be used in radioisotope thermoelectric generators nor for recycling neptunium. The main issue 
for the plutonium lies in the presence of phosphorus (from tributyl phosp hate breakdown products), thorium, and 
remaining neptunium because these species are present in levels that exceed the plutonium product specifications. As for 
the neptunium recycle stream, the presence of phosphorus may create physical abnormalities in th e recycle neptunium 
pellets upon firing, whereas the presence of trace plutonium - 238 (at levels greater than a few tens of parts per million in 
the neptunium) imposes added constraints for target preparation and handling. As a result, ion exchange has beco me an 
indispensable method to purify neptunium and plutonium. The plutonium stream is purified using anion exchange, a 
process that eliminates thorium, phosphorus, and other potentially lingering fission products. Also, a better understanding 
of the variou s redox behaviors of neptunium and plutonium on the column has led to a plutonium product essentially free 
of neptunium, already meeting product specifications. However, further purification is achieved using a cation exchange 
resin. A change in the valenc e of any trace of neptunium still present leads to a species that is not retained on the column 
while the plutonium is immobilized on the resin before calcination. Plutonium oxide obtained during the third plutonium -
238 production campaign at Oak Ridge Nat ional Laboratory met all the desired product specifications. Results for the purity 
of the plutonium oxide produced during the fourth campaign are pending. The neptunium stream also undergoes a 
purification step using anion exchange, but again, better unde rstanding of the behavior of the redox species provided a 
much cleaner neptunium product. The last step before being able to provide neptunium adequate for recycling is a 
purification through a cation exchange column. Large amounts of neptunium can be proc essed at once through a 
relatively small cation exchange column by using an adequate valence adjustment, leading to a neptunium product that 
meets all conditions for trace plutonium, thorium, and, primarily, protactinium. The removal of this last element i s key to 
keeping the dose level low enough for production personnel.  
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For several years now, research groups around the world have been looking for alternative processes to the PUREX process 
to treat spent nuclear fuel .1  PUREX uses tributyl phosphate (TBP) as selective extractant to recover the reusable elements. 
Molecules f rom the monoamide family appear to be the most promising candidates as extracting agents  to develop a 
new process. 2 They allow complete incineration  thanks to their chemical composition, which consists solely of C, H, O and 
N atoms. They also enable U and Pu to be separated during the partitioning step, without the redox step of reducing Pu(IV) 
to Pu(III) required in the case of TBP.  

Although monoamid es have be en widely studied as extractants, their intrinsic physico - chemical properties such as 
viscosity, solubility, density and surface tension are  not well understood . A better understanding of these intrinsic properties 
would lead to a better understa nding of the extraction solvent, which is often a m onoamide diluted in a diluent such as 
hydrogenated tetrapropylene (TPH), and therefore better control of the system on an industrial scale . For this reason, in our 
work, we focus on investigating the physi co - chemical properties of monoamides extractants as pure i.e. without dil uent . 
This is done by coupling molecular modeling using molecular dynamics simulations  3 and the COSMO - RS approach  4 with 
experimental measurements to determine the viscosity, solubility and density of a large number of monoamide molecules.  
Our resul ts have shown that molecular modelling reproduces experimental data qualitatively, and that the intrinsic 
properties of monoamides molecules can be modulated by modifying the alkyl chain lengths and branching. We have also 
found that external parameters su ch as extraction of nitric acid, U - loading and temperature have a major influence on 
these properties.  
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Expanding nuclear energy utilization is inevitable to realize a zero - carbon society by 2050. Some innovative reactors have 
been developed, and there is a lso a growing focus on the multi - purpose use of nuclear energy. These will increasingly 
require accelerated reprocessing and waste research. Research on this separation remains essential because the amount 
of MA present will also increase because of the re processing of high burnup fuel and spent MOX fuel in the next generation 
of reprocessing. Separating Minor Actinide (MA) from High - Level- Liquid - Waste (HLLW) can minimize the waste repository. 
However, we must still explore the efficient extractants for MA/ lanthanide(Ln) separation for practical use. Extractants must 
meet all the necessary criteria, such as a high distribution ratio of trivalent MA but low for Ln, high solubility into the o rganic 
phase, no third phase formation, fast extraction kinetics, eas y to synthesis (low cost), radiation resistance, and so on. We 
have been seeking  a suitable solvent for a practical MA extraction system. We are mainly focusing on fluorinated solvents 
or mixture solvents of fluorinated solvent and long - chain alkyl acid for such purpose, and we are developing the scheme 
of how to find the excellent so lvent not only by experiments but also through the chemoinformatic scheme. However, 
because of the constraints of synthe tic effort , limitations  of cost , and the generation of radioactive experimental waste, the 
policy of preparing a large amount of trainin g  data, as is usually the case in machine learning, may be more costly . 
Therefore, we find it needed some scheme of informatics and tools suitable for actinide chemistry, especially in our case, 
extraction work. Upon such circumstances, w e developed an int egrated machine - learning application named  AACE 
(Acceleration of Actinide Chemistry Experiment) to make th e sequential and repeated experimental activity  to find suitable 
molecules  more efficient. The typical functions and the design concepts are illustrat ed in Figure 1.  

 

 

Figure 1 The concept of how to find a suitable solvent with the aid of Machine learning.  
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The AACE application is hand - made and designed to help experimentalists in actinide chemistry through its multiple 
functions, such as data organization, solvent candidate creation, transfer learning, and candidate filtration (ranking). Since 
this is an application,  not a command line - based program,  users can proceed with the attempt of chemoinformatics. Also, 
the ACCE has the capability of on ̖ ̠̗ ̥̙̖ ̞̠̤̥ ̡̞̠̣̥̟̥̒̚ ̡̠̟̖̥̤̔̔˝ б̙̦̞̟̒- in- the - ̡̝̠̠˙˹˺̅˽˚˝в ̥̠ ̛̦̤̥̒̕ ̥̒̒̕ ˙̖˟̘˟˝ ̧̣̖̞̠̖ 
outliers, omit suspect data) and make model updates and modification decisions. This HITL concept enables the 
chemoinformatic approach to start with less experimental  ̥̒̒̕ ̪̓ ̠̟̤̖̣̟̘̔̚̕̚ ̥̙̖ ̡̖̩̖̣̥Я̤ ̡̖̩̖̣̖̟̖̔̚ ̟̒̕ ̡̧̣̖̠̦̤̝̪̚ 
̡̣̖̠̣̥̖̕ ̨̜̟̠̝̖̘̖̕˟ ̙̖̅ б̣̟̤̥̠̟̅̒̚̚ ̝̖̣̟̟̘̒̚в ̤̚ ̝̤̠̒ ̟̒ ̡̞̠̣̥̟̥̒̚ ̡̠̟̖̥̔̔ ̗̠̣ ̥̙̖ ̖̝̖̣̥̠̟̒̔̔̒̚ ̠̗ ̥̟̖̒̔̚̚̕ ̙̖̞̤̥̣̪̔̚ 
experiments. Experiments with Nd and Eu are often performed to simulate Am beh avior in the initial stage. By modeling the 
correlation between experimental data from the simulant of Am and actual data of Am, it can be possible to predict the 
Am data. It can greatly reduce the experimental attempts to understand the experimental behav ior of Am. Some issues 
remain , such as evaluating  the predicted extrapolated data by transfer lear ning. Still, the AACE program can predict the 
behaviors of the target element depending on the quality of the regression models generated from the simulant. By using 
this application, w e are finding novel solvents and extractants with higher extraction performance of MA. The presentation 
will show the basic concept of the AACE program and some solvent exploration results, as well as the mechanistic insight 
of t he solvent effects on the MA extraction performance.  

 

This study is supported by the MEXT Innovative Nuclear Research and Development Program Grant Number 
JPMXD0221459189. Actinide extraction experiments were done at the International Research Center for N uclear Material 
Science, Institute of Material Research, Tohoku University (Proposal number; 202211 - IRKAC- 0037, 202212- IRKAC- 0413, 202112-
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An alternative to dissolve used nuclear fuel (UNF) in an acidic solution during reprocessing is to use an organic solution. 
The flowsheet for this potentially less expensive alternative is first to voloxidize the UNF to remove fission product gases and 
form an oxide or nitrate mixture; depending on the gases used during voloxidation. After voloxiation, the UNF is dissolved in  
an organic solu tion containing an extractant, for example tributyl phosphate mixed with an aliphatic diluent and pre -
equilibrated with nitric acid. The organic solution then goes through a solvent extraction process to recover the uranium 
and/or other desired radionuclid es. This work prepared multiple oxides containing varying amounts of uranium, 
transuranics, and surrogate fission products to determine their dissolution characteristics in the organic solution. The 
nitrate forms of the oxides were co - precipitated with a h ydroxide and then calcined. The calcined solids were then 
dissolved in a reaction vessel using an air sparging technique to promote mixture and determine scalability of dissolution 
design.  The co - precipitation process produces solid solutions like material s made during the voloxidation of UNF. We 
studied the dissolution mechanism of the calcined solids using UV- visible - near IR  absorbance . Trivalent cations  are poorly 
extracted by TBP  within a conventional solvent extraction process ; however, the trivalent cations  will readily complex the 
TBP in the absence of an aqueous phase. Additionally, material that is otherwise difficult to dissolve in nitric acid, like PuO 2 
or its surrogate CeO 2, will readily dissolve after being co - precipitated with other elements.  
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With increased focus on advanced reactors which will utilize  High Assay Low Enriched Uranium (HALEU), the economic 
incentive for reprocessing used nuclear fuel (UNF) may increase due to the need to recapture uranium with its residual  235U 
enrichment. For this reason, Pacific Northwest National Laboratory (PNNL) ha s been investigating N,N - di - 2- ethylhexyl -
isobutyramide (DEHiBA, Figure 1) for a uranium (U) only recycle strategy. 1,2 DEHiBA is selective for hexavalent actinides which 
offers proliferation resistance by routing Pu with the high activity waste.  DEHiBA als o adheres to the CHON principle, allowing 
incineration of secondary organic waste.  

The traditional head - end for reprocessing used nuclear fuel is to chop the fuel and dissolve it in hot nitric acid. This is then 
followed by solvent extraction to recapture  desirable components. Directly dissolving the fuel into process solvents 
(primarily tributyl phosphate, TBP) was first envisioned in the 1960s, 3 but has received relatively little attention in the 
interim. 4,5 Several advantages can be envisioned including  providing a preliminary separation during dissolution, reducing 
plant footprint, simplifying the process by combining two operations (dissolution and extraction) and reducing corrosion 
to equipment due to more benign dissolution conditions. Given its know n selectivity for hexavalent actinide ions, we have 
sought to extend this idea to the direct extraction of U from commercial used nuclear fuel.  

 

Figure 1. Chemical structure of DEHiBA  

Direct extraction of U from three uranium oxides (U 3O8, UO3, and nitrated uranium oxide) into 1.5 M DEHiBA in n- dodecane is 
examined. The three uranium oxides examined represent three possible feed materials produced in an upstream 
voloxidation process. For direct extraction of U from the U 3O8 and UO 3 phases, the DEHiBA solvent is first loaded with nitric 
acid (HNO 3). For U3O8, the HNO 3 is necessary for oxidation, and for UO 3 the HNO 3 is necessary to form uranyl nitrate. When U 
has already been nitrated during the voloxidation process, it dissolves without the need  for HNO 3. Sufficiently high loading 
of U in the organic phase is achieved for all three chemical forms of U, however radiological degradation of the solvent 
during direct extraction at high concentration is a concern that must be examined in the future. E xperiments performed 
with simulated fuels containing select fission products indicate the direct extraction of the lanthanide elements into the 
process solvent is suppressed for DEHiBA compared to 30% TBP in n- dodecane. Rhenium which was used as a surrogat e 
for technetium is found to significantly dissolve in both TBP and DEHiBA based systems. The fuel simulant which utilized the 
nitrated uranium oxide showed significant dissolution of fission products negating the initial separation which makes direct 
extr action attractive.  

Direct U extraction experiments were also conducted with Np and Pu doped into a solid solution of U 3O8. When the Np -
doped U 3O8 was contacted with the HNO 3 loaded DEHiBA solvent, 48% of the Np accompanied the U into the DEHiBA solvent. 
Under similar conditions, only 3% of the Np was directly extracted into the solvent when pure NpO 2 was the Np source. This 
suggests that the loss of lattice stabilization energy by comparison to the pure transuranic oxide caused a higher 
dissolution rate. A similar experiment conducted with Pu - doped U 3O8 indicated 30% of the Pu accompanied the U into the 
DEHiBA phase.  
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Distribution ratio measurements of the dissolved Np and Pu (Figure 2) suggest that the dissolved transuranics exist as a 
mixture of oxidation s tates after dissolution. This contrasts with traditional expectations of DEHiBA which suggest it only 
extracts the hexavalent actinides.  

 

Figure 2. Stripping distribution ratio of Pu after direct dissolution into 1.5 M DEHiBA precontacted with either 6 or  8 M HNO 3. 
Compared against the distribution ratios obtained from the forward extraction of pure valence Pu in the presence of 1 M 

uranyl nitrate. Concentration of U after direct dissolution was nominally 0.42 M.  
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Uranium (VI) and plutonium (IV) are separated from spent nuclear fuel s at the industrial scale by the PUREX solvent 
extraction process, using tri - n- butyl phosphate (TBP) as extractant. Although TBP has been use d for decades as an 
extractant, it has some drawbacks like  its non - incinerability and the formation of undesirable degradation products 
caused par radiolysis. In addition, the separation of U(VI) from Pu(IV) involves the reduction of Pu(IV) to Pu(III), which 
requires the use of reducing and stabiliz ing agents such as U(IV) and hydrazinium nitrate. In order to develop a new 
extraction system allowing to reprocess MOX fuels in one single cycle and with respect of the CHON principle ( i.e. ligands 
comprising carbon, hydrogen, oxygen and nitrogen atoms on ly), we have focused our research in recent years on t he 
development of numerous mono amide based extractants  [ 1- 3]. Cyclic amine monoamides were recently designed, which 
are so far very promising molecules to achieve efficient separation of U(VI) and  Pu(IV) without reducing agent [4]. In fact, 
their cycle structure gives them high extraction yields for U(VI) and Pu(IV) in highly acidic medium and allows a very good 
separation of the latter at lower nitric acid concentration . 

 

Figure 1: Structures of cyclic monoamide extractants  

The impact of structural modifications (alkyl chains length and branching) on extraction efficiencies (U and Pu distribution 
ratios, U/Pu selectivity) and physicochemical properties  (viscosity and load ing capacity) was investigated. Specifically, the 
alkyl chains length (total number of carbon atoms on the molecule) was adapted to provide  sufficient lipophilicity 
preventing from third phase formation, while maintaining a reasonable viscosity (compatible  with a good hydrodynamic 
behaviour). In order to study the complexes formed with U(VI) and Pu(IV) in the organic phase, a speciation study was 
performed using UV - Visible spectrophotometry.  

The authors acknowledge O RANO and EDF for financial support  
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[2 ] Miguirditchian M., Baron P., Lopes Moreira S., Milanole G., Marie C., Patent 2017, WO2017/017193.  
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Advanced nuclear reprocessing flowsheets are heavily reliant on specialised organic ligands for their selec tive chelation 
properties that facilitates the extraction and recovery of troublesome and valuable radionuclides  from used nuclear fuel. 
This reduces the burden of radiotoxic waste  whilst enhancing the sustainability of nuclear fission through the recycle of 
elements from across the periodic table. The specialist nature of highly tailored ligands such as DEHiBA, TODGA, DMDOHEMA, 
and BTBPs lends them to being high - cost research materials. This cost barrier is restrictive to researchers, especially when 
consi dering the required volumes for pilot - plant testing of advanced flowsheets to further the technology readiness level. 
The rise of industry 4.0 enhances the optimisation of chemical processes, streamlining the development of chemicals by 
integrating machine - learning with automated manufacture platforms to maximise key process metrics in minimal time.  

By exploiting the power of machine - learning and automated flow chemistry, t his work employs an automated, self -
optimising flow reactor platform to facilitate th e optimisation of process metrics such as reagent cost and productivity for 
the manufacture  of  ligands like  DEHiBA and TODGA. This approach has identified an optimal, scalable, cost effective 
manufacture route to DEHiBA (N,N- di - (2 - ethylhexyl)isobutyramide) , through the optimisation and comparison of multiple 
synthetic pathways and purification routes. This technology facilitates the rapid optimisation of chemical transformations 
in as little as a day. The resulting product of these optimisations is a synthe tic route that offers production rates upwards 
of 70 kg L - 1 h - 1 of DEHiBA and product yields of 99.7%, furthermore no solvent is needed to control this reaction, granting a 
process mass intensity of 1.29 g g - 1. We therefore have a methodology applicable to  other ligands of interest, granting 
access to these ligands at a more affordable price ( <£100 per litre of DEHiBA )  and on demand. We now have the capability 
to manufacture litres of DEHiBA in house at the Institute of Process Research and Development in t he University of Leeds.  

Ultimately,  this has facilitated our ability to test the performance of DEHiBA  for the extraction of uranium  across a range of 
scales and conditions both in batch and flow with pilot plant equipment such as the annular centrifugal contactors in the 
active lab at Leeds. Thus, confirming that the performance of our DEHiBA matches the data in the literature. This talk 
discusses and builds on work in our recent publication. 1 

 

 

Figure 1. An illustration of a self - optimising flow reactor platform for the automated process optimisation of chemical 
reactions , such as the synthesis of DEHiBA . 

1. T. Shaw, A. D. Clayton, R. Labes, T. M. Dixon, S. Boyall, O. J. Kershaw, R. A. Bourne and B. C. Hanson, Reaction 
Chemistry & Engineering , 2024.  
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Future advanced nuclear fuel cycles are currently under development around the world with the purpose of increasing 
nuclear fuel cycle sustainability and reducing the long - term radiotoxicity and heat load of nuclear was te by means of 
separation and transmutation of the transuranic elements (TRU), specifically the minor actinides (MA: Np, Am, Cm), that 
together with Pu, have the highest contribution to the long - term radiotoxicity of spent nuclear fuel ̌ˢчˤ̎ With this aim,  new 
separation processes based on solvent extraction for the recovery of TRU are being developed globally, which could follow 
the heterogeneous or homogeneous strategy for the actinides ̣̖̪̝̟̘̔̔̚ ̌ˤч˦̎˟  

As part of the homogeneous actinide recycling strategy, the EURO - GANEX process is one of the most promising options to 
achieve the goal of minor actinides recovery. Improvements made to EURO - GANEX system have resulted in the emergence 
of the so - called New EURO- GANEX process, where the composition of the solvent has been modified by replacing TODGA 
and DMDOHEMA with cis - mTDDGA in the organic phase and SO 3- Ph- BTP with PyTri- Diol in the aqueous phase in order to 
resolve important issues such as the use of comp ounds that do not comply with the CHON principle. The objective of this 
work is 2 - fold: evaluate the gamma radiolytic resistance of the new EURO - GANEX process by dynamic irradiation conditions 
simulating the three main steps of the process and validate the  design of CIEMAT N y͵ade, CEA Marcel, and INL irradiation 
loop devices since each of them mimics different aspects of the real process. For that reason, this work is involved as part 
of an inter - institutional collaboration between CEA ( ˴̠̞̞̤̤̣̥̒̒̚̚ ʹ ̝ЯΆ̟ergie atomique et aux énergies alternatives ) in 
France, INL ( Idaho National Laboratory ) in the United States, and CIEMAT ( Centro de Investigaciones Energéticas, 
Medioambientales y Tecnológicas ) in Spain.  For this collaboration, each research centre employe d its irradiation loop 
device to evaluate the resistance of the New EURO - GANEX process to gamma radiolytic degradation using similar 
conditions and same solutions.  In particular, the N y͵ade and INL loops could irradiate the organic and aqueous phases 
toge ther, whereas in the CEA loop, the irradiated solvent is recycled continuously inside a platform with several stages of 
mixer - settlers containing aqueous flows simulating the three main steps of the process. The extraction performances and 
changes in the c omposition of the solvent have been analyzed during the irradiation experiment by different techniques: 
gamma spectrometry and ICP - MS/OES for cations or radioactive tracer extraction and HPLC - MS to identify and quantify 
the degradation compounds. Despite s ome differences between the three irradiation facilities, this interinstitutional study 
̨̤̙̠̤ ̥̙̥̒ ̥̙̖̤̖ ̥̙̣̖̖ ̡̧̠̞̣̥̖̔̒̒̚ ̥̠̠̝̤ ̡̧̣̠̖̚̕ ̤̞̝̣̒̚̚ ̥̣̖̟̤̕ ̟̚ ̥̙̖ ̣̠̝̪̥̒̔̕̚̚ ̤̥̝̥̪̒̓̚̚ ̠̗ ̒ ̢̝̦̚̚̕ч̢̝̦̚̚̕ ̖̩̥̣̥̠̟̒̔̚ ̤̪̤tem. 
Favorable extraction results for the d ifferent steps are obtained according to the static irradiation studies found in literature. 
However, the degradation of cis - mTDDGA is appreciable leading to degradation compounds, some of which form 
precipitates and produce substantial changes in viscosit y, important aspects that must be addressed prior to the 
successful industrial application of the new EURO - GANEX process.  
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PATRICIA (Partitioning and Transmuter Research Initiative in a Collaborative Innovation Action ) is a EURATOM Research and 
Innovation Action  project. In PATRICIA the efficient  separat ion of  Am  from spent fuel  and  the behaviour of Am bearing fuel 
under irradiation  is studied, fuel performance code s are developed,  and safety related research supporting the licensing 
process of MYRRHA  is performed . For the first time, three R&D communities, partitioning, transmutation , and MYRRHA 
development , are  collaborating in a dedicated  project.   

Regarding the separation of Am, PATRICIA will see the development and testing  (on the  lab scale) of processes to extract 
Am  from a PUREX raffinate solution and convert it in to a solid precursor material suitable for target or fuel fabrication.  This 
work programme is divided into three Work Packages:  

WP1 Basic data acquisition addresses th e synthesis and assessment of new CHON compliant ligands for selective Am(III) 
back - extraction, the determination of liquid - liquid distribution data for Am(III), Cm(III), Ln(III) and key fission  products , and 
the assessment of the radiolytic stability of the chemical systems involved.  

The current reference system 1 for Am separation was initially developed in the previous SACSESS project. It uses SO 3- Ph-
BTBP to selectively strip Am from a TODGA solvent loaded with Am(III), Cm(III), and Ln(III) . Its radiolytic stability was 
̧̟̖̤̥̘̥̖̒̚̚̕ ̟̚ ̖̥̝̒̕̚˝ ̡̧̣̠̟̘̚ ̥̙̖ ̤̪̤̥̖̞Я̤ ̡̡̝̝̥̪̒̔̒̓̚̚̚ ̗̣̠̞ ̒ ̤̥̝̥̪̒̓̚̚ ̡̠̟̥̚ ̠̗ ̧̨̖̚˟ ̠̞̖̄ ̙̥̙̖̣̥̠̚ ̡̦̟̖̩̝̟̖̒̚̕ ̧̖̙̠̦̓̒̚r 
of heavy lanthanides could be explained by spectroscopic studies.  

TODGA shows unwanted co - extraction of some fission products other than Ln(III), most notably, Zr(IV), Mo(VI), and Tc(VII). 
To develop efficient decontamination strategies, the extraction of th ese fission products was studied.  

 

  

TODGA SO3- Ph- BTBP PrOH- BPTD 

The sulphur content of SO 3- Ph- BTBP creates issues with secondary waste management. Consequently, an alternative 
stripping agent, PrOH - BPTD, was developed in PATRICIA. 2 This molecule consists only of C, H, O, and N atoms, making it 
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compatible with secondary waste management. Initial studies proved the TODGA/PrOH -˳́̅˵ ̤̪̤̥̖̞Я̤ ̗̖̤̝̥̪̒̓̚̚̚ ̧̖̖̟ ̨̥̙̚ 
nominal concentrations (several mmol/L) of Am(III). When irradiated to rel evant doses, the TODGA/PrOH - BPTD system 
maintains its properties. Hence, this system is proposed to replace the TODGA/SO 3- Ph- BTBP system.  

WP2 Process development  test s the above systems by running lab - scale process tests.  Flow sheets for process validation  
are developed  using data obtained in WP1, and these  flow sheets are then tested using miniature centrifugal contactor rigs .  

A flow sheet based on the TODGA/SO 3- Ph- BTBP system was developed and consequently tested with a 16 - stage counter -
current  centrifugal contactor rig using a surrogate PUREX raffinate solution spiked with Am(III) and Cm(III). First results are 
promising; however, some fine tuning of the flow sheet is needed to improve the decontamination factors.  

 

TODGA/SO3- Ph- BTBP process f low sheet tested in centrifugal contactors.  

In addition to the laboratory trials, process models were developed of the whole flowsheet to investigate operation at full 
scale and identify critical parameters and their sensitivity on overall Am recovery.  

WP3 Conversion  investigates different liquid - to - solid conversion processes to obtain minor actinide - doped precursor 
materials suitable for fuel or target fabrication . Both fissile/fertile matrices and inert matrix compounds are being 
considered. Particular e mphasis is on the effect of the Am(III) stripping agent (SO 3- Ph- BTBP or PrOH- BPTD) on the 
conversion steps and on the quality of the final product. Additionally, by studying the hydrolysis behaviour of minor actinid e 
elements in aqueous nitrate solutions, the suitability of sol - gel processes to fabricate microspheres has been evaluated. 3 

This is an overview of the work carried out in PATRICIA related to the development of Am separation processes. Further 
details will be presented in dedicated contributions to the ATALANTE 2024 conference.  

Funding for this research was provided by the European Commission through the PATRICIA project, grant agr eement 
number 945077.  
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Nuclear power is an intrinsically clean source of energy. However, improvements in nuclear waste treatment are required. 
The mi nor actinide (MA) elements in nuclear waste are problematic due to their radiotoxicity and long half - lives. In 
principle, minor actinides (MAs) in nuclear waste could be recycled. However, the chemical similarity of MAs and the 
lanthanide fission products also found in nuclear waste means that separating and recycling MAs is extremely challenging. 
Hence, there is a need for materials that can selectively separate MAs from lanthanides in nuclear waste, whilst also 
possessing the necessary acid and radiation resistance required to function in nuclear waste conditions.  

 

Metal (IV) phosphonates, such as titanium or zirconium phosphonates, are a type of material with promising potential for 
MA- lanthanide separation applications. Metal phosphonates are a coordina tion polymer: a material in which inorganic 
metal cations are structurally joined together by organic ligands via coordinate bonds. The hybrid inorganic - organic 
nature of metal phosphonates allows for a variety of chemical and physical properties. In the c ontext of MA - lanthanide 
separations, the phosphonate component allows for the intramolecular incorporation of organic ligands that provide 
selectivity and efficiency for MA sorption. Furthermore, the strong M(IV) ЬOЬP bonding of the inorganic component prov ides 
stability and resistance to acid and radiation damage. Post - synthesis, metal phosphonates are collected as a porous, solid 
powder; hence, they can be employed as a solid - phase phase sorbent in MA - lanthanide separations. Previous studies on 
zirconium ( IV) phosphonate materials have demonstrated promising sorption capacity, selectivity for MA over lanthanides, 
and excellent stability 1,2,3. Therefore, further study and optimization of these materials presents a potential pathway for 
solving the challenges  of MA separation and recycling.  

 

In this study, a zirconium phosphonate sorbent that intramolecularly incorporates the MA - selective 2,6 - bis(1,2,3- triazol - 4-
yl)pyridine (PTP) ligand was synthesised. The sorbent (ZrPTP) was irradiated with high energy elec tron radiation to doses 
of 2 MGy to study its radiation stability. Since ZrPs are highly amorphous, synchrotron light sources were employed to 
accurately assess the average local structure before and after irradiation using x - ray absorption spectroscopy (X AS) and 
atomic pair distribution function (PDF). Gas chromatography, solid - state NMR and infrared spectroscopy were also used 
to support the characterisation. Lastly, the MA - selectivity of ZrPTP before and after irradiation was compared using 
americium and  europium. It was found that ZrPTP possessed excellent radiation stability for doses up to 2 MGy. 
Characterisation of ZrPTP exhibited only small amounts of radiation damage to its Zr - O bonds, aliphatic C - H bonds, and its 
N bonds in the triazole groups. Fur thermore, ZrPTP demonstrated maintained selectivity for americium over europium even 
after a 2 MGy dose. Overall, the results extensively demonstrate the viability of metal phosphonate sorbents for nuclear 
waste treatment applications in term s of their rad iation stability.  
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Figure 1. Zr K- edge XANES of unirradiated (0 MGy) and irradiated (2 MGy) ZrATMP and ZrBTPhos  

 

Figure 2. 13C MAS solid - state NMR spectra of ZrBTPhos, ZrATMP and TiATMP at a radiation dose of 0 and 2 MG y 
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To recover minor actinides (MA) from dissolver solution or high level liquid waste (HLLW), several processes, e.g. solvent 
extraction and extraction chromatography techniques using various extractants and adsorbents, have been proposed. It 
is important for  the implementation of these MA recovery processes in practical use to optimize the separation condition 
and select the most efficient and stable process. When designing the MA recovery process based on various separation 
methods, process simulations are u sed to optimize design variables such as equipment conditions (types, sizes, numbers, 
etc.) and operating conditions (compositions and flowrates of various solutions fed to the equipment, etc.) so that multiple 
objective variables such as MA recovery yield s and purities, waste volumes, etc.) show target values. The MA recovery 
process, however, has a lot of design and objective variables, so a huge number of simulations are required to optimize all 
design variables simultaneously, making manual optimization  difficult.  In this study, we introduced the optimization method 
combining mathematical analysis and process simulation to efficiently determine the design variables at the lowest 
computational cost for obtaining the appropriate objective variables.  

 

Four different processes, Np recovery from dissolver solution by the solvent extraction using 30 vol% TBP - n- dodecane (nDD), 
MA(III) (Am and Cm) recovery from HLLW by the solvent extraction using 50 vol% TBP - nDD, and MA(III) / lanthanides (Ln) 
separation by the extraction chromatography with the fixed bed (FB) or the simulated moving bed (SMB) using HONTA 
adsorbents, were discussed. The simulation codes for these processes were described in the previous reports [1 - 2] . The 
design variables in each process were cha nged and optimized by using the Optuna library [3] with Bayesian optimization 
or evolutionary algorithms. In addition, the scipy.optimize library with the Nelder - Mead algorithms , and the Python -
based_SMB_Optimizer [4] were also used  to optimize the design variables in MA(III) / Ln separation processes by FB and 
SMB respectively.  

 

In the Np recovery process, Np is extracted with U and Pu by TBP, and co - stripped with Pu and a part of U. In the calculation, 
the concentration of nitric acid and reductants in th e stripping solution, and its flowrate were changed as design variables 
under the consideration of the effects on objective variables, such as Np, Pu recovery yields, and U/Pu ratio in the product 
solution. T hese design variables could  be optimized to take  the lowest values in the condition w here the objective variables 
me t the target values  through hundreds of trials . The MA(III) recovery process needs to achieve higher MA(III) recovery 
yields with higher decontamination factor (DF) of fission products (FP ), especially Zr and Pd which are strongly adsorbed 
on HONTA adsorbents in the following MA(III) / Ln separation process. Therefore, the optimization of design variables such 
as the nitric acid concentration in the stripping solution and the TBP - nDD solven t, and their flowrates were carried out to 
obtain the maximum in the objective variables, e.g. MA(III) recovery yields and DF of FP. The calculation results showed the 
significant contribution of the nitric acid concentration in the TBP - nDD solvent and the  flowrates of the stripping solution to 
the objective variables, and suggested that the target values of the objective variables could be achieved by selecting the 
appropriate Pareto solution. For the MA(III) / Ln separation process by FB, the column lengt h, the nitric acid concentration 
in the eluent and its flowrate were changed and optimized to obtain the target MA(III) recovery yields and DF of Ln with the 
minimum volume of eluent. In addition to these design variables, the flowrates of the product and recycle solution, and 
switching time were considered in the MA(III) / Ln separation process by SMB. Based on these optimization results, the 
productivities (= feed volume / column volume / operational time) and the ratio of the eluent to the feed volume) w ere 
calculated. All These values implied the superiority of SMB over FB.  
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We will have some MA recovery experiments based on these optimized conditions, and select the most preferable process 
for practical use.  
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For the future recycling of spent nuclear fuels, reprocessing options that are more efficient , flexible, economic  and 
proliferation resistant will be needed.  Additionally, these processes will have to generate less wastes at source and have 
an overall lower environmental impact. This certainly means that the current PUREX process used for reprocessing nuclear  
fuels at the industrial scale will have to significantly evolve and may mean new separation processes, not based on tributyl 
phosphate as the extracting ligand, will be needed [1]. This is certainly the case if the recycling of minor actinides, as we ll 
as  uranium and plutonium, is a serious goal for advanced closed nuclear fuel cycles.  

Recently, a series of laboratory scale tests of innovative separation processes have been carried out with the aims to 
underpin specific aspects of flowsheet design and val idate process models. All the tests used lab scale centrifugal 
contactor cascades and realistic concentrations of actinides together with fission product simulants.  

For the heterogeneous recycling option [2] the lead concept uses an Advanced PUREX process using the ligand aceto -
hydroxamic acid (AHA) to only partially separate U , Np and Pu  followed by an innovative (or i - ) SANEX process. These two 
solvent extraction cycles have been tested with simulant feeds with representative concentrations on actinides i n our 
laboratories. The key issues tested were for:  

¶ Control of technetium and zirconium in the Advanced PUREX flowsheet  
¶ Co- separation of uranium and plutonium in a 1:1 ratio using a complexant (acetohydroxamic acid) rather than 

a reducing agent in  the Adva nced PUREX flowsheet  
¶ A test of the full i - ̄˲˿˶̉ ̪̝̖̔̔ ̨̥̙̚ ̒ ̨̟̖ ˴˹̀˿ ̡̡̤̥̣̟̘̚̚ ̘̖̟̥̒ ˙Ю̡̪- tri - ̠̝̕̚Я˚ 

Further work is underway, in collaboration with the European PATRICIA project, to replace the i - SANEX cycle with a solvent 
extraction cycle that only reco vers americium rather than americium and curium.  

For the homogeneous recycling option [3]  the lead concept is based on GANEX (Grouped Actinide Extraction). This 
comprises two cycles to (i) separate the bulk uranium and (ii) recover all the transuranic act inides as a group. Building on 
past work under the European GENIORS project, the two GANEX solvent extraction cycles have been tested with simulant 
feeds with representative concentrations on actinides in our laboratories. The aims of the tests were to:  

¶ Increase uranium loading and improve neptunium and technetium stripping in the GANEX first cycle  
¶ ˾̜̖̒ ̒ ̥̖̤̥ ̠̗ ̥̙̖ ̤̖̠̟̔̕ ˙̚˟̖˟ б˶̆̃̀-˸˲˿˶̉в˚ ̪̝̖̔̔ ̨̥̙̚ ̒ ̨̟̖ ˴˹̀˿ ̡̡̤̥̣̟̘̚̚ ̘̖̟̥̒ ˙Ю̡̪- tri - ̠̝̕̚Я˚ 

In parallel, open - source process models were developed for th e Advanced PUREX cycle to simulate the results of the 
flowsheet tests and validate the models so that they can be used in optimizing future flowsheet designs.  

An overview of the key results from these tests and the flowsheet simulations will be presented.  
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1. Introduction  
In pursuit of a sustainable society, the global demand is to secure stable and developing energy while simultaneously 
achieving carbon neutrality. In Japan, the "GX (Green Transformation) Basic Policy" aimed at transforming the economic 
and social structur e through clean energy was decided in a Cabinet meeting on February 10, 2023. Regarding nuclear 
power utilization, various methods are envisioned, including light water reactor (LWR), MOX fuel use in LWR, next- generation 
LWRs, fast reactor (FR), high - tempe rature gas reactors for hydrogen production, as well as small modular reactor (SMR) 
and innovative reactors.  

On the other hand, the advancement in fuel cycle analysis has revealed three significant challenges, making it clear that 
sustainable nuclear utili zation is difficult without appropriate measures.  

Õ Challenge I: In the MOX fuel use in LWR, the fissile isotope composition of plutonium (Pu) in spent fuel decreases 
compared to that in LWR uranium fuel, making MOX fuel use in LWR unsustainable after 2 - 3 reprocessing cycles.  

Õ Challenge II: The amount  of minor actinide (MA) in spent fuel from MOX fuel use d  in LWR increases several - fold, 
leading to an increase in the disposal area per glass matrix. While reprocessing of MOX fuel is assumed to start 
around 2060,  sufficient fast reactor capacity for MA transmutation is not expected until the 22nd century. This implies 
that for about half a century, there will be no means to transmute MAs generated through reprocessing.  

Õ Challenge III: The current generation of FR f or power generation has limited MA transmutation capability, requiring a 
large number of reactors to achieve the necessary transmutation capacity.  

To address these three challenges and realize sustainable nuclear utilization, a "Fuel Cycle with Actinide Ma nagement" that 
meets the following three functional requirements is necessary.  

Therefore, this study analyzes the generation scenarios of high - level waste when MA separation and interim storage 
technologies are introduced, considering multiple future nucle ar utilization scenarios in Japan. In this report, the 
comparison of total foot - print of geological repository in each scenario was summarized.  
2. Scenario & Conditions  
2.1. Nuclear Fuel Cycle Simulator : NMB4.0  
In this study, we conducted an analysis using the nuclear fuel cycle simulator , Nuclear Material Balance analysis code 
version 4.0 (NMB4.0) , jointly developed and freely published by Tokyo Institute of Technology  (TokyoTech)  and the Japan 
Atomic Energy Agency  (JAEA) [1] . This simulator models a wide range  of processes from the front -  to the back - end of the 
nuclear fuel cycle, with a particularly comprehensive scenario analysis function for the back - end. Therefore, it is an 
appropriate simulator for this study, which evaluates the generation scenarios of hi gh - level waste.  

2.2. Scenarios  
As illustrated in Fig1, four future nuclear power generation scenarios (A to D) were assumed. In the " A: LWR cycle Scenario" , 
the fuel cycle is continued solely with LWRs, with the recovered Pu being utilized as MOX fuel , and the  LWR multi - cycle is 
assumed. The " B: FR Coexistence Scenario" envisages the minimum introduction of FRs necessary for the transmutation of 
recovered MAs and high - order Pu , which become problematic in the LWR multi - cycle. The " C: FR Transition Scenario" and 
the " D: FR Delayed Transition Scenario" assume a transition to the FR cycle after the realization of FaSLiEE (Fast reactor is 
Superior to LWR including Economic Evaluation) in 2070 and 2110, respectively.  
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The operation of the repr ocessing plant assumes full - volume reprocessing following the commencement of operations at 
the Rokkasho Reprocessing Plant (from 202 5). For the scenarios involving the introduction of MA separation and interim 
storage technologies, it is assumed that the Rokkasho Reprocessing Plant will be modified and the implementation will 
start from 2045. In A  Scenario , as MAs cannot be transmuted, it is assumed that the recovered MAs will be interim - stored 
for 120 years before being vitrified and disposed of in a geol ogical repository. The foot - print of geological repository  is 
calculated based on the total number  of high - level waste generated in each scenario and the occupied area. The occupied 
area is determined based on the thermal analysis of the geological reposit ory, considering the decay heat from the nuclide 
composition in the vitrified waste. As a point of comparison for the disposal area footprint, the reference case is set at 1. 75 
km² , as equivalent to one  geological repository,  according to Japan's geologica l disposal program  [2] . 

 
Fig1. Scenarios  

3. Result and Discussion  
Fig2 presents the total foot - print  for each scenario. The introduction of MA separation in each scenario results in a reduction 
of the foot - print  by approximately 80%. With the introduction of MA separation, the  foot - print  in these scenarios are less 
than the reference case, making it feasible to bury all vitrified waste generated up to 2170 in the  foot - print  smaller than one 
disposal site. In A  Scenario , where the recovered MA are interim - stored before vitrification and disposed of in geological 
repository , there is a reduction in the foot - print  by about 25% . In all scenarios, the reduction in foot - print due to the 
introduction of MA separation and  interim storage technologies is confirmed.   

 
Fig2. Total foot print in each scenario  

4.  Conclusion  
In this study, the effectiveness of reducing high - level waste through the introduction of MA separation and interim storage 
technologies was evaluated using  NMB4.0. The results revealed that in scenarios where FR is introduced, a reduction of 
approximately 80% was observed. In the LWR cycle scenario, a 25% reduction was achieved when MA were vitrified and 
disposed of in geological repositor y after interim stora ge.  
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The Net Zero transition and increasing living standards around the world are placing exponentially increasing demands on 
scarce natural materials ( Figure 1 ) essential for decarbonisation and modern, high - technology applications [1]. As nuclear 
power has been identified as a key, low - carbon energy source in grid decarbonisation by many nations, expanded use of 
the technology will inevitably push up demand for  the finite natural uranium and thorium reserves [2]. Combined with the 
high construction costs and long build times for reactors and their supporting infrastructure, a substantial rethink of the 
nuclear fuel cycle (NFC) to a more holistic, and sustainable  approach is needed, incorporating comprehensive resource 
utilisation and advanced waste management [3].  

 

Figure 1:  Periodic table of endangered natural resources by element.  

Key: supplies stable ; supplies at risk ; supplies endangered . 

The bulk of the 7 - 11 kilotons of spent nuclear fuel (SNF) produced annually is not reprocessed primarily due to limited 
capacity brought about by high costs, proliferation concerns, and negative image Ь most SNF is viewed as a waste rather 
than a resource [3]. Despite this, reprocessing and responsible management of SNF as a resource will be the key to the 
long - term sustainability of the NFC.  

SNF is not just rich in U and Pu for further energy generation, many fission products (FPs) are valuable resources in their 
own right, either as the elements or isotopes [1,3]. For example, SNF contains resources such as the platinum group metals 
(PGMs) Ru, Rh, and Pd, and rare earth elements (REEs) Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, and Dy at concentrations (kg/t SNF) 
far higher than in most natural ores (g/t ore , Figure 2 ) [4,5], with approximate values extended from 300, 000 USD/t SNF for the 
PGMs alone.  

Thus, SNF represents an untapped resource of these high - value strategic materials whose recovery would simultane ously 
offset the high costs of reprocessing and reduce waste volumes, including the demands on deep geological disposal 
facilities, while simultaneously implementing circular economic principles [3]. Other potential resources such as the noble 
gases (He, K r, and Xe) and a range of isotopes useful for medical (e.g. 90Y, 106Ru), sensing (e.g. 85Kr), power generation 
(e.g.  90Sr), and irradiation applications  (e.g. 137Cs) are also present in significant quantities [3,4] and represent further targets 
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to be consi dered for recovery. The removal of inactive or low - active species of value from SNF raffinates output from 
reprocessing operations could serve to reduce waste volumes, reducing the demands on costly deep geological disposal, 
providing further benefits to t he NFC.  

 

Figure 2:  Approximate concentrations of elements in high - burnup (65 GWd/tHM) pressurised water reactor SNF from an 
EPR- type reactor or similar (5% 235U initial enrichment, 5 year post - reactor cool) [6]. Key: noble gases ; platinum group 

metals ; rare earths ; remaining fission products and actinides .    

Although the concept of recovery of FP resources from SNF during reprocessing is not new [4], it is relatively under -
developed but has received more attention in recent years and is receiving timely attention in light of recent geopolitical, 
technological,  and climate shifts [3,6]. This presentation will highlight the potential FP resources present in SNF and their 
value, the likely separation, recovery, and purification routes needed for quantitative recovery with the challenges involved  
in this [6]. The p robable effects on the NFC should this concept be implemented will be discussed in the context of current 
and likely future NFC implementations in which advanced hydrometallurgical reprocessing is an essential component. The 
necessity for decay storage and  the end - use applications for these materials are also examined [1,3,6].  

Focus will be paid to the REEs, targeted to be recovered from SANEX (selective actinide extraction) or GANEX (group actinide 
extraction) raffinates in advanced reprocessing, and the far more challenging targeted recovery of the REEs, which requires 
a more comprehensive and complex approach for quantitative recovery. The recycling of additional resources to increase 
fuel cycle sustainability, such as high - purity Zr cladding, will is al so highlighted [7]. Advanced separations to facilitate 
segregation of high - heat radionuclides (HHRs Ь e.g. 90Sr, 134Cs, and 137Cs) for decay storage is also compatible with this 
concept [8,9].  
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Advanced voloxidation is a novel and promising process option in the recycling of spent nuclear fuel, which addresses the 
management of volatile fission products. Advanced voloxidation involves oxidatio n of spent nuclear fuel using NO 2 gas at 
lower temperatures compared to older voloxidation processes that use air, oxygen and/or ozone. During this process, UO 2 
is converted to U 3O8 and then to UO 3 as a main product (see Figure):  

 

о¦hн  Ҍ  нbhн  Ґ ¦оhу  Ҍ нbh   
 

¦оhу  Ҍ  bhн  Ґ  о¦hо  Ҍ bh  

 

Volatile fission products such as iodine, tritium, xenon, and krypton are released from the fuel and partition into the facil ity 
off - gas. The resulting uranium tri oxide powder product is suitable for direct extraction by tributyl phosphate (TBP) and N,N-
di - 2- ethylhexyl - isobutyramide (DEHiBA), or it can be dissolved in nitric acid for further processing using traditional solvent 
extraction. In particular, the upfront  removal of iodine and tritium is desired as it eliminates the need for subsequent 
capturing from several off - gas downstream unit operations in reprocessing facilities, simplifying waste management and 
emissions control. Produced NO gas can be recycled by reacting with oxygen to form NO 2.  

 
For this study, UO 2 pellets were irradiated at Argonne using a 55 MeV electron linac to generate fission products with 
distribution similar to that of spent nuclear fuel. However, due to the short irradiation times (few hours) only short - lived 
isotopes were produced in quantities that could be analyzed using gamma counting. The release of iodine during 
voloxidation was monitored by tracking I - 131 activity. For direct extraction studies, the resulting e- UO3 containing the 
remaining fission products, was contacted with TBP/ n- dodecane and DEHiBA/ n- dodecane solvents (pre - equilibrated with 
nitric acid) to determine partitioning of U and fission products. Limited studies using irradiated simulated spent fuel pelle ts 
containing s elected lanthanides and transition metals, were also conducted. The iodine partitioning during advanced 
voloxidation and the observed behavior of select fission products in direct extraction studies will be discussed.  
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Recycling of spent civil nuclear fuel is realized in France since 1966 in successive plants, currently in UP3 and UP2 - 800 on 
the La Hague site. During the first step of the process, prior to the PUREX liquid - liquid extraction process, spent fuel rods are 
sheared and the radioactive material contained in t he rods is dissolved in hot nitric acid. Due to the increased burnup of 
the processed fuel concentrations of molybdenum and zirconium from fission product have steadily increased in the 
dissolution solution. Coupled with the modification of the process of the UP3 and UP2 - 800 plant, this lead to an 
unanticipated large scale precipitation of zirconium molybdate hydrates ZrMo 2O7(OH) 2(H2O) 2 (ZMH).  

The increasing mass of precipitated ZMH in the equipment led to operational difficulties, and thus specific rinsing  
procedures have had to be implemented. A two - step operation was first put in place to clean the industrial equipment: 
first sodium hydroxide is introduced to solubilize Mo from ZMH, followed by nitric acid to recover precipitated zirconium 
hydroxide. This  procedure needed strenuous criticality safety management leading to a limited efficiency. The production 
downtime and the volume of effluents were high, with introduction of large quantities of sodium that led to difficulties in 
the liquid waste processin g units.  

Starting in 1997, efforts were undertaken to develop new easier rinsing procedures with the support of the French 
б˴̠̞̞̤̤̣̥̒̒̚̚ ʹ ̝Я˶̟̖̣̘̖̚ ˲̢̥̠̞̦̖̚ ̖̥ ̦̩̒ ˶̟̖̣̘̖̤̚ ˲̧̝̥̖̣̟̥̖̤̒̚в ˙˴˶˲˚˟ ̙̖̅ ̞̟̒̚ ̧̛̠̖̥̖̤̓̔̚ ̨̖̣̖˫  

ж easier management of criticality  and safety: no precipitation of Pu,  

ж reducing downtime and effluent volume.  

A screening of the reagents compatible with the La Hague process was realized, after which active and inactive tests were 
realized. Sodium carbonate was chosen, even though it i ntroduced high quantity of sodium in the plant. Extensive tests 
where realized to determine the solubility of ZMH in carbonate solution, the stability of the solution, and all necessary 
process steps needed to use this new reagent in the existing equipment  of the La Hague plant.  

The first industrial operations using sodium carbonate were carried out in 2010 at a small scale and with limited carbonate 
concentration, with a strict control of the safety authority. Thanks to a strong interaction with CEA with t ests performed on 
industrial ZMH, and with a constant interaction with the French safety authority ASN (Autorité de Sûreté Nucléaire), the 
carbonate concentration has been increased, and the rinsing has been implemented with a recirculation on several 
equi pment, leading to better recovery of ZMH. Carbonate rinsing is now a common operation on the La Hague plant and 
has shown its efficiency to recover ZMH, with a simplification of rinsing operation and a limitation of effluent volume.  
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˿̟̠̣̪̤̥̝̤̒̔̒ ˙˿˴Я̤˚ ̡̣̖̣̖̤̖̟̥ ̗̦̟̞̖̟̥̝̒̒̕ building blocks in nanoscience and nanotechnology because of their size and 
̡̤̙̖̒ ̡̖̖̟̖̟̥̕̕ ̡̡̣̠̖̣̥̖̤̚ ̟̒̕ ̧̙̖̒ ̥̥̣̥̖̒̒̔̕ ̙̘̙̚ ̟̥̖̣̖̤̥̚˟ ˲̠̣̟̘̝̪̔̔̕̚ ˿˴Я̤ ̠̗ ̥̟̖̒̔̚̚̕ ̠̩̖̤̕̚̚̕ ˙˲̟̀2) have been 
investigated at the JRC in more detail since now about one decad e [1- 16].   

Our contribution is a n overview over our research on highly crystalline AnO 2 NC's obtained via hydrothermal decomposition 
of the An(oxalate) 2*nH 2O in hot compressed water at temperatures below 250°C [1 - 5].  We will compare these results with 
̥̙̖ ̠̟̖̤ ̠̥̟̖̓̒̚̕ ̪̓ ̧̤̠̝̠̥̙̖̣̞̝̒ ̤̪̟̥̙̖̤̤̚ ̝̖̟̘̒̕̚ ̥̠ ̡̞̠̟̠̤̖̣̤̖̕̚ ˿˴Я̤ ̌˩- 12]. We will show, what we can learn from 
AnO 2 NC's ̟̚ ̥̖̣̞̤ ̠̗ ̡̣̥̝̖̒̔̚ ̨̘̣̠̥̙ ̌ˢ˦˝ ˢ˧̎˝ ̟̒̕ ̨̙̠ ̥̙̖ ̤̫̖̚ ̠̗ ˿˴Я̤ ̥̒ ̥̙̖ ̖̟̕ ̟̗̝̦̖̟̖̤̔̚ ̠̟ ̥̙̖ oxidation state of the 
metals in the AnO 2 [14]. 
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The MOX fuel fabrication process implemented in Melox is the MIMAS process (MIcronized MASterblend ). It is based in 
particular on the elaboration  of a primary blend (with Plutonium content around 28 - 30%), consisting of uranium oxide, 
plutonium oxide and recycled scraps. A fter ball - milling  and sieving, this primary blend is diluted with uranium oxide to 
obtain the desired plutonium content  (typically from ~3 to ~11%) . UO2 powder is  thus  the major constituent of th is powder 
mixture.  MIMAS process result s in a  dense fuel (~95%TD) with a n heterogeneous microstructure were three phases can be 
identified:  a uranium - rich  phase  (close to 100% U) , an intermediate phase and a plutoni um rich phase (up to primary blend 
Pu content) with calibrated primary blend agglomerates.  

 

Evidence of MOX phases (UO 2 phase, matrix phase and primary blend agglomerates) on an X- Ray map of Pu  (Mɼ)  
acquired by Electron Probe Micro - Analysis [1]  

During its existence, the Melox plant underwent several UO 2 powder changes, successivel y implementing UO 2 ex- ADU 
(conversion of Ammonium DiUranate), UO 2 DC (Dry Conversion) and UO 2 ex- AUC (conversion of Ammonium Uran yl  
Carbonate). UO2 powder characteristics have  a significant  influence on the  powder  flow ability , pelletizing  and sintering 
pro perties of MOX fuel.  This article aims at illustrating  the R&D effort allowing Melox plant to implement these different types 
of powders while meeting the requirements of our  customers.  It will cover the description of incoming UO 2 powder , the 
associated R&D results and the resulting MOX product  characteristics . 
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Transition metal (TM) doped - UO2 nuclear fuels have drawn considerable interest from industry and researchers alike due 
to the improved in - reactor performance properties they possess over classical non doped UO 2. Of the TMs, Cr has endured 
the most attention due its frequent use in both North American and European fuel blends [1]. Concurrently, researchers 
have explored and proposed other TMs such as Mn, Fe, V etc. as they have been calculated to potentially possess even 
more improved fuel properties than that of Cr [2] . The addition of Cr, or other TM dopants is understood to increase the 
grain size of the fuel matrix and density leading to improvement of fission gas retention resulting in enhance d thermal 
properties of fuel [3] . However, the small size of TMs compared to the U 4+  results in extremely low solubility at the p pm in the 
fuel matrix which is sensitive to preparation conditions including oxygen potential and temperature. With lattice matrix 
incorporation [3] , TMs can readily form additional phases in the bulk fuel structure such as metallic, eutectic and oxide 
compositions. This chemical complexity in the bulk state has stifled attempts to precisely describe the complete structural 
dopant c hemistry, particularly in the case of Cr - doped UO 2, due the variety of chemical states present which inhibits reliable 
bulk characterisation methods and has created intense debate in literature. To resolve these long - standing chemical 
debates, our group ha s generated representative single crystal specimens of Cr, Mn, Fe and V doped UO 2 and cross 
examined these against bulk materials using high resolution synchrotron X - ray diffraction, spectroscopy and electron 
microscopy [4] . In all cases w e are provide conclusively resolved measurements of the Cr, Mn, Fe and V chemical states 
within the UO 2 matrix, assigning both valence and local structure behaviour. We have further systematically examined the 
microstructural and ceramic properties of Mn, Fe and V - doped UO 2 against Cr - doped UO 2 to gauge potential application 
of these TMs as an alternative improved dopant for fuels. The results of these investigations will be presented in detail in 
particular regard to the chemistry of these materials and th e potential impact they have upon fresh and spent nuclear 
fuels.  
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Sodium - cooled fast neutrons reactors (SFR) are among the concepts of reactors developed in the Generation IV 
International Forum. The capacity o f these reactors to split transuranic elements allows for better resources management, 
for control of plutonium stocks and for the reduction of waste toxicity. Fuels for these SFR reactors are Mixed OXide with 
higher plutonium content than in the MOX fuels  dedicated to LWR reactors. They induce significant challenges for the 
reprocessing step due to the refractory nature of plutonium dioxide in nitric acid medium.  

One part of the research developed on these SFR MOX fuels relies on the development of modeli ng codes able to reproduce 
the dissolution behavior of these mixed oxides. In particular, Pu - enriched heterogeneities present in small quantities in the 
SFR oxide fuels are expected to significantly participate in the final balance of residues of dissoluti on. Furthermore, SFR 
spent fuels also contain refractory metallic inclusions (mainly composed by Ru, Rh, Pd, Tc and Mo) which can impact the 
dissolution at the solid/liquid interface and in solution.  

For these reasons, characterization of such Pu enriched  heterogeneities and metallic inclusions was required in order to 
study their impact on the dissolution behavior of SFR oxide fuels and then to improve the current modeling codes regarding 
dissolution.  

 

Figure 1 : Micrographs coupled with X - EDS analyzes of heterogeneous model compounds (U,Th)O 2 with a dissolution rate 
of 30% 

Using thorium as a plutonium surrogate, heterogeneous U 1- xThxO2 samples including platinum group elements (Ru, Rh, Pd) 
and Mo have been synthetized by wet chemistry route. Indeed samples containing various thorium contents have been 
prepared by hydroxide precipitation from mixtures of cations in solution [1]. The powd ers were mixed then sintered through 
a two - step procedure involving uniaxial pressing at room temperature followed by a heat treatment at 1600 °C under 
reducing atmosphere. Through this sintering step, metallic inclusions were formed in the materials while  the pellets also 
contained heterogeneities in terms of U/Th mole ratios.  


















































































































































































































































































































