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Abstract. Recycling of actinides by their separation from spent nuclear fuel, followed by transmutation in fast
neutron reactors of Generation IV, is considered the most promising strategy for nuclear waste management.
Closing the fuel cycle and burning long-lived actinides allows optimizing the use of natural resources and
minimizing the long-term hazard of high-level nuclear waste. Moreover, improving the safety and sustainability
of nuclear power worldwide. This paper presents the activities striving to meet these challenges, carried out
under the Euratom FP7 collaborative project SACSESS (Safety of Actinide Separation Processes). Emphasis
is put on the safety issues of fuel reprocessing and waste storage. Two types of actinide separation processes,
hydrometallurgical and pyrometallurgical, are considered, as well as related aspects of material studies, process
modeling and the radiolytic stability of solvent extraction systems. Education and training of young researchers
in nuclear chemistry is of particular importance for further development of this field.
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Introduction

Advanced nuclear fuel cycles of the future rely on
an optimized recycling of actinides to make a more
efficient use of resources and a better management
of the nuclear waste. Fissionable material is re-used
instead of being finally disposed of, thus minimizing
uranium consumption as well as the volume, heat
load and long-term radiotoxicity of the highly radi-
oactive nuclear waste (Fig. 1). Plutonium is already
being separated from spent nuclear fuel (SNF),
together with uranium, in the PUREX process and
recycled into MOX fuel. To provide further reduc-
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Fig. 2. Scheme of various options of SFN management. Reprinted from the Ref. [1], with permission from Elsevier.

transmutation (P&T) of minor actinides (MA =

Np, Am, Cm,...) [2] is the most promising option

for the management of SNF, enhancing the safety

of nuclear energy. Transmutation can be achieved
by high energy neutrons that transform these ele-
ments into much shorter-lived and stable nuclides.

Their initial separation from fission products (FP)

of high neutron cross sections (reactor poisons) is

indispensable for the transmutation to be efficient.

Two technologies are being studied to achieve
actinide separation:

- Hydrometallurgy — based on liquid-liquid (aque-
ous/organic) extraction processes, of ca. 70 years
of research and development and a long-lasting
proven experience at the industrial level. Hydro-
metallurgy can allow either the heterogeneous
or the homogeneous recycling of the actinides,
depending on the processes developed (Fig. 2).

— Pyrometallurgy — processes of pyrochemical
separation, first studied over half a century ago
for the treatment of spent fuel from molten salt
reactors and breeder reactors. At the end of the
1980s, the interest renewed for treating metallic
fuel in the integral fast reactor concept, but with-
out reaching the level of industrial development.
Pyrometallurgy is mainly studied for the homo-
geneous recycling of actinides (Fig. 2).

The Safety of Actinide Separation Processes
(SACSESS) Project is a Euratom FP7 collabora-
tive project (2013-2016) dealing with the safety
aspects of hydrometallurgical and pyrometallurgical
processes of actinide separation, developed within
the previous Euratom projects [1, 3]. SACSESS
provides a structured framework to enhance the fuel
cycle safety associated with P&T of MA. In addi-
tion, safety studies are performed for each selected
process (hydrometallurgical and pyrometallurgical,
Fig. 2) to identify weak points which are to be
studied further. These data are used to optimize
flowsheets and process operation conditions.

SACSESS generates fundamental safety im-
provements for the future design of an advanced
processing unit. It thus is an essential contribution
to the demonstration of the potential benefits of
actinide partitioning to the safe management of the
long-lived waste.

Hydrometallurgy

Within FP7-ACSEPT, several hydrometallurgical
options for separating transuranium elements have
been developed and demonstrated through hot-tests
to complement (heterogeneous recycling) or to
replace (homogeneous recycling) the well-known
PUREX process (Fig. 3).

These aqueous partitioning processes involved
new extractants or complexing ligands and new
diluents [2]. SACSESS addresses the safety issues
required under operational conditions or malopera-
tion, which implies a better understanding of the
chemical systems involved and the need to enhance
the process operation at the industrial level. Issues
such as chemical and radiolytic stability, impact of
degradation products, downstream effects, loading
issues, etc. are studied since they affect safety and
performance of aqueous separation processes.

The particular solvent extraction systems under
study are:

(i) CyMe,-BTBP (6,6'-bis(5,5,8,8-tetrame-
thyl-5,6,7,8-tetrahydrobenzo-1,2,4-tria-
zin-3-yl)-2,2'-bipyridine) based systems,
selectively extracting An(III) in r-SANEX or
1c-SANEX processes, either directly from the
PUREX raffinate or from the An(III) + Ln(III)
product solution coming from the DIAMEX or
TODGA systems [4, 5];
TODGA (N,N,N',N'-tetraoctyldiglycolamide)
based systems — co-extracting An(III) and
Ln(III) in i-SANEX or GANEX processes [6];
(iii) water soluble hydro-BTP [2,6-bis(5,6-di-(sul-
fophenyl)-1,2,4-triazin-3-yl)-pyridine] based
systems, selectively stripping An(III) from
the loaded TODGA phase in the i-SANEX or
GANEX processes [7, 8].

French expertise gained at the turn of the centu-
ries allowed us to limit the number of long-lived MA
(and fission products) which should be transmuted
to americium merely [9] in order to avoid the pres-
ence of neutron-emitting curium in the fuel fabrica-
tion [10]. That is because the high neutron dose and
heat generation from curium-containing transmuta-
tion targets would require special shielding. On the
other hand, the short half-life (18 y) of the major

(ii)
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Fig. 3. Hydrometallurgical processes under studies in ACSEPT and SACSESS.

isotope >**Cm enables disposal of Cm together with
the fission products in the glass canisters. The activ-
ity and heat load of Cm will decay during the interim
storage time before deep geological disposal. This
implies the necessity to separate Am(III) not only
from chemically similar lanthanide fission products,

but also from much more similar Cm(III) [11-13].

The separation of only trivalent americium from
the PUREX high active raffinate (EXAm concept),

not previously studied in European projects, is now
developed in SACSESS.

Modeling

Safely and fully assessing hydrometallurgical sepa-
ration processes requires a reliable modeling of the
different steps of these processes. Reliable models
of the separation processes based on a multiscale
modeling approach and on trustworthy experimental
data are developed. On-line monitoring required for
process control is also developed.

One of the approaches studied is the theoretical
modeling of the chemical systems and processes
with the use of quantum chemical calculations. Such
calculations are helpful for a better understanding
of the role of the molecular and electronic structure
of highly effective N-donor and O-donor ligands for
the An(III)/Ln(III) separation, and of the origin
of the selectivity in the separation processes [14, 15].

Radiolytic stability

Solvent extraction systems used for SNF reprocessing
are exposed to high doses of ionizing radiation. Thus,
when designing a new system it is necessary to demon-
strate not only its good extraction properties, but also
sufficient radiolytic stability of the extractants and

diluents, and how the extraction properties change
upon irradiation. Radiolytic degradation results in
the consumption of the extracting agent and in the
production of degradation products, affecting impor-
tant parameters of solvent extraction systems such
as distribution ratios, selectivity, loading capacity,
phase disengagement times etc. [16].

The long-term use of the chemical systems in-
volved must be assessed to warrant their safety, not
only during normal operation, but also in the case of
maloperations. SACSESS investigates the stability
of solvent extraction systems towards irradiation
and chemical degradation by nitric acid. Degrada-
tion products do form even in the most stable sys-
tems; these are identified and their impact on the
properties of solvent extraction systems is assessed.

Pyrochemistry

High-temperature methods of reprocessing SNF, still
under research and development, are an alternative for
solvent extraction. Two options are usually studied:
electrochemical methods in molten salts (electrorefin-
ing, electrowining,...) and chemical methods. In this
case, instead of aqueous and organic solvents, molten
salts and molten metals (pure or eutectics) are used.
The challenge is to perform a selective extraction of
actinides from spent liquid fuel in order to recover the
fissile material and to separate the minor actinides
from fission products [17, 18]. The process involves
several chemical steps based on redox and acido-basic
properties of various elements contained in the SNF.

Pyrochemical processes are obvious when dealing
with molten salt reactor containing a liquid fuel but
such processes have also been particularly studied
and developed for solid metallic fuel reprocessing.
Announced more compact than aqueous methods,
pyrochemistry could allow SNF reprocessing at
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Fig. 4. Two options of pyro-processes, under study in ACSEPT and SACSESS.

the reactor site, with a much smaller volume of
high-level waste which may be stored on site until
decommissioning. Numerous security issues can be
avoided thereby (transports,...). The working media
stable towards ionizing radiation allow working with
high burn-up SNF after a relatively short cooling
time. Not using solvents containing neutron moder-
ators — hydrogen and carbon atoms - results in the
decrease of the risk of criticality accidents. In spite
of certain disadvantages, pyrochemical technology
using molten salts and liquid metals is a prospective
way for reprocessing spent nuclear fuel, in particular
if the Generation IV reactor programs starts. Some
issues remain in the development of suitable processes
for molten salt cleaning prior recycling and in the
selection of suitable waste forms for the spent salts.

Two core processes have been developed in pyro-
-reprocessing in the field of ACSEPT (Fig. 4) [1].
While their feasibility has been demonstrated at the
lab-scale on the main lines, many issues are still to be
addressed. SACSESS focuses on them. The physico-
chemical behavior of high-temperature molten salt is
studied to assess the safety of pyrochemical process-
es. Boundary operating conditions are determined by
modeling. In parallel, on-line monitoring of molten
salt systems is developed. Electrorefining of metallic
fuel onto a solid Al cathode has been developed up to
the scientific feasibility [19]. The performance using
irradiated metallic fuel is studied, including removal
of actinides from the salt after electrorefining. The
efficiency of the latter step determines the feasibility
of the complete recovery of actinides.

The behavior of inert matrix fuels matrices (Mo
or MgO) in pyrochemical separation steps is not well
known,; their impact on process performances and
safety is investigated. Main issues related to the safe
treatment and conditioning of ultimate pyro waste
such as the management of Cs and Sr in the salt,
the immobilization of chloride salt containing waste
streams, and the impact of the presence of ADS
target matrix material on the waste are also studied.

Material studies

The Strategic Energy Technology Plan of the European
Commission identifies fission energy as an important

contributor to meet long-term objectives for reduction
of greenhouse gas emissions. Development of fast neu-
tron Generation IV reactors offers a significant prog-
ress in closing the fuel cycle and leads to maximizing
the utilization of natural resources. Significant multi-
plying of the level of energy production from the same
amounts of uranium, and minimizing the formation of
high-level nuclear wastes i improves the safety of nucle-
ar power worldwide [20]. To reach this goal, the R&D
activities consider among others the closed fuel cycle
based on manufacturing new types of mixed oxide
fuels (MOX), containing also minor actinides (MA).
A framework bridging these issues is to be provided
by the ASGARD project (Advanced Fuels for Genera-
tion IV Reactors: Reprocessing and Dissolution) [21].
This large scale collaborative project supported by
the EU within 7th Framework Programme, is focused
on research on novel advanced nuclear fuels, their
fabrication and the respective reprocessing issues for
Generation IV reactors.

Global safety and integration

Safety analyses are performed in SACSESS to
identify weak points in the earlier developed pro-
cesses. If required, the experimental programme is
adjusted accordingly. A further topic is the integra-
tion towards a final industrial system. This requires
a common discussion ground with potential indus-
trial operators of P&T, and the assessment of the
environmental impact of deploying P&T systems.

Dissemination and education

Care is taken that strategies of and the results from
SACSESS are visible at international conferences
and in journals. A chemo-informatics pilot database
and a searchable document repository are under
construction to ensure the long-term traceability of
the project output.

Education and training of young researchers is es-
sential for the long-term future of the nuclear industry.
To educate the next generation, workshops, summer
and winter schools and dedicated training sessions are
an integral part of SACSESS, but most of the events
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are co-organized with other European projects such as
ASGARD, TALISMAN [22] and CINCH (Coopera-
tion in Education and Training in Nuclear Chemistry)
[23, 24], resulting in a powerful network.

Conclusions

Research towards more sustainable nuclear power,
allowing a safe long-term management of the current
nuclear waste, is of high priority. SACSESS, among
several successful European projects (ASGARD,
TALISMAN and CINCH), partially funded by the EC
under the 7th and previous framework programmes,
is paving the way to future demonstration. From
initial concepts established about 20 years ago to the
recent assessment of reliable flowsheets, huge prog-
ress is made. New challenges need to be addressed
when shifting towards implementation. Foreseen is a
selection of the most appropriate technique(s) to be
matured. Hopefully, by the end of the project, a new
process flowsheet based on the EXAm concept will
complete the tool box of the actinide separation pro-
cesses, given a full set of options for the stakeholders.
In the next step, an integration of these processes in
the whole back-end of the fuel cycle will be performed,
‘from fuel to fuel’, linking the separation and fuel
communities.
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