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Abstract
Two strategic issues facing the nuclear industry are the claimed risks of (a) weapons proliferation, and (b)
environmental contamination; both affect the choice between open and closed fuel cycles. The choice for plutonium lies
between supposedly permanent disposal and burning/utilisation as a fuel. Disposal while never irretrievable could create
an economically decisive obstacle to constructive use of material of great value for future global energy. Utilisation in
energy supply will both restrict access to separated stockpiles and allow the inventory size to be managed with efficient
use of this energy resource.
Recycling recovers valuable materials for further use and allows the spent fuel stockpile to be managed. However, risk
of diversion to weapon proliferation depends not on the extent of plutonium stocks but on access to a minute proportion
of them, and would not be directly altered by any foreseeable increase or reduction in the well managed inventory. A
key issue is to decide how in future to recover from the fuel cycle the accessible stock required to sustain it.
The fear of environmental contamination is principally based on increasingly disputed health risks from radiation well
below the variation in natural levels. Neither this nor the proliferation issue appears to justify insisting on the once-
through cycle and so wasting a finite resource that will almost certainly be needed in the coming decades.

Introduction
The future of the nuclear industry depends on many questions, philosophical or political as much as technical. They are
typically whether nuclear can attempt to maintain a high-energy economy or extend the real benefits of such an
economy to countries and centuries that would otherwise lack adequate supplies of other fuels
Expectations of what is to come differ widely, but it is reasonable to assume that provision is required to maintain some
form of nuclear power at least well into the latter part of this century; that fusion remains technically or economically
impracticable for a considerable time, and that fossil hydrocarbons can still be used as fuel, albeit to an extent
diminished by scarcity, price, or environmental pressures.
In this paper the challenges faced by the nuclear industry are briefly discussed and suggested responses from the nuclear
community in terms of technology development are outlined.

The Challenge to the Nuclear Industry
Some of the high level challenges that we in the nuclear industry are facing are illustrated schematically in Figure 1 :
The industry must deliver not only the technology, but deliver the messages and the product to;
• demonstrate convincingly current and future safety to the public and regulators;
• demonstrate security against weapon proliferation;
• demonstrate lower environmental impact than other baseload power sources;
• show effective use of strategic resources;
• show adequate provision and capability for redundant plant dismantling; and
• demonstrate better value for money than competing energy suppliers.
Energy policy must be based on a considered balance between immediate and longer-term interests. In practice it is
likely to depend on establishing a balance between supply pricing and the detrimental cost that society places on
environmental factors and resource depletion. The results and indeed the basis of comparison between nuclear and other
sources, established or alternative, are matters of controversy unsuited to discussion here. What is beyond doubt is the
need to reduce costs throughout the fuel cycle and demonstrate safety and environmental performance.

Underpinning the Demands of the Industry by Investment in Technology
The above illustrates the challenges that the industry must strive to overcome. To meet them it is essential to develop
nuclear technology which builds stakeholder confidence while addressing society's needs and concerns for future
energy supply.
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Figure 1. Challenges to the Nuclear Industry from Stakeholder Groups
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Firstly, this means helping society to weigh alternative choices of power supply (not only nuclear) and to achieve a
consensus. We must provide objective, useful information in terms that are relevant and can be simply understood. We
must not confuse people by focussing on an internal debate, or make unrealistic claims about choices of long-term fuel
cycle development when we risk not even remaining in the energy industry. We have the opportunity to collaborate on
the key issues to drive the industry forward as a long term, safe, acceptable and competitive means of power generation.
So long as short-term market forces remain predominant, the greatest urgency is to reduce costs whilst maintaining high
standards of safety, quality and environmental performance. The most expensive part of the nuclear cycle is the reactor
itself, and overall economic optimisation must therefore be weighted heavily in this direction. Orders for new reactors
that in the West are painfully slow in coming despite their obvious significance as a means of meeting the generally
recognised need for reductions in carbon dioxide emission. This is a largely political issue that will have to addressed in
appropriate terms.

Whilst BNFL and Westinghouse are addressing the issue of reactor economics with advanced PWR, BWR and high
temperature gas cooled reactor designs, BNFL can and will make a substantial technical contribution to fuel
manufacture and more particularly to the contentious area of spent fuel management.
Current options are essentially

1. Reprocessing to recover the valuable constituents for future use,

2. Conditioning for disposal of separated components,

3. Interim storage, or

4. Direct disposal.

The third is not in itself a strategy for fuel management but a postponement of decision, which nevertheless in deferring
expenditure must appear to the utilities as an attractive possibility, if questionable with respect to inter-generation
responsibilities. The fourth, direct disposal, wastes further energy capabilities of the fuel. The second option offers
some improvement in that the disposal route may itself involve re-irradiating at least the plutonium recovered from
spent fuel and so adding some proportion to the energy already extracted. The technology required to achieve spent fuel
conditioning may not be very different from reprocessing.
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Present commercial reactor types can accept only a partial load of plutonium-enriched fuel, and so have a limited
capacity either for utilising newly-generated material. Evolution to take a full load could increase this capacity per unit
of power by a factor of about three, still leaving a long way to go. Resolving problems at the back end of the cycle
therefore requires changes at the front end and indeed throughout the cycle, so that holistic development (covering
reactors and fuel manufacture, decommissioning and disposal, besides the treatment of discharged fuel) is necessary for
technical as well as economic reasons, see Figure 2.

Figure 2. The Holistic Fuel Cycle
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At present none of the options for managing spent fuel can be fully realised, since there is no public agreement on
where or how the wastes, whether intact fuel or some part of it, should be disposed of. It is estimated that by 2015 the
world stockpile of spent nuclear fuel will be greater than 250 000 tons, so the industry and its stakeholders have no
choice but to address the issues. Technical solutions may already be available to prevent any significant risk to the
world's population, but a proportion vocally if not numerically significant invariably objects to any actual proposal.
That is again a matter to be addressed politically, but technological improvement may also be possible and indeed
desirable,
The topics to be chiefly considered are thus reprocessing (including selective conditioning), and disposal of whatever
wastes are eventually decided.

The current and future technical options for the back end of the fuel cycle.
When considering a fuel cycle for future strategy, the aims should ideally be to:
• allow maximum utilisation of fissile material, which is a global energy resource, by recycling unused uranium and

plutonium from irradiated fuel and other sources;
• minimise total cycle costs to nuclear utilities and their customers;
• minimise the generation of waste that requires conditioning and disposal, and so the overall environmental impact

of fuel cycle activities;
• satisfy political and proliferation concerns about existing stockpiles and future arisings of plutonium.
The treatment of waste streams, particularly since the tightening of discharge limits, accounts in aggregate for a large
fraction of the total reprocessing cost. There is a great incentive to eliminate as many as possible of such expenses at
source.
If we now consider the four main options potentially available to the industry for the back end of the fuel cycle, we can
see that some of their components may be common or interdependent. The major technology areas related to these
options are illustrated in Figure 3 below.
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Figure 3. Options and associated issues related to spent fuel
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Reprocessing
Relaxed specifications for recycled uranium and plutonium could allow processes to be simplified greatly, for instance
eliminating purification cycles and associated waste streams. Remote or robotic handling equipment might be
increasingly required, and this is one of the secondary developments in the industry. Whatever the specification, the
main bulk of the fission products must be separated from the useful products, and so long as all conditions are met, the
more cheaply the better.
So far the suggested changes are not fundamental to the traditional processes based on solvent extraction. One objection
to such processes is that the fuel has first to be dissolved in a large volume of an aqueous reagent, which after the
recovery of valuable materials must be treated as waste while the uranium and plutonium products are eventually
reconverted to solids. Avoiding aqueous stages has obvious attractions, and alternative pyrochemical processes based
on chemical or electrochemical reactions between metals and molten-salt media have been proposed to meet longer-
term needs. Significant technological development is required to commercialise this technology option. One major
limitation is the batch nature of the process and commercialisation will require a step change in the processing
approaches to facilitate high throughput plants. Moreover, the relatively low degree of decontamination attainable in
pyrochemical processes would require substantial changes in handling recycled fuel components.
Some of the major areas for the development of technological solutions are illustrated in Table 1. While the list is by no
means comprehensive, it does indicate the range of technical work to be carried out and the time scales on which we
need to develop technology to meet the needs of the power generation industry in a strategy incorporating reprocessing
technology. Clearly the choices must be made within the limits posed by criteria acceptable to society.
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Table 1. Areas for Technology development in the Back end of the fuel cycles

Timescales for
Technology
Development
Short Term
1-5 years

Medium Term
5-20 years

Long Term
2 0 - 5 0 years

Issue

• Effluent treatment
technology

• Fuel dissolution
• Organic wastes
• Product quality
• High Level Waste

• Relaxed
specifications for
U&Pu
purification

• Non-Aqueous
Processes

• Partitioning &
Transmutation

Technology

IX, Electrochemical
Solvent Extraction
Membranes
Acid dissolution
Solvent washing
Distillation
Thermal denitration
Vitrification

Solvent Extraction
Molten Salts
Remote handling
MOX fabrication
Fluoride volatility
MOX Fabrication

Separation, nuclear
reactors systems etc

Development Possibilities

Continued incremental
improvements particularly in the
establishment of end disposal
routes for the materials used.
Improved technology to reduce
costs of fuel/waste handling
Solvent re-use, salt free washing
Novel 'finishing' technology.
Improved throughput.
Established processes for U & Pu
recovery.
Industrialisation of centrifugal
contactor technology.
Industrialisation potential of
alternative process.
Improved remote handling linked
to MOX fabrication.
Industrialisation of the
technologies.
Materials development
Improved waste residue
formulations

Separation in aqueous and non-
aqueous systems.
Nuclear reactors suitability
designed for transmutation.

Fuel Conditioning
Fuel conditioning as a concept can range from simple mechanical treatment such as pin consolidation in preparation for
direct disposal through to complete separation of fuel into separate fuel components, to reduce the volume of waste
which has a high level classification, and to create a waste form more stable than the original irradiated fuel for storage
or disposal. Fuel conditioning differs from reprocessing, in that the plutonium is not separated as a product steam, but
possibly routed with the fission products and transuranics to a HLW waste form. This provides fuel conditioning with a
number of selling points, as it not only secures the fission products and transuranics in a stable waste form, but also
satisfies non proliferation issues.
The final waste forms from a fuel conditioning process could take a number of forms, but the crucial issue to the
success of the process will be their waste classification and long term stability. An optimised process, would have a
segregated major volume product, which is of a suitable purity for classification as a (very) low level waste. This would
probably be kept in a surface retrieval store. Ideally, plutonium together with the transuranics and the fission products
would be routed to an optimised, low volume high level waste product(s). The cladding materials, would ideally be
decontaminated and recycled, or routed to a intermediate level waste, or be part of the matrix for the HLW. The process
should also minimise the release of the more mobile fission products to the environment.
At present the desired requirements and implications of conditioning have not been fully developed or explored. There
are a number of potential technologies which are feasible for fuel conditioning, amongst these are hybrid PUREX
technology and molten salts.
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Dry Interim Storage
This is in principle an extension of the existing practice to store fuel before reprocessing while the more radioactive
fission products decay to a level tolerable in the process, although for this purpose pond storage is currently the more
usual practice. The same requirements apply with the proviso that they must be maintained for perhaps a few
generations rather than years, and in most cases there is no obvious difficulty in meeting them, the essential condition
being to avoid failure of the cladding and oxidation of the fuel substance. Dry storage technology is increasingly
popular, mainly because the utilities can pay on an incremental basis for capacity and defer any further costs for
disposal or recycle, or transfer them at a fixed rate to a government agency.
The exceptional case is metal fuel where the cladding and uranium metal itself are especially subject to corrosion that
could lead to a release of fission products or plutonium content. Moisture ingress into a dry store could greatly
accelerate corrosion with a particular risk of accumulating an explosive mixture of hydrogen and oxygen in a confined
space. The failure of drying systems thus involves significant risks and requires detailed evaluation. For such fuel the
extended storage option may not be appropriate.
Critical risk from potential flooding of the store is an important risk area, and in some arrangements secondary neutron
poisoning materials would need to be provided. The potential for flooding is directly linked to the long term geological
behaviour of the repository chosen and this requires extensive and expensive characterisation procedures.

Direct Disposal
So far the technology is essentially conceptual, with technical risks quantifiable only in the short term. Some of the
areas for technical evaluation are similar to those in an interim dry store, except that the time-scale is extended to
periods comparable with geological ages with no scope for adjusting the immediate environment of the package after
disposal. Other considerations are essentially the same as in the disposal of high-level waste after reprocessing.
A major difference from HLW is the presence in substantial amounts of fissile material that must be protected from risk
of criticality, especially in case of flooding. For this reason secondary neutron poisoning materials may need to be
provided, with assurance that they will remain in place throughout the effective lifetime of the fissile content. The
potential for flooding is directly linked to the long term geological behaviour of the repository chosen and this requires
extensive and expensive characterisation procedures.
The whole philosophy of high-level waste disposal, whether referring to intact fuel or its long-lived components, needs
careful examination. It has been argued that methods already available can protect present and future generations from
all but the most trivial risks of harm from dispersion of disposed radionuclides by natural processes; in contrast,
intrusion might conceivably subject individuals to significant dose. Fortunately, the statistical probability of such
intrusion can be made very slight.

Conclusions
This paper demonstrates that optimisation across the whole of the fuel cycle is required and that the outcome of the
optimisation process will be the driving force behind development of enhancements or changes to the back end of the
fuel cycle. The four major options for the back end of the fuel cycle, reprocessing, conditioning, interim storage and
direct disposal are considered and technology development needs are outlined.
The industry is facing the combined challenge of cost, safety and the environmental issues from a broad spectrum of
stakeholders. This is particularly so at the back end of the fuel cycle that often sees the most adverse publicity of the
nuclear industry, even though pressures such as cost are largely driven by the reactor itself and not the fuel cycle.
Technology offers the opportunity to address these challenges, and in the nuclear industry we are developing facilities
and capabilities to meet them, BNFL's own new contribution to these facilities is described in the Appendix. However
there are equally important ethical and political issues that will have to be faced on their own terms and in a wider
forum. As technologists and engineers we have an increasing responsibility to ensure technical argument and claims are
presented in ways that allow common sense and rational debate to prevail. Arguably this presents us with more difficult
hurdles than the technological challenges themselves. Failure to present the political and ethical arguments as well as
the technical ones will be to let society and future generations down thus we ought to be diverting significant attention
and talent to ensuring we are ultimately successful.
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Appendix
BNFL's Technology Centre (BTC)
We are seeing the establishment of significant new nuclear research facilities here in France, in Japan and at BNFL in
the UK. These facilities will provide the basis from which we must move the industry forward into the 21st century as a
safe, cost effective and environmentally acceptable means of energy generation with minimal risk of weapon
proliferation.
The facility we are building in the UK, the 'BNFL Technology Centre' at our Sellafield site, is illustrated in Figure Al
and will have the following capabilities towards carrying out nuclear technology development.

Figure Al. BNFL's Technology Centre (BTC) at Sellafield, UK.

Î

BNFL are investing a total of £189M in designing and building the facility that will encourage innovation. Research,
technology development and innovation are of paramount importance in BNFL's pursuit of future business in an
increasingly international market, and BNFL's Technology Centre (BTC) will underpin the company's current and
future technology base. The centre has been ergonomically designed to house the highest quality research staff and
facilities and is intentionally structured to promote high quality research and innovation. Construction of the facility is
well advanced with occupation and operations now started.
From the outset of the project, one of the principal determining factors has been the requirement to make a safe "people-
friendly" building which would foster frequent interaction between technologists, thereby stimulating cross-fertilisation
of ideas between many different disciplines. This will create an environment that is conducive to world class research
and development.
The integrated facilities to be provided within the BTC will consist of Highly Active alpha/beta/gamma (cc/p/y) cells,
high active laboratories, low active and inactive laboratories, uranium-active rig hall plus supporting infrastructure to
meet the requirements of 300 technologists and support personnel. The BTC will be integrated with existing, modern
chemical and mechanical engineering facilities forming a research complex capable of providing the complete range of
facilities to support all disciplines and radioactivity levels required to underpin the full range of nuclear fuel cycle
operations. These include:

Oxide and metal fuel reprocessing
High level waste vitrification
Intermediate level waste treatment and storage
Low level waste disposal
Mixed Oxide Fuel production
Decontamination and decommissioning
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High Active Cells (HA Cells)
The HA cells will be used for development work on ct/p/y and neutron (n) active materials. These cells will consist of a
number of discrete working environments each with its own containment box. Biological shielding will be afforded by
the main concrete structure within which the containment box will be housed. In-cell operations will be performed
remotely using Robotic Manipulators with viewing through leaded glass windows.
These facilities will enable BNFL to undertake both fundamental research and process development activities with a
range of radioactive materials in a safe manner. Such activities may range from decontamination development on real
plant materials to immobilisation development using actual wastes retrieved from reprocessing plant.

Laboratories
The largest functional area within the BTC will be the laboratories, which will consist of a series of grouped modules.
In the inactive laboratories each module is a stand-alone workstation and can be configured variously as a benched area,
fume cupboard, floor space or glove box. Combinations of these modules will be grouped together in a configuration
that meets the requirements of the various scientific groups using them. However, as and when requirements change,
then the modules can be reconfigured to match.
In the alpha active laboratories there will be a predominance of glove-box modules for containment, with fume-
cupboard modules being used for support work only. The glove boxes will have varying degrees of biological shielding
depending on the levels of beta and gamma radiation associated with the materials in use. Mixed Oxide Fuel
development work will be carried out in these laboratories.
To create an aesthetic-working environment, natural daylight will be maximised through large areas of glazing in the
building. The laboratories have been made as open as is possible within the constraints of ventilation, fire and other
safety considerations. This approach will maximise interaction between staff.

Rig Hall
The uranium active rig hall will be capable of housing large process and experimental rigs and includes a 25 metre high
tower. Within the hall there will be a reagent storage area, workshops and a series of bays for the rigs each of which will
be independently serviced via service ring main. Rigs will in general be constructed off-site within an ISO freight
container framework, thus allowing the rig to be transported as a complete module, moved to a bay and connected to the
required services.
So far only the office areas are ready for occupation; the rest is expected to be in action within the coming two or three
years.
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Enhancements in the Thorp Reprocessing Plant &y >

Michael.J.Wakem and Martin Brownridge
Thorp Technical Department and Research and Technology, BNFL pic, Sellafield, Seascale, Cumbria,

CA20 1PG, UK.

Abstract
A number of successful enhancements have been made to the process at the Thorp reprocessing plant
at Sellafield. After a long and detailed Research and Development programme followed by an intensive
design/construction project, Thorp was inactively commissioned with first active shear in March 1994.
The plant has now reached a mature stage in its development, following successful active
commissioning demonstrating flowsheet or better performance in the solvent extraction cycles.
Enhancements are now sought to achieve a range of objectives. Against a background of ever tighter
regulatory control both in terms of safety and environmental discharge, BNFL are continuing to invest
in further improvements with short, medium and longer term objectives to improve plant throughput;
expand the range of feed fuels; reduce environmental discharges and reduce running costs. This paper
describes a few of these enhancements.

Introduction
British Nuclear Fuels pic (BNFL) completed construction of its Thermal Oxide Reprocessing Plant
(Thorp) at the Sellafield site, Cumbria, UK in 1992. After a long and detailed Research and
Development programme followed by an intensive design/construction project, Thorp was inactively
commissioned with first active shear in 1994. From these testing activities, Thorp obtained its
Operational License from the UK Regulator N.I.I., in August 1997. This was a full 23 years after first
conceptual design began (Ref. 1).

Thorp is a major technical achievement that differs from many of the plants previously established on
the Sellafield site. One building (Thorp) incorporates a number of individual operating plants. The
facility is fully integrated and incorporates the following stages;

1. Fuel Receipt and Ponds.
2. Fuel shearing and dissolution.
3. Chemical separation.
4. Uranium finishing
5. Plutonium finishing
6. MOX fuel fabrication

With the exception of the MOX fuel fabrication facility, which is still awaiting a license for active
commissioning, all aspects of Thorp functions are fully operational.

To date the Head End Plant, including the Feed Pond, has processed over 3000 tonnes(U) of irradiated
fuel. During the financial year 1999/2000 Thorp processed a record breaking 878tonnes(U).

The fuel processed covers the three generic reference case types:

• AGR - Advanced Gas Reactor
• BWR - Boiling Water Reactor
• PWR - Pressurised Water Reactor

The performance of Thorp has been excellent, with both the mechanical Head End and the three-cycle Purex
solvent extraction process and equipment operating better than predicted. In particular the uranium-
plutonium separation stage, which received intensive technical development to deal with the effects of
the fission product technetium, has given an overall separation performance well in excess of the
minimum flowsheet requirement. Decontamination of the uranium and plutonium products from fission
products has in general been better than flowsheet requirements and the solvent extraction equipment
has operated stably under the automatic controls developed during the R&D programme. The success
of commissioning and operations demonstrates confidence in both plant, people and procedures to
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sustain performance within all future safety and commercial expectations. Confidence in the plant
performance is such that extensions of the plant safety case are being developed in order to allow
Thorp to process Higher Burn-Up (HBU) and Mixed Plutonium and Uranium Oxide (MOX) fuels (Ref.
2).

In parallel with Thorp, a range of waste treatment
and clean up plants using vitrification, floe
precipitation, ultra-filtration and ion exchange
technologies have been successfully operated so
as to reduce discharges to the environment of
radioactive materials and allow for safe long term
storage of radioactive waste.

Thorp has now reached a mature stage in its
development. The challenge for the immediate
future is to continue to achieve throughput rates
achieved to date into sustained long periods of
active running. Enhancements are now sought to
achieve a range of objectives, against a
background of ever tighter regulatory control both
in terms of safety and environmental discharge.
BNFL are continuing to invest in further
improvements with short, medium and long term
objectives to improve plant throughput, expand
the range of feed fuels and reduce environmental
discharges. This paper describes some of these
enhancement

Fig. 1 Thorp

Science policy
During Thorp's transition from design project to operating plant, BNFL have built up and retained a
fund of knowledge, skills and experience in nuclear processing spanning the full range from theoretical
development to production scale operation. Using these skills BNFL is now undertaking programmes
of work which seek to improve the Thorp plant and to provide the technological base for spent fuel
management well into the future.

BNFL are also committed to maintaining a scientific base so that the Company has the capability it
needs to underpin its products and processes, now and for the future. Centres of Excellence have been
set up in partnership with leading Universities to rejuvenate and underpin scientific research in key
areas of significance to BNFL's interests. Centres of Excellence have been set up in Radiochemistry
and Particle Technology. The possibility for other Centres of Excellence in Non destructive evaluation,
Environment, Immobilisation, Advanced Engineering Design and Separations is currently under
review. When fully operational, they will support a skill base of about 200 researchers linked to BNFL

The continual review of technical focus, business investment value and effectiveness of resource
utilisation has built confidence that Thorp's technological development portfolio today is well balanced
and focused on the needs of the business and its customers.

Process Optimisation and Improvement
Thorp development work in the near term is concentrated on process optimisation. The plant design
allowed successful commissioning and safe operation, and subsequent operational experience has
helped to identify opportunities for process improvement (Ref. 3). Typical of these would be:

• reduction of reprocessing wastes
• reduced environmental impact
• reagent consumption
• energy usage
• throughput optimisation
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The near term benefits from these programmes represent steady evolution rather than quantum change
which is entirely to be expected noticing that commitments to customers, safe plant operation and
business revenues must be maintained. The following section of the paper examines at the strategies we
have in place to improve and optimise the Thorp plants, giving examples of how this has been
implemented.

Refurbishment strategy
It is widely recognised that during the life of the Thorp plant as a whole, certain systems or items
would require replacement or renovation through obsolescence or wear and tear. Refurbishment is
defined as the planned replacement or renovation of these items rather than ongoing repair and
maintenance work. Refurbishment generally takes place at or near the end of the expected life of an
asset or system (or part of an asset or plant), and is planned rather than being due to an unexpected
breakdown or failure. Refurbishment typically involves the replacement of an asset or system that has
worn out or become obsolete, or involves a major programme of work to overhaul an existing item to
extend its life.

The purpose of the refurbishment strategy is to:

• minimise the impact of refurbishment on Production,
• plan and phase capital and development budget funding,
• provide mechanisms for review of refurbishment need,
• identify ways of prolonging life,
• plan replacement of key plant,
• identify major spares requirements, and
• identify and initiate urgent work

The Strategy is to manage the provision for refurbishment of the Thorp plants in a manner that
maintains the process capability in accordance with the current business requirements. The strategies
encompass the following: -

Establish current understanding of refurbishment needs,
Test against expert opinion,
Programme and estimate discrete work packages,
Reconcile Refurbishment requirements with production program,
Reassess and manage financial provision for business plan,
Establish trigger points,
Monitor plant condition against trigger points,
Instigate front-end design and engineering to support above,
Anticipate and examine potential effects of changing business requirements on refurbishment
provision, and
Validate assumptions by regular review and input.

For example, most IT systems will become obsolete after approximately eight years due to the advance
of technology and difficulty in accessing vendor support or getting spare parts. Specific criteria have
been set for plant items such as the dissolver whereby they will be replaced when the criteria are
attained. In the case of the dissolver its wall thickness is closely monitored throughout operations and
it will be replaced when its minimum operationally acceptable wall thickness is reached. For such
items it is not known exactly when these criteria will be reached, but refurbishment will be necessary at
some point, and through a programme of condition monitoring, the work can be planned as more
information is gathered during operations.

Refurbishment generally does not involve the creation of a new asset; the significant enhancement of
an existing asset, or a change to its functionality or capability. However, where refurbishment involves
replacement, it is recognised that assets or systems will be replaced with the best available technology
at the time, although the replaced item will ostensibly only be designed to operate in accordance with
the original design intent. In particular, replacement specifically to meet new safety or statutory
regulations, or to enable the plant to operate in excess of its original design capability (e.g. reprocess
different fuels) is not regarded as refurbishment expenditure.
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Environmental - strategy/policy
The design philosophy behind the implementation of Thorp's waste management practices, was
developed from the experience gained from operating the Magnox reprocessing plant. Its associated
waste management facilities and experience from within the nuclear industry, ensured the use of 'best
practicable means' in minimising the environmental impact from the operation of Thorp.

Since 1994, BNFL has been undertaking regular reviews of the environmental performance of Thorp to
benchmark its achievements against a range of reference criteria, in order to identify and progress the
most appropriate initiatives which will continue to reduce the impact of its operations, whilst
maintaining a viable business. In doing so, BNFL have demonstrated the application of the principle
of 'Best Practicable Means' (BPM) to minimise waste arisings from the operation of the Thorp Head
End and Chemical Separation plant.

The application of the principle of BPM within the Thorp Head End and Chemical Separation plant is
demonstrated by considering the following factors or activities: -

Plant design philosophy and abatement technologies used.
How the plant is operated (management & engineering controls).
Undertaking discharge performance assessments to benchmark against reference criteria and identify
key radionuclides for further work.
For selected nuclides, undertaking investigative work to further improve understanding of their
behaviour in the process and identify the main source(s) of any "elevated" arisings.
Identifying and assessing options to improve discharge performance (continual reductions in
discharges, where practicable).
Changes to the process will be implemented as soon as practicable bearing in mind safety implications,
regulatory requirements and business considerations. Some of the successes in reducing aerial and
liquid discharges are presented below.

Atmospheric Discharges of Tritium from Thorp Stack.
Since the start up of Thorp the amount of tritium produced per tonne of fuel reprocessed has been
reduced by a factor of 12 and in Thorp Vessel Ventilation this has resulted in an overall reduction of 4
in the discharge from the Thorp stack. This has been achieved by optimising existing abatement
equipment to reduce tritiated water emissions.

Atmospheric Discharges of C14.
Discharges since the startup of Thorp of carbon-14 are very close to the design flowsheet.
Optimisation of the Dissolver Off Gas system has reduced discharges, which are currently of the order
of 0.05 grams C14 in a year when around 764 tonnes of fuel is reprocessed (1998).

Atmospheric Discharges of I129.
Discharges of I129 have been observed from both the Dissolver Off Gas (DOG) and Vessel Ventilation
systems in Thorp. Optimisation of the DOG system was successful in making small reductions to the
overall stack I129 discharges, reducing the DOG discharge component to significantly below the
designed flowsheet level. Work is ongoing to reduce I129 in the Vessel Ventilation system and currently
trials are underway to drive off more I129 from the dissolver by adding iodic acid.

Marine Discharges of Co60.
The treatment of certain fuels results in soluble cobalt-60 which is released into the Thorp feed pond
and subsequently discharged to the marine environment. Thorp have identified an ion exchange
material which removes Co60 and are currently discussing the acceptability of the waste to Nirex. Once
Nirex have confirmed acceptance it is intended to place the ion exchange on existing filters in the Feed
Pond area.

Benefits to customers - additional services
Thorp was designed to reprocess specific types of fuel of certain irradiation histories. The plant is
capable of reprocessing other fuels, and the acceptance envelope can be extended by examination and
development of the safety case, and still further by flowsheet or equipment changes.
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A systematic programme is being undertaken to exploit Thorp's capabilities to meet prospective
customer needs. The programme targets a range of different fuel characteristics ranging from fuel
structure changes to increased irradiation and more highly enriched Uranium or Plutonium forms. This
systematic progressive approach allows the reprocessing envelope to be safely and efficiently extended
and the level of investment matched to emerging customer needs.

Shrouded fuel trial - benefit to customers, lower dose uptake
In 1990 reprocessing customers initially raised the issue of fuel water channel treatment. A range of
important factors such as limited reuse potential due to extended and/or differing power production
regimes, operator dose uptake from channel handling in reactor site ponds, channel accumulation
within ponds and the costs of irradiated shroud management and disposal were all prime movers
towards seeking other water channel handling and storage options (Ref. 4).

After initial internal review BNFL proposed the direct reprocessing route, i.e. shearing the fuels with
the water channel, in place, with the fuel into the Thorp dissolvers and treating the resultant Zircaloy
waste as an Intermediate waste stream for cement grout encapsulation in the BNFL plant known as the
Waste Encapsulation Plant (WEP).

The success of commissioning, and the detailed data gained from it, by the processing of all fuel types
(Advanced Gas Cooled [AGR], Boiling Water Reactor [BWR] and Pressurised Water Reactor [PWR]),
demonstrated that through the flexibility and characterisation of the front end processes, Thorp could
be quickly aligned to perform a processing trial of fuel with water channels in place, (without
impacting on normal production).

The processing of such a campaign was known within BNFL as the "Shrouded Fuel Trial" and was
successfully completed in July 1997, following a number of years of research into mechanical and
chemical behaviour. This enabled a revised safety case to be written demonstrating that the trial was
within the safety case envelope, and was therefore able to be implemented.

The existing safety case of Thorp is not challenged and the trial demonstrated that shrouds do not
impair shearing, dissolution, waste handling or chemical separation characteristics.

Processing in this manner has the benefits of reducing overall industry dose uptake, reducing waste
volumes at reactor ponds and drives down waste volumes and handling within the industry.
This success opens the door to an increase in scope of service and allows BNFL to offer a complete
shrouded fuel reprocessing and transport package as a customer option.

Hulls monitor - improving plant
Safe and optimum operations of spent fuel recycling plants rely on the availability of real time
measurement systems at key in-line points in the process. The Thorp Hulls Monitor is one of over
thirty types of such special instrument systems that have been developed and commissioned during the
1980s and early 1990s on the Thorp commercial reprocessing plant at Sellafield. The following section
describes the Hulls Monitor and how operational issues and future trends in the fuel to be reprocessed
have provided a stimulus to incorporate a compact AccSys DL-1 linear accelerator based neutron
source in the Hulls monitor (Refs. 5,6,7&8).

The Hulls Monitor is installed in the Thorp Head End plant where oxide fuels are removed from their
storage flasks, monitored by the Feed Pond Fuel Monitor (Refs. 1-4), sheared into 1.6 tonne dissolver
batches and dissolved for subsequent chemical separation. After dissolution of sheared fuel the
resulting pieces of empty fuel cladding (hulls) are measured by the Hulls Monitor prior to sentencing
for export for encapsulation and disposal. Typically 600kg of zircaloy or stainless steel hulls from each
dissolver batch are measured in a dissolver basket, which has a diameter of approximately 700mm and
maximum fill height of around 2300mm. The Hulls Monitor measurements are required to: -

Assure criticality safety of the hulls during subsequent handling in Thorp and the Waste Encapsulation
Plant.
Provide process control data on the leach efficiency to permit sentencing of each hulls batch.
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Determine the residual masses of 235U, total uranium and fissile and total plutonium in the hulls for
materials accountancy and International Safeguards purposes.
Provide an activity inventory for compliance with Intermediate Level Waste contractual agreements
and repository acceptance criteria.

The Hulls Monitor (see Figure 2) uses three radiometric techniques; Differential Die Away (DDA),
passive neutron measurement, and High Resolution Gamma Spectrometry (HRGS). The DDA
measurement determines the residual fissile content of the hulls. The passive neutron measurement is
used as an input to determine Safeguards and inventory results. The HRGS measurement gives the
radionuclide inventory of the high energy gamma emitting fission and activation products and provides
an independent indication of gross dissolver maloperation.

Operational experience with the installed Sodern Genie-26 deuterium-tritium neutron generators
showed that they required routine preventative maintenance and that their neutron output decreased
significantly with operation. This necessitated the routine replacement of the generator's neutron
emitting probe unit.

The Hulls Monitor application of the DDA technique requires a high output neutron source providing a
minimum depending on the fuel characteristics, of 1.5x108 neutrons per second at a frequency of 15
pulses a second. This high neutron output is at the current limit of technology for deuterium-tritium
neutron generators, together with reliability and security of supply concerns, led BNFL to consider
alternative neutron sources.

Following an evaluation of commercially available systems the decision was made to install an AccSys
DL-1 Linac as a replacement for one of the Hulls Monitor's two deuterium-tritium neutron generators.

The AccSys DL-1 Linac is a Radio Frequency
Quadrupole (RFQ) Linac that accelerates
deuterium ions to 0.9 MeV. The Linac uses a
9Be(d,n)10B reaction in a beryllium target to
produce the neutron output. The Linac's
compact rugged design and intrinsically pulsed
neutron output makes it a suitable replacement
for a deuterium-tritium neutron generator tube
in an industrial DDA application. The expected
maximum output from a fully tuned system at
the Hulls Monitor duty cycle of 15Hz is lxlO9

neutrons per second. The system is currently
operating with a maximum output of 5xlO8

neutrons per second, which is still significantly
greater than can be achieved by any currently
available deuterium-tritium neutron generator
design.

Fig. 2 Linac

The choice of the Linac as a replacement for one of the two deuterium-tritium neutron generators
affords both diversity of supply and an increase in operational flexibility. Thereby allowing the higher
output Linac to be used in the measurement of more challenging higher passive neutron emission hulls
batches.

Following these modifications the Linac based measurement system was demonstrated to produce
results consistent with the alternative deuterium-tritium neutron generator system for a range of fissile
standard and real hulls measurements. The Linac currently operates in a "manual mode" for the
measurement and sentencing of hulls batches. The system will be fully integrated into the Hulls
Monitor control systems when the necessary Linac control software has been implemented. The new
system providing the diversity, security of supply and potential for increased neutron for future
operational flexibility. The Linac has the added advantage that it can handle higher burn-up fuels.
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Feed Pond Fuel Monitor - improving plant
An example of developing operations is the Feed Pond Fuel Monitor optimisation. The monitor
measures burn-up and cooling and is essential for the criticality safety case. Initially the cycle time for
the monitoring operation was on the critical path limiting the rate at which fuel could be sheared. A
technical optimisation programme enhanced the software to reduce the cycle time with no loss in
quality of information. This has removed the monitor sufficiently far from the critical path so that it no
longer limits shearing.

Solvent recycle - reducing waste/ optimisation
TBP dissolved in odourless kerosene is used to separate fission products from the uranium and
plutonium. The spent solvent is recycled many times as degradation products are removed by alkaline
washing. Odourless Kerosene (OK) is used to strip TBP from various streams before evaporation. A
small purge balances the addition of clean OK. The purged solvent stream will be treated by alkaline
hydrolysis in the new solvent treatment plant. Work has been conducted to optimise the OK washing
process and hence to minimise the purge needed. The trials were very successful and implemented on
plant. The overall reduction in purge rate was in excess of 50%.

BNFL has also been researching technologies for cleanup & separation of the purge solvent stream for
recycle to further optimise the process.

Control systems Strategy - phased replacement
A number of challenges exist to ensure the Thorp control systems sustain current production demand
and meet future production demands. This entails constant development versus "state of the art"
equipment and systems, and also a refurbishment strategy. The challenges we face include: -

Obsolescence - as advancements are made in technology hardware, operating systems or programming
languages become obsolescent.
Diminishing technical support from external suppliers on older equipment.
Increasing regulatory demands to adopt the latest standards (IEC 61508).
Increase in plant performance.
Increasing demand on the system availability and reliability.
Capacity for future expansion, enhancement or connectivity.

The table below outlines the typical product life cycles for the various IT systems used by BNFL

Mainframe computer
PC
DCS
PLC
VME

Sale life
(years)

3
1
10
10
12

Support life
(years)

5
3
10
5
5

Extended support (years)

5
3
5
2
5

The sale life outlines the for which length of time the product is on the market.
The support life shows the length of time the manufacturer will provide support to the product through
spares or callout.

Extended support life is the length of time the support for the product can be extended by other means
e.g. acquiring a sufficient stock of spares or using an alternative repair service.

Strategies to replace the control systems on Thorp have been initiated. The deliverables and
reinvestment have been tailored to specific areas of plant to minimise downtime and optimise the
benefit to the business. The strategy allows for obsolete equipment to be held as spares to support old
equipment in non-critical applications. The most appropriate phasing to align with the stage of the
production programme and likely outage periods is built into this strategy.

We have studied and implemented advanced systems, for example: -
Advanced Management Information systems.
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Advanced Real Time process Monitoring using process models.
Multi Variable Process Monitoring - Model Predictive Control (for example on the uranyl nitrate
evaporator.)

The Challenges - balancing the portfolio
As noted above, synergy resulting from integrated programmes of work is of significant value in
achieving cost effective technology development. It does, however, result in challenges in the
management of development work, such as priorities, skill base etc.. Also there are business drivers
which are inherently contradictory which must be rationalised, such as reductions in process costs
alongside decreasing environmental impact, yet with increased fuel burn-ups. These challenges are
only some of those experienced in managing the Thorp technical portfolio.

Summary
BNFL is continuing to develop improvements to Purex reprocessing flowsheets and process equipment
for implementation in Thorp and in future plants. Other, more novel, technologies for recycling of
nuclear fuel materials are also studied with a view to future deployment, probably on future plants
rather than Thorp, but these are beyond the scope of this paper.

In the near term, work is focused on optimisation of the process to get the best possible performance
from Thorp and associated plants including, where appropriate, measures to improve safety and
environmental performance as part of BNFL's policy of seeking continual improvement.

Medium term development includes, for example, assessment of future feedstocks outside the original
Thorp design envelope, and development of novel or improved equipment to replace plant expected to
have a limited service life, or to provide improved performance against cost and other business drivers.

Longer-term work includes development of processes to simplify the effluent treatment infrastructure
supporting Thorp. Work on the development of technology for future reprocessing plant beyond Thorp
is outside the scope of this paper, but as noted above the programmes are closely integrated to ensure
cross-fertilisation of ideas and best use of effort.
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Abstract
Key technologies for the future nuclear fuel cycle have been proposed and are being reviewed in
JNC as a part of the Feasibility Study for an Advanced Fuel Cycle, which is to achieve a more
flexible energy choice to satisfy a sustainable energy security and global environmental protection.
The candidate reprocessing technologies are: 1) aqueous simplified PUREX process, 2) oxide or
metallic electrowinning, and 3) fluoride volatilization for oxide, metal, or nitride fuels. The fuel
fabrication methods being investigated are: 1) simplified pellet process, 2) sphere/vibro-packed
process for MOX/MN fuel, and 3) casting for metal fuel. These candidate technologies are
currently being compared based on past experiences, technical issues to be solved, industrial
applicability for future plants, feasible options for MA/LLFP separation, and nonproliferation
aspects.
After two years of the present reviewing process, selected key technologies will be developed over
the next five years to evaluate industrial applicability of reprocessing and fuel manufacturing
processes for the advanced fuel cycle.

1. Introduction
Japan's policy on their long-term nuclear program is now being revised to define a prospective
direction for the use and development of nuclear energy in the 21st century. In the light of urgent
necessity to reduce the emission of greenhouse gas without imposing the risk of energy supply
instability, the nuclear energy is recognized as one of the vital options in Japan's long-term energy
strategy. In this regard, the fuel recycling option combined with fast reactors has been seen as a
desirable future direction to realize sustainable utilization of uranium resources. In order to make
this option acceptable as a practical one from both economical and social aspects, a new R&D
program directed toward more economical and flexible technology system named as the Advanced
Fuel Cycle was initiated. (1)

The Advanced Fuel Cycle concept is aimed at establishing the following social requisites for the
21st century;
-Safety processing features that ensure the lowest risk and reliable operation
-Economically competitive to achieve more attractive methods for the maximum use
and minimum disposal of uranium resources, including plutonium, minor actinides
(MA) and Long Lived Fission Products (LLFP).

-International acceptance by adopting the enhanced nonproliferation process.
The Feasibility Study (FS) for the Advanced Fuel Cycle was initiated by establishing a new
organization in JNC on July 1, 1999, in which key members participate as representatives from
national institutes, electric utilities, and fabricators. (2)

2. Feasibility Study Scheme
Technologies in the advanced fuel cycle should be harmonized with the current LWR fuel cycle by
handling both LWR spent uranium and MOX fuels as well as fast reactor spent fuels; these
technologies are illustrated in Fig 1. Multi-recycling of uranium and plutonium together with a
small stream of MA and LLFP will be realized more efficiently in this fast reactor advanced fuel
cycle system than other systems, such as existing LWR or Accelerator Driven System. The fast
reactor system can utilize the degraded plutonium recovered from LWR spent MOX.
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The first

phase of the FS is a review of candidate technologies for the advanced fuel cycle system during
JFY1999 and 2000. Both reprocessing and fuel fabrication technologies, shown in Fig 2, are being
evaluated for their technological potentials based on past experiences and the present experimental
database with respect to the five targets set for the advanced fuel cycle as shown in Fig 1.
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Fig.2 Candidate Key Technologies of Advanced Fuel Cycle System
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At the end of the first phase, several candidate technologies will be selected by preliminary
assessment. Simplified aqueous reprocessing and MOX vibro-packed fuel fabrication is one of the
feasible reference technologies. Three candidate technologies for dry chemical reprocessing have
been nominated in the first phase; they are oxide electrowinning, metallic electrowinning and
fluoride volatilization, two will be selected at the end of the first phase. Alternative fuel types such
as metal or nitride will be selected when their in-core performances are assessed to be higher than
MOX under the several fast reactor coolants, such as sodium, lead-bismuth, gas, or water. Other
fuel cycle factors in the reprocessing and fuel fabrication processes are also assessed in the fuel type
selection.

In the second phase which covers five years starting from JFY2001, the conceptual design study
and laboratory and bench-scale testing of selected key technologies will be conducted by using
several hundred grams of U/Pu/MA to verify and validate their feasibility for adoption in the
advanced cycle. At the end of the second phase, these selected key technologies will be further
selected and integrated into probably two most promising fuel cycle systems.

An advanced fuel cycle systems chosen from the 2nd phase of the FS will then be demonstrated by
testing fuel pins or assemblies in JOYO and MONJU reactors, and by processing spent fuel pins in
engineering-scale R&D facilities, such as RETF. These sequential approaches will address the
optimization of the future fast reactor advanced fuel cycle system by the year 2015.

3. Candidate Fuel Cycle Technologies
3.1 Advanced Fuel Reprocessing
Advanced aqueous reprocessing and dry chemical reprocessing are proposed options; the candidate
process flow diagrams are shown in Fig 3. One of the biggest changes in the process is the greatly
mitigated purification level of products. This concept introduces 1) the reduction of plant
construction and operation cost, 2) the increase of proliferation resistance, and 3) the easy MA
mixing with the U/Pu products. The fission products decontamination factor (DF) in these
simplified systems is in the range of 10 to 1000, so the products are always highly radioactive but
still usable in fast reactors owing to their low neutronic sensitivity to material impurities.
In the MOX PUREX reprocessing by TBP extraction, one-cycle flow sheet with co-processing of
U, Pu, and Np was experimentally established by JNC. (3) Specification of the products was
optimized with the flow sheet study by using spent MOX fuel in JNC. By adopting once-cycle co-
processing process, neither separated plutonium nor radiation-free nuclear material exists in any
step of the entire fuel cycle, and thus the resistance against misuse and theft of plutonium is greatly
enhanced. A pretreatment process of crystallization for the extraction of excess uranium from a
dissolved MOX solution makes it possible to achieve a more compact system for U/Pu/Np
extraction in the simplified PUREX. CO2 superfluid direct extraction or chromatographic
extraction is one of other innovative alternatives, for which basic experiments are now being
conducted within the framework of the FS to judge the technical feasibility.
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Fig.3 Candidates of Advanced Reprocessing for MOX Spent Fuel

Modified dry-chemical techniques provide another possibility of advanced reprocessing. These
were originally developed by ANL in USA, RIAR and RICT in Russia. Continuing efforts by
RIAR demonstrated a successful operation of the oxide electrowinning by using several kg of spent
fuel from BOR-60. (4) Both the RIAR and INC are now developing improvements in these
processes.
The R&D on metallic electrowinning has been principally designated to CRIEPI. The Fuel
Conditioning Facility in ANL has demonstrated its high potentiality to treat spent fuels. In the FS,
metallic electrowinning is being evaluated for both metal and oxide fuel cycles.
Regarding the fluoride volatilization process, a preliminary assessment was made based on the
JNC's experience on fluoride conversion of uranium and a large database on the fluoride
volatilization accumulated by RICT. Items to realize the industrial scale of system are pointed out
with these experiences. The maintenance and stable operation to prevent plugging due to the
deposition of solid products are big issues to be solved.

Development of long-life component materials, including crucible material, is an issue for the dry
process because of the corrosive and high temperature operating conditions. Safeguardability of the
dry process should be assured with the proper equipment and inspection system. The loss of fissile
materials to waste should be minimized and the recovery of MA should be further optimized. The
treatment of chloric type wastes has to be guaranteed for long-term stable storage.

Recovery of LLFP, such as I, Tc, Cs, and Sr, from the process will be fundamentally investigated in
the second phase of the FS. The economical penalty for introducing LLFP recovery process should
be minimized in both aqueous and dry reprocessing.

3.2 Advanced Fuel Fabrication
Fuel fabrication for the advanced cycle must be as simple as possible and suitable for massive
remote operation to handle the material recovered from the reprocessing with low decontamination
factors. Three fuel fabrication process candidates are being investigated; a simplified fuel pellet
process, sphere or vibro-packed process using particulate fuel, and metal casting process. Selection



01-02

and optimization of participate fuel fabrication method depends upon the reprocessing method, as
shown in Fig 3.

Sphere or vibro packed MOX fuels with three to five size fractions are thought to be competitive
with the current MOX pellet performance. Sphere-packed MOX fuel resulted from simplified
PUREX and gel precipitation process is being developed under the JNC/PSI/NRG collaboration
program. (5) This technique can be applied to a MOX fuel fabrication route converted from a
metallic electrowinning or fluoride volatilization process.

Vibro-packed MOX fuel fabrication after oxide electrowinning process was originally demonstrated
by RIAR in Russia. The BN600 option in the Russian excess-weapons plutonium disposition
program adopted the vibro-packed fuel under the support of JNC.

Lessons from past experiences in UK and RIAR for the packed fuel suggest that fuel pin quality
assurance should be optimized for continuous manufacturing and inspection process. Fuel-
cladding chemical interaction is another key issue that should be controlled to achieve a high
burnup capability.

Metal injection casting has been developed and demonstrated in ANL for more than hundred
thousand fuel pins. Recent work in the FS focuses the improvement of the metal casting system by
developing reusable molds as an effective method to minimize the loss of nuclear raw material and
the generation of wastes.

The cost penalty for remote process should be compensated by the fact that the number of the steps
in the fuel fabrication process is much smaller than in the pellet process preceded by a conversion
process. The integration of reprocessing and fabrication processes into one fuel cycle facility will
contribute to a further reduction of the fuel cycle costs and the proliferation risk.

4. Plant Design Study
A conceptual plant design study is the key to selecting the candidate technologies before entering
the second phase of the FS. A great deal of volume reduction for the fuel cycle plants is expected
for both simplified PUREX and electrowinning processes combined with the subsequent fuel
fabrication process. The estimated cost of a plant (capacity of 200 tHM/y) for simplified PUREX
and MOX sphere packed processes achieves the target cost shown in Fig. 1, even when an additional
process for MA recovery is included.

The oxide-base electrowinning plant (capacity of 50 tHM/y) also achieves the target.
However, there are still a number of uncertainties in the cost evaluation associated with the waste
and safety management aspects in an electrowinning plant. These studies will be continued through
this year with more detailed analysis of the key technologies and each processes.

5. Conclusion
Society in the next century will need a more flexible, reliable, and safe energy source that assures
low cost and global environmental protection. Japan's future nuclear energy system is being
explored in the feasibility study of Advanced Fuel Cycle systems aiming at a sustainable energy
system with a low environmental burden. Such a closed cycle system coupled with the prospective
use of fast reactors can realize both maximum use of uranium resources and minimum generation of
waste via multi-recycling of U/Pu/MA. Since the basis for some of the important candidate
processes have been developed and tested for industrial applications in foreign countries,
international cooperations with these countries are valuable in order to push the whole program
forward in more efficient way.
Such cooperations are also important to devise and maintain international understanding in the
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importance of the Advanced Fuel Cycle option because this option is expected to assure a virtually
inexhaustible energy supply to our future generations without entailing economically and
environmentally unbearable burdens and the risk of proliferation.
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In JAERJ, reprocessing experiments were performed using spent fuel with a burn-up of 29 GWd-t"1 at NUCEF
(Nuclear Fuel Cycle Safety Engineering Research Facility) facility. The aim of this research is to assess the
radioactivity confinement capability of a reprocessing plant. Dissolution experiments were performed with a
batch-wise dissolver. Most contents of spent fuel, U, lanthanides, actinides, Cs etc., were well dissolved into
nitric acid aqueous solution. In the case of Ru, Mo and Tc, however, only some parts (60-70 %) of them are
supposed to be contained in the solution. Small amounts of Zr, Pd and Rh were also included in residue or
precipitate. Iodine was well stripped from the solution during both dissolution and iodine-stripping using KIO3,
and 5.6 % of 1-129 remained in the solution. Iodine in off-gas was well trapped by columns loaded by AgNCV
silica adsorbent. Extraction experiments by mixer-settlers were performed with 30 vol% TBP/dodecane as
extractive solvent under conventional PUREX flow sheet. U and Pu were well recovered from the spent fuel
solution, and were well separated each other. The influence of the flow rate of extractive solvent supplied to the
first cycle was examined. The decrease of the flow rate resulted in slight increase of U and Pu content in HAW.
The behavior of Np was studied. Used solvent was washed by Na2CC>3 solution and remaining DBP was 100
mg-L"1.

INTRODUCTION
In JAERI, a reprocessing experiment was performed using spent fuel in an alpha-gamma cell at NUCEF (Nuclear
Fuel Cycle Engineering Research Facility) facility. It is scheduled that Rokkasho plant of JNFL starts operation in
July in 2005. The aim of this research is to assess the radioactivity confinement capability of a reprocessing plant
*(footnote). In 1998, experiments started with PWR spent fuel with burn-up of 8 GWd-t"1 (1). In 1999, the burn-
up was increased to 29 GWd-t"1, and the test is still undergoing with spent fuel of 45 GWd-t"1 in 2000. This paper
describes the experiments using spent fuel with a burn-up of 29 GWd-t"1.

EXPERIMENTAL
A small scale reprocessing test line was installed in an alpha-gamma cell at NUCEF (2). The line contains
apparatus that represent principal reprocessing steps, i.e. dissolution, co-decontamination, U/Pu separation, U
stripping and solvent regeneration.
PWR spent fuel with an average burn-up of 29 GWd-t"1 (estimated form Cs-134/Cs-137 ratio) and cooled for 17
years was used. Batch-wise dissolution experiments were performed for three times. The conditions of each
experimental run are summarized in Table 1. These conditions were designed to obtain 4.5 L of spent fuel
solution with proper concentration, approximately 250 g-L"1 for U and 3 mol-L"1 for HNO3. Already chopped
pellets in a basket were loaded into the dissolver filled with HNO3 solution. Then, the dissolver was warmed to
100 °C. Iodine evolving during each experimental run was captured by an iodine trapping system. Dissolver
solution was sent to an iodine-stripping vessel after the respective run.
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Table 1 The

Run D-l

Run D-2

Run D-3

summary of conditions of dissolution experiment
HNO3 solution

U amount/ g _ . . . , , T _i
Concentration / mol-L

373

284

274

5

4

4

Amount / L

1.5

1.3

1.3

Temperature / °C

100

100

100

Time / min

220

160

140

Off-gas lines from the dissolver and the iodine-stripping vessel are connected to an iodine trapping system, which
is installed in a grove box outside of the cell. The system contains three iodine-adsorbing columns filled with
AgNO3 supported by silica gel (AgS) as adsorbent. A single column contains seven cartridges (dimensions of the
space for adsorbent: 25 mm in diameter and 10 mm in length, respectively), and total amount of Ag is 24 g for a
column. Off-gas passed through the column at the flow rate about 400 L-hr"1.
Iodine-stripping experiment was performed after collecting all the dissolver solution in the iodine-stripping vessel.

Diluent Main solvent: Ol Feed solution: Al

1 J
Scrubbing solution: A2

J

I—
AW

1 4 5 I 12 13 I
Diluent | |
washing 1 Co-decontamination 1

I I

20

1st FP scrubbing

HAW Extractor 1A

iUsed Diluent

Scrubbing solution: A4

Scrubbing solution: A3 Solvent: O2

2nd FP scrubbing 1 U recovery

Diluent Solvent: O3

Scrubbing
solution: A8

Pu reductant: A5+A7

i

Pu reductant/
stripper solution: A6

Pu so

1 4 5I
Diluent |
washing 1

I

9 id

U recovery

19 20

U/Pu partition

ution

Extractor 2

Fig. 1 The flow sheet for extraction experiment.

2

U loaded solventsôh
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The solution in the vessel was heated to 100 °C. Then, KIO3 solution was added and the temperature was
maintained for 2 hours. Further, the temperature was maintained for additional 2 hours with NOX gas supply.
Iodine evaporated by this operation was also captured by the adsorbent. After cooling the solution to room
temperature, the solution was filtered, and transferred to a vessel to adjust the concentration of U and HNO3.
Extraction experiments were performed using three mixer-settlers, extractor 1A, IB and 2, according to a
conventional PUREX flow sheet as shown in Figure 1. This flow sheet represents the first cycle except U
stripping step. The Extractor 1A was supplied with feed solution, extraction solvent, diluent and FP scrubbing
solution. U/Pu loaded solvent flowed thorough the extractor IB for further FP scrubbing, and then it flowed into
the extractor 2. In the extractor 2, Pu reductant, stripper solution, extraction solvent for U recovery and diluent
were supplied. U (IV) was used as Pu reductant. Pu solution flowed out from the extractor after diluent washing
and was stored in a vessel. U loaded solvent was also stored in a vessel temporarily.
Two extraction experiments were performed with varying the flow rate of main solvent, 01 in Fig. 1. The
conditions of each run are summarized in Table 2. In Run Ex-2, the flow rate was reduced to approximately 80 %
ofthatinRunEx-1.

Table 2 Conditions of respective extraction experiment, Run Ex-1

Run Ex-1
Flow .

Flow rate / mL-hr"

Ol : Main
solvent

O2

03

Al:Feed
solution

A2

A3

A4

A5: Main
Pu reductant

A £.
Ao

A H
A /

A8

546

107

87

188

90

83

41

64

70

A

3

Composition

30 vol% TBP / dodecane

30 vol% TBP / dodecane

30 vol% TBP / dodecane

3.1 mol-L"1 HNO3
213 g-L"1 U
1.3 g-L"1 Pu
0.1 g-L"1 Np

2 mol-L"1 HNO3

1.5 mol-L"1 HNO3

10 mol-L"1 HNO3

19.1 g-L"1 U4+

1 mol-L'1 HNO3
0.2 mol-L"1 N2H4

0.2 mol-L"1 HNO3
0.2 mol-L"1 N2H4

1.1 mol-L"1 HNO3
4.9 mol-L"1 N2H4

10 mol-L"1 HNO3

or Run EX-2

Flow rate / mL-

435

107

95

196

91

86

43

67

69

A

3

Run Ex-2

hr"1 Composition

30 vol% TBP / dodecane

30 vol% TBP / dodecane

30 vol% TBP / dodecane

3.1 mol-L"1 HNO3
213 g-L"1 U
1.3 g-L"1 Pu
0.1 g-L"1 Np

2 mol-L"1 HNO3

1.5 mol-L"1 HNO3

10 mol-L"1 HNO3

19.1 g-L"1 U4+

1 mol-L"1 HNO3
0.2 mol-L"1 N2H4

0.2 mol-L"1 HNO3
0.2 mol-L"1 N2H4

1.1 mol-L"1 HNO3

4.9 mol-L"1 N2H4

10 mol-L"1 HNO3

U was stripped from the loaded solvent using a mixer-settler. Used solvent was washed by a mixer-settler with
0.1 mol-L" Na2CO3 solution to remove degradation products and with 0.1 mol-L"1 HNO3 to neutralize the solvent.
Using a simulation code ESCCAR (3), the behaviors of elements were calculated.

RESULT AND DISCUSSION
Figure 2 shows the concentration of U or HNO3 in dissolver solution during Run D-l experiment, as a typical
example of dissolution behavior. Most of the contents in spent fuel, U, lanthanides, actinides, Cs etc., were well
dissolved into the solution.
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Fig. 2 The concentration of U or HNO3 in the dissolver. Run D-l.

There were, however, found some exceptions, Ru and Mo as typical examples. In the case of Ru, only some part,
approximately 60 % of the amount supposed from ORIGEN II calculation, was dissolved and the other part still
remained as solid, well-known metallic insoluble residue. In Mo case, its behavior is more complex. Mo is
known not only to be contained in that residue, but also to form precipitate with Zr in solution. Thus, some part of
dissolved Mo reacts with Zr and forms precipitate. The existence of crystalline precipitate of Mo and Zr was
confirmed by X-ray diffraction. The amount of Mo in the solution was about 60 % of the value from the
calculation. Tc, Pd and Rh were also found from dissolver residue, which is supposed to be contained in that
insoluble residue. The amount of Tc in dissolver solution was about 70 % of that supposed. In the case of Pd or
Rh, the difference between measured one and calculated one was small.
Iodine was well stripped from the solution during the dissolution, and iodine-stripping operation using KIÛ3.and
NOX gas. The amount of iodine-129 remaining in the solution was 5.6 % of that to be contained in the spent fuel
supposed from ORIGEN II calculation. Although decontamination factor for a single column was not determined
in the experiment, the value is supposed to be large basing on the concentration profile of iodine among seven
adsorbent cartridges.
Figure 3 shows the concentration profile of U, Pu, or HNO3 in extractor 1A for Run Ex-2. The U concentration
values in organic solution were under detection limit (1.5 g'L"1 for titration) at the stages 5 to 10. U and Pu were
not extracted enough under this reduced flow rate of main solvent in Run Ex-2, and small parts of U and Pu
flowed into HAW, containing 0.15 g-L"1 (determined by ICP-AE) of U and 0.014 g-U1 of Pu. The calculated lines
in the figure agree well with the experimental results except those for U or Pu in aqueous solution at the stages 8
or less number.
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Fig. 3 The concentration of U, Pu, or HNO3 in organic or aqueous solution of each stage of extractor 1A,
representing co-decontamination and 1st FP scrubbing. Run Ex-2, with reduced flow rate of the main solvent.
Plot symbols as analytical results, and lines as calculated results by ESCCAR code.

The distribution behavior of U, Pu, or Np among U product, Pu product and HAW is assessed basing on the
experimental and calculation results. Table 3 summarizes the assessed percentage of each element contained in
each stream, U product, Pu product, or HAW, treating fed amount as 100 %. Fed or distributed amount was
calculated from respective value of flow rate and concentration. In Run Ex-1, U and Pu were well recovered from
the spent fuel solution, and were well separated each other. In Run Ex-2, the decrease of the flow rate of the main
solvent (Ol in Fig. 1) resulted in slight increase of U and Pu content in high-level aqueous waste. This result is
quite reasonable. Pu was well separated from U, again. The loss of U into Pu product was reduced. In the case of
Np, the content in U product was reduced but that in Pu product was increased. This result needs further study.

Table 3 Assessed
stream

U product*

Pu product

HAW

distribution behavior of U,

Run Ex-1

Run Ex-2

Run Ex-1

Run Ex-2

Run Ex-1

Run Ex-2

Pu, or Np among
U

99.5 %**

102%**

0.53 %

0.35 %

0.38 % >

0.1 %< <0.41

U product, Pu product and
Pu

0.00 %

0.00 %

103 %

91.3 %

1.35%

% 1.66%

HAW
Np

2.20 %

1.22%

1.80%

4.78 %

98.0 %***

103 %***
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* This means U loaded solvent.
** The amount of U4+ supplied for Pu reductant is subtracted.
*** These values are assessed from the calculation results by ESSCAR code.

The used solvent, after stripping U from it, was washed by 0.1 mol'L'1 Na2CO3 to remove degradation products
and 0.1 mol-L"1 HNO3 to neutralize the washed solvent. The used solvent contained 510 to 630 mg-L"1 of DBP
initially. The DBP concentration was reduced to 100 mg-L"1 after washing. Alpha or beta activity remaining in
the solvent was 2 to 30 Bq-mL"1 or 3 Bq-mL"1, respectively.

CONCLUSION
Reprocessing experiment including dissolution and iodine stripping, extraction/partition of U and Pu, and solvent
regeneration, were performed using spent fuel with a burn-up of 29 GWd-t"1 at NUCEF facility.
In dissolution experiments, most of the contents in spent fuel, U, lanthanides, actinides, Cs etc., were well
dissolved into the solution. In the case of Ru, Mo and Tc, however, only some parts (60-70 %) of them are
supposed to be contained in the solution. Small amounts of Zr, Pd and Rh were also included in residue. Small
amounts of Zr, Pd and Rh were also included in residue. Iodine was well stripped from the solution during both
dissolution and iodine-stripping using KIO3 and 5.6 % of 1-129 remained in the solution. Iodine in off-gas was
well trapped by columns loaded by AgNO3-silica adsorbent.
Extraction experiment was performed, using mixer-settlers, with 30 vol% TBP/dodecane as extractive solvent,
under conventional PUREX flow sheet. In extraction experiments, the influence of the flow rate of main solvent
(01 in fig. 1) was examined. U and Pu were well recovered from the spent fuel solution, and were well separated
each other. The decrease of the flow rate resulted in slight increase of U and Pu content in HAW. The behavior of
Np was studied. Used solvent was washed by Na2CO3 solution and remaining DBP was 100 mg-L"1.
The test using 45 GWd-t"1 is currently undergoing, and will be reported in the future.
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ABSTRACT

BNFL are currently involved in the development of novel PUREX process flowsheets. This programme incorporates
chemical research into organic reagents for actinide control, experimental flowsheet testing through lcm a-active
annular centrifugal contactor rig trials and computer modelling simulations. One flowsheet option for effective Np
control uses aceto hydroxamic acid to selectively strip Np(IV) from a U(VI) product stream in 30% tri-n-butyl
phosphate acid (30% TBP/OK) back into aqueous nitric acid. A recent centrifugal contactor rig trial designed to
simulate the Np rejection flowsheet confirmed the viability of the process although a significantly lower experimental
decontamination factor was obtained than expected from the computer simulation. As centrifugal contactors are
characterised by high throughputs, and hence low residence time, is was believed that the discrepancy could be due to a
poor understanding (and hence simulation) of Np(IV) mass transfer kinetics.

In order to investigate actinide mass transfer a series of single stage lcm centrifugal contactor trials were
commissioned. Initial trials focussed on U(VI) extraction both to develop the experimental protocol and to assess
U(VI) mass transfer against the data available in the open literature. Experimental results indicated the rate of U(VI)
mass transfer was determined mainly by physical parameters (i.e. residence time and phase mixing environments) with
U(VI) and HNO3 concentrations of only limited influence (an indirect effect at low free TBP concentrations). Single
stage centrifugal contactor mass transfer trials were undertaken on both Np(IV) extraction and Np(IV) back-extraction,
the latter simulating the Np rejection flowsheet (Np(IV)AJ(VI) back extraction into dilute nitric acid containing
acetohydroxamic acid at high solvent to aqueous flowrate ratios). These results indicated that Np(IV) mass transfer in
centrifugal contactors was far slower than previously estimated and that the rate determining step is probably a slow
chemical reaction. By incorporating this data into the Np rejection flowsheet model the a-active counter current rig trial
can now be more accurately simulated.

BACKGROUND

BNFL are currently developing novel PUREX process flowsheets based on annular centrifugal contactor technology (1-
2). There are three interlinking strands to this research programme: -

1. Basic chemical research, investigating the interaction of novel selective complexing and/or reducing agents
with actinides.

2. Centrifugal contactor programmes, a pilot plant scale contactor for hydrodynamic testing and a miniature a-
active counter current rig for testing novel flowsheets.

3. Flowsheet simulation, incorporating chemical process data into computer models to test the viability of
flowsheet models.

It has been recognised that effective Np control is a key component in the design of an advanced PUREX process (3)
and the design of a Np rejection flowsheet is a key component of the programme. Previous work has shown that a
U(VI) product stream can be purified by the selective stripping of tetravalent Np by simple hydroxamic acids.
Distribution experiments have proven that both acetohydroxamic acid (AHA) and formohydroxamic acid (FHA) can
selectively strip Np(IV) into aqueous nitric acid from 30% tri-n-butyl phosphate (30% TBP/OK) containing both U(VI)
and Np(IV) (4). It was also shown that Np(IV) was selectively stripped due to the formation of hydrophilic
hydroxamate complexes and was thus a fast chemical process (5-6).

A main advantage of using annular centrifugal contactors for solvent extraction instead of mixer-settlers is the increased
throughput. The increased throughput leads in turn to a decrease in residence time, which is only partially compensated
for by the increased mass transfer area. This decrease in residence time dictates that the kinetics of mass transfer now
take on more significance. It was thought that by using a complexant based chemical process (i.e. rapid reaction
kinetics), in tandem with centrifugal contactor operation, an effective Np rejection flowsheet could be devised and
tested. All the relevant experimental data was incorporated into the flowsheet model used to simulate the experimental
AHA based Np rejection counter-current rig trial (Fig. 1). Initial results indicated that the decontamination factor (DF)
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for Np(IV)/U(VI) obtained in the rig trial was significantly lower than predicted by the model simulation. It was
believed that there were two reasons for this disparity: -

1. Limits of experimental Np detection artificially lowered the experimentally obtained DF.
2. The rate of Np(IV) back-extraction in centrifugal contactors was overestimated thus, in turn, the model

simulation significantly overestimated the amount of Np(IV) stripped during the trial.

To test the second hypothesis there was a need for a greater understanding of Np(IV) mass transfer in centrifugal
contactors. Previously, when incorporating experimental data into the Np rejection flowsheet model, it was assumed
that the rate of Np(IV) and U(VI) mass transfer were near equivalent although there is some evidence that tetravalent
actinide mass transfer is slower than U(VI) mass transfer (7-8). A series of single stage lcm centrifugal contactor rig
trial was thus undertaken to firstly confirm that our understanding of U(VI) mass transfer was sound and then
investigate Np(IV) mass transfer, particularly Np(IV) mass transfer under Np rejection conditions.

AHA/HNO3 feed

U(VIVND(IV) feed

Purified UCVY) product

Aqueous

• 30% TBP/OK

Np(IV)-AHA complex

Fig. 1. Flowsheet for the Np rejection trial.

EXPERIMENTAL METHODOLOGY

A single stage lcm rotor diameter centrifugal contactor was used in these trials. Aqueous (nitric acid) and solvent (30%
TBP/OK) feed flowrates were regulated through KD scientific syringe pumps connected to the contactor inlets via
solvent and acid resistant tubing. Depending on the trial, the required concentration of U(VI), Np(IV), HN03 and/or
AHA were loaded into either the 30% TBP/OK or aqueous feed using standard chemical methods. For each trial an
initial equilibrium solvent extraction experiment was undertaken to measure the distribution of U(VI) and/or Np(IV)
between the phases at 100% mass transfer efficiency. In a typical trial several flowrates were tested with the rotor
speed kept constant (~4500rpm) and the product solutions analysed for U, Np and H+ using standard analytical or
radioanalytical techniques.

The experimental trials were split into three separate work programmes: -
1. U(VI) extraction. U(VI) extraction was tested at 2:1 solvent:aqueous flowrate ratios to provide data to compare

with previous U(VI) mass transfer experimental measurements available in the open literature and then to
incorporate into the U(VI) extract flowsheet models. The effect of varying [U(VI)], [HNO3], free TBP (by
extrapolation), flowrates and rotor speeds was measured.

2. Np(IV) extraction. Np(IV) extraction was tested at 2:1 solvenfcaqueous flowrate ratio in the presence and
absence of U(VI). The aim of these trials was both to directly compare the rates of U(VI) and Np(IV) mass
transfer and to ensure that accurate Np(FV) mass balance could be achieved before moving on to further
Np(IV) back-extraction trials.

3. Np(IV)/U(VI) back-extraction. Undertaken in the presence and absence of AHA and U(VI) at 6:1 solvent to
aqueous flowrate ratio. These trials focussed on the main objective of the programme, to develop an
understanding of the Np rejection flowsheet.

Mass transfer efficiencies (Ef) were generally calculated from aqueous concentration measurements using Eq. 1. for
extraction experiments and Eq. 2. for back extraction experiments.
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Ef =

Eq. 1.

Aqueous feed - Aqueous product

Aqueous feed - Aqueous llbrlu
Ef =

Eq. 2

Aqueous product

Aqueous librhn

The experimental data was compared to our previous understanding of mass transfer, particularly with respect to
centrifugal contactors, and used to develop the mass transfer component of flowsheet models (9).

RESULTS AND DISCUSSION

U(VI) Extraction Trials

For almost all the U(VI) extraction trials good mass balance was obtained and minimum entrainment of aqueous in
solvent product (or vice versa) observed. The data obtained was thus of good quality and could be incorporated into
flowsheet models with a high degree of confidence. Varying physical parameters (flowrates and rotor speed) had the
greatest effect on U(VI) mass transfer efficiency with decreasing residence time decreasing mass transfer efficiency. At
certain flowrates and rotor speeds the rate of U(VI) mass transfer was significantly higher than expected and this has
been attributed to phase inversion (i.e. continuous aqueous phase). U(VI) mass transfer could thus be effectively
modelled using physical parameters alone (residence time, phase inversion) and was in good agreement with published
experimental measurements (10-11). Changing chemical parameters ([U(VI)] and [HN03]) had a limited effect on
mass transfer efficiency except for the amount of free TBP (TBP uncomplexed by HN03 or U(VI) in the solvent phase).
At high U(VI) concentrations in 30% TBP/OK (0.3-0.4M) after extraction there is a significant decrease in U(VI) mass
transfer efficiency, again in agreement with previous observations (12). Our understanding of U(VI) extraction mass
transfer efficiency is therefore acceptable and the rate of U(VI) mass transfer can be effectively modelled over a range
of flowrates, rotor speeds, [U(VI)] and [HN03] (see for example a comparison between experimentally and computer
simulated Ef values at various initial aqueous U(VI) concentrations, fig. 2.).

1.00 -,

0.88 0.90 0.92 0.94 0.96 0.98

Experimental Mass Transfer Efficiency

1.00

D 0.086M U(VI) and 0.94M HNO3 initial aqueous feed concentrations.
• 0.085M U(VI) and 1.95M HNO3 initial aqueous feed concentrations.
• 0.085M U(VI) and 2.93M HNO3 initial aqueous feed concentrations.

Fig. 2. U(VI) mass transfer efficiencies at various initial U(VI) concentrations (experimental vs modelled values).

Np(IV) Extraction Trials
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Again, for the two Np(IV) extraction trials undertaken in the presence and absence of U(VI), good mass balance was
obtained with minimum entrainment and thus the data could be incorporated into flowsheet models. As for U(VI),
Np(IV) mass transfer deficiencies decreased with decreasing residence time (i.e. increased flowrates). However, the
rate of Np(IV) mass transfer is significantly slower than that observed for U(VI) (Fig. 3). The difference in An(VI) and
An(IV) rates of extraction has been ascribed to the marangoni effect (8) and this may in part explain the comparatively
slow Np(IV) extraction kinetics. We also believe that Np(IV) mass transfer kinetics may be controlled by a rate
determining chemical reaction between Np4+, NO3" and TBP during the formation of the extractable Np(IV) complex,
Np(NO3)4.2TBP. In the presence of U(VI) the rate of Np(IV) mass transfer is increased and this may be explained
through a combination of three effects: -

1. Multi-component mass transfer theory (13).
2. A chemical interaction between U(VI) (which is in vast excess) and Np(IV) increases the rate of extraction.
3. Phase inversion in the U(VI) loaded trial.

Of the three effects it is probably that phase inversion is the most significant.

-0.084MU(VI)

•0.001MNp(IV)

-0.001MNp(IV)
(in presence of
0.084M U(VI))

0 1 2 3 4 5 6

Aqueous Flowrate (ml/min)

Fig. 3. The variation of Np(IV) (& U(VI)) extraction mass transfer efficiency with aqueous flowrate.

Np(IV) Back-Extraction Trials

As previously stated, the main aim of the single stage centrifugal contactor experimental programme was to measure the
rate of Np(IV) stripping from 30% TBP/OK into a nitric acid solution containing AHA. To mimic as closely as
possible the full counter-current rig trial, the flowrate ratio in the single stage experiments was set to 6:1
solvent:aqueous. This high solvent ratio increased the technical difficulty in successfully running a single stage
experiment and required careful control of experimental conditions. These challenges led to difficulties in achieving
good Np mass balance (+/-10% compared with +1-5% for the Np(IV) extraction trials) which, in turn, increased the
errors in the experimentally determined mass transfer efficiency values. Nevertheless, the Np(IV) efficiencies
calculated could still be used to determine the effect of flowrate, AHA and U(VI) on Np(IV) back-extraction (Fig. 4)
and be used to lead to the following experimental observations: -

1. As expected, by increasing the feed solutions flowrates, and hence decreasing the phase contact time, there is a
general decrease in the extent of both U(VI) and Np(IV) back-extraction. However, this decrease is not
uniform and another hydrodynamic factor must also influences the rate of mass transfer.

2. Again, as expected, the extent of Np(IV) stripping (but not U(VI) stripping) is increased by the presence of
AHA in the aqueous phase when compared with the trial undertaken in the absence of AHA at equivalent
flowrates i.e. the distribution value is lower. This is in accordance with our previous studies which have
shown that AHA selectively complexes Np(IV) increasing the extent of back-extraction (4-5).

3. The rate of Np(IV) back-extraction is slower than the rate of U(VI) back-extraction, analogous to U(VI) and
Np(IV) extraction.

4. Within experimental error, there was no notable change in the rate of Np(IV) back extraction in the presence or
absence of AHA. Therefore Np(IV) back-extraction mass transfer efficiencies are not affected by the back-
extraction of a Np(I V)-hydroxamate complex as apposed to a Np(IV) nitrate complex.
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-^ -0 .21 M U(VI)
(0.1 M AHA, 0.0005M Np(IV))

-+-0.0005MNp(IV)
(no AHA, 0.21 M U(VI))

Np(IV)
(0.1 M AHA, noU(VI)

0.0005M Np(IV)
(0.1 M AHA, 0.21 M U(VI))

0.4 H

0.3
0 0.5 1 1.5

Aqueous Flowrate (ml/min)

Fig. 4. The variation of Np(IV) (& U(VI)) back-extraction mass transfer efficiency with aqueous flowrate.

Re-evaluation of the Np Rejection Flowsheet Model

Through the single stage centrifugal contactor trials it has been clearly shown that the rate of Np(IV) mass transfer is
significantly slower than U(VI) mass transfer. This effect becomes increasingly important at the flowrates used for the
single stage Np(IV) back-extraction trials in the presence of AHA. The chemical data incorporated into the computer
model to simulate the Np rejection counter-current centrifugal contactor trials did not take into account this
comparatively slow rate of Np(IV) stripping and hence overestimated the extent of Np(IV) back-extraction during the
rig trial. At the same time the single stage trials have confirmed that our understanding of U(VI) extraction and back-
extraction was accurate. By incorporating this new chemical data into the flowsheet model it can thus be shown that an
improved simulation of the rig trial would predict a significantly lower DF for Np(IV) decontamination from the U(VI)
product stream than initially thought. Thus the predicted DF now more closely resembles the experimentally determined
value from the trial (14).

CONCLUSIONS

The development of novel solvent extraction flowsheets for the PUREX process can best be undertaken in a combined
approach of computer simulation and experimental measurement. By devising an experimental test programme based
on centrifugal contactors there is a trade off between increased through put at the expense of reduced residence time.
This decreased residence time leads to an increased need to understand the kinetics of actinide mass transfer process
(the rate of mass transfer) as well as the thermodynamic aspects (i.e. distribution values). Through computer simulation
and an experimental counter-current rig trial of a Np rejection flowsheet it was concluded that our understanding of
actinide mass transfer was incomplete (in this case Np(IV) and U(VI) mass transfer).

A subsequent single stage centrifugal contactor experimental programme was initiated to reassess our understanding of
Np(IV) and U(VI) mass transfer. These trials indicated that our understanding of U(VI) mass transfer was acceptable
and a good agreement was obtained between experimentally determined and computer simulated U(VI) mass transfer
efficiencies. They also indicated that Np(IV) mass transfer was significantly slower than had previously been assumed
in the mass transfer component of the Np rejection flowsheet model. By incorporating this new experimental data into
the flowsheet model there is now good agreement between the DF value obtained during the counter-current rig trial
and the value obtained through computer simulation.

On a more general level, it has been shown that single stage centrifugal contactor trials are an effective method for
probing actinide mass transfer. Through additional trials it may be possible to develop a greater understanding of
actinide mass transfer processes through further variation of rotor speed, flowrate, and actinide species. Of particular
interest is an increased understanding of the changes in phase mixing behaviour on variation of rotor speed and a greater
understanding of Pu(IV) mass transfer behaviour.
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Acetaldoxime - a Promising Reducing Agent for Pu and Np Ions in the Purex Process
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This paper discusses the properties of acetaldoxime as an example of a novel class of salt-free organic reductants forNp
and Pu ions, the monoximes. The products of its reactions with Np(VI) and Pu(IV) are Np(V), Pu(III), N2O, CH3CHO
and CH3COOH. The rate of the Np(VI) - CH3CHNOH reaction is first order relative to both reagents and negative first
order relative to HN03. The rate constant is kj = 254 ± 10 min"1 at 26 °C and the activation energy is E = 62.6 ± 2.6
kJ/mol. The orders of the Pu(IV) - CH3CHNOH reaction for Pu(IV), Pu(III), CH3CHNOH and HNO3 are equal to 2, -1 ,
1.1 and -2.2, respectively, and the rate constant is k2 = 25.3 ± 1.9 M1'1 min"1 at 19.5 °C. The activation energy is 87.7 ±
2.8 kJ/mol. The likely mechanisms of these reactions are reviewed. Acetaldoxime is stable in HNO3 solutions when
[HNO3]<~ 3 M and temperature <~ 35 °C. When so-called "critical" conditions are reached (e.g., [HNO3] = 3.8 - 3.9M
at 35.5 °C) a rapid process of HN02 formation and acetaldoxime oxidation occurs. Investigations were implemented to
study the kinetics of the acetaldoxime oxidation with HNO2 when [HNO3] < 1.4 M as well as with HNO3 under
"critical" conditions.

INTRODUCTION

In the reprocessing of irradiated nuclear fuel by the Purex process, the separation of U and Pu is a major stage. This is
commonly achieved by a redox process, in which a reducing agent (e.g. U4+ or Fe2+) and a stabiliser (e.g. N2H4 or
NH2SO3H) are added to reduce extractable Pu4+ to inextractable Pu3+. The stabiliser prevents the nitrous acid catalysed
re-oxidation of Pu(III) back to Pu(IV). Np, which is present as extractable NpO2

2+, is also reduced - ultimately to
extractable Np4+. Further purification of the U bearing solvent stream from Np is, therefore, needed.

In the development of advanced Purex processes, which have reduced costs and lesser environmental impact, one of the
key objectives is to reduce both the number of solvent extraction cycles and the waste stream volumes [1]. One option
for Advanced Purex flowsheets is to adopt a new reductant in the U/Pu split which routes Np with the Pu stream. This
reagent would need the following properties (i) it does not form salts in waste treatment; (ii) it does not reduce Np to
Np(IV); (iii) it does not detrimentally interact with Tc(VII) ions; (iv) it has good kinetics for Np(VI) and Pu(IV)
reduction compatible with the use of centrifugal contactors; (v) it scavenges nitrous acid rapidly. Therefore, it is of
interest to search for and study novel salt-free agents, which may be good reductants for Np and Pu ions [1],

In our previous work [2-8] we have reported results of studies with some classes of organic compounds, namely,
substituted derivatives of hydrazine and hydroxylamine and hydroxamic acids. Some of those reductants, specifically,
substituted derivatives of hydrazine, may be used to selectively reduce Np(VI) to Np(V) without substantial effect on
the Pu(IV) valence state; while others, e.g., some substituted derivatives of hydroxylamine, are capable of converting
both Np(VI) to Np(V) and Pu(IV) to Pu(III), thus providing a high degree of separation of these elements from uranium.
Hydroxamic acids are unusual in that they both reduce Np(VI) {very rapidly} and Pu(IV) {less rapidly} and form
chelate complexes with Np(IV) ions.

This paper considers the reductive properties of acetaldoxime, which is representative of another novel class of salt-free
nitrogen containing organic reductants - the monoximes.

EXPERIMENTAL METHODS

These are described in detail elsewhere [2-7,9].

RESULTS AND DISCUSSION

Np(VI) - Acetaldoxime Reaction [9]

Spectrophotometric studies of the reaction solution show that the final product of the Np(VI) - CH3CHNOH reaction is
Np(V). The yield of Np(V) calculated per 1 mole of oxidized acetaldoxime, when Np is present in excess, increases
from 3 to 4 moles as the ratio between the initial concentrations of reagents increases. This is evident from the
following data:a
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[Np(VI)]0/[ CH3CHNOH]0
[Np(V)]f/[CH3CHNOH]0

4
3.0

6
3.1

9
3.2

12
3.5

16
3.8

20
3.9

25
4.0

Based on these data it can be assumed that the reaction proceeds according to two limiting stoichiometric equations,
namely, (a) at a high excess of Np(VI), via the equation:11

8NpO2
2++ 2CH3CHNOH + 3H2O = 8NpO2

++N2O + 2CH3COOH + 8H+ (1)

and (b) in excess acetaldoxime via the equation:

4NpO2
2+ + 2CH3CHNOH + H2O = 4NpO2

+ + N2O + 2CH3CHO + 4H+ (2)

Table 1. Rate Constants of Np(VI) - Acetaldoxime Reaction at ji = 2 and 24.5 °C ([Np(VI)]0 = 1.7xlO"4 M)

[CH3CHNOH]
(xlO3 M)

0.5
1.0
2.0
4.0
10.0
1.0
1.0
1.0
1.0
1.0

[H+]*
(M)
0.98
0.98
0.98
0.98
0.98
0.31
0.50
0.77
1.17
1.94

k'
(min"1)
0.122
0.278
0.513
1.14
2.22
0.704
0.403
0.325
0.218
0.103

Mean

k**
(min1)

240
272
252
279
218
218
202
250
255
200

238 ±20

* Accounting for the degree of HNO3 dissociation.
** k = k'[H+]/[ CH3CHNOH]

Investigations of the reaction kinetics show that the reaction proceeds via an equation of the first order relative to the
oxidant and reductant while the order for H+ ions in a mixed HNO3 and NaNO3 medium is - 1 , at a constant ionic
strength of \i = 2 (Table 1). Hence, the reaction rate is described by the equation:

d[Np(VI)] ^k[Np(V)][CH3CHNOH] (3)

where k = 238 ± 20 min"1 at 24.5 °C. The form of the kinetic equation does not change at variable concentrations of
HNO3 and variable ionic strengths, that is, in a series of experiments implemented in HNO3 solutions without NaNO3.
In this instance, the rate constant is determined as 254 ± 10 min"1 at 26.0 °C. The activation energy of the reaction, E, =
62.6 ± 2.6 kJ/mol, is calculated on the basis of the following data (at [CH3CHNOH]0 = 9xlO"4 M, [HNO3] = l M , n =
2):

T(°C)
k' (min"1)

20.4
0.152

24.4
0.220

30.4
0.345

35.4
0.532

40.8
0.808

The subsequent Np(V) -* Np(IV) conversion is not observed for at least 6 hours in 2 and 3 M HNO3 at [CH3CHNOH]
= 0.05 M and 35 °C. Under more severe conditions, this reaction was observed to proceed at a very low rate, e.g. at 50
°C, [CH3CHNOH] = 0.5 M, [HNO3] = 4 M, the first order rate constant is 2.5xlO"3 min'1.

Pu(IV) - Acetaldoxime Reaction [9]

As with the Np(VI) reaction, the Pu(IV) - acetaldoxime reaction proceeds via two stoichiometric equations, namely, (a)
in excess CH3CHNOH:

4Pu4+ + 2CH3CHNOH + H20 = 4Pu3+ + N2O + 2CH3CHO + 4H+

and (b) in excess Pu4+ ions:

8Pu4+ + 2CH3CHNOH + 3H2O = 8Pu3+ + N2O + 2CH3COOH + 8H+

(4)

(5)
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These conclusions are reached based on the Pu(III) yield calculated per 1 mole of oxidized reductant:

[Pu(IV)]0/[CH3CHNOH]0 2 4 6
[Pu(III)]f/[CH3CHNOH]o 2.0 3.3 3.7 3.8

12
3.8

20
3.9

25
4.0

The notable feature of this reaction is the fact that it does not obey a first order relationship with [Pu(IV)], which is
distinct from the similar reaction with Np(VI) above. In the initial stages the reaction approximately obeys a second
order equation; however, after it is completed to 30-40 % it deviates from this equation by decelerating. It can be shown
that the mode of the kinetic curves is adequately represented by the equation:

(6)
dt [Pu(III)]

From this it is evident that the reduction of Pu(IV) is slowed down over time as the reaction product, Pu(III) ions,
inhibiting the reaction, are formed. In this respect the reaction under study is similar to reactions between Pu(IV) ions
and N-methylhydroxylamine [10].

Integration of equation (6) results in the straight line equation:

a - x
•ln-

a - x
• = 1 + k't (7)

where a=[Pu(IV)]0; (a-x)=[Pu(IV)]; x=[Pu(III)]. The tangent of the angle of the straight line inclination to the time axis
is numerically equal to the pseudo-first order rate constant k' in eq.(6). The values of k', acquired in experiments under
different conditions are listed in Table 2. The values were calculated by a PC based on the concentrations of Pu(IV) as
a function of time. It is evident from Table 2 that the rate constant, k', increases in proportion to the acetaldoxime
concentration to the 1.1 power.

The reaction rate is sharply slowed down as the solution acidity increases. The reaction order in relation to HNO3 is
equal to -2.2 at a variable ionic strength of the solution (see Table 2). Hence, the overall rate equation takes the form:

d[Pu(IV) . [Pu(IV)]2[CH3CHNOH] (8)
dt [Pu(III)][HNO3]

2'2

where k = 25.3 ± 1.9 molu / lumin at 19.5 °C.

Table 2. Rate Constants of Pu(IV) - Acetaldoxime Reaction at 19.5 °C.

[CH3CHNOH]
(M)
0.03
0.06
0.08
0.10
0.20
0.08
0.08
0.08
0.08
0.08
0.08

[HNO3]
(M)
1.00
1.00
1.00
1.00
1.00
0.47
0.63
0.70
1.00
1.25
2.00

k'
(min1)

0.47
0.95
1.55
2.02
3.98
8.45
5.40
3.72
1.55
0.93
0.36
mean

k*
(molu/lumin)

22.3
21.0
24.9
25.4
23.4
25.8
31.4
27.3
25.4
24.5
26.6

25.3 ±1.9

* k = k![HNO3]2-2/[CH3CHNOH]1.1

To determine the activation energy, the reaction was investigated at various temperatures in 1.5 M HNO3,
[CH3CHNOH] = 0.8 M and at the ionic strength u. = 2. The resultant rate constants below were used to calculate the
activation energy, E2 = 87.7 ± 9.8 kJ/mol, by the least squares method.

T(°C) 19.5 25.5 30.5 35.0
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lc'Cmin"1) 0.50 1.17 1.86 3.17

The unusual kinetic characteristics of the Pu(IV) - acetaldoxime reaction provide evidence of an intricate reaction
mechanism. Taking into account that the reaction order in relation to Pu(IV) (+2) and the product, Pu(III), (-1) is
consistent with the similar data on the Pu(IV) - N-methylhydroxylamine reaction [10], the mechanisms of those two
reactions may be assumed to be similar. Based on this analogy, we postulate that the first stage of the reaction is a
reversible interaction between reagents that results in the formation of a CHaCHN'O radical.

Pu4 ++CH3CHNOHoPu3 ++CH3CHNO + H+ (9)

This is subsequently oxidized with hydrolyzed ions of Pu(IV) in the slow stage (10).

PuOH3+ + CH3CHNO -> Pu3+ + CH3CHO + HNO (10)

The reaction terminates in a quick stage (11).

2HNO -> N2O + H2O (11)

As for Np(VI), being a thermodynamically stronger oxidant, the equilibrium of the reaction analogous to eq. (9) is
displaced to the right, the rate of the stage of type (10) is high and reaction (12) in the forward direction is rate
limiting.

NpO2OH+ + CH3CHNOH -> NpO* + CH3CH NO + H2O (12)

These suggested mechanisms of the Np(VI) and Pu(IV) reactions can be shown to be consistent with the experimentally
found kinetic equations (3) and (8) [9],

Acetaldoxime Stability in HNO3 solutions

Acetaldoxime is adequately stable in solutions of HNO3 at reasonably low concentrations (<~3.5M) and low
temperatures (<~35 °C). However, as these parameters increase and the so-called "critical" conditions are attained,
acetaldoxime is observed to oxidize quickly with HNO2 autocatalytically formed. This can be represented by the
reaction scheme below.

2CH3CHNOH + 2HNO3 -» 2CH3CHO + 2HNO2 + N2O + H2O (13)
CH3CHNOH + HNO2 -> CH3CHO + N2O + H2O (14)

Reaction (13) proceeds slowly and (14) proceeds quickly.

According to this schema, in the acetaldoxime - HNO3 reaction an induction period is present, the duration (x) of which
decreases as [HNO3] and temperature increase and [CH3CHNOH] decreases. For example, at 35.5 °C and
[CH3CHNOH] = 0.05 M, the values of T are equal to:

HNO3 (M)
T (min)

3.60
>420

3.65
220

3.70
140

3.85
27

3.90
18

4.00
9.4

4.10
6.0

4.18
1.8

4.25
0.4

Following the induction period, the concentration of HNO2 increases quickly to reach a maximum and then slowly
diminishes. A simultaneous quick oxidation of acetaldoxime via reaction (14) is observed.

The mechanism of acetaldoxime oxidation with HNO3 in the presence of HNO2 is similar to the mechanism of
hydroxylamine oxidation [11] and involves the stages (15-18).

HNO2 + HNO3 <-> N2O4 + H2O (15)
CH3CHNOH + N2O4 -> CH3CHO + HNO + N2O3 (16)
2HNO^N 2 O + H2O (17)

N2O3 + H2O -> 2HNO2 ( 18)

Of these stages, reaction (16) is slow. According to this mechanism the rate of reaction (13) is expressed by:

-d[CH3CHNOH]/dt = k, [CH3CHNOH] [HNO2] [HNO3] ( 19)
On the other hand, it will be shown below that the rate of reaction (14) is described by a similar equation and, hence, the
observed rate of HNO2 formation is equal to the difference between the rates of reactions (13) and (14). The processing
of the experimentally acquired data reveals that under the "critical" conditions the second order rate constant, k1; of
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reaction (13) increases very sharply indeed with [HN03]. For instance, at 35.5 °C and [CH3CHNOH]0 = 0.05 M the
following values of kj' were calculated:

[HNO3] (M)
k,' (M-'mm1)

3.65
50

3.85
100

3.90
140

4.05
220

4.10
410

4.18
480

Under these conditions, the overall equation of the acetaldoxime oxidation rate takes the form of:

-d[CH3CHNOH]/dt = k[CH3CHNOH] [HNO2] [HNO3] '
7 (20)

where k = (1.28 ± 0.20)xl0"8 M"18min"' at 35.5 °C. The unusual high formal order of reaction with respect to [HNO3],
which we apparently experimentally observe, is not understood and also it seems to vary depending on temperature (e.g.
n ~ 7 at 50.6 °C). One observation, however, is that the value of the order relative to HNO3 (n) appears to increase as
[HNO3] increases and this is not temperature dependent. This is evidenced by the following data:

[HNO3] (M)
T(°C)
n

0.2-1.4
13
~1

1-3
13
2.8

2.5-3.1
50.6
7

3.6-4.0
35.5
17

>3.2
50.6
20

>4.1
35.5
20

This suggests that the increasing thermodynamic activity of HNO3 as [HNO3] is a factor. Since the ionic strength of the
solution was not constant, the rate of the reaction is proportional to [HNO3]

2.YHNO32- The activity coefficient of HNO3

(YHNO32) is known to increase strongly with [HNO3] and temperature in the same [HNO3] range at which the "critical"
conditions are observed (>~ 3 M) [12].

Acetaldoxime - HNO2 Reaction

At a comparatively low acidity ([HNO3] <~ 1.4 M), 1 mole of HNO2 is consumed per 1 mole of acetaldoxime, which
corresponds to the stoichiometric equation of reaction (14). In the higher range of HNO3 concentrations, the HNO2

consumption is reduced since it is not only lost through reaction (14) but it is also formed via reaction (13).

The rate of reaction (14) is described by the equation ([HNO3] <~ 1.4 M):

-d[CH3CHNOH]/dt = k2[CH3CHNOH][HNO2][HNO3] (21)

where k2 = 830 ± 80 M"2min"' at 13 °C. The activation energy of reaction (14) is found equal to E2 = 33.3 ± 6.4 kJ/mol.

At [HN03] > 1.4 M the observed rate of the HNO2 consumption is in fact a difference between the rates of reactions
(14) and (13). In view of this, the second order rate constant of HN02 consumption, k', is a maximum function of
[HNO3]-e.g. at l3°C:

[HNO3] (M)
k1 (ivr'nikf1)

0.2
170

0.4
330

0.8
720

1.0
770

1.4
990

2.0
630

2.5
330

3.0
270

Under the "critical" conditions, the rates of the HNO2 formation via reaction (13) and the CH3CHNOH oxidation via
reaction (14) are close.

Acetaldoxime stability in HNO3 in the presence of Tc(VII) ions

It is well known that Tc(VII) ions can catalyse the oxidation of some species by HNO3; for instance, hydrazine [13]. On
the introduction of TcO4" in to a nitric acid solution of acetaldoxime, however, there is neither evidence that the
induction period before oxidation is decreased nor that the rate constants of reactions (13) and (14) are increased (Table
3).

Table 3. The effect of Tc(VII) ions on the induction period and rate constants of CH3CHNOH (0.05 M) oxidation
with HNO3 and HNO2

T

18-20

35.5

[HNO3]
(M)
3.00
3.00
3.65
3.65

[Tc(VII)]
(M)

0.01

0.01

[HNO 2] m 3 X

(xlO"3 M )

_

5.54
5.65

T

(min)
>1500
>1500
220
200

k,1 1 k2'
(1/mol.min)

50
90

40
70
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50.6

3.90
3.95
3.95
4.00
2.50
2.50

0.005
0.02
-

0.01

4.78
5.65
5.33
5.33
5.65
5.65

18
16
16
10
230
240

140
350
240
380
70
80

110
280
190
300
50
30

This is also indirect evidence that the rate of the reaction between Tc(VII) and acetaldoxime (possibly expressed by Eq.
22) is very low.

TcO4" + CHjCHNOH -> TcO3" + CH3CHO + HNO (22)

CONCLUSION

These studies have shown that acetaldoxime is a good reducing agent for Np(VI) and Pu(IV) ions. It is, therefore, a
potentially useful reagent in advanced Purex processes in which the separation of Np and Pu from U is required. In this
task it exhibits several advantages over conventional combinations of reagents, such as: (a) the selective reduction of
Np(VI) to Np(V) without the formation of Np(IV); (b) the adequate stability of the reductant under the standard
conditions and the easy removal of its excess (through increasing [HNO3] or temperature) (c) there is no need to
introduce a stabilising agent, i.e., antinitrite and (d) no significant interactions with Tc(VII) ions. Furthermore, it has
been shown [14] that acetaldoxime is partially extractable and so stabilises Pu(III) in the TBP phase as well as the
aqueous phase. Other oximes, such as butyraldoxime, have been shown to have similar chemical properties. However,
much further development work would need to be done before acetaldoxime could be considered for process
applications.
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FOOTNOTES

a "o" and "f ' indices denote the initial and final concentrations.
b Gas chromatographic analysis established that CH3CHO and N2O were formed as products of the CH3CHNOH
Ce(IV) interaction in HC1O4 solution. Nitrate ions were not found.
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ABSTRUCT
Japan Nuclear Cycle Development Institute (JNC) is conducting research and development on the

partitioning of actinides and long-lived fission products for the Feasibility Study of the Advanced Fuel Cycle.
The SETFICS process was compared with other neutral extractant system, and the effect of higher TBP
concentration on the recovery and decontamination was examined. A soft donor ligands TPTZ was studied on the
selectivity among the lanthanide series, and their protonation and coordination behavior. With regarding to
electrolytic extraction of some platinum elements, the chemical form of the Ru, Re and Pd deposit was identified.

INTRODUCTION
The FBR fuel recycling have to meet the demand on economy, environment and non-proliferation.

Concerning to environmental issue, release of long-lived radionuclides should be as low as possible. Among
various radionuclides generated in an irradiated fuel, neptunium, americium and curium, often called as "minor
actinides", are important of their high radiotoxicity. Transmutation of those radioactive nuclides is effective to
reduce the potential hazard of vitrified high level waste. Long-lived fission products, such as 99Tc and 129I, are
also favored to be transmuted to stable nuclides in order to reduce the risk from environmental diffusion.

Japan Nuclear Cycle Development Institute, JNC, initiated the Feasibility Study for the Advanced Fuel
Cycle. The reprocessing process recovers U, Pu and long-lived toxic radionuclides. The block diagram of the
process is shown in Figure 1. Dissolver solution of irradiated fuels is fed to the PUREX or crystallization step as
a pre-process. Based on the concept of low decontamination, we are developing the SOFT PUREX process to
establish a simple chemical process and minimize wastes (1). Neptunium exists as Np(V) or Np(VI) in the feed
solution for the PUREX process. Neptunium will be extracted in the co-extraction step of the SOFT PUREX
process as Np(VI), and stripped as Np(V) by reduction with hydroxylamine nitrate. The recovery of Np was
examined using irradiated fuel and it was found it possible.

In order to recover americium and curium, another solvent extraction step is required. The TRUEX
process is a prominent solvent extraction process to separate actinides(III), An(III), from strongly acidic media
(2). We examined its effectiveness and verified the same behavior of lanthanides, Ln, as An(III). The SETFICS
process was developed to recover An(III) with separating light Ln, namely, La, Ce, Pr and Nd (3). The process is
a variation of the TRUEX and uses diethylenetriaminepentaacetic acid (DTPA)-nitrate solution to selectively strip
An(III) with retaining Ln in the organic phase. We compared the extractant CMPO of the TRUEX process with
some extractants in the view of separating performance for An(III)/Ln(III). And the TRUEX solvent of 1.4 M
TBP was examined to deal with greater amount of An(III) and Ln.

The SETFICS process recovers Am and Cm with a part of Sm, Eu, Gd and Y. Soft donor compounds
tripyridiltriazine, TPTZ, has been studied to attain better separation of An(III) from Ln. Aliphatic acids are used
with TPTZ to have a synergistic mixture (4). TPTZ has three pyridil groups those are effective for coordinating
with An(III). We conducted some basic research on the protonation reaction of TPTZ, and synergistic effect of
TPTZ and acidic extractants on lanthanides extraction.
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Figure 1 The block diagram of the advanced reprocessing system

Technetium is a typical long-lived radionuclides that is favored to be transmuted. And platinum
elements may make a problem in a contactor due to their fine particle in the PUREX process. Electric extraction
method was studied to recover platinum elements, such as Tc, Ru and Pd, from dissolver solution or highly active
liquid waste by reductive deposition on anode (5). In this paper, the result of the Ru and Re deposition will be
explained.

In this paper, the status of our development will be described.

RECOVERY OF ACTINIDES(III)

SETFICS Process
The SETFICS process is composed of four sections as shown in Figure 2. Separation of An(III) from

Ln is made in the An(III) stripping step by contacting DTPA-nitrate solution with the loaded solvent. The
separation is governed by the equilibrium constant of CMPO extraction and the stability constant of DTPA-metal
complex (6). In order to improve the An(III)/Ln(III) separation, alternate extractant or chelating reagent have to
be applied instead of CMPO or DTPA. Distribution behavior of lanthanides using solvents containing
tributylphosphate (TBP), dimethyldibutyltetradecylmalonamide (DMDBTDMA) or trioctylphosphine oxide
(TOPO) were examined in the view of their separation performance and practicality.

Separation factor SF of lanthanides was obtained for the systems of the above extractants (Table 1).
Separation factor was defined as the ratio of the distribution ratio D of the lanthanide element to that of Eu. The
effect of DTPA to mutually separate Ln emerged at pH > 1.5. The SF values obtained at pH 1.9-2.3 were plotted

Solvent Feed Scrub

CMPO-TBP with oxalic acid Nitric acid- Solvent Strip #1
mixed solvent oxalic acid • |

solution CMPO-TBP 0.3-O.5 M NaNO;

(pH2)" *i I mixed solvent

y y y :
,| -----jj YY

Solvent Strip #2

Raffinate

CMPO-TBP 0.05 M DTPA -
mixed solvent NaNOj (pH 2)

Acid waste

Strip #3
I

Dilute nitric acid
solution

Y_
An(III) Product

Ln waste Used solvent

Extraction-Scrubbing Acid Stripping An(III) Stripping Ln Stripping

Figure 2 The basic flow sheet of the SETFICS process

in Figure 3 as a function of atomic number. The separation factor decreased with increasing atomic number. The
decreasing tendency of the SF is similar to each other. The Ln separation by DMDBTDMA system was superior
to other systems. However, TBP and DMDBTDMA systems needed higher concentration of the solvent and
nitrate, and are less practical compared to the CMPO or TOPO system. TOPO system exhibited smaller
separation factor between adjacent elements for light lanthanides than the CMPO system. As a result, the CMPO
system is the best for practical An(III)/Ln(III) process among those neutral extractant system.
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Table 1 The solvent extraction system examined for lanthanides mutual separation.

Extractant Organic solvent Aqueous solution
TBP
TOPO

100% TBP
0.1 M TOPO-n-dodecane

0.05 M DTPA-5 M LiNO3

0.05 M DTPA-1.5 M
NaNO3

DMDBTDMA 100% DMDBTDMA 0.05 M DTPA-6 M NaNO3

CMPO 0.2 M CMPO-1.0 M TBP in n-dodecane 0.05 M DTPA-3 M NaNO3

10

10

1 .0°

10

10

p

O

O CMPO

A TBP

•O- TOPO
P DMDBTDMA

O

1 I I I I

n P
 n 4>

a
• H

I I t I i I I I

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Element

Figure 3 Separation factor SFLH/EU of lanthanides in some neutral extractant and DTPA-nitrate system

For economy of the SETFICS process, metal loading on the solvent should be maximized to reduce the
amount of the solvent used. Third phase formation limits the organic concentration of trivalent metals. TBP is
added to the TRUEX solvent as a phase modifier, and strongly affect the critical concentration for the third phase
formation. We used mainly 1.0 M TBP solvent to ascertain its applicability to the raffinate from FBR fuel
reprocessing. A TRUEX solvent of higher [TBP] is promising to extract higher concentration of An(III) and Ln
without third phase formation. However, higher concentration of TBP accompanies higher concentration of nitric
acid into the An(III) stripping section, and this will result in lowering the pH and may harm on the recovery and
separation.

In order to determine the effect of the increased acidity due to higher TBP concentration, counter-
current experiments using small mixer-settlers were conducted for the An(III) strip and Ln strip sections The flow
sheet conditions are summarized in Table 2. The loaded solvent containing four rare earth elements was fed to the
intermediate stage of the An(III) bank. Yttrium was used as a stand-in of americium. The separation factor SFLn/Y
obtained was summarized in Table 3.

As compared to the Run 1 that is the reference in this study, the separation of Nd and Sm was worse in
the case of Run 2 that was only differed in the [TBP]. The recovery of Y in the Ln waste was about 1 % for the
Run 1 and 2. For the Run 3 and 4, the recovery of Y was so improved not to detect yttrium in the Ln waste by
increasing the flow rate or the pH of the DTPA solution. However, the decontamination was not so good
especially in the case of Run 4. The higher flow rate of the strip is better to attain higher recovery and separation,
although the product volume will be increased.

Table 2 Experimental conditions for the SETFICS counter-current experiments.
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Solution
Loaded
solvent

Wash solvent

An(III) strip

Ln strip

Run No.
1

2,3,4

1-4

1,2
3
4
1-4

Composition
0.2 M CMPO-1.0 M TBP-n-dodecane, prepared
equilibrating with 0.003 M Ce, Nd, Sm, Eu,
0.5 M NaNO3 (pH 2.0)
0.2MCMPO-1.4M TBP-n-dodecane, prepared
equilibrating with 0.004 M Nd, Sm, Eu,

0.2 M CMPO-1.4 M TBP-n-dodecane, equilibrated
0.01 M HNO3

0.05 M DTPA-1.5 M NaNO3 (pH2.0)
0.05 M DTPA-1.5 M NaNO3 (pH2.2)
0.01 M HNO3

by
Y-

by
Y-

with

Flow
195

45

180
240
180
120

rate
mL/h

mL/h

mL/h
mL/h
mL/h
mL/h

Table 3 The separation factor SFLn/y obtained in the counter-current experiment.

Run
No.

1
2
3
4

TPTZ-Acidic Extractant

Major difference

1.0MTBP
1.4MTBP
1.4 M TBP, high flow
1.4MTBP,highpH

System

Decontamination factor SFm/Y

Ce
> 130

Nd
100
84

104
55

Sm
3.6
3.1
3.2
2.5

Eu
1.6
1.8
1.6
1.3

The synergistic mixture of TPTZ and a-bromocapric acid (oc-Br-Cio) or a-cyano(4,6,6-
trimethyl)octanoic acid (a-CN3Me-Cg) were examined for the mutual separation of lanthanides. The distribution
ratio D of Ln and Y were obtained for 1 M a-Br-CiO-O.l M TPTZ in TPH or 1 M a-Br-C10 in TPH and 0.01 M
HNO3 solution, and separation factor was calculated as the ratio of the distribution ratio, namely, DM/DEu-

Without TPTZ, the D value was as low as about 0.01, and not different from each rare earth elements as
shown in Figure 4. TPTZ induced synergistic effect on this system, and increased the distribution ratio to about 3
for Eu that had the greatest extractability among lanthanides. As Am(III) will show higher extraction for this
system, it is enough to obtain SFAm/Eu to examine the applicability of the system to An(III)/Ln(III) separation.

The synergistic effect from TPTZ gradually increased with atomic number except for heavy lanthanides.
The ratio of D for the system with TPTZ to that for the system without TPTZ was about 40 for La that was the
smallest value for Ln, and was > 200 for dysprosium. This suggests that Ln of smaller radii makes stable complex
with TPTZ and ct-Br-Cio.

The other kind of organic ligand a-CN3Me-Cs resulted in much different effect on the lanthanides
distribution. The distribution ratio of rare earth elements was decreased by adding TPTZ to the solvent; 1 M a-
CN3Me-Cs in TPH. The decreasing effect was remarkable in light and heavy elements, such as La, Ce, Yb and
Lu. On the other hand, addition of CMPO to a-CN3Me-Cs-TPTZ solvent enhances extraction of Ln(III), and D^a
and DSm were the greatest in distribution among the series. This is different from the selectivity of CMPO itself.
Adding strong extractant like CMPO provides some possibility for An(III)/Ln(III) separation by TPTZ-organo
acid mixture.

Protonation behavior of TPTZ is important to discuss the separation at pH 1-3. Chemical shift from
proton nuclear magnetic resonance (NMR) was obtained for TPTZ solution of pH 0.4-1.9, and assigned the
nitrogen that was coordinated with proton. At acidity of pH 1-3, a proton coordinates with the nitrogen in a
pyridine to make the major species HTPTZ+. When H2TPTZ2+ is formed at high acidity, both two protons
coordinates with N in pyridine and makes a ring with nitrate anion. This ring is rather stable to show split peaks
of chemical shift.

The interaction of TPTZ in the mixture of a-Br-Cio-CMPO was studied by analyzing NMR spectra.
The phosphoryl and carbamoyl groups in the CMPO compound make a hydrogen bond with a-Br-Cio- In this
mixture, TPTZ tends to coordinate with a-Br-Cjo- When trivalent metal is added in the a-Br-Cio-CMPO mixture,
dissociated a-Br-Cio molecule neutralize the charge of Ln(III). CMPO and TPTZ coordinate with Ln(III)-a-Br-
C]o at the outer sphere.
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Figure 4 Distribution of lanthanide elements in the a-Br-Cio-TPH/HN03 solution (pH 2.0) system

RECOVERY OF FISSON PRODUCTS
Addition of palladium improves the recovery of Ru and Re from nitric acid solution by electrolytic

extraction (7). A 2.5 M nitric acid solution was electrolyzed by using a membrane-separated cell to deposit Ru
and Re as a stand-in of Tc. By adding Pd solution intermittently, the recovery of Ru and Re was increased to 99 %
and 45 %, respectively, from 10 % or less. Free palladium cation in the solution was considered to accelerate the
deposition of both metals. In order to clarify this accelerating mechanism, we analyzed the chemical form of Ru
and Re deposit by X-ray diffraction (XRD), extended X-ray adsorption fine structure (EXAFS) and cyclic
voltammetry (CV).

The XRD pattern was collected for the deposit of Ru and Pd with/without Pd in the solution. As a results, it
was found that metallic Ru having the hexagonal closest packing (h.c.p.) structure was deposited, while Ru-Pd
alloy having the same cubic closest packing (c.c.p.) structure as Pd metal might be deposited from Ru-Pd-HNC>3
solution. On the other hand, only ReO3 was deposited from both Re-HNO3 and Re-Pd-HNO3 solution.

EXAFS measurements of the Ru-Pd alloy deposited from the Ru-Pd-HNO3 solution showed that the
environment around the Pd and Ru atoms had changed from their metallic states, which suggested the bonding
between Pd and Ru atoms. On the curve fitting for the Fourier transforms of the EXAFS of Ru-Pd deposition, the
best fitting curve was obtained with the consideration of the structure in which a part of Pd atoms in the Pd metal
were replaced by Ru atoms.

The deposition of the Ru-Pd alloy was also suggested by CV measurements. In addition, the results of CV
measurements indicates that this deposition of Ru-Pd alloy on the cathode decreased the overvoltage of Ru
deposition, which might increase the deposition yields of Ru by the electrolytic extraction in Ru-Pd-HNO3
solution. The deposition potential of Re, however, did not change between in Re-HNO3 and in Re-Pd-HNO3
solution because in both solution Re deposited as ReO3 on the cathode.

The Re deposition was also accelerated by the addition of Fe cation that did not deposit on the cathode. So,
the acceleration of Re deposition by adding these cations seems to be caused by some interaction in the bulk
solution, such as complexing and redox reactions, between Re and other ions, which was implied by the EXAFS
measurements for the Re-Pd-HNO3 solution.

These results will help to attain the practical recovery by electrolytic extraction, and clarify the deposition
mechanism of other elements.

SUMMARY
Mutual separation of lanthanides in the system of some neutral extractants and DTPA-nitrate solution

were compared to show that the CMPO extractant was superior to TBP, TOPO and DMDBTDMA in the
separating condition or performance. By conducting counter-current experiment of the SETFICS process, use of a
TRUEX solvent containing 1.4 M TBP caused worse separation of light lanthanides compared to the case of 1.0
M TBP. This was due to the increased acid in the loaded solvent, and increasing the flow rate of the strip solution
was effective for An(III) recovery without reducing the decontamination of lanthanides. TPTZ showed
synergistic effect on the use of a-Br-Cio, and the effect was dependent on the atomic number of lanthanides. This
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TPTZ- a-Br-Cio system can be a candidate of the An(III)/Ln(III) separation method that will process the
TRUEX/SETFICS product. For electrolytic extraction to recover platinum elements, the chemical form of the Ru,
Re and Pd deposit was identified by XRD, EXAFS and CV. The recovery performance should be examined by
using real/simulated wastes in the future.
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ABSTRACT
In the present work the performance of several processes used for advanced reprocessing of commercial
LWR fuels as well as transmutation targets is compared. As a first step uranium and plutonium were
recovered by PUREX type reprocessing. The raffinate, containing fission products, lanthanides and the
minor actinides (MA) were used as feed for the second step in which minor actinides and lanthanides were
separated from the bulk of the fission products. The five different processes tested use CMPO, DIDPA,
TRPO, Diamide and CYANEX 923 as extradant. In the third step MA are separated from lanthanides. Here
three processes were tested, i.e. using CYANEX 301, the synergistic mixture of di-chloro substituted
CYANEX 301 and TOPO, and BTP solvents. Column-, batch- and continuous counter-current extraction
techniques were used for the tests. The different processes will be described and discussed in terms of
performances and efficiencies for Am and Cm. Efficient separation of MA from different genuine fuel
solutions could be demonstrated and thereby also the possibility of closing a future transmutation fuel cycle.
The combination, Diamide and BTP was found to be the best among extradants tested to achieve an efficient
MA recovery from spent fuel.

INTRODUCTION
The minor actinides (MA), Np, Am and Cm, together with some long-lived fission products (FP) determine
mainly the long-term radioactive hazard of the High Level Liquid waste (HLLW). A reduction of the waste
hazard demands that MA are to be recovered and transmuted (Np, Am) or conditioned (Cm) into shorter-
lived or stable elements. If MA are to be recycled in a transmutation fuel cycle the separation of actinides
from lanthanides (Ln) is necessary to avoid negative effects in fuel fabrication and in reactor irradiation. The
main reason is that Ln do not form solid solutions in metal alloys or in mixed oxide, and as a result
segregates in separate phases with the tendency to grow under thermal treatments. Since MA tend to
concentrate in these phases this leads to an unacceptable non-uniform heat distribution in the fuel matrix
under irradiation. Consequently, the advanced aqueous processes for MA partitioning tested in the present
study aim also at an efficient separation from Ln. In this study only the partitioning of Am and Cm will be
discussed. The goals are two-fold; to reach a large decontamination of the nuclear waste solutions and to
achieve a selective and complete recovery of the separated MA.

Partitioning Strategies
In an MA partitioning scheme, two main routes can be proposed, see Fig 1. The optimal strategy is of course
a single partitioning process in which MA are selectively extracted directly from the PUREX raffinate,
HLLW. This requires an extractant capable of selective and efficient separation of the MA at high acidities
(>2M HNO3) in a highly radioactive solution containing all FP, among them lanthanide elements in a mass
excess of 20 times compared to MA. The necessary specificity, however, of the extractant for MA over Ln is
extremely difficult to accomplish at such high acidities and such a process is at present more at a conceptual
level. Partitioning of MA involving co-extraction of Ln and a subsequent separation of the two element
groups is therefore the main option considered.

The first stage in this strategy is a co-extraction of MA and Ln directly from HLLW. Several extraction
systems have been investigated at ITU using genuine HLLW solutions, i) CMPO, a n-octyl(phenyl)-N,N-
diisobutyl carbamoylmethylphosphine oxide in combination with TBP, tributylphosphate, used in the
American TRUEX process [1], ii) TRPO, a trialkyl (C6-C8) phosphine oxide proposed for the Chinese
TRPO process [2], iii) DIDPA, a deisodecyl phosphoric acid in combination with TBP used in the Japanese
DIDPA process [3, 4], and iv) CYANEX 923, a trialkylphosphine oxide obtained from CYTEC Industries
i.e. an industrially produced extractant similar to the one used in the TRPO process [5]. The fifth process that
has been tested is the French DIAMEX process [6, 7] which at present uses DMDBTDMA, dimethyl-dibutyl-
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tetradecyl malonamide as extractant. Together with a kerosene diluent the Diamide forms among the
solvents tested in this study the only one which is a completely combustible; i.e. the process follows the so
called CHON principle [8] and generates therefore no secondary solid waste.

LWR fuel

Dissolved fuel

IPUREX | > U, Pu, (Np)

HLLW

FP co-extraction of
MA, Ln

Selective extraction MA /Ln Selective stripping Selective

MA extraction
(org. complexant) -*Ln MA stripping

(aq. complexant)

MA

extraction

"c'uon

Am / Cm sep.

Am Cm developed

Transmutation
future?

Fig. 1. Strategies for the separation of the minor actinides from HLLW

The second stage is a separation of MA from Ln. Two methods are at present considered. The first is a low
acidic selective back-extraction of MA from the loaded organic phase using an aqueous complexant (a one-
step partitioning). Four processes belong to this group, TALSPEAK, DIDPA, SETFICS [9, 10] and
PALADIN [11].
The second method is a two step partitioning process in which the aqueous MA/Ln fraction generated from
the first stage is subjected to a SANEX process (Separation ActiNide(III) Extraction). This process separates
MA from Ln by selective extraction. As the MA/Ln fraction is normally generated at a high acidity, the
SANEX process has been realised with recent advances in high acidity MA/Ln separation chemistry. At ITU
two extractants have been tested with genuine MA/Ln fractions made available from the first partitioning
stage, CYANEX 301 and «Pr-BTP. CYANEX 301, a dithiophosphinic acid has also been used in synergistic
combination with TBP. The di-chloro substituted form is used in combination with TOPO, trioctylphosphine
oxide, in the ALINA process [12]. nPr-BTP, 2.6-bis(5,6-n-propyl~l,2,4-triazin-3-yl)pyridine, is a CHON
molecule and is used in the BTP process [13, 14].
In most P&T concepts, a multiple recycling is needed to achieve a sufficient transmutation. In this case target
fuels have to be reprocessed. In the present study HLLW from a target fuel, SUPERFACT experiment [15],
containing 20% Am and 20% Np before irradiation have been included in the process for comparison as the
MA/Ln ratio in the SUPERFACT fuel is much higher than in commercial LWR fuels.

EXPERIMENTAL

MA/Ln separation from HLLW
The experimental set up of the different processes are described elsewhere [2,4,5,16].
The HLLW used in the experiments originates either as a concentrate from industrial reprocessing of various
commercial LWR UO2 fuels (CMPO, TRPO, DIDPA)[2], from small scale PUREX reprocessing (DIAMEX)
of dissolved LWR fuel using centrifugal extractors [16] or from PUREX type reprocessing of SUPERFACT
transmutation target fuel by column chromatography (CYANEX 923) [5]. The parameters for the different
processes are listed in Tablel.
The nitric acid concentration of HLLW from PUREX reprocessing is at least 2M. For those processes
(DIDPA, TRPO and CYANEX) which can only accept low acidic feed, denitration of the HLLW is needed
and carried out by means of formic acid. In the DIAMEX process, the HLLW was acidified to 3.5M nitric
acid and to prevent the extraction of Zr and Mo 0.1 M oxalic acid was added. For the TRPO process two
nitric acid concentrations of the feed was used, 0.7M and 1.4M.
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Table 1. Parameters for the different processes in the MA/Ln separation from HLLW.are listed
Organic

phase (FR)

Feed
HLLW

Scrub 1

Scrub 2

Stripping 1
(An/Ln)
Scrub 3

Stripping 2
(Np, Pu)

Stripping 3
(U)

stages (FR())
aq. phase

stages (FR)
aq. phase

stages (FR)
aq. phase

stages (FR)
aq. phase

stages (FR)
aq. phase

stages (FR)
aq. phase

stages (FR)
aq. phase

0.2M CMPO,
1.4MTBP

Dodecane (60)
6 (32.2)

2M HN03

6(6)
0.2M HNO3,

0.01MH2C2O4

no scrub

4(40)
0.05M HNO3

no scrub

4(17.5)
0.05M HNO3

0.05M HF
4 (8.4)

5% Na2CO3

0.5M DIDPA,
0.1MTBP

Dodecane (60)
8 (25.8)

0.5M HNO3

4(24)
0.5M HNO3,

1M H2O2

no scrub

4(18)
4M HNO3
no scrub

.8(58) . _
0.8M H2C2O4

30% TRPO
Dodecane
(50/33")

6(93)/10U)(39)
0.7M HNO3

I.4MHNO31"
2(17)/21I)(4)

IMHNO3

no scrub

4(44)
5.5M HNO3

2 (13)
0.6M H2C2O4

._ 4(51)
0.6M H2C2O4

4(53)
5% Na2CO3

30%
CYANEX 923
Dodecane (50)

8(67)
1.4MHNO3

4(13)
IMHNO3

no scrub

6(50)
5.5MHNO3

2(10)
0.1M HNO3

4(50)
0.6M H2C2O4

0.5M Diamide
TPH(llO)

6(31)
3.5M HNO3

0.1MH2C2O4

4(30)
3.5M HNO3

0.3M H2C2O4

_... 2(301
IMHNO3

4(39)
0.1MHNO3

I) Flowrate (mL/h)
II) Extraction with a HLLW feed of 1.4M HNO3, performed with 10 extraction and 2 scrub steps.

The co-extraction of MA and Ln from the HLLW was performed as continuous counter-current extraction
using a centrifugal extractor set-up in a hot cell. A more detailed discussion of the extractor operation can be
found elsewhere [2, 17].

MA separation from Ln
The MA and Ln separation was performed as batch experiments including extraction and back extraction.
Two main organic extractants were tested, CYANEX 301 (CYTEC Industries) and nPr-BTP. The CYANEX
molecule has been tested in non purified and in pure form, in a mixture with TBP and as di-chloro
substituted in combination with TOPO [18]. The extraction parameters for the batch experiments are
tabulated in Table 2.

Table 2. Parameters used in the batch experiments of processes tested for the MA/Ln separation
Organic phase

0.5M CYANEX 301 in
n-Dodecane (purified)
0.5M CYANEX 301/ 0.15M TBP
in n-Dodecane (non-purified)
0.5M CYANEX 301/ 0.15M TBP
in n-Dodecane (purified)
0.5M CYANEX 301/ 0.15M TBP
in n-Dodecane (purified)
0.5M CYANEX 30 lm)/
0.25M TOPO in TBBIV) (purified)
0.5M CYANEX 301"°/
0.25M TOPO in TBB v) (purified)
0.04M BTP in TPHV) /
30% Octanol

MA/Ln fraction
(fuel)

CYANEX 923
(SUPERFACT)
CYANEX 923
(SUPERFACT)
CYANEX 923
(SUPERFACT)
CYANEX 923

(SUPERFACT10)
DIAMEX

(LWR)
DIAMEX

(LWR)
DIAMEX

(LWR)

VO/VA0

Extr.
1

1

1

1

1

1

0.5

Vo/VA

Strip
0.9

0.9

0.9

0.9

1

1

1

[HNO3]Aq
Extr.

0.25 mM

0.25 mM

0.25 mM

0.25 mM

0.5 M

1 M

1 M

[HNO3]Aq
Strip
1M

1M

1M

1M

3M

3M

0.05 M

I) Vol. organic / Vol. Aqueous
II) Lanthanides have been added to the MA/Ln fraction, originating from SUPERFACT fuel, to reach the same

composition ratio between MA and Ln as in irradiated UO2 fuel
III) Bis(chlorophenyl)dithiophosphinic acid [19]
IV) Tertbutylbenzene
V) TetraPropylHydrogene
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The Ln/MA fraction obtained from the CYANEX 923 partitioning process was about 5.5M in HN03. It was
therefore denitrated by means of formic acid, before being used in separation of MA from Ln by CYANEX
301. The original purity of the CYANEX 301 was around 80%. Purification was done by passing the solvent
on a basic AI2O3 column.
Samples were taken from the aqueous phases and the concentrations were determined by ICP-MS, except for
BTP where the samples were analysed by alpha and gamma spectroscopy.

RESULTS AND DISCUSSION

MA/Ln separation from HLLW
For the purpose of comparison (different feed solutions were used for the different processes) the aqueous
mass flow (g/h) profiles obtained in each experiment were normalised to the process feed mass flow.
Consequently, aqueous concentrations obtained were recalculated according to eq (1)

_ ^Section ' Section ' Psection

^ F e e d " ^Feed ' PFeed

(1)

where Mnoan, C, V, and p are normalised component mass flow (g/h), aqueous component concentration
(g/g), aqueous flow-rate (L/h) and density of the aqueous phase (g/L), respectively.
A comparison of the different processes carried out by continuous counter-current extraction is shown in
Figs. 2 and 3 for Am and Cm, respectively. The normalised mass flow profiles (aqueous phase) obtained in
the extraction and the first strip section for the different processes are compared.

1 "F
CMPO
DIDPA

A. TRPO 0.7M
A TRPO 1.4M

—•— Diamide
CYANEX 923

0.0001 -
10 9 8 7 6 5 4 3 2 1 1 2 3 4 1 2 1 2 3 4 5 6

Extraction Scrubi Scrub2 Stripi

Fig. 2. Normalised mass flow profiles (aqueous phase) obtained in the different processes for the separation
of Am from HLLW.
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•o

CMPO
DID PA

A TRPO 0.7M
A TRPO 1.4M
• — Diamide
•—CYANEX 923

0.01

1/1
(A

S 0.001

0.0001

10 9 8 7 6 5 4 3 2 1 1 2 3 4 1 2 1 2 3 4 5 6

Extraction Scrubi Scrub2 Stripi

Fig. 3. Normalised mass flow profiles (aqueous phase) obtained in the different processes for the separation
ofCmfromHLLW.

A very efficient extraction behaviour of Am and Cm is demonstrated in all processes. The most efficient
extraction is obtained by CMPO in which the MA concentration, before reaching the detection limit, is
decreased more than a factor 1000, in only 5 stages. The scrubbing proved in all processes to be efficient.
Also the back extraction behaviour for all processes is efficient and most concentrations could be decreased
down to the background level of the hot cell environment. For CMPO an accumulation is observed, and only
a drastic reduction in the acidity would allow to avoid this effect..
For DIDPA, four stripping stages were not sufficient, the recovery can be improved by increasing the
number of strip stages [4].

In Table 3 the decontamination factors (DF) for all processes tested are tabulated. The DF for the extraction
and the strip were calculated as the ratio between the mass flows of the feed and the raffmate and between
the loaded organic phase and the organic phase leaving the strip section, respectively.

Table 3. Decontamination factors, DF, for Am and Cm obtained for the raffinate and the organic phase in the
extraction and the strip section, respectively.

243Am
244Cm

CMPO

Extr.
>7700
>1250

Strip

II)
II)

DIDPA

Extr.
>3200
>770

Strip
50
70

TRPO
0.7M HNO3

1)

Extr.
>800
>200

Strip
730
780

TRPO
1.4MHNO3°
Extr.
>400
>410

Strip
—
—

CYANEX 923

Extr.
2300
>70

Strip
4600
1400

Diamide

Extr.
>275
>70

Strip
>2000

425
I) Nitric concentration in the feed
II) Accumulation

The DF values are of course affected by the number of extraction stages and the detection limit of the ICP-
MS. This is especially true for the Diamide where the high detection limit of the analysis and the background
in the hot cell facility are responsible for the low DF values. The first four stages show that extraction
properties are similar to those of TRPO and DIDPA.

The second goal for the MA partitioning is to achieve a selective and complete recovery of the separated
MA, see Table 4.
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Table 4. Relative distribution (in %) for Am and Cm in the outlet solutions and the total recovery (in %) in
the MA/Ln fraction for the different processes.
Phase

CMPO

DIDPA

TRPO 0

CYANEX
923
Diamide

243Am
244Cm
243Am
244Cm
243Am
244Cm
243Am
244Cm
243 Am
244Cm

Feed
cone.

11.2
1.8

17.1
4.2
10.6
2.4
7.0

0.28
15.9
3.4

Relative distribution (%)
Raffinate

0.01
0.1

<0.01
<0.13

0
0.45

<0.01
0.4
0.4
0.4

Strip 1
(An/Ln)

7.2
13

97.9
98.4
99.7
99.0
99.9
99.2
99.6
99.2

Strip2
(Np, Pu)

6.7
10

<0.01
<0.1
0.13
0.12

—
—
—
-

Strip 3
(U)
4.9
7
—
—

0.14
0.35

—
—
—
-

Organic
phase out

0.4
0.3
2.1
1.5

0.03
0.09

<0.01
<0.01
<0.01

0.4

Recovery
MA/Ln fract.

7
11

97.8
98.4
99.7
99.0
99.9
99.2
99.6
99.2

I) 0.7M HNO3

As can been seen in Table 4 excellent recovery was obtained by TRPO, Diamide and CYANEX 923
processes.
For CMPO, the organic phase is almost actinide free after stripping only low amounts of Am and Cm are
recovered in the respective stripping solutions, due to an accumulation of these elements in the
corresponding extractor stages. This is believed to be caused by high nitric acid concentration in the loaded
organic solvent and as mentioned above the recovery can possibly be improved by acidity reduction.
Increased recovery is believed to be achievable in the DIDPA processes by optimisation (flow rates, feed
acidity etc.).

MA separation from Ln
The results of the different batch experiments performed are shown in Table 5.
BTP shows the best performance of all the extractants for the MA separation from Ln, i.e. the highest SF
with a feed at high nitric acid concentration. First results obtained in a continuous counter-current BTP test
with genuine MA/Ln fraction from the DIAMEX process confirm the very good performance of this
molecule for the MA separation from Ln [20].
With purified CYANEX 301 the highest D-values are obtained using, but the purified CYANEX 301 has a
significantly higher selectivity of MA over Ln. This indicates the presence of an impurity capable of
extracting both MA and Ln without selectivity. Purified CYANEX 301 in combination with TBP or TOPO
show a synergistic effect without effecting the selectivity. The results for CYANEX 301 and TOPO, at
different feed acidities, demonstrate that the extraction and more importantly the selectivity for actinide
extraction is better at a acidity of 0.5 M.
For all system tested extracted minor actinides could also be efficiently back extracted.

Table 5. The Distribution factors <

CYANEX 301 (purified)
CYANEX 301/ TBP (non-purified)
CYANEX 301/ TBP (purified)
CYANEX 301 / TBPU) (purified)
CYANEX 301 / TOPO (purified)
CYANEX 301/ TOPO (purified)
BTP

Dbtained for 1
[HNO3]Aq
Extraction
0.25mM
0.25mM
0.25mM
0.25mM

0.5 M
1M
1M

he separation of MA fron
D ̂ -value Extraction

153Eu
0.01
1.63
0.01
0.01
1.4
0.4
0.2

243Am
0.14
1.76
0.46
0.68
25
2.5
17.5

244Cm
0.27
2.30
0.32

7.8
0.8

25.5

l L n .
D-value Back Extraction
153Eu

—
0.01

—
—

2.3
2.2

0.02

243Am
—

0.17
0.24

—
<0.6
<0.2
0.47

244Cm
—

0.25
0.34

—
<0.6
<0.3
0.46

SF
(Am/Bu)

14
1.1
46
68
18
6

77
I) [M]org / [M]aq
II) Lanthanides have been added to the MA/Ln fraction, originating from SUPERFACT fuel, to reach the same

composition ratio between MA and Ln as in irradiated UO2 fuel

In case of a heterogeneous fuel concept, with Am and/or Cm concentrations up to 20% (e.g. SUPERFACT),
an MA/Ln separation factor of about 100 would be needed [21]. Otherwise the target SF can be lower.
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Separation factors, SF, for only one extraction are listed in Table 5. The CYANEX 301/ TBP is close to
reaching the target SF in only one extraction step, as for BTP. On the other hand CYANEX 301/ TOPO,
although having lower SF, is capable of extracting with high D-values at high acidities.
It should also be pointed out that even with a large difference in the MA/Ln ratios between LWR and
SUPERFACT fuel (0.05 and 16, respectively) no major effect on the extraction behaviour could be seen.
This indicates that minor actinides in transmutation target fuels can be efficiently partitioned and made
available for new fuel fabrication, thus closing a P&T fuel cycle.

CONCLUSIONS
If aiming at an efficient P&T scheme, losses of elements to be transmuted should be as low as possible (0.2%
or less), a compromise between extraction and back extraction has to be made. Therefore TRPO and
Diamide are the best extractants for the coextraction of MA and Ln from PUREX HLLW. Furthermore, a
preceding denitration of the HLLW implies the risk of precipitation and hence losses of MA. Thus Diamides
which do not require feed adjustment are the better solution. In addition Diamides follow the CHON
concept, i.e. completely combustible solvent.
CMPO have shown to have a very good decontamination factors but from the point of view of transmutation
of long lived nuclides not only the high decontamination of the HLLW but also the efficient back-extraction
behaviour, e.g. their high recovery rate, is a very important factor. The recovery in the case of CMPO can
possibly be improved by acid adjustment, however the consequence would be that one of the advantages of
CMPO, i.e. the ability to extract at high HNO3 concentrations, does not exist any longer.

Concerning the separation of MA from Ln, BTP has shown to be the most efficient extractant, giving at the
same time the highest separation factor at a feed acidity which do not require feed adjustment. However, the
separation factors for the different MA/Ln separation extractants ranged between 6 and 77 in a single stage
extraction. These values will considerably improve in a continuous multistage process to reach the goal of an
Am/Cm product containing less than 1% of Ln.
Among the extractants tested in this paper, with feed originating from genuine fuel, the combination of
DIAMEX and BTP [22] is shown to be the best combination for an efficient recovery of MA from HLLW or
transmutation targets.
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Introduction

One of the main concerns related to the disposal in deep geological repository of the conditioned
nuclear wastes generated after reprocessing of spent fuels is related to the presence within these
wastes of long lived radionuclides (LLRNs), and particularly those of the so-called minor actinides,
neptunium, americium (Am) and curium (Cm). Within its 4 th Framework programme (FWP), covering the
period 1996-1999, the European Union supported several research contracts in order to define
processes for the Partitioning of the LLRNs from the wastes in view of their subsequent Transmutation
{P-T scenario) or Conditioning (P-C scenario). NEWPART was one of these contract aiming to define
solvent extraction processes for Am and Cm partitioning.

The main achievements obtained in the course of this research are highlighted in this article.

Results and Discussion

Strategy of the Research

The main choices of the selected strategy are the following: (i) among the LLRNs, those of Am and Cm
were selected for partitioning, (ii) the target waste to be treated consists in the high active waste
(HAW) issuing the reprocessing of the spent fuels by the PUREX process, (iii) no modification of the
oxidation state of the target elements to be extracted will be done; consequently the chemistry will
concern the trivalent Am and Cm {An(lll)), (iv) most of the reagents to be used should fulfill the CHON
principle.

Among the difficulties to solve one can mention: (i) how to extract the An(lll) from the acidic HAW? (ii)
how to separate the An(lll) from the most abundant lanthanides(lll) (Ln(lll)) from acidic feeds?

To overcome these problems one process including two steps was studied: (i) the first one consists in
the co-extraction of An(lll)-f-Ln(lll) from the acidic HAW by a diamide (malonamide) extractant. This
corresponds to the so-called DIAMEX process, (ii) the second process, named SANEX, performs the
An(lll)/Ln(lll) group separation by the selective actinide extraction from rather acidic feeds. Two ways
were developed for the definition of SANEX processes, both based on the use of extractants bearing
soft donor atoms either nitrogen of sulphur.

For both DIAMEX and SANEX research areas, fundamental studies and process development were
carried out.
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DIAMEX process

Basic understanding of the extractive properties of the malonamide ligands was improved. This was
done in particular by the determination of the structure of the solvates which are formed between the
extractant E and the M{lll) nitrate. In all cases, malonamides were found acting as bidendate ligand
towards M(lll) ions, as shown in Figure 1.

Process developments were carried out principally using the dimethyldibutyltetradecylmalonamide
(DMDBTDMA) extractant. Several flow-sheets were developed and tested. In particular, a DIAMEX
process flow-sheet (Figure 2) was successfully tested at the ITU (Karlsruhe) in a centrifugal contactor
test-loop using a genuine HAW. Moreover, a new diamide, the DMDOHEMA, was chosen by CEA to
design an improved DIAMEX process.

SANEX processes

Nitrogen Terdendate Ligands

Several families of N-terdendate ligands were studied. But the most exciting results obtained so-far are
certainly those related to a new family of ligands developed by Kolarik at FZK, the bis-'\ ,2,4-fr/-azinyl-
pyridines, the so-called BTPs, able to selectively extract the An(lll) from the Ln(lll) from 1 to 2 mol/L
nitric acid feeds. Figure 3 shows the crystal structure of a solvate formed between a Gd(lll) ion and a
BTP ligand. In this crystal the Gd(lll) ion is bound to nine N atoms belonging to three BTP molecules. A
SANEX process based on the use of a BTP extractant was successfully designed and tested at
Marcoule first, then at the ITU.

New Acidic t//-thiophosphinic acids

New 6/s-substituted c//-thiophosphinic acids were developed at FZJ. It was found that these new acidic
S-bearing ligands are able, in synergistic mixtures with neutral O-bearing ligands, to extract selectively
the An(lll) over the Ln(lll) from highly acidic solutions. A process using a mixture of 6/s-chlorophenyl-tf/-
thiophosphinic acid + fr7-/7-octylphosphine oxide (TOPO) was designed at FZJ and successfully tested
with synthetic spiked solutions in a centrifugal contactor test loop.

Conclusions

The research carried out within the NEWPART programme was highly successful: several DIAMEX and
SANEX processes were developed and successfully tested in hot conditions for the partitioning of Am
and Cm. About fifty papers were published in International Journals and Proceedings of International
Conferences. The European collaboration in this field will be pursued within the 5th FWP of the
European Union during the period 1999-2002.
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CAESIUM EXTRACTION FROM ACIDIC HIGH LEVEL LIQUID WASTES WITH FUNCTIONALIZED
CALIXARENES

N. SIMON, S. EYMARD, B. TOURNOIS, J.-F. DOZOL
DESD/SEP/LPTE Commissariat à l'Energie Atomique, CEA Cadarache

13108 Saint Paul lez Durance, France

ABSTRACT

In the framework of French law programme, studies are under way to selectively remove caesium from
acidic high activity wastes. Calix[4]arene crown derivatives exhibit outstanding efficiency and selectivity for
caesium. An optimisation of the formulation of a selective extractant system for Cs based on crown-
calixarenes and usable in a process which use liquid-liquid extraction is presented. A system involving a
monoamide as a modifier is proposed.
Besides these improvements, a reference solvent based on a standard l,3-di-(n-octyloxy)2,4-calix[4]arene
crown is studied. Flow-sheets related to this system are calculated and easily transferable to the optimised
new system.

INTRODUCTION

In the framework of the 30 of December 91 French law, related to the management of nuclear wastes, studies
are developed to recover long-lived fission products (F.P.) from acidic highly radioactive effluents issuing
the reprocessing of spent fuels, to destroy them by transmutation or to encapsulate them into specific
matrices.
Efforts have been directed towards caesium, particularly l35Cs, which is one of the most harmful fission
products because of its long high life (more than 2.106 years) and its mobility in repository. The elimination
from such a high level waste of137 Cs (a heat emitting nuclide the half life of it is 30 years) may also reduce
the need of cooling F.P. solutions and the time of vitrified waste storage before its disposal in geological
formation (1).
Calixarenes are cyclic compounds constituted by phenol units linked by méthylène groups. Crown 6
calix[4]arene compounds which consist of a calixarene frame in the 1,3 alternate conformation
simultaneously offer the selectivity of crown compounds through the poly- ether chain ring size and the
preorganization of calixarenes fixed in a more or less rigid conformation. This class of calixarenes is a new
promising family which exhibits exceptional caesium separation properties (2, 3, 4) either in very acidic
medium (Table I) either in the presence of large amounts of sodium.

TABLE I : EXTRACTION OF CESIUM AND SODIUM - SELECTIVITY Cs/Na (4)
Aqueous feed solution, MN0 3 510"4 M - HNO3 1M

Organic solution, 10'2 M extracting agent in 1,2-nitrophenyl hexyl ether
Compounds

calix[4] arene di isopropoxy crown 6

calix[4] arene di n octyloxy crown 6

calix[4] arene di n octyloxy dibenzo crown 6

calix[4] arene biscrown 6

calix[4] arene bis-o-benzo-crown 6

calix[4] arene bis di benzo crown 6

calix[4] arene bis naphthyl-crown 6

DNa*

<10"3

<10"3

<10"3

1.3 xlO"2

1.7 x lO ' 3

<10"3

<10"3

Des*

28.5
33

31
19.5

32.5

23

29.5

cc(Cs/Na)
> 28 500

>33000

>31000
1500

19000

> 23000

> 29000
* room temperature

In 1994, a real raffinate was treated in a hot cell to extract caesium with a calixcrown extractant (5). The
success of this 'one batch' experiment confirmed the feasibility of caesium decontamination from high level
liquid wastes.



02-06

Then, it was decided to define a complete scheme process to extract caesium selectively from high level
activity raffmate. The flow-sheet will be included in the general scheme of long-lived radionuclide
partitioning.
To be consistent with this general scheme, it was settled to use liquid-liquid extraction and thus to optimise a
calixarene/diluent solvent according to some hydraulic and chemical criteria. With such an optimised system
different examples of flow-sheet were defined.

In this paper, we report the results of our recent efforts towards developing an optimised solvent suitable for
extracting caesium from acidic high level wastes and usable to liquid-liquid extraction. The first calculated
flow-sheets are also presented.

EXPERIMENTAL

Materials
Crown calixarenes were synthetised by Pr R.Ungaro (University of Parma, Italy) and by ISOTOPCHIM
(Peyruis, France). If necessary, calixarenes were purified with the use of a silica gel and after basic alumina
column. Octanol-1 was provided by Aldrich, TBP by Merck, they were used as received. Monoamides,
obtained from PANCHIM (Evry, Lisses, France), were washed with soda, water and sulfuric acid. TPH was
obtained from CEA/DCC/DRRV (Valrhô).
Aqueous phases were prepared by dissolving caesium nitrate (Aldrich) in an aqueous solution containing
nitric acid unless otherwise stated (obtained by dilution of concentrated nitric acid 65% (Merck) with
deionized water).
Batch-equilibrium experiments
Batch equilibrium extraction experiments were monitored by spiking trace concentration of 137 Cs provided
by Amersham and were performed in polypropylene tubes. Equal volumes of aqueous and organic phases
were contacted for one hour (preliminary experiments have shown equilibrium was reached after 2 minutes)
at 30 °C by end-over-end rotation using a controlled temperature chamber (SANYO). Phases disengagement
was achieved by centrifugation in a refrigerated centrifuge maintained at 30°C (Jouan CR3I).
For extraction isotherms data acquisition, the solvents were pre-equilibrated with aqueous phases containing
the same nitric acid concentrations as the aqueous phase under study to prevent the coextraction of nitric acid
during the distribution of cation nitrates.
Analyses
Nitric acid titration were performed using a titroprocessor Mettler DL25 or L67. Cs was determined by y
spectrometry in the organic and in the aqueous phases using a y spectrometer Eurysis (Ge coaxial - EGPC 15
type P). ICP/MS (Inductively Coupled Plasma / Mass Spectrometry) was used to measure other cations.

RESULTS AND DISCUSSION

Optimisation of the formulation of the solvent
The first (calixarene/diluent) system defined in the initial studies (6) used a nitrophenyl alkyl ether (NPAE)
as a diluent because it improved caesium extraction and led to a stable membrane in Supported Liquid
Membranes (SLM) experiments. Such SLM tests allowed us to select the useful calixarenes with a very
small quantity of it. Nevertheless, such a diluent pointed out inappropriate properties regarding hydraulic
behaviour. For example, density and viscosity of these diluents were too high (see Table II) and needed a
modification of the initial system (crown calixarene / NPAE).

TABLE II : DENSITY AND VISCOSITY OF SOME NITROPHENYLALKYLETHERS AT 25°C

Diluent (NPAE)
NPHE (alkyl : hexyl)
NPOE (alkyl : octyl)

Density
1.07
1.04

Viscosity (cP)
8.9
12.4

To optimise the (calixarene / diluent) system, we took into account a list of performance criteria, necessary to
the viability of a solvent extraction process, as listed below :
- the need of use an alkane diluent, pure or including a modifier, in connection with hydrometallurgical
applications and with general French spent fuel reprocessing. The modifier, if necessary serves to both
enhance the Cs extraction power and to prevent third phase formation.
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hydraulic criteria, that is to say a compatibility with liquid-liquid extraction apparatus, density, viscosity,
emulsion formation and phase disengagement...
chemical criteria : satisfactory extraction (HNO3 3 or 4 M) and stripping (HN03 < 0,5M) efficiency,
sufficient selectivity towards other elements of the feed not to be extracted, no third phase formation,
stability (thermal, radiolysis, radiation), extraction and stripping kinetics consistent with contactors used.
safety.

We followed 2 ways of search parallel.

First, we used well-known crown calixarenes whose synthesis is easily controlled and we tried to modify the
diluent. With such systems, we are now able to calculate flow-sheets, that would be the subject of the second
part of 'RESULTS AND DISCUSSION', and we have a sufficient quantity about them to consider the
implementation of a flow-sheet test.
Two examples of theses (calixarene/ diluent) solvents are
First, calix[4] arene di n octyloxy crown 6 (calix octyloxy) used with a concentration of 5.10"2 M in TPH,
modified by NPHE (30% in weight). TPH is an industrial blend of branched alkanes obtained by
polymerisation of propylene and hydrogénation of the formed tetramers (from where its commercial name
will tetra hydrogenated propylene, TPH in French).
Another example is the following one : calix[4] arene di n octyloxy crown 6 used with a concentration of
6.5.10"2 M in TPH, modified by TBP (1.5M).
With such systems, interesting hydraulic properties were already obtained (table III), comparable with the
known behaviour of solvent of PUREX process. It is thus completely possible to use the same types of
equipment as those already implemented in PUREX.
There were no appearance of third phase until initial caesium concentrations in the feed of 2.10"2 M, which
was very beyond the conditions of process considered. The extraction and stripping properties were fairly
good with a DCs about 11 for HN03 M and an efficient stripping for HN03 0.05 M.

TABLE III : SOME HYDRAULIC PROPERTIES of DIFFERENT ORGANIC PHASES USABLE WITH
CALIX[41 ARENE DI N OCTYLOXY CROWN 6

System

Reference system (PUREX)
TBP 30% / dodecane

TPH, modified by NPHE (30% in weight)
Calix octyl oxy 0.05 M in TPH, modified by

NPHE (30% in weight)
TBP 1.5 M/TPH

Calix octyl oxy 0.065 M in
TBP 1.5 M/TPH

Density
(25°C)

0.825

0.851

0.844
0.827

Viscosity
(25°C)

1.68

2.07

Interfacial
Tension

(HNO3 3 M)
10.3 (30°C)

25.7 (30°C)
9.4 (30°C)

-

Interfacial
Tension

(HNO3 4 M)
-

-
7.7 (30°C)

10.7 (25°C)
5.7 (25°C)

Secondly crown-calixarenes were modified as well as possible to optimise the criteria cited before.
We pointed out that, compared to calix[4] arene di n octyloxy crown 6, substituted by an octyl radical, the
addition of a restricted number of carbons on the radical R (see below) is enough to ensure a good solubility
in an alkane diluent, without the need of a modifier.

The calixarenes shown in the figure 1 present a whole a solubility higher than 0.1 M in alkane diluents as
TPH. Long and ramified radicals were chosen to improve the solubility, to move away as well as possible the
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limits of the third phase from the conditions of the process and to limit the potentially surfactant properties of
the degradation products.
Some of these calixarenes even made it possible to shift the formation of an acid third phase to acidities
higher than 4 M (see Table IV). Nevertheless, the calixarene concentrations were too weak to allow a
sufficient extraction of caesium. That is why it was decided to introduce a modifier.

C5 C6

Crown calixarenes soluble in TPH

CH3(CH2)6CH2OH

Octanol-1

OC4H9

OC4H9II P^=O

OC4H9

TBP

MAI

\

C«H,7

MA2

Monoamides

Examples of modifiers

FIGURE 1 : EXAMPLES OF CROWN-CALIXARENES AND MODIFIERS USABLE FOR THE CS
EXTRACTION PROCESS.

Three series of modifiers were considered : alcohols, phosphates and amides. All these modifiers allowed
moving away the third phase occurrence beyond process conditions and enhance caesium extraction.
Alcohols were used in different liquid-liquid extraction processes. For example, octanol was chosen to
solubilize crown-ethers (7). Moyer and coll (8) introduced other alcohols as modifiers usable with crown
calixarenes. The most common phase modifier is the tributyl phosphate used in the TRUEX process or now
in Srex (to replace octanol). Monoamides have been suggested as an alternative for TBP in a variety of
processes (9). They could be used as phase modifiers similarly how TBP is used.

TABLE IV : THIRD PHASE FORMATION DURING THE EXTRACTION OF NITRIC ACID BY SOME
MONO CROWN CALIXARENES

Radical R branched on the calixarene

C2H4OC10H21

C2H4OC12H25

C2H4OC3H6CH(C2H5)(C4H9)

C2H4OCH(CH3)2(CH2)C(CH3)3

C 2H 4OCH 2CH(CH 3 ) (C9H 1 9 )

C2H4OCH(CH3)(C2H4)CH(C2H5)(C4H9)

C 2H 4OCH 2CH(C 2H 5)CH 2CH(C2H 5)(C3H 7)

Third phase boundary
[HNO3]aq (M)

T = 30°C
[calixarene] = 0.05 M diluted in pure TPH

1-2

0.1-0.5

1 -2

1 -2

3 - 4

4-4.5

4-4.5
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We in particular considered the modifiers presented in figure 1. They were tested, associated with crown-
calixarenes. In Table V, we report some interesting (calixarene / modifier) systems according to their Cs
extraction and stripping properties (all of them also present satisfactory hydraulic behaviour and the
maximum caesium concentration in the organic phase attainable without third phase formation exceeds 10"2

M).

TABLE V : EXTRACTION AND STRIPPING PROPERTIES OF 5
SYSTEMS USED IN TPH.

Radical R branched on the calixarene

Cl C2H4OC]0H2i (0.135 M)

C2 C2H4OC7Hi4CH(CH3)2 (0.12 M)

C2 C2H4OC7H14CH(CH3)2 (0.12 M)

C6 C2H4OCH2CH(CH3)(C9H19) (0.15 M)

C6 C2H4OCH2CH(CH3)(C9H19) (0.15 M)

C3 C2H4OC3H6CH(C2H5)(C4H9)

(0.12 M)

C3 C2H4OC3H6CH(C2H5)(C4H9)

(0.075 M)

C3 C2H4OC3H6CH(C2H5)(C4H9)

(0.12 M)

C4C2H4OCH(CH3)(C2H4)CH(C2H5)(C4H9)

(0.1 M)

C5
C2H4OCH2CH(C2H5)CH2CH(C2H5)(C3H7)

(0.1 M)

C5
C2H4OCH2CH(C2H5)CH2CH(C2H5)(C3H7)

(0.1 M)

Modifier

TBP (1M)

TBP (0.5M)

MAI (0.3M)

TBP (1M)

MAI (0.5M)

TBP (0.5M)

MAI (0.5M)

MA2 (0.5M)

MAI (0.3M)

MAI (0.3M)

MA2 (0.5M)

iOMh (CALIXARENE/MODIFIER)

Des (30°C)

Extraction conditions

[HNO
(M)

4

4

4

3

4

4

4

4

4

4

4

3] [Cs] (M)

16.2

8.4

21.8

6.5

18

9.04

8.6

13.8

11.4

8.1

10

5.10"3

3.10"2

Î.IO"3

1.10'3

1.10"3

1.10"3

1.10"3

1.10"3

1.10"3

1.10'3

1.10"3

Stripping conditions

[HNO
(M)

0.05

0.1

0.05

0.1

0.05

[Cs] (M)

0.03

0.013

0.02

0.007

0.003

ÎO-7

3.1O"2

l u " 5

10-2

l u " 3

Up to now, the most interesting formulation of the solvent phase is composed of calixarene C5 (0.1 M),
monoamide MA2 (0.5M) in TPH. Some distribution data which point out extraction and stripping properties
like selectivity over inorganic components present in hot effluents, for different interesting systems, were
gathered in figure 2. Such a system offers a high Cs extraction ability accompanied by a good selectivity. We
note in this figure that all the modifiers retained point out a sufficient selectivity but monoamide MA2 is the
best, that more especially as its concentration is weak. Indeed, the aliphatic radical grafted on the carbonyl
side is branched. Such monoamides are known to have a strong selectivity towards fission products and
trivalent elements compared with that of phosphates or even that of monoamides grafted with linear radicals
(10).
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Influence of nitric acidity and Cs concentration on DCs

calixarene C5 0.1 M, diluent (MA2 0.5 M/TPH), T = 30°C

Extraction of elements present in a simuiant

(HNO3 3 M) by a phase (modifier/TPH) without calixarene

l.E+02 l

l.E+oi :;

I.E+00 -

l.E-01

I.E-02 -

I.E-03
1.

; X X

'. x x

X

X

H

X *

a a
• •

X

X

-r
•

• HNO3 0.01M

" HN03 0.05M

'• HNO3 0.001M

X HN03 3M

x HN03 4M

0

Aqueous phase
simulant
[HNOi]=3.06M

. Tcmpcralurc: 30° C
Organic phase
Modificr/TPH

l.E-07 l.E-05 l.E-03

[Csli(M)

TBP 1.5M

MAI 0.5M

MAI 0.3M

MA2 0.3M

FIGURE 2 : INFLUENCE OF THE MODIFIER ON Cs EXTRACTION ABILITY AND ON THE
SELECTIVITY

Note that we did not retain alcohol among the modifiers most interesting. Let us consider the stripping
isotherms of caesium cation according to the modifier used (figure 3). In all the cases when Cs concentration
decreased, we observed, first a decrease of DCs, then an increase for the lowest concentrations. Studies to
explain this behaviour are in progress. Ideas as the formation of several Cs-calixarenes complexes or an
ionisation of the organic phase (8) can be advanced but have to be checked. From the point of view of
process implementation, such behaviour may prevent a sufficient stripping, if the increase observed is too
high.

DCs

0.1 -

'HNO3 0.01M
1 HNO3 O.OOIMI

• • *

l.E-09 J.E-07 l.E-05 J.E-03 l.E-01

1 -

DCs

0.01

l.E-09

• H N O 3 0.01M

• HNO3 0.05M

' H N O 3 0.001IV

• •

J.E-07 l .E-05 I.E-03

0
of»

t

l.E-01 1.E+0

»HNO3 0.0IM

• HNO3 0.0SM

'HNO3 0.IM

l.E-10 l.E-08 l.E-06 l.E-04 l.E-02
|Cs],q(M)

Crown calixarene isopropoxy 0.025M
diluent octanol

Crown calixarene octyloxy 0.065M
diluent (TBP 1.5 M/TPH)

Crown calixarene C5 0.1M
diluent (MA2 0.5 M / TPH)

FIGURE 3 : STRIPPING PERFORMANCE FOR Cs PROCESS ACCORDING TO THE MODIFIER

As we see in figure 3, that is the case for alcohol modifier. To allow stripping, Moyer and coll (8)
recommend the addition of an amine in the organic phase but that complicates the system. That is the reason
why we did not retain alcohols and preferred monoamides, the stripping isotherms of which allow a good
stripping in all range of the caesium concentration, in spite of the increase.

Flow-sheet developments

With the two systems cited before, based on l,3-di-(n-octyloxy)2,4-calix[4]arene crown and diluent
(NPHE/TPH) or (TBP/TPH), flow-sheets were calculated using a computer code developed by P. Baron and
coll (11). An example is presented in the figure 4. Such a flow-sheet will be easily transferable to the future
optimised extractant as the system (calixarene C5, monoamides MA2 0.5M, TPH). It is intended to realise a
test with a simulated waste during the year and with a real raffinate within 6 month in Atalante facility.
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We intend to use centrifugal extractors developed by CEA (12). Preliminary tests pointed out a good
hydraulic behaviour and a satisfactory efficiency of crown calixarenes for these contactors (13). Simulant
and real eflluent will tested with these contactors.

Calixarene octyloxy 6.5.10"2 M
TBP 1.5 M/TPH

Flow rate : 1
6 stages

f extraction

raffinate :
Cs:3.8.10"9M

2 stages

Solvent :
Cs : 0.0057 M
HN0,:l-2M „ s t a g e s

scrub

f
strip

_ *
Back-extracted

solvent

Feed
flow rate : 1
HNO34M
Cs6.10"3M

Cs in aqueous solution
Cs : 0.0055

Scrub solution

Flow rate : 0.1

Back-extraction solution
Flow rate : 1
HNO, 0.05 M

FIGURE 4 : EXAMPLE OF CAESIUM EXTRACTION FLOW-SHEET

Related to process development, some investigations regarding solvent integrity were performed, especially y
irradiation (14, 15). Up to now, our results show those crown calixarenes are radiolytically stable molecules.
Only substituted calixarenes (nitro derivatives) are formed when nitric acid is present. The addition of one
nitro group is not expected to modify the extraction efficiency of the molecule. It appears the diluent plays a
role in the extraction properties of the degraded system. The behaviour of the new system (calixarene C5,
monoamide MA2, TPH) is under investigation.

CONCLUSION

The separation of caesium within the general scheme of long-lived radionuclide partitioning entered its phase
of development. We are capable to propose a (calixarene/diluent) formulation likely to satisfy some
important criteria of selection defined above. The formulation (calixarene C5, monoamide MA2, TPH) is
retained at this point of our studies.
Studies continue with the search of a calixarene completely optimised, usable in a pure alkane diluent, with
some fundamental studies on the understanding of the influence of a modifier on the complexes formed
between calixarene and caesium, with the continuation of the studies of degradation, and of course the
definition of process flow-sheets followed by tests on simulated wastes and hot test conducted on real
effluents.
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ACTINIDE SEPARATION WITH A NOVEL TRIDENTATE LIGAND, DIGLYCOLIC /
AMIDE FOR APPLICATION TO PARTITIONING PROCESS £? <#
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ABSTRACT

The tridentate neutral ligands, having two amidic carbonyl donors and an etheric oxygen, were synthesized in our
laboratory and examined the extraction of actinides and fission products. Among the synthesized diglycolamides(DGA)
with varying length of alkyl chains attached to two N atoms, N,N,N',N'-tetraoctyl-3-oxapentanediamide (TODGA) and
N,N,N',N'-tetradecyl-3-oxapentanediamide (TDDGA), showed a sufficient solubility in n-dodecane. The extractability of
both TODGA and TDDGA for actinides(Ans), i.e., U(VI), Pu(IV), Am(III), and Cm(III), in nitric acid solution was
satisfactorily high and its order was in a succession of An(III), An(IV) > An(VI) > An(V). The extraction of fission
products (FPs), except Zr(IV) and lanthanides(Lns), are relatively small, indicating the sufficient separation of actinides,
Zr(IV) and Lns(III) from other FPs. The extraction kinetics, maximum loading in the organic phase, back-extraction
behavior, and radiolytic stability of TODGA showed that TODGA is applicable to the treatment of the high level waste.

INTRODUCTION

As the transuranium elements, i.e., neptunium, plutonium, americium and curium contained considerbly in the high level
waste solution (HLW) are long lived alpha emitters and considered as hazardous metal ions, the complete recovery of them
from HLW has been the major task of the partitioning in the OMEGA program. Due to their relatively low charge densities,
Am(III) and Cm(III) usually show a weak complexing ability with the most chelating agents in the nitric acid solution.
Some bidentate neutral ligands have been developed as a useful extradant for Am and Cm. For example, the derivatives
from phosphine oxide and diamide(l-2) has been synthesized and studied on actinides (An) extraction. The distribution
ratios of Am(III) by 0.2 mole/dm3 (denote as M hereafter) octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide
(O(|>D(iB)CMPO) + 1.2M TBP employed in the TRUEX process and 0.5M dimethyldibutyltetradecylmalonamide
(DMDBTDMA) in the DIAMEX process, as representatives of Am extraction, are 22.5 (from 3M HN03 to n-dodecane) and
4.3 (from 4M HN03 to TPH), respectively(3,4). During the course of the investigation of a new type of CHON-type
extractants for the recovery of Am and Cm in HLW, we introduced the digycolamide(DGA) to be the most effective
extradant for Am and Cm(5). The diglycolamide has a favorable character to bind the metal cations by tridentate mode
forming very stable complexes(6). In the present paper, the extraction behavior of N,N,N',N'-tetraoctyl-3-
oxapentanediamide (TODGA) not only for actinides but also for fission products and HNO3 is described. In addition, other
properties of TODGA, i.e., extraction rate, maximum loading in the organic phase, back-extraction efficiency, and the
radiation stability are reported.

EXPERIMENTAL

Chemicals
The standard solutions of all metals for the usage in atomic absorption spectrometry (Wako Pure Chemical Industries, Ltd)

were employed in all extraction experiments. The radioactive tracers of 233U, 237Np, and 238Pu were obtained from Sceti
company, LTD, and 230Th, 241Am, 244Cm, and 252Cf were from Isotope Products Laboratories. The nitric acid and n-
dodecane of the analytical grade were used. The Np(V) and Pu(IV) cations prepared by the methods in the references(5)
were used. Six kinds of diglycolamides with alkyl chains of different length attached to amidic N atoms, N,N,N',N'-
tetrapropyl-3-oxapantanediamide (TPDGA), N,N,N',N'-tetrabutyl-3-oxapantanediamide (TBDGA), N,N,N',N'-tetraamyl-3-
oxapantanediamide (TADGA), N,N,N',N'-tetrahexyl-3-oxapantanediamide (THDGA), N,N,N',N'-tetraoctyl-3-
oxapantanediamide (TODGA) and N,N,N',N'-tetradecyl-3-oxapantanediamide (TDDGA) were synthesized through the
condensation reaction(7).

Irradiation of Gamma Ray
Sample solution taken in a glass tube with a cap was irradiated by 60Co gamma rays at a dose rate of 4.25 kGy/h at room

temperature. Three types of samples, i.e., TODGA alone, TODGA in n-dodecane and TODGA in n-dodecane saturated with
HNO3, were irradiated and subjected to americium extraction.

Extraction Procedure
After pre-equilibration, a certain volume(0.5-2 ml) of the organic extractant phase was taken in an extraction tube with an

1
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equal volume of an aqueous nitric acid solution spiked with 10 u.1 of radioactive tracer solution or the metal standard
solution. The concentrations of metal ions used in the extraction experiment were, in ppm, 500 for Sr, Zr, Mo, Ru, Pd, Ba,
Nd and lxlO"5 for Eu, 5xl0"2 for Th, 0.1 for U, 1 for Tc and Np, 6xl0"5 for Pu, 3x10^ for Am, lxlO"5 for Cm and 2xlO"6 for
Cf. The extraction tube filled with two phases was shaken mechanically for 2 hours at 25 + 0.1 °C. After centrifugating
and separating both phases, the duplicate 0.50 ml aliquots were taken and measured by Nal scintillation counter (COBRA
5003, Packard Instrument Company) for the gamma activities of l52Eu and 241Am, liquid scintillation counter (Tri-Carb 1600
TR, Packard Instrument Company) for the alpha activities of 230Th, 233U, 237Np, 238Pu, 244Cm and 252Cf in 5 ml of PICO-
AQUA cocktail. The amounts of non-radioactive metal ion in the sample solutions prepared from both phases were
measured by ICP (SPS 1200AR, Seiko-EG & G).

RESULTS AND DISCUSSION

Selection of DGA
The solubilities of diglycolamides, TPDGA, TBDGA, TADGA, THDGA, TODGA and TDDGA, in water or n-dodecane,

and the distribution ratios of Am(III) (DAm) in the extraction system of 0.1 M DGA/ chloroform or 0.1 M DGA/ n-dodecane
and 1M HNO3 were summarized in Table 1. It is obvious that the long alkyl chain, longer than hexyl radicals, attached to N
atoms gives enough lipophilicity of DGA molecule to dissolve in n-dodecane at any ratio, but contrarily minute in water.
The complete dissolution of extractant in non-polar aliphatic solvent, e.g., n-dodecane and TPH, is necessary to an industrial
use, thereby TODGA and TDDGA satisfy one of the conditions for the application to partitioning of the HLW.

From the point of extractability, Table 1 reveals that DGA with a shorter carbon chain provides higher DAm with chloroform
as a diluent and seems superior to TODGA and TDDGA. It should be pointed out, however, that such a DGA is easy to
form the third phase when the non-polar solvent is used. Another evidence that DAm by TODGA is a little higher than that
by TDDGA made us to use TODGA as a candidate extractant for the partitioning of HLW in the following study.

Table 1 Solubility of DGAs in water and n-dodecane, and distribution ratios of Am(III); DAm

for different DGAs

TPDGA
TBDGA
TADGA
THDGA
TODGA
TDDGA

solubilily in water

57 (mM)
2.3
0.25
0.11
0.042
0.042

dissolution in n-dodecane

poor
poor
poor
soluble

non-limited
non-limited

@ @ D,

chloroform
0.41
0.24
0.11
0.089
0.071
0.042

\m

n-dodecane
-
-
-

40
30
18

*: Determined by using 0.1 M DGA/solvent and 1M HNO3.
Extraction of Actinides

The distribution ratios of actinides(DAn) by TODGA in Fig. l(a) and Fig. l(b) indicate the dependence of D ^ on the
concentration of HNO3 and TODGA, respectively. Here, the concentrations of HNO3 and TODGA were expressed to as
[HNO3] and [TODGA] in the following sentences. The peculiar feature of DAn with TODGA is its dependency on nitric acid
concentration, as seen in Fig. l(a), DM for most actinides increases drastically over the acidity of 0.3M, and the slope exceeds
three for Am(III), Cm(III) and Th(IV). Thus it seems that the extraction of actinides is enhanced by an increasing nitric
acid, rather than being suppressed by the competitive extraction of HN03. With HNO3 concentration fixed at 1M in Fig.
l(b), all plots seems on the respective straight lines. Assuming the activity coefficient of TODGA being constant in these
conditions, the slopes of these lines signify the number of TODGA molecules involved in the extraction reactions. From the
linear regression analysis, the equations obtained of DAn(y) vs. [TODGA](x) were y= 3.4x+5.6 for Th(IV), y= 3.1x+2.9 for
U(VI), y= 2.8x+4.0 for Pu(IV), y= 3.7x+5.3 for Am(III) and y= 4.2x+6.0 for Cm(III). From these, three and four TODGA
molecules are involved in the extraction of Th(IV), U(VI), Pu(IV) and Am(III), Cm(III), respectively.
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Extraction of Fission Products

The extraction of 14 elements contained in the HLW, fission products, Cr, Fe and Ni, were investigated by using TODGA.
Fig. 2(a) and Fig. 2(b) show the dependencies of DM( M= Sr, Zr, Mo, Te, Ru, Pd, Ba, Eu) on the concentrations of HN03 and
TODGA. Other elements, Cr, Fe, Ni, Rh, Te and Cs were also examined, and their D values were lower than 0.1, under the
condition of 1M TODGA/ n-dodecane and 3M HN03. In Fig. 2(a), the distribution ratios of all elements, except anionic
TcO4", increase gradually from low acid region to ~3M HN03 in the aqueous phase, after which DM for Sr, Tc, Ru, Pd, Ba
decrease. The extraction of Eu(III) is similar to that of An(III), but the former is overwhelming the latter at the high HN03

concentration. The extraction of Zr(IV) is exhaustive in all HN03 concentration region over 0.5M.
Fig. 2(b) shows that the separation factors between Eu(III)

and FPs (DSp= DEu/DFP) are higher than 10 . This value
increases with an increase m TODGA concentration. From
Figs. l(a) and 2(a), the separation of Zr(IV) from actmide

D i s t r i b u t i o n r a t i o s o f Z r ( I V ) a n d E u ( m ) i n

^ m Q m TQDQA md 3 M H N 0

^ . c o n c e n i rat ion of oxalic acid

distribution ratiofraction seems a major subject in case of applying TODGA concentration of
to the HLW-partitioning. We examined the effect of oxalic
acid on holding Zr(IV) back in the aqueous solution,
effect was successful by adding the oxalic acid of more than
0.2M (Table 2).

Extraction of HN03

It is important to know the extraction behavior of HNO3, because the acid in the organic phase sometimes suppresses or
enhances the extraction of the objective metal cations and/or influences the back-extraction of the metal ion in case of low
acid stripping. Figure 3 indicates the dependence of DH on the initial concentrations of HNO3 in the aqueous phase(a) and
concentration of TODGA(b). The extraction of HN03 by TODGA is similar to that by malonamide (0.5M malonamide/
TPH; max. DH; approximately 0.2)(8) and lower than that by CMPO (0.2M CMPO+1.2M TBP/ CONOCO: max. DH;
approximately 1)(9). The slope values in Figs. 3(a) and (b), respectively, are 0.82 and 1.1, which suggest the stoichiometry
of the extracted molecule being HNO3:TODGA= 1:1.

1C oxalic

an °a n 0.1
0.2
0.3
0.4

acid
M

Zr(IV)
>300

1.84
0.258
0.0684

<0.01

Eu (III)
>300
>300
>300
>300
>300

D,

0.1 -

0.01 -

0.001

aqueous phase: HNO3,
organic phase: 0.5M
TODGA/ n-dodecane

j-u^L

DHO.1

0.01

(b)

organic phase:
TODGA/ n-dodecane
aqueous phase: 3M HNO3

0.01 0.1 1
HNO3 initial concentration (M)

10 0.1 1

TODGA concentration (M)

Fig. 3 Extraction of HNO3 with TODGA
(a): [HNO3] dependence; (b): [TODGA] dependence
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Other Extractive Characteristics of TODGA
The extraction equilibrium was quickly attained by shaking the extraction vessel violently for less than 3 min. The

maximum loading of Nd(III) in the organic phase as a function of TODGA concentration from 3M H N 0 3 solution without
third phase formation, and the efficiency of back extraction were investigated, and the results are summarized in Tables 3 and
4.

As described above, Am(III) or Cm(III) are
accompanied by 3 to 4 molecules of TODGAJable 3 Maximum loading of Nd(IH) in the organic phase
Being assumed that the stoichiometry of Nd(III)- containing various amounts of TODGA from 3M
TODGA complex is almost same as that of H N 0 3 without third phase formation
Am(III), Table 3 indicates that about 2 to 3 times

as much as extradant concentration calculated b}fconc. TODGA max. loading cone. [TODGA]/[Nd(III)] ratio
the stoichiometry is needed to avoid the third
phase formation in the n-dodecane solvent. The-j 1
max. loading obtained here is little lower than that, ,
reported in CMPO and TBP system( 10).

In Table 4, 0.008M or 0.07M Nd(III) was e x t r a c t

into the organic phase with 0.1M or 0 .5Mp a b l e 4 Back-extraction of Nd(III) by distilled water
TODGA/n-dodecane, and the extracted Nd(III) was c x, - , r - ^ m , ~ , - ^ ^ A, . t . , ,, , TT _ ,v ' from the organic phase of 0.1M TODGA or
back-extracted repeatedly by pure H2O. As shown °^
in Table 4, 0.008M Nd(III) in 0.1M TODGA/n- 0.5M TODGA in n-dodecane

dodecane was completely back-extracted -try
stripping twice, whereas complete back-extraction ofvashing times cumulative yield of back-extraction

Nd(III) in 0.5M TODGA/ n-dodecane was attained 0.1 M TODGA 0.5M TODGA
by the washing more than 5 times. The difference^ 98~(%) 5~
of the efficiency may be due to the concentration o£ 1 „ „ . _
HNO3 extracted simultaneously with Nd(III) in the
organic phase. The DH values in the system of 0. IMP
and 0.5M TODGA/n-dodecane and 3M HNO3 are 96
0.034 and 0.173, respectively, see Fig. 3(b). ThuS 99
many washings of the 0.5M TODGA solvent phas^ 100
with H2O are required in decreasing the acidity of

0.008 (M)

0.07

0.1

12.5

7.1
8.0

the aqueous phase to reach the condition of both low „, , . , TT _ _ , , ,
^ , , £ : The aqueous phase was fresh H , 0 of the equal volume
DH and low DNd. M v 2 1

of the organic phase at each time.

Radiolytic Effect on Am(III) Extraction **: The organic phase contains 0.008M and 0.07M Nd(III)

Three kinds of samples were irradiated by Co-60 g a r f m a r a ^ t ^ ^ O i i M âMDSŒM (EQÏDl(Bft.'E©B>SAsln-dodecane, and
(c)0.1M TODGA/n-dodecane pre-equilibrated with 3MHNO 3 . The extent of radiolysis of TODGA was in the order of (b) >
(c) > (a), demonstrating an enhancing effect of n-dodecane, that is, fraction of the radiolytic decomposition of TODGA in the
system (b) was 3 to 4 times larger than that in the undiluted TODGA. Generally speaking, the extraction of Am(III) was
depressed by the gamma ray irradiation. DAUD however, did not change remarkably by using the solvent with an absorbed
dose less than 2 x 105 Gy. Thereby the radiolytic effect to the extraction of Am and Cm will be negligibly small in the
partitioning process of the HLW.

CONCLUSION

The extraction of actinides and FPs by TODGA was studied. TODGA revealed its excellent nature for extraction of
actinides in the high acid aqueous solution. The distribution ratios of lanthanides(III) and Zr(IV) are also high but those of
other FPs are low. The extraction rate, maximum loading of Nd(III) without third phase formation, back-extraction
efficiency, and the radiolytic stability of TODGA suggest the favorable capability of TODGA for application to the
partitioning of HLW.

ACKNOWLEDGMENT

The authors gratefully acknowledge to Drs. H. Naganawa and T. Yaita for the useful discussions, and Dr. S. Suzuki for the
preparation of An(IV) and An(V) solutions.



-"' 02-07

REFERENCES

1. E.P. Horwitz, K.A. Martin, H. Diamond and L. Kaplan, Solv. Extr. Ion Exch., 4, 449 (1986).
2. L. Spjuth, J.O. Liljenzin, MJ. Husdon, M.G.B. Drew, P.B. Iveson and C. Madic,

Solv. Extr. Ion Exch., J_8, 1 (2000).
3. IN. Mathur, M.S. Murali, P.R. Natarajan, L.P. Badheka and A. Banerji, INIS-mf-13025 (1991).
4. C. Madic, P. Blanc, N. Condamines, P. Baron, L. Berthon, C. Nicol, C. Pozo, M. Lecomte,

M. Philippe, M. Masson, C. Hequet, and M.J. Hudson, CEA-CONF-12297 (1994).
5. Y. Sasaki, Y. Sugo, S. Suzuki and S. Tachimori, accepted to Solv. Extr. Ion Exch.
6. H. Narita, T. Yaita and S. Tachimori, In Proceeding of the ISEC '99 (1999) in press.
7. Y Sasaki and G.R. Choppm, Anal. Sci., 12, 225 (1996).
8. L. Nigond, C. Musikas and C. Cuillerdier, CEA-CONF-11074 (1992).
9. E.P. Horwitz, D.G. Kalina, H. Diamond, G.F. Vandegrift. Solv. Extr. Ion Exch., 3 75 (1985).
10. Z. Kolaric and E.P. Horwitz, Solv. Extr. Ion Exch., 6, 61 (1988).



°2"09 FR0104307

ELECTROCHEMICAL PROPERTIES OF ACTINIDES IN MOLTEN CHLORIDES

D. LAMBERTIN1, J. LACQUEMENT1, S. SANCHEZ2, G. PICARD2

'C.E.A. MARCOULE DCC / DRRV / SPHA / LEPP
BP 171 - 30207 Bagnols s/ Cèze, France

laboratoire d'Electrochimie et de Chimie Analytique (UMR 7575 du CNRS) ENSCP
11 rue Pierre et Marie Curie 75231 Paris, France

Abstract

The chemical properties of plutonium and cerium chlorides have been studied in the fused CaCl2-NaCl
equimolar mixture at 550°C using a tungsten working electrode and a pO2" indicator electrode. The standard
potential of Pu(III)/Pu was determined using cyclic voltammetry. The solubility product of PU2O3 was
calculated by potentiometric titration. The standard potential of Ce(III)/Ce have been determined by a
potentiometry method. Potentiometric titrations of Ce(III) have been shown the existence of a soluble cerium
oxychloride. All these data allowed us to draw the potentiel-pO2" diagram which summarises the properties
of plutonium and cerium compounds in the melt.

Introduction

Pyrochemical techniques, which consist in performing high temperature separations in a molten salt medium,
appear as a promising and valuable route compared to aqueous methods in the field of the separation and
transmutation strategies for the long life elements (1991 French law) [l].The available molten salts, suitable
for chemical processes, are numerous. A good knowledge of the molten salt actinide chemistry (and in
particular for plutonium and americium) is essential to master those separation techniques.

A salt using in plutonium purification [2] have been employed to determine plutonium behavior. Actinide
behavior in molten salt depend both on potential and oxoacidity level, and we have to take these two
parameters into account. Thus in order to describe actinide behavior in molten chlorides in a summarizing
form, potential-oxoacidity diagrams are necessary. In fact, these diagrams give an instantaneous and
comprehensive view of the properties of selected elements in a solvent of interest.

Experimental

Apparatus and electrodes

The equimolar mixture (CaCl2 and NaCl, ACS Reagents) is melted in a vitreous carbon crucible placed in a
quartz cell inside a furnace. The temperature of the furnace is controlled by a Pekly XS 30 programmable
device. The mixture is fused under atmospheric pressure using dry argon. No preliminary purification was
made. The reference electrode is made of a silver wire (1 mm diameter) dipped into a Pyrex tube containing
a solution of silver chloride in CaCl2-NaCl (0.75 mol/kg). The 1 mm diameter tungsten wires is used as
working and counter electrodes. Electrode active surface area is determined measuring the depth of
immersion. Cyclic voltammograms are performed using a AUTOLAB PGSTAT30 potentiostat coupled with
a PC computer.

Preparation of plutonium chloride

Plutonium chloride is prepared by Pu/Ga metal oxidation. The first step consists of the oxydation of the
Pu/Ga metal with Ci2(g). The Gallium trichloride so obtained is volatile and observed at the top of the cell [3].
After oxydation step, insoluble plutonium is chlorinated by a carbo-chlorination : graphite powder is added
in the melt and Cl2(g) is bubbled through the melt using a graphite gas tube. The molten salt takes on a light
green tinge indicating PuCl3 formation. The concentration of PuC^ is determined by alpha-analysis of salt
dissolved in nitric acid.
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Results and discussion

Electrochemistry of plutonium

The electrochemistry of plutonium is studied at a metallic tungsten electrode. Cyclic voltammograms are
performed at different sweep rates on tungsten electrode (Fig.l). Many studies have demonstrated the
Pu(III)/Pu system in molten chlorides [4-8]. Our study shows that the peak potential is not sweep rate
dependent, indicating the reversible character of Pu(III)/Pu redox system. In LiCl-KCl, melt the reversibility
of plutonium system was not clearly shown. Burris [9] reported that plutonium system is reversible and
controlled by the diffusion mass transfer, whereas Martinot and Duyckaerts [6] described the plutonium
system as a irreversible redox system. In the eutectic NaCl-CaCl2 melt fused at 550°C, plutonium redox
system appears as a reversible system controlled by a diffusion step.
The equilibrium potential of Pu(III)/Pu couple, Eeq was approximated from the zero current intercepts of the
reverse scans of the cyclic voltammetry [10]. By using the following Nernst equation [11]:

RT
Ecq=E°+ — Ln[Pu(III)] (1)

The value of standard potential of Pu(III)/Pu is equal to E°Pu(I!l)/Pu =-2.74V/Cl2(latm),Cr(molal scale).

Potential-oxoacidity stability ranges of plutonium compounds in the molten salt CaCl2-NaCl can be defined
and expressed in equilibrium diagrams potential-pO2* [10, 12]. The nature of plutonium oxides as well as
their solubility products can be determined by potentiometric titration of an oxoacid (Lux-Flood oxoacidity
[13, 14]) by an oxide ion. The titration is based on the pO2" (=-log [O2"]) measurement using an yttria-
stabilised zirconia membrane electrode (YZME) which presents a Nernstian behaviour in this melt [15]. In
order to evidence and to determine the stability of plutonium oxide compounds, the titration of Pu3+ by O2"
ions was realized adding small amounts of sodium carbonate in the molten salt containing an initial
concentration of PuCl3 equal to 2,48.10"3 mol/kg. The titration curve given Fig.2. shows only one equivalent
point for a equal to 1.5 (defined as the ratio of added O2" ion over the initial Pu(III) concentration, C0).The
principle of solubility product determination has been previously described [16] for plutonium compounds.
Value of pKs(Pu2O3) obtained from potentiometric titration is equal to 17.6 (molal scale). All these results

allowed us to draw the potential-oxoacidity equilibrium diagram (Fig.3).

Several electrochemical studies on cerium have been done in LiCl-KCl at 500°C [17-19]. An electrochemical
study on cerium has been done in NaCl-CaCl2 at 550°C. Cerium can be considered as an americium
simulator[20]. The standard potential has been determined by a potentiometric method, and its equal to
E°c(m)/Ci, =-3.05 V/Cl2(latm),Cr (molal scale). In order to evidence and to determine the stability of cerium

oxide compounds, the titration of Ce3+ by O2" ions was performed by adding small amounts of barium oxide
in the molten salt containing an initial concentration of cerium(III) The titration curve given in Fig.4 shows
only one equivalent point for a equal to 1 (defined as the ratio of added O2" ion over the initial cerium(III)
concentration, Co). By comparing our titration curve and those of observed for cerium in NaCl-KCl at 727°C
[21], the beginning of the titration curve indicates that a soluble species is produced.
The titration can be written as follow:

Ce3 t+O2-^-CeO+ (2)
The equilibrium constant of reaction (2) is given by :

K i ( 3 )

CeCT V }

By using the theoretical titration curve for soluble species [21, 22], the constant value Ki has been obtained
(best fitting of the experimental titration curve), and is equal to pK[ =4.7 ±0.05. The difference between
the experimental points and the theoretical curve, observed at the beginning of the titration, can be ascribed
to the original presence of a low fraction of Ce(III) in the form of CeO+.

Conclusions
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This study confirms the stability of two oxidation states of plutonium and cerium: (0 and III) in the
equimolar mixture CaCl2-NaCl fused at 550°C. The oxydation states (II) and (IV) were not evidenced. The
electrochemical study indicated a reversible behavior of the redox system Pu(III)/Pu. The standard potential
obtained are EVonypu =-2.74 + 0.02Vand E°c(III),Cc =-3.05 V/Cl2(latm),Cl" versus the C12/C1" electrode
system (molal scale).
The stability of Pu-0 and Ce-0 compounds were investigated. The solubility product of Pu2C>3 was
determined by potentiometric titration of Pu(III) ions by sodium carbonate and the potentiometric titration of
Ce(III) ions by BaO has been demonstrated the existence of a soluble oxychloride CeO+.
All these data allowed us to draw the potentiel-pO2" diagram which summarizes the properties of plutonium
and cerium compounds in the melt and can be used to predict the separation conditions.
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Figure 2: Potentiometric titration curve of 0.00278 mol/kg Pu solution by O ions added as solid Na2CO:

Experimental points and theoretical curve.

i— in - 3
Figure 3: Potential-pO diagram for plutonium in the equimolar CaCl2-NaCl mixture at 550°C, [Pu(III)]=10
mol/kg.
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and theoretical curve.
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The Korea Atomic Energy Research Institute (KAERI) has investigated a new approach to spent
fuel storage technology that would reduce the total storage volume and the amount of decay heat.
The technology utilizes the reduction of oxide fuel to a metal to reduce the volume and
preferentially removing the fission products to reduce the decay heat. The uranium oxide is reduced
to uranium metal by Li metal in a molten LiCl salt bath. During the reduction process, fission
products are dissolved into the LiCl bath and some of the highly radioactive elements, such as Sr
and Cs, are preferentially removed from the bath. The reduced uranium metal is casted into an
ingot, put into a storage capsule, and stored using conventional storage methods. The fission
products are treated as high level radioactive wastes. Each process of the technology has been
studied and analyzed for technical feasibility, and has come to the point for designing and
constructing of the mock-up for a demonstration of the technology. This paper presents the detailed
design of the mock-up of the system and operational characteristics, along with all the details of the
equipment for the system. KAERI plans to use the mock-up for the demonstration using an in-active
spent fuel specimen.

INTRODUCTION

For the electric utilities, reducing the unit cost of power generation is one of the utmost
important factors to achieve its goal of providing less expensive energy to the customer. The
extension of a nuclear fuel-loading cycle in a nuclear power plant is one of the means to achieve
this goal. Thus, a higher burn-up of nuclear fuel is highly desired. However, a higher burn-up
results higher radioactivity of the spent fuel, making handling and storage more difficult. To make
matters worse, the capacity of at-reactor storage facilities is reaching its limits, and thus, it is one of
the current and near future problems of nuclear power plants for most countries.

A new approach was taken in 1994 and its technical feasibility was analyzed at KAERI. The
approach is to reduce the oxide fuel of PWRs to a metal by lithium in a molten LiCl salt bath, the
continuous casting and encapsulation of reduced metal fuel, and then the storage of the
encapsulated metal fuel canister using conventional storage methods.(l)

It can easily be seen that the storage volume could be reduced by a quarter and the cooling
load in spent fuel storage facilities by half, if the ceramic form of oxide spent fuel is converted to a
metal and the major fission products, Sr and Cs, are removed. In our previous experimental studies
on the reaction kinetics and equilibrium, it is seen that the reduction process can be carried out in a
molten LiCl bath by Li metal, and the highly radioactive decay-heat elements such as Sr and Cs are
also removed in a LiCl bath. Metallic Li is recovered by electrochemical methods in the molten
LiCl bath.(2, 3, 4, 5)

Various processes to be conducted in a molten salt bath are carried out usually at high
temperatures and in a corrosive environment. Thus, the development of suitable equipment and
adequate material for that equipment, along with operational conditions, is the logical process for
reaching the goals and objectives of the project. Therefore, the system mock-up has to satisfy all the
requirements of the materials, operational conditions, and the engineering applicability of the basic
scientific findings.

The mock-up for the system is currently under construction, and is expected to be in
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operation in September, 2000. In this paper, the mock-up facility is presented along with all aspects
of the function and design basis, and the operational conditions of the equipment.

FLOWSHEET, EQUIPMENT, AND FACILITIES
Flowsheet

The facility consists of three units, the air-oxidation unit that removes the uranium oxide
from the cladding of the spent fuel in powder form, the pyroreduction unit that reduces the oxidized
spent fuel powder to a metal by lithium metal in a LiCl bath, and an electrolysis unit that recovers
the lithium from the waste molten salts of LiCl. The entire operational flowsheet is shown in Fig. 1.

Operation under air environment
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In the air-oxidation process, the chopped spent fuel rods are put into the air-oxidation unit that is a
semi-continuous oxidation reactor, and heated electrically under the air environment. The spent fuel
pellets are pulverized by oxidation and separated from the Zircaloy cladding tube. The oxidized
spent fuel powder is transferred to the pyroreduction unit that is a continuous mixed batchwise
reactor of a bath of LiCl and Li metal. The uranium powder is metallized by molten lithium in the
pyroreduction process. The metallized spent fuel is separated from the lithium salt and transferred
to a receiving tank. The LiCl salt is transferred to a lithium recovery unit. The recovery of Li from
lithium oxide in mixed molten salts is performed by an electrolysis method.

Walk-in Glove Box
There are two walk-in glove boxes, one for dry air and the other for argon gas. The dry air

glove box is for the air oxidation unit, and the argon glove box is for the metallizer and the
electrolyzer. These two glove boxes are inter-connected by a transfer chamber. These boxes are
made of 6 mm thick stainless steel plates with H-type steel beam construction.

The walk-in glove boxes are normally maintained at a pressure of 755 to 759 Torr. The
pressure in the glove boxes and in the transfer chamber is automatically monitored and controlled
by the control modules installed in both the boxes and the chamber. Both the gas evacuation module
and backfill control module control the number of purge and fill cycles, and the level of the vacuum
achieved at each purge cycle.
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Dry Air Box
The dry air box is 4 m wide, 3 m in length, and 5 m high. It is equipped with;
- A monorail hoist rated 1 ton load.
- Two gas-tight doors, an air leak rate below lxl O"3 m3/h at 2xlO5 Pa of pressure difference.
- Two dry air compressors and a cell vacuum pump.
- A large 1 m wide and 1 m high observation window, laminated with 10 mm safety glass.
- A built-in blower installed to lead the uranium oxide particulate to a HEPA filter without using an
external blower.
- A HEPA filter outlet installed on the ventilation pipe for internally trapping the generated uranium
oxide particles.

. Teleâ

The dimensions are 4 m wide, 4 m in length, and 5 m high. It is equipped with;

- A remotely controlled telescopic crane, a rated 1 ton load. A special gripper is installed at the end
part of the telescopic crane. The gripper has a tilting function of 180 °.
-2 pairs of gloves.
- One gas-tight door, an air leak rate below lxl 0"3 m3/h at 2xlO5 Pa of pressure difference.
- An argon evaporator and a cell vacuum pump.
- Two large 1 m wide and 1 m high observation windows, laminated with 10 mm safety glass.
- A built-in blower to be used inside the box for controlling the path of the uranium oxide
particulate to a HEPA filter without using an external blower.
- A HEPA filter outlet installed on the ventilation pipe for trapping internally generated uranium
oxide particles.

The moisture and oxygen concentrations inside the argon box are continuously monitored
and controlled below 1000 ppm.

The transfer chamber, 0.7 m wide, 3 m in length, and 0.9 m high, is mounted across the
partition wall between the air and argon boxes. The remotely operated transportation cart is
installed inside the transfer chamber. Receiving tanks that collect uranium oxide powder are loaded
into the transportation cart and transported between two boxes without disturbing the atmospheric
conditions.

Air Oxidizer
The air oxidizer is installed in the dry air walk-in glove box. It mainly has 4 parts, the

gravitational feeding system of chopped fuels, a main oxidation body equipped with a perforated
vertical screw, the hull-receiving tank system for the Zr cladding, and the receiving tank for
oxidized fuel powder.

All parts of this system are made of stainless steel 304L. The heating system adopts the
electrical resistance heating method. The heating element is Kanthal wire, which is embedded into a
ceramic insulator.
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The chopped fuels sheathed with Zircaloy hulls are introduced into the main body from the hopper,
the feeding system, by gravitational force. The chopped fuel reacts in a main body with oxygen
around 773 K. The dried air, the oxidation gas, is supplied through the holes at the screw support in
the main body.

The perforated vertical screw can be rotated in forward and backward directions by the
external AC motor. The speed of the revolution of the screw is controlled by the warm gear, the
variable voltage, and the variable frequency controller. By the cyclic motion of the screw that
creates the forward and backward motion of the hulls, the oxidized fuel powder is separated from
the hulls and flows down through the holes of the perforated vertical screw. Most oxidized particles
are collected at the receiving tank, and the empty hulls are then moved upward by the forward
revolution of the perforated screw and transferred to the hull-receiving tank.

The maximum operating temperature is 873 K. The normal capacity of the air oxidizer is
about 20 kg«U/batch.

Fig. 5. Air oxidizer. Fig. 6. Schematic diagram of air oxidizer.

The oxidized fuel powder collected at the receiving tank is remotely transferred from the dry air box
to the argon box by a transportation cart in the transfer chamber.
Fig. 5 gives the side view of the exterior of the oxidizer and Fig. 6 gives the schematic diagram.

Metallizer
This facility is installed in the walk-in glove box maintaining an argon atmosphere.

The metallizer consists of 4 main parts, the hopper equipped with a screw feeder, two sets of
perforated blade agitators, the carbon crucible main reactor (ID 350 mm, OD 410 mm, H 1,000
mm), and a high frequency induction furnace with 50 kW and 3,000 Hz.

The carbon crucible is the main reactor, and both the inside and the outside walls are
plasma-coated; inside with Yittria(Y2O3) and outside with pyro-graphite. Lithium chloride (LiCl),
the oxidized fuel powder, and lithium granules are sequentially introduced into the carbon crucible
by the screw feeder. There is no baffle inside the carbon crucible. Two sets of perforated blade
agitators prevent the vortex that is formed due to the revolution of the agitator. Agitators are made
of tantalum and can develop a maximum revolution of 1,200 rpm. The carbon crucible has a special
stopper at the bottom of the crucible. The reduced metal melt is drained through this stopper. In
order to maintain an argon atmosphere of high degree inside the metallizer, highly purified argon is
introduced into the carbon crucible through a separate tube.

Two high frequency inductive heating systems are installed separately at the upper and
lower parts of the carbon crucible. The upper part of the heating system is operated up to 1,073 K
and the lower part of the heating system is operated up to 1,573 K.
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To remove the molten salts from the carbon crucible, a tantalum dip tube is attached to the
crucible. The molten salt is siphoned out and transferred to an electrolyzer in which the lithium is
recovered. The normal capacity of the metallizer is about 20 kgU/batch and it takes about 6 hours
for a batch.

The reduced fuel metal in the crucible is transferred to a receiving copper tank by
gravitational force through the special stopper in the crucible.
Fig. 7 shows the exterior of the metallizer, and Fig. 8 shows the schematic diagram of the
metallizer.

ig. 8. Schematic diagranç©$itke mi
Crucible* '
- ID 350

Electrolyzer
In the electrolyzer, Li is recovered from the molten salt waste. It is installed in the argon

box. Fig. 9 shows the external view and Fig. 10 shows the schematic diagram.
The elctrolyzer is composed of a main vessel, 3 sets of level sensors, a furnace that heats the

vessel, a receiving tank for the discarded molten salts, and a tank for the recovered lithium. A
cylindrical magnesia (MgO) tube is placed in the center of the vessel to form a concentric
cylindrical chamber. A cathode is placed at the center of the inside chamber, the cathode chamber,
and six anodes are placed outside of the cylindrical chamber in the vessel, the anode chamber. All
the electrodes are made of graphite. The vessel is heated by electrical resistance heating. The
lithium melt reduced from lithium oxide by electrolysis is collected at the upper part of the cathode
chamber. The level indication system, which is based on the electrical conductance-measuring
method, detects the upper- and lower-limiting levels of molten salts and the interface between
lithium and molten salts. The position of the interface between Li and the salt gives information on
the amount of the Li melt to be removed. Both the upper and lower levels of the salt indicate the
total amount of the salt in the vessel and the amount of the salt to be removed from the vessel after
the reduction process of the Li in the vessel. The reduced Li melt is removed from the electrolyzer
through a dip tube of stainless steel 316L by siphon action. The Li tank is located at the upper
portion of the vessel. Waste molten salts are drained at the bottom of the main vessel through a
special valve installed just for this purpose. The salt tank is located at the bottom of the vessel.

A high current D.C. power supplier (10V, 100A) is connected to the electrolyzing electrodes
and three sets of level sensors are connected to a low current D.C. power suppliers (IV, <lmA).
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A separate tube is used for the supply of highly purified argon into the cathode chamber.

10. Schematic dia

The optimum operating conditions are determined through analysis and experimental studies
prior to the construction of the mock-up facility.

Air Oxidizer
In the experiment conducted at KAERI for the air oxidation rates of sintered uranium

dioxide pellets, the uranium pellets were placed in a Zircaloy tube 32 mm length and the oxidation
rates were measured at several temperatures. The various temperatures were maintained in muffled
furnaces. It was observed that the oxidation rate increased as the operating temperature increased.
However, the oxidation rate was very slow at temperatures above 873 K. Taking into account the
axial and radial temperature distribution that was fairly uniform inside the air oxidizer, 823 K was
chosen as the operating temperature. To remove the cladding hulls, the forward revolution speed of
the perforated screw should be maintained at more than 150 rpm.

Metallizer
An experimental study was carried out in a l^Os-Li-LiCl molten salt bath in an argon

environment while varying the temperature of the operation and the concentration of lithium and
lithium chloride. Also, another independent experiment was conducted to determine the mixing
conditions and the proper revolution speed of the perforated blade agitator.

It was found that an operating temperature of 1,023 K gave the best conversion yield of
Uranium from Uranium oxide. At this temperature, good phase separation between the reduced fuel
metal powder and molten salts by sedimentation was observed.

The bottom of the metallizer was eventually heated up to 1,573 K to melt and aggregate the
reduced fuel metal particles precipitated at the reactor bottom. The reduced fuel metal melt is
drained by gravitation through the special stopper to the receiving tank.
Electrolyzer

A thermodynamic analysis and an experimental study was conducted to determine the
conditions for the optimal preferential recovery of lithium metal from molten salt mixtures, the
applied potential, and the effect of the electrodes. An applied constant potential of 3 V with a current
of 50A at a temperature of 1,023 K was found to be optimum to achieve preferential recovery of
lithium metal
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CONCLUSIONS

A mock-up facility is under construction at the Korea Atomic Energy Research Institute
(KAERI) for the development of an advanced spent fuel management process using molten salt
technology. It is expected that the mock-up facilities will be in operation in September, 2000. By the
operation of the system, integrated technology will be demonstrated, and we will learn more about
the operational conditions, performance characteristics of the equipment, and the engineering
parameters.

To finalize the study, the remote operational and maintenance technology should be
demonstrated.
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ABSTRACT

The ITU programme for the development of fuels and targets for transmutation of actinides is
presented. The fabrication of various types of oxide fuels/targets by dust-free processes is
described. Selected results of post-irradiation examinations of irradiation experiments
(SUPERFACT, TRABANT-1, EFTTRA-T4) are presented to demonstrate the irradiation behaviour
of these fuels/targets. Finally, the future developments at ITU in this field are described, including
the new shielded facility (the MA lab) for fabrication of minor actinide fuels.

INTRODUCTION

The development of fuels and targets for transmutation of actinides is one of the most important
issues in the P&T proposals for nuclear waste management. It is a time consuming process, which,
depending on the level of innovation, can amount to tens of years between initial laboratory studies
and industrial qualification.

Different requirements for the fuel and target design can be defined, depending on the fuel cycle
strategy. For example, with multiple recycling and use of fast reactors, the high fissile content and
the possibility to reprocess the fuel are of key importance. As the material is reprocessed, the fuel or
target could be based on a uranium or thorium matrix. On the contrary, in a once-through
transmutation scenario, the stability of the material at high burn-up and as spent material for
geological disposal is crucial. As the extent of transmutation must be as high as possible, uranium-
free targets are preferred.

As a result of these different options, various fuel/target forms are currently under consideration,
metals, oxides, and nitrides. For oxide fuels, the following fuel forms can be distinguished: minor
actinides in mixed oxide (MINOX), mixed transuranium oxide (MIMOX), inert matrix mixed oxide
(IMMOX), and composite fuels such as ceramic-ceramic (CERCER) and ceramic-metal
(CERMET). Only the first of these should contain uranium.

At the Institute for Transuranium Elements (ITU), an active programme on the fabrication and post-
irradiation examination of fuels and targets for transmutation of actinides has been executed for
more than 15 years. The research activities have been part of several international collaborations in
which the ITU contribution played a central role. As part of these collaborations ITU participated in
the following irradiation experiments:
• The SUPERFACT experiment was initiated in the mid-eighties in collaboration with the

Commissariat à l'Energie Atomique (CEA). In this experiment the addition of minor actinides

* Corresponding author. E-mail: konings@itu.fzk.de.
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to mixed oxide fuel for fast reactors was explored (MINOX fuel type). Eight pins were
fabricated and irradiated in Phénix.

• In the TRABANT-1 experiment MOX and inert-matrix fuel with high Pu-content were
investigated in collaboration with Forschungzentrum Karlsruhe (FZK) and CEA.

• In the EFTTRA-T4 experiment an inert-matrix target concept for americium transmutation was
fabricated (CERCER), and examined following irradiation. This programme was performed in
collaboration with the EFTTRA partners (CEA, EDF, FZK, NRG and JRC-IAM).

In the present paper, ITU activities on incineration and transmutation of actinides are described and
the main achievements are discussed. The implications of minor actinides on fuel fabrication are
indicated, and new directions of the research outlined.

FABRICATION TECHNOLOGY

Fabrication of targets for transmutation and incineration of actinides and fission products requires
more stringent radiation protection measures than currently necessary for the manufacture of
conventional UO2 and MOX fuels. Whereas MOX can be fabricated in glove boxes, the handling of
minor actinides requires extra shielding in the form of lead (for gamma radiation) and water (for
neutron radiation), and remote operation. As a result, process simplification and automation are
necessary. In addition, the waste generated should be minimised. The fabrication procedure should
not generate dust, which could collect on the surfaces of the glove boxes and the equipment therein,
so that operator intervention is facilitated and radiation exposure to the personnel minimised.

Solution Preparation

Atomisation/Gelation

Matrix Powder Actinide Solution

Pressing

Washing & Drying Calcination

Calcination Green Pellets —*• Solution Infiltration

Pressing Thermal Treatment

Sintering Sintering

Figure 1. Flow sheets of the fabrication processes: SOL-GEL (left), Infiltration of Radioactive
Materials (INRAM) for compacts (right).

For these reasons, dust-free fabrication has become a major development topic at the ITU. The
techniques developed are based on liquid processing, in particular, the fabrication of free-flowing
powders by SOL-GEL and the infiltration of actinide solutions into compacts or beads (INRAM) (see
Figure 1) [1-5].
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The principal device at the heart of the SOL-GEL droplet to particle conversion process is the rotating
cup atomiser. Droplets generated by passing a feed solution over the edge of a cylindrical cone
rotating at high speed (see Figure 2) are collected in an ammonia bath where gelation occurs.
Following washing, drying and calcination steps, spherical particles with a polydisperse size
distribution (20 -150 jam) are obtained. These spheres are free-flowing and are pressed directly into
compacts and sintered to obtain product pellets. With this method a homogeneous distribution of
the elements in the final material is obtained. A disadvantage of this method is the relatively large
amount of liquid waste that is produced, but this could be recuperated and recycled in an industrial
plant.

Figure 2. Droplets produced by a Rotating Cup Atomiser

In the SUPERFACT experiment, the SOL-GEL process has been used to fabricate mixed-oxide fuels
with varying concentrations of minor actinides: (Uo.55Npo.45)02, (Uo.6oNpo.2oAmo.2o)02,
(Uo.74Puo.24Npo.o2)02 and (Uo.74Puo.24Amo.o2)02. The density of all materials was greater than 95%
TD. For the TRABANT experiment this method has also been used to produce mixed oxide fuels
with high Pu content: (Uo.55Puo.45)02 and (Uo.55Puo.4oNpo.os)02. In addition, a uranium-free pin,
using cerium oxide as a matrix, was prepared by the SOL-GEL method.

Table 1: Fuels and targets irradiated in the frame of the ITU programme on transmutation of
actinides.
Programme
SUPERFACT

TRABANT-1

EFTTRA-T4

Reactor
Phénix

HFR

HFR

Fuel
(Uo.55Np0.45)02

(Uo.6oNp0.2oAmo.2o)02

(Uo.74PUo.24Np0.02)02

(Uo.74PUo.24Am0.02)02

(Uo.55PUo.4oNpo.05)02

(Ceo.53Puo.47)02-x [two O/Ml
MgAl2O4-12wt%Am

Fabrication method
SOL-GEL

SOL-GEL

SOL-GEL

SOL-GEL

SOL-GEL

SOL-GEL

INRAM

Type
MINOX
MINOX
MINOX
MINOX
MINOX
IMMOX
CERCER

For the EFTTRA-T4 experiment, a target containing about 12 wt% americium in a MgA^CU matrix
was fabricated using an infiltration method (INRAM). In the variation of the infiltration process [3]
(see Figure 1), porous pellets (P « 50 %) were immersed in a concentrated americium nitrate
solution. Following infiltration, they were dried, calcined to convert the americium nitrate to the
oxide form and then sintered at elevated temperatures to give the final pellets. The process has the
advantage that the steps involving the handling of radiotoxic materials are minimised, and as no
precipitation or washing steps are required, the radioactive wastes produced are negligible. This
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method yielded a homogeneous distribution (microdispersion) of the americium in the trial pellets.
It was observed, however, that the distribution was not uniform in the final pellets (see Figure 3).
This inhomogeneity could have been caused by a non-uniform porosity of the uninfiltrated pellets,
or to a diffusion process during the thermal treatment in the steps involving liquid to solid Am
nitrate, and / or Am nitrate to oxide conversion.

Further development of this process showed that homogeneity of the actinide distribution can be
guaranteed when a porous matrix powder (beads generated by the SOL-GEL method) is infiltrated
instead of the pellet [4]. Due to the higher porosity of the beads (P » 70 %), higher actinide contents
can be achieved. Fabrication of MgA^CU with 20 wt% Am, and (Zr,Y,An)O2 targets, with metal
concentrations up to 33% (corresponding to (Zro.68Ano.2oYo.i2)02) have been obtained [5].

* V

Figure 3. a-autoradiographs of MgA^CU pellets containing Am prepared by INRAM: (a) the
EFTTRA-T4 pretest (with 7.7 wt% Am) produced by inflation of pellets (b) EFTTRA-T4 (12 wt%

Am) also prepared by infiltration of pellets, (c) with 20 wt% Am prepared by INRAM of beads.

POST-IRRADIATION EXAMINATIONS

Good in-pile performance of fuels fabricated by the sol-gel technique has been demonstrated in the
SUPERFACT experiment. The non-destructive examinations of the 4 pins (see Table 1) did not
show any anomaly in their behaviour. In particular, no accelerated corrosion was observed. The
high concentration of americium in the (Uo.6oNpo.2oAmo.2o)02 fuel led to an important increase of the
fuel column length and to a more significant diametrical deformation of the cladding. This is
probably due to the beginning of a mechanical interaction between the oxide fuel and the cladding.
The fission gas release rates (60-80% of the theoretical yield) were in good agreement with those of
standard fuels, even for the fuels with a high concentration of minor actinides. The interpretation of
the physico-chemical and ceramograpic examinations of the fuels led to the following conclusions:

A beginning of a pellet-cladding mechanical interaction was observed for the
(Uo.6oNpo.2oAm0.2o)02 pins.

- Cesium was found at the end plugs. Its accumulation is probably due to the particularity of the
pins with high Am and Np contents (short fuel column).

- The cesium-profiles for the neptunium-containing fuels showed anomalous behaviour of this
fission product compared to the other pins.
The corrosion depth was as expected.

- The fuel temperature was probably higher for the americium-containing fuel.
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- The fission gas production and release were as predicted for the operating power.
- The Am pins had a higher helium production, mainly due to the daughter products with high

specific alpha activity (e.g. 242Cm and 238Pu). The released helium contributed to an increase of
the internal pressure of the pin. In addition, higher porosities and swelling, probably due to the
helium still confined in the fuel, were found.

The analysis of samples of fresh and irradiated SUPERFACT fuels performed by ITU are in
excellent agreement with the observations made at CEA [6]. The neptunium measurement is
difficult (not available at CEA) and has a higher uncertainty than the measurement of the usual
nuclides. The measured extent of transmutation (CEA and ITU) of americium at the maximal flux
level is 31.5% for the fuels with high minor actinide content and 28% for the fuels with low minor
actinide content. From neptunium analyses an average extent of transmutation of 30% was
determined for the three samples. The comparison of the measured values with calculations is
satisfactory in the case of americium. In the case of neptunium, comparison with calculations
showed less agreement for the fuels with low minor actinide content.

Also the SOL-GEL (Uo.55Puo.4oNpo.o5)02 fuel in the TRABANT-1 experiment, which reached a burn-
up of 9.3%, showed a good in-pile performance as derived from the non-destructive analysis [7]. In
contrast, the behaviour of the ceria-based fuels was less promising. The (Ceo.53Puo.47)02-x fuel with a
low O/M ratio melted, indicating a poor thermal conductivity for this fuel material. The
(Ceo.53Puo.47)02-x fuel with higher O/M ratio fuel behaved better [7]. Further post-irradiation
examinations of the TRABANT-1 fuels are still in progress and will reveal more details about the
in-pile behaviour of these pins.

Figure 4. Ceramographs of the EFTTRA-T4 sample showing (a) the porosity at the rim of the pellet
(r/ro=l) and (b) at the centre of the pellet (r/ro=O).

Only one irradiation test of fuels/targets prepared with the INRAM fabrication method has been
performed up to now: the EFTTRA-T4 experiment. The target was irradiated in HFR Petten during
358 full power days, during which 96% of the initial 241Am was transmuted, and 28% of the initial
americium atoms fissioned. The irradiation performance of the target was not optimal, however,
swelling (up to 18% in volume) was observed during the non-destructive analysis performed by
NRG [8]. The cause of this swelling was revealed by the destructive analysis at ITU, where
ceramographs indicated a porosity increase from 3% in the unirradiated to about 18% in the
irradiated pellet. This can be attributed to the accumulation of helium produced by alpha decay of
242Cm (a product in the transmutation chain of 241Am) in gas bubbles (see Figure 4).
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Table 2. Characteristics of the EFTTRA-T4 and SUPERFACT irradiation experiments

Reactor
Irradiation Time (Full Power Days)
Composition
Am-content (g cm"3)
Extent of transmutation
Extent of fission
Central temperature (°C)
Axial expansion of the column (%)
Radial expansion of the pellets (%)
He-production (mol cm" ) End of irradiation

End of cooling
He release (%)
Fission gas release (%)

EFTTRA-T4
HFR Petten

360
MgAl2O4+AmOx

0.4
94.3
27.9

<1050
4.5
6.7

8.49 10"4

1.07 10"J

20
5

SUPERFACT-l/pin6
Phénix
358.4

(U0.6Npo.2Amo.2)02

1.66
31.5
n.a.

2200
2.3
3.3

7.12 10"4

1.36 10"J

100 a

62
a not measured but assumed on basis of gas-puncturing results at end-of-cooling

The SUPERFACT (pin-6) and EFTTRA-T4 experiments have shown that for americium-containing
fuels/targets the accumulation of helium is an intrinsic problem. In spite of differences in Am-
content, neutron fluence and the concomitant difference in extent of Am transmutation (Table 2),
the helium production per unit of volume was about equal in the two experiments. In contrast, the
swelling was much higher in the EFTTRA-T4 experiment: the axial and the radial expansion were
about 2 times higher than in SUPERFACT (pin-6). Apart from the different fuel concepts
(composite vs. homogeneous) and the properties of the matrix (MgA^CU vs. UO2), this can be
understood by consideration of the fuel temperature. In the T4 experiment the temperature of the
target was rather low and, as a consequence, the He mobility also. The majority of the helium is
therefore still present in the pellets, mainly accumulated in gas bubbles or else dissolved as atoms in
the lattice. In the SUPERFACT-1 experiment the temperature was considerably higher. As a result,
the helium atoms produced migrate through the pellet and accumulate in gas bubbles, which
eventually form gas tunnels at grain boundaries. During and after the irradiation, these gas tunnels
act as paths for He release, limiting its accumulation in the pellets and, hence, the swelling.

FUTURE DEVELOPMENTS

The research programme at the ITU is currently focussed on tailoring the fuel/target design of
uranium-free fuels/targets for transmutation of larger quantities of minor actinides. A point of
attention is the problem of He production and how to deal with it: release or retention. Release can
be achieved by deliberately using low density (<85% TD) pellets to provide open porosity, but this
would lower the thermal conductivity of the fuel. Retention of He could be achieved if low
operating temperatures are maintained (e.g. in a CERMET, or in a CERCER composite) and the
fuel is produced with gaps between the inclusion and the matrix to accommodate gas accumulation
and swelling during irradiation, for example the so-called "jingle concept" developed by the CEA
[9,10]. This option, however, must consider the response of the fuel under transient conditions (i.e.
"burst release").

At present an extensive programme is being pursued on the fabrication of (Zr,Y,An)C>2 IMMOX
fuels by infiltration of the actinide solution into porous yttria-stabilised zirconia (YSZ) beads,
produced by the SOL-GEL technique. The feasibility of obtaining good pellets of sufficient density
has been demonstrated in the cold laboratory using Ce as an actinide stand-in [5]. A major issue of
this fuel type is its poor thermal conductivity, which might limit its application. For this reason, the
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composite fuels are not rejected, although the highly localised fission density and gas build up may
cause local stresses and irradiation instability; rather they are being pursued as a second priority.
The fabrication of the MgO-(Zr,Y,An)O2 CERCER composite is being investigated as is the
fabrication of the Mo-(Zr,Y,An)C>2 CERMET composite. Both fuels are fabricated by blending
(Zr,Y,An)C>2 spheres with the matrix powders. The results obtained so far indicate significant
difficulties in obtaining good quality pellets, especially when the size of the inclusions is greater
than 50 um. This is due to local stresses during sintering as a result of the different material
properties of matrix and inclusion.
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Figure 5. Schematic drawing of the Minor Actinide laboratory at ITU.

The next step in this work is to adapt the processes and validate them in a new shielded laboratory
that is being constructed for handling minor actinides in relatively large quantities. In this so-called
Minor Actinide laboratory (MA-Lab), two glove-box chains are being build to fabricate fuels and
targets containing minor actinides such as americium and curium (see Figure 5). The main chain
consists of 7 glove boxes that are shielded by a steel wall containing 50 cm water and 5 cm lead, for
which the limiting masses are 150 gm of 241Am or 5 gm of 244Cm. Here the fabrication process is
restricted to infiltration, pellet pressing, sintering, metrology, visual inspection, pin filling
(maximum length 1000 mm) and pin welding. Operation is achieved not only by telemanipulators,
but also by extensive use of robots and remote control. In the case of intervention or repair, the
highly active material can be isolated, and conventional glove box practices employed.

In addition to the seven glove boxes that form the core of the MA-lab, a separate chain of three
glove boxes for (chemical) preparation of powders containing americium or dirty plutonium by the
SOL-GEL technique will be installed. The shielding of these glove boxes, which are also operated
with manipulators, is much less: 5 mm lead and 20 cm polyethylene which yield a limiting mass of



02-11

50 gm of 241Am. The powder produced in this chain can be transferred to the main chain where it
can be processed further. The main chain of the MA-lab is expected to become operational in 2001,
the second chain in 2002.

It should be realised that in addition to the traditional pellet fuel forms discussed above, other fuel
concepts will be considered. Especially particle fuels are highly interesting as the dust-free
fabrication methods like INRAM and SOL-GEL being developed at ITU are admirably suitable for
producing such fuels. Particle fuels in sphere-pac pins provide lower smeared densities for helium
release. In contrast, gas (helium) retention could be achieved by coating the spheres, which could be
consolidated in sphere-pac pins, or embedded in another type of matrix. Such fuel forms are a
logical extension of the current research at ITU and will be investigated in the future.
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ABSTRACT
In the NUCEF, the researches on criticality safety have been performed at two critical experiment

facilities, STACY and TRACY in addition to the researches on fuel cycle such as advanced reprocessing and
partitioning in alpha-gamma concrete cells and glove boxes. Many kinds of radioactive wastes have been
generated through the research activities. Furthermore, the waste treatment itself may produce some
secondary wastes. In addition, the separation and purification of plutonium of several tens-kg from MOX
powder are scheduled in order to supply plutonium nitrate solution fuel for critical experiments at STACY.
A large amount of wastes containing plutonium and americium will be generated from the plutonium fuel
treatment. From the viewpoint of safety, the proper waste management is one of important works in NUCEF.
Many efforts, therefore, have been made for the development of advanced waste treatment techniques to
improve the waste management in NUCEF. Especially the reduction of alpha-contaminated wastes is a
major interest. For example, the separation of americium is planned from the liquid waste evolved after
plutonium purification by application of tannin gel as an adsorbent of actinide elements. The waste
management and the relating technological development in NUCEF are briefly described in this paper.

INTRODUCTION
The NUCEF, Nuclear Fuel Cycle Safety Engineering Research Facility, is a central facility in JAERI for

the safety researches in the field of fuel cycle, such as criticality safety, reprocessing and waste management,
in addition to the research on partitioning of actinides and fission products from high level liquid waste
(HLLW) and other fundamental researches. As shown in Fig. 1, NUCEF is composed of three buildings, the
Administrative Building, the Experimental Buildings A and B, and the sizes of the latter two buildings are 42
m x 55 m x 50 mH and 45 m x 50 m x 50 mH, respectively. In the Experimental Building A, there are two
critical experimental facilities, STACY, the Static Experiment Critical Facility, and TRACY, the Transient
Experiment Critical Facility, to measure criticality mass on the safety in reprocessing plants and other fissile
solution handling processes as well as the solution fuel behavior at criticality accidents[l,2]. For the critical
experiments, the fuel treatment system for the preparation of uranyl and plutonium solution fuels from the
powders of uranium dioxide and uranium-plutonium mixed oxide (MOX) is attached as well as an analytical
laboratory. Furthermore, experimental works have been carried out in the Experimental Building B, which is
called as "BECKY", by using concrete cells and glove boxes for the researches on reprocessing, partitioning,
waste management and chemistry on transuranium (TRU) elements[3].

Many kinds of radioactive solid and liquid wastes generated through the research activities have been
treated and managed safely in NUCEF. Especially the management of wastes contaminated by plutonium
and americium is important. The present paper describes the kinds and amounts of the wastes generated in
NUCEF and the present status of the waste management. For safer handling of the wastes and effective
utilization of the facility space, advanced waste treatment techniques have been investigated on the reduction
of waste volume as well as the stabilization of the wastes. This paper will also show the research program on
the advanced waste treatment carried out in NUCEF and some typical experimental results.

RESEARCH ACTIVITIES IN NUCEF
STACY

At STACY, the data on criticality safety have been measured by using 10% enriched uranyl nitrate
solution as fuel. Tables I and II show the main specifications of STACY and the core systems applied to the
critical experiments, respectively. The operation of STACY is daily and total operation runs are 293 at the
end of Jun., 2000 since the first criticality on Feb., 1995. At present, reactivity effects due to neutron
interaction between two slab tanks of 350mm in thickness are being determined with the parameters of the
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Table I Main specifications of STACYdistance of the slab tanks and the kind of
neutron absorbing materials between the
tanks. Critical experiments are planned
in the heterogeneous core system
consisting of a cylindrical core tank of
600 mm in diameter with 5% enriched
uranium dioxide fuel rods from 2002.
Six percent enriched uranyl nitrate
solution will be supplied for the
experiments.

From 2004, we have a plan to start
critical experiments by using plutonium
nitrate solution fuel to obtain the
criticality data on reactor grade
plutonium, because the utilization of
plutonium is a main target of the research
and development in the field of nuclear energy in Japan. The first core will be a cylindrical one of 1000 mm
in diameter with plutonium nitrate solution of 15 to 300gPu/l. In order to prepare the plutonium solution
fuel, MOX powder will be dissolved into nitric acid solution by applying a silver-mediated electrochemical
oxidation method and then plutonium will be separated from uranium followed by the purification of
plutonium by TBP/dodecane. The fuel treatment will start two years before the criticality of STACY,
namely, from 2002. Total amount of plutonium finally separated from MOX may be around 60 kg.

Thermal power
Excess reactivity
Maximum fuel inventory

Uranyl nitrate solution
4 or 6% enrichment
10% enrichment

Plutonium nitrate solution
UO2 fuel rod

5% enrichment
Reactivity control method Feed and drainage

200 W max.
0.8 $ max.

500 kgU
150 kgU
60 kgPu

400 kgU
of solution

(safety rods for emergency shut down)
First criticality Feb., 1995

Core Configurations

Cylindrical tank of
600 mm in diameter
Slab tank of 280 mm
in thickness
Cylindrical tank of
800 mm in diameter
Two slab tanks of
350mm in thickness
Cylindrical tank of
600 mm in diameter

Cylindrical tank of
1000 mm in diameter

Cylindrical tank of
400 and/or 600 mm in
diameter

Table II Core system and fuel in STACY
Fuel

10% enriched uranyl
nitrate solution
10% enriched uranyl
nitrate solution
10% enriched uranyl
nitrate solution
10% enriched uranyl
nitrate solution
6% enriched uranyl
nitrate solution and 5%
enriched UO2 rods
Plutonium nitrate
solution

Plutonium nitrate
solution and/or U-Pu
mixed nitrate solution

Experimental
program

1995-1996

1997-1998

1998

1999-2001

to be in 2002-
2003

to be in 2004-
2005

Research Objects

Critical mass with function of fuel
concentration and reactivity effect
of reflectors e.g. water, concrete,
polyethylene
Temperature coefficient of
reactivity
Reactivity effect of neutron
interaction between two tanks
Simulation of spent fuel dissolver

Critical mass with function of fuel
concentration and temperature
coefficient of reactivity

Under planning

TRACY
The TRACY is a critical experiment facility for the studies on the behavior of fissile solution under

supercritical conditions. The core tank is cylindrical and its diameter is about 500 mm. In TRACY, the
behavior of uranyl nitrate solution fuel, such as the formation of radiolytic gas voids and the action of the
fuel itself, as well as power changes as a function of time at criticality accident conditions can be observed
under different reactivity conditions up to the maximum additive reactivity of 3 $. In order to directly
observe the fuel behavior, an observation system has been successfully installed with the combination of
radiation-resistive fiber-scope and a video-camera[4]. In addition, dosimetry data have been measured for
the case of criticality accidents [5]. The migration of fission products such as iodine and rare gases from the
solution has been measured to determine the release rates of radio nuclides at criticality accident
conditions[6]. The fuel is also 10% enriched uranyl nitrate solution. Typical specifications of TRACY are
summarized in table III. Total operations are 162 runs at the end of Jun., 2000 since the first criticality on
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Table III Main specifications of TRACY

Thermal power
Excess reactivity
Maxiumu fission number
Maximum fuel inventory
Reactivity control method
First criticality

5000 MW max. (at transient operation)
3.0 $ max. (at transient operation)
10"18

150 kgU, 10 % enriched uranyl nitrate solution
Feed and drainage of solution, and withdrawal of transient rod

Dec,1995

Dec, 1995.

BECKY
There are three alpha-gamma concrete cells and more than thirty glove boxes in BECKY and used for the

researches on separation of actinides and fission products, TRU waste management and other experimental
works on TRU chemistry as shown in table IV. In the concrete cells, the behavior of nuclides in the Purex
reprocessing process has been examined by using spent uranium dioxide fuel irradiated up to the burn-up of
45 GWd/t at power reactors[7]. Furthermore the application of diisodecylphosphoric acid (DIDPA) as an
extractant to partitioning of actinides and fission productions has been investigated by using HLLW formed
from the above research on reprocessing[8]. In glove boxes, the researches on TRU waste management
have been carried out to obtain the data on migration of TRU and fission products under geological disposal
conditions[9] and to develop the technique for non-destructive measurements by use of active and passive
neutron assay combined with computed tomography.

At present, the design and fabrication of the equipment, which is composed of three steel-made cells and
an attached glove box with argon gas atmosphere, have been carried out for the research on americium
chemistry including the system of molten chloride salts. An electrorefmg cell, an X-ray diffractometer
(XRD), a differential thermal analyzer (DTA) and other apparatus will be installed in the equipment for the
research. Americium of 10 g will be handled at the cells in addition to 237Np and 244Cm and experimental
works will start in 2002. For the purpose, it is planned to recover americium from the liquid waste formed
through plutonium purification for the critical experiments in STACY as described below. In addition, the
research on analytical chemistry has been carried out mainly by using a tracer amount of spent LWR
fuel[10].

Table IV Research activities in BECKY
Field of research

Fuel reprocessing
(safety & advanced technology)
Partitioning

TRU waste management

TRU chemistry

Facilities
Cells and glove-
boxes
Cells and glove-
boxes
Glove-boxes

Glove-boxes
Steel cells and
glove-box
(under construction)

Content of research
Dissolution, iodine evolution, extraction process
etc by spent LWR fuels
Demonstration tests of 4-group partitioning with
real HLLW
Evaluation of engineered and natural barrier
Migration/sorption tests for waste disposal
Non-destructive measurement of TRU waste
Analysis of spent fuels and irradiated actinides
Pyrochemistry and electrochemistry of TRU in
molten salts
High temperature properties of TRU fuels

GENERATION OF RADIOACTIVE WASTES AND WASTE MANAGEMENT IN NUCEF
In NUCEF, many kinds of radioactive solid and liquid wastes have been generated through the research

activities and fuel treatment of uranyl nitrate solution for STACY and TRACY. Additional TRU-containing
wastes are expected to form from the plutonium fuel treatment for STACY in near future as well as other
research activities.

Beta-gamma wastes
The wastes mainly uranium and beta-gamma emitters are classified as "beta-gamma wastes" according the

definition of wastes in NUCEF. Beta-gamma solid wastes are caused mainly from the maintenance of the
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facility and some experimental works in glove boxes. They are packed in cans or boxes and transferred to
the Radioactive Waste Treatment Facility in Tokai for treatment and/or storage.

Beta-gamma liquid wastes have been generated from the fuel treatment of uranyl nitrate solution fuels for
critical experiments in STACY and TRACY, and the treatment system of gaseous wastes such as a NOx
scrubber of the ventilation system of critical experiment facilities. Beta-gamma liquid wastes are also
generated through the research activities in NUCEF. Some of the aqueous wastes with ultra-low level
activity are transferred outside the facility. Organic wastes and some high level aqueous wastes are stored in
the facility. The others are solidified and also transferred outside the facility.

Alpha wastes (TRU waste)
The wastes containing a significant amount of plutonium and americium are classified as "TRU wastes" as

shown in Table V[ll] . The solid TRU wastes, which are defined as the waste containing alpha emitters of
more than 1.85 Bq/cm3, are generated from all research activities in NUCEF. They are packed into steel cans
and stored at the storage room in NUCEF. At present, the accumulated amount of the TRU solid wastes is
relatively small, but it is presumed that the wastes may increase drastically in near future, especially when
the treatment of plutonium fuel starts in 2002. Therefore, it is essential to develop decontamination
techniques so that alpha wastes would be re-categorized as beta-gamma wastes by decontamination.

Type

Solid
Liquid
Type I

Liquid
Type II

Liquid
Type III

Table V Classifications of TRU
Waste form

Solid waste
Americium aqueous
waste
Concentrated
aqueous waste
Organic liquid
waste

Alpha aqueous
waste
Recovered water

Main sources

All facility
Acid recovery process

Acid recovery process

Solvent regeneration
process
Cells

Glove boxes

Acid recovery process

wastes generated
Alpha activity

(Bq/cm3)
>1.85
about 1.2x10*

<7.7xlOb

<5.7xlO4

<1.85xl0;'
(alpha + beta)
<4.1xlO^

<7.2

in NUCEF
Volume
(m3/yr)
40
0.3

1.0

0.1

0.1

0.1

2.2

Management

Stored at storage room

Stored in tanks

Stored in tanks

Alpha aqueous waste
treatment process

The liquid wastes containing alpha activity of more than 1.85 Bq/cm3 are categorized as alpha wastes
according to the definition of wastes in NUCEF. A major source of the alpha liquid wastes is due to the fuel
treatment system at which uranyl and plutonium nitrate solutions are prepared from uranium dioxide and
MOX. As shown in Fig. 2, the system consists of a dissolution process, an adjustment process, a separation
process and a recovery process. For the dissolution of MOX powder, a silver-mediated electrochemical
method has been introduced[12]. The separation of plutonium is performed by mixer setters with 30%TBP-
dodecane, and then plutonium and uranium solutions separated are concentrated by an evaporator. Most of
liquid wastes are formed by the concentration of the solutions in the adjustment process. Raffinâtes from the
separation process are concentrated in an evaporator followed by the distillation to recover nitric acid and
water. As a result, three kinds of aqueous wastes are formed; americium aqueous waste, concentrated
aqueous waste and recovered excess water. The radioactivity of the latest is relatively low and treated at the
alpha aqueous waste treatment process mentioned below. The two formers contain high alpha activities,
especially 241Am, a daughter of 241Pu, when the preparation of plutonium solution fuel starts. Among them,
the raffmate from the first step of the separation process is categorized as "americium aqueous waste"
because of its high concentration of 241Am and the other is categorized as "concentrated aqueous waste".
These wastes are stored separately in tanks.

In NUCEF some organic compounds such as TBP and dodecane are used as a solvent for the separation of
plutonium as described above. The solvent is washed in mixer settlers using sodium carbonate or hydrazine
carbonate and the diluent is polished by an adsorption column using silicagel. The resultant aqueous solution
from the solvent recovery process is transferred back to the acid recovery process. The solvent is finally
discharged after repeated usage and stored in tanks as the TRU waste Type II. In addition, some spent
organic compounds are also used for the safety research on the Purex reprocessing and partitioning processes
in the concrete cells.
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The aqueous wastes from glove boxes and recovered water mentioned above are classified as Type III and
treated at the alpha aqueous waste treatment process by ultra-filtration, if necessary, and decontaminated by
evaporation to reduce the volume and separate TRU elements. The distillate is released from the facility
after the filtration by reverse osmosis followed by confirmation of activity levels of <10~4 Bq/cm3 for alpha
and <10"3 Bq/cm3 for beta-gamma. The equipment for the treatment has been constructed and is waiting for
practical usage. The concentrates are transferred to the storage tank.

RELATIONG TECHNOLOGICAL DEVELOPMENT
Some kinds of wastes, especially TRU-bearing ones, have been designed to be stored in the facility. From

viewpoints of safe management of the wastes and effective utilization of the facility space, it is essential to
develop the advanced techniques on the treatment of such wastes. Especially our interests are focused on the
decontamination and volume reduction of TRU containing wastes.

Americium containing liquid wastes
In the process of the treatment of plutonium solution fuel for criticality experiments, a large amount of the

americium aqueous waste should be generated. The volume of the liquid waste and the concentration of
americium are 3 m3 in maximum and about l.OxlO"3 g-241Am/cm3, respectively, after the preparation of 60 kg
plutonium solution fuel. At present the liquid waste is designed to be stored at a storage tank. In contrast,
insoluble tannin gel is well known to adsorb selectively actinide elements such as plutonium and americium.
It is a kind of biomass and it is easy to reduce the volume drastically by incineration. Therefore, the
application of tannin gel to the treatment of TRU liquid waste generated in NUCEF has been
investigated[13-16]. The insoluble tannin adsorbent used in the experiments is TANNIXR , a product of
Mitsubishi Nuclear Fuel Co. Ltd.

The adsorption behavior of americium on tannin gel was studied by using a tracer amount of
americium[14,15]. The americium distribution coefficient was found to be about 2000 m//g at 298 K in
2.0xl0"3 M HNO3. In higher nitric acid concentrations tannin gel showed much smaller values for the
distribution coefficient. The adsorption capability was determined by column experiments using europium
as a simulant of americium to be 7xlO"6 mol/g-dried tannin in 0.01 M HNO3 at 298 K, which corresponds to
approximately 1.7 mg-241Arn/g-tannin. It has been confirmed that tannin gel fundamentally shows excellent
property as an adsorbent for the treatment of the liquid waste containing americium. The adsorption kinetics
might be a problem to be resolved for practical application, because of its slow adsorption rate at room
temperature. From the column experiment with europium-containing nitrate solution, it was found that
adsorption kinetics may be improved by temperature control; for example, a breakthrough point was around
20xl0"6 mol/g-dried tannin at 313 K at the conditions of 6.0xl0"4 M Eu, 10"3 M HNO3, column size of 10
mm in diameter and 200 mm in height, and a flow rate of 2.78 m//min, while a braking point at 298 K was
almost zero at the same condition[16].

The americium aqueous waste generated in NUCEF is considered to contain some impurities such as
silver, iron, nickel, chromium and so on, and its acid concentration may be about 4 M HN03. Contrary, it
has been found from the above experiments that tannin gel is more effective in the conditions of low acidity;
namely in the pH range of 6 - 8. It was already found that the neutralization of nitrate solution by salts such
as sodium nitrate would produce secondary wastes and also depress the adsorption behavior of tannin.
Therefore the application of denitration of the liquid waste by formic acid was investigated by using
simulated liquid waste, in which americium was replaced by europium and some impurity elements of
several tens-ppm were added. From the preliminary experiments the following results have been
obtained[13];
1) The presence of impurities such as silver and iron was found to decrease relatively the adsorption amount

of americium, but tannin gel may be still a promising adsorbent of americium.
2) Denitration by formic acid may be effective for the control of acid concentration without significant

influence to the adsorption behavior.
From the above experience on the experiments with a tracer of americium and simulated TRU waste, it

may be concluded that the combination of tannin gel with denitration by formic acid may be applicable to the
treatment of the americium aqueous waste generated from the plutonium fuel treatment for critical
experiments. A preliminary test on plutonium fuel treatment is planned to start this year and the handling of
1 OOg-order plutonium is considered in order to confirm the conditions for the dissolution of MOX into nitric
acid solution and the separation of plutonium by mixer settlers. The technique on the waste treatment by
tannin gel will be also examined at the preliminary examination on plutonium fuel treatment. Americium
recovered by tannin gel will be supplied as starting material for the research on americium chemistry as
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mentioned above.

Alpha contaminated organic wastes
A significant amount of organic wastes such as contaminated tributlphosphate (TBP) and dodecane is

expected to form mainly through the plutonium fuel treatment for STACY. At present the wastes are
designed to be transferred to a storage tank in the facility through the solvent recovery process. From the
viewpoint of safety, the organic wastes should be reduced and mineralized. As well known, Ag(II) is used
for decomposition of organic compounds, because of its strong oxidizing capability. Therefore, the
applicability of silver-mediated electrochemical oxidation technique to the treatment of spent organic wastes
contaminated by TRU such as plutonium has been investigated.

The decomposition of TBP and dodecane, which are used for separation and purification of plutonium and
uranium, has been examined by silver-mediated oxidation method[17,18]. As for TBP, it is suggested that
TBP may decompose quickly into intermediates by the reaction with Ag(II). One of the intermediates is
considered to be monobutylphosphoric acid (H2MBP), because the molecular weight was found by gel
permeation chromatography to be approximately 160. A major final product was confirmed to be phosphoric
acid, the amount of which increased linearly with reaction time. The overall reaction may be governed by a
reaction of the intermediates with Ag(II) into phosphoric acid under the condition of sufficient stirring. The
decomposition rate of TBP calculated from carbon dioxide evolved was approximately 0.21 gbf'A"1. The
decomposition of dodecane by Ag(II) was also examined. With regard to the decomposition of dodecane, no
major intermediate was detected in contrast with the case of TBP. The decomposition rate was calculated to
be around 0.09gh'1A'1, which was relatively low compared with that of TBP. Current efficiency was
estimated to be about 80 %. These experimental results show that TBP and dodecane could be decomposed
into inorganic compounds by the reaction with Ag(II). In order to confirm the practical application, scale-up
experiments are under planning.

As described above, it is planned to use insoluble tannin gel for the adsorption of americium from the
liquid waste after the purification of plutonium. The americium-containing tannin could be treated by
incineration followed by the recovery of americium as the dioxide. As an alternative, the decomposition of
tannin was investigated by use of silver mediated oxidation technique[17,18]. As a preliminary result, it has
been found that Ag(II) is very effective for the decomposition of tannin. Tannin will decompose into carbon
dioxide and other inorganic compounds at the rate of 0.29 gfr'A"1 through the intermediates such as
formaldehyde and catechin. The current efficiency was almost 100 %. The results shows that the
application of Ag(II) may be a promising alternative for the treatment of tannin gel containing TRU
elements.

Other researches on waste treatment
Decontamination of solid wastes contaminated by TRU elements is preferable for effective utilization of

the limited storage space if the classification of the wastes becomes a beta-gamma waste group. French
researchers reported the experience on the decontamination of alpha wastes by silver mediated oxidation
technique[19]. The application of the decontamination technique to the solid wastes in NUCEF was,
therefore, investigated. As preliminary experiments, several tens stainless steel sheets were tested for
decomposition by Ag(II) [17]. It is suggested from the experiment that the components of steel may dissolve
into nitric acid solution almost linearly with time. It means that the TRU elements on the surface of steel
could be decontaminated by silver mediated electrochemical technique. The rate-determining step may be
the mass transfer of Ag(II) to the interface of the solution and stainless steel sheet surface.

SUMMARY
Many kinds of radioactive wastes have been generated through the research activities in the field of

criticality safety, actinide separation chemistry, TRU waste management and so on in NUCEF. In addition, a
large amount of TRU-containing wastes is expected to form from the plutonium fuel treatment for the
criticality experiments in STACY in near future. Some liquid wastes are being treated to reduce the waste
volume and also recycled. However, the accumulation of the wastes tends to limit the research activities in a
future. Therefore, the efforts have been focused on the development of the techniques such as application of
tannin gel to the treatment of TRU containing liquid waste and a silver-mediated electrochemical technique
to decomposition and/or decontamination of TRU contaminated wastes. The developed technology is
expected to contribute the safe and reasonable management of the wastes in NUCEF as well as the industrial
applications.
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ABSTRACT

Waste Management is a major activity of BNFL in the UK and at various locations internationally.
To support these activities extensive programmes of Research and Technology have been
undertaken for many years. This involves practical studies involving active and non-active work at
laboratory and pilot plant scale. Extensive use is also made of theoretical and modelling
techniques. Current work is aimed at underpinning and improving current operations, supporting
the design and safety cases of new plant and addressing waste management activities of the future
including decommissioning.

INTRODUCTION

The nuclear industry in the UK has generated a wide range of wastes over the past 40 years. These
have arisen at a number of sites now owned and operated by BNFL. Wastes have been generated
from a range of activities across the fuel cycle:

• Fuel manufacture
• Enrichment
• Reactor operations
• Reprocessing
• Decommissioning

The majority of the wastes have been associated with reprocessing operations at Sellafield. In
future significant volumes of waste will be generated from decommissioning operations across the
UK. The type of wastes cover the full range of categories in the UK which are designated as:

• High Level Waste (HLW); heat generating wastes i.e. the temperature of the waste may
rise significantly as a result of the radioactivity

• Intermediate Level Waste (ILW); wastes containing radioactivity above the levels set for
low level waste but which do not generate a significant amount of heat as a result of their
radioactivity

• Low Level Waste (LLW); wastes containing less than 4 GBq/t alpha or 12 GBq/t beta
gamma

Major programmes of Research and Technology are being undertaken to support waste
management activities.

RESEARCH AND TECHNOLOGY

BNFL Research & Technology (R&T) employs around 1200 scientists, engineers and support staff
at 5 sites across the UK. Research & Technology works closely with BNFL's various businesses
supporting existing plants as well as developing new technologies and processes.
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BNFL has extensive facilities for R&D including a new Technology Centre that is about to enter
service at the Sellafield site. This new building will further enhance BNFL Research &
Technology's already extensive capability for practical studies in both radioactive and non-
radioactive environments at both laboratory and pilot plant scale. The practical work is
complemented by the extensive use of scientific methodology utilising theoretical and modelling
techniques.

SCOPE OF RESEARCH AND TECHNOLOGY

R&T is carried out to support business groups across BNFL. In waste management these cover:

• Operational support to maintain current plants but also aimed at improvements in
throughput and performance

• Support to waste projects design and safety cases
• Programmes to address future operations, in particular these cover historic waste treatment

and decommissioning
• Support to external business
• Underpinning the disposal of waste
• Waste management to support future fuel cycle activities

In total over 300 R&T staff are employed in the UK on waste management supporting UK
activities. Additional staff are also utilised overseas to support external business opportunities.

Key technologies developed by BNFL supporting waste management include:

• Waste characterisation (physical, chemical, radioactive)
• Retrieval (mechanical, hydraulic)
• Volume reduction (thermal, mechanical)
• Decontamination (chemical, mechanical, thermal)
• Effluent treatment (filtration, ion exchange, solvent treatment)
• Encapsulation
• Vitrification
• Disposal
• Contaminated land management

In addition a wide range of generic technologies are used to support a range of activities, these
include:

• Modelling
• Materials
• Remote engineering
• Radiometrics

The following provides some examples of R&T projects covering BNFL's waste management
activities.
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SUPPORT TO OPERATING PLANTS AT SELLAFIELD

Research and Technology support to waste management at Sellafield includes input to a number of
effluent treatment, encapsulation and highly active evaporation/storage and vitrification plants.

Plant support includes monitoring of the flow sheet chemistry to maintain optimum plant
performance as well as project work aimed at improving plant performance and reducing
environmental discharges. Some examples of current projects are:

• Ruthenium chemistry and abatement
• Processes for Technicium99 removal
• Expansion of waste encapsulation envelopes for effluent streams
• Improved plant performance from ultrafilter membrane

R&T SUPPORTING HISTORIC WASTE PROJECTS

Many historic wastes were placed in silos, ponds and stores often as heterogeneous mixtures. One
such waste type is Magnox stored in water filled silos with mixtures of miscellaneous wastes, over
time the Magnox has corroded leaving a mixture of sludge and solid items.

Extensive R&T programmes have been undertaken to establish the physical/chemical properties of
Magnox sludges so that suitable silo emptying equipment can be designed that is capable of dealing
with all material rheologies. This work has also considered the inventories of the numerous silo
compartments to identify exactly what materials/items were consigned. In some compartments it
has been identified that the presence of uranium in the wastes may have resulted in uranium hydride
formation and the potential for hydrogen gas evolution. The presence of empty containers in some
compartments has led to the possibility of significant pockets of hydrogen becoming trapped in the
sludge that could be released during retrieval operations.

The current safety case requires retrieval operations in many of the silo compartments to be carried
out under inert gas atmospheres to avoid the risk of a hydrogen explosion. However, if a
sufficiently robust safety case can be made for avoiding the inerting operation then considerable
costs can be saved on retrieval. To exploit this potential saving in cost a comprehensive R&T
programme has been implemented to consider the various issues relating to sludge and hydrogen
explosions:

• Magnox corrosion
• Hydrogen retention in sludge
• Hydrogen release characteristics
• Hydrogen/air mixing - CFD modelling
• Ignition studies
• Hydrogen/air combustion
• Skip/drum/flask ullage space behaviour
• Gas void imaging
• Sludge/gas behaviour
• Chemistry of Magnox sludges
• Sampling & analysis
• Simulants
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Much of the data that has emerged from these work programmes has been incorporated into
company technical design guides for working with uranium and hydrogen risks, these documents
will be of value to retrieval projects and other plants/projects.

In addition to underpin retrieval operations major programmes involving full-scale rigs have been
undertaken. These have covered mechanical retrieval, size reduction as well as waste handling.

The wastes currently in storage exhibit a range of characteristics, both physical and chemical. In
addition the sludge component changes behaviour when processed, particularly when water is
added. These mixtures of waste would have necessitated complex processing using conventional
technologies to separate and condition the sludges and solids for cementation using existing
processes. In particular to ensure appropriate preconditioning of sludges significant addition of
process water would be required resulting in an unacceptable increase in waste volume.

The response to this challenge was to develop the Sellafield Drypac Plant (SDP). The concept of
this facility is to minimise the segregation of the waste to reduce process complexity and to remove
the original water from the sludge waste thereby reducing waste volume.

The key stages of the process are:

• Initial separation of large items from the retrieved waste using mechanical screening
• Transfer of the undersize material (sludge, small solid items) to sacrificial cans
• Drying of the undersize material using an oven system
• Supercompaction of the dried undersize waste in the sacrificial cans to produce waste

pucks
• Grouting of the pucks in drums to produce packages for engineering storage prior to

disposal

The process has been developed by BNFL and will become operational shortly. SDP will utilise
novel technology not employed for ILW streams of this type before. This includes in-can drying
and supercompaction of high alpha/beta/gamma waste. A major R&T programme has been
undertaken to underpin the plant design and to ensure the product quality of the packages. Process
development has been undertaken at full scale to demonstrate the technical feasibility of the initial
waste separation, drying and supercompaction. The work has demonstrated that a robust yet
relatively simple process can treat the wide range of ILW materials in the silos.

The product from this process is fundamentally different to the encapsulation waste generated from
the cementation of wastes from the ongoing reprocessing operations. A major R&T programme
focused on the characteristics of the package and in particular its behaviour during storage and
disposal. The drying and supercompaction of the sludge produces a solid waste product, which
provides containment for the radionuclides. By utilising an enhanced drum and a high quality in-
filling grout it has been possible to demonstrate the suitability of this product to UK regulators and
Nirex, the company responsible for ILW disposal in the UK.

ENCAPSULATION OF ILW WASTE

There are four major encapsulation plants in operation at Sellafield. Encapsulation plants will also
operate at Magnox sites to treat operational wastes. All these facilities have been underpinned by
extensive product and process development work.
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The major challenge for the future is the encapsulation of mixed waste, this will be undertaken in
BEP. The Box Encapsulation Plant (BEP) is being built to package ILW wastes from historic waste
stores on the Sellafield site for interim storage and ultimate long-term disposal in an underground
repository. The wastes are grouted into 3m3 boxes.

The objectives of the Research and Technology input to the BEP project are to increase confidence
in the plant design and gain an assurance that the waste packages produced will be acceptable for
eventual disposal in an underground repository. A number of tasks are currently being carried out
to support the BEP development programme:

• There is an going programme of development work on the grout formulation, which has
involved the characterisation of suitable superplasticiser materials and confirmation of
the grout rheology and operational envelope for use within the process plant. A database
for grout material is being established to define the range of variable conditions within
the operational envelope.

• Work on grout superplasticiser materials has been carried out to determine their effects
on the solubility of plutonium in the waste package.

• Technical support has been given to the design and build contractor to ensure that the
design of the grout plant meets requirements, with early demonstration of critical
components in the system to validate performance.

• Interface with Nirex, the waste management organisation in the UK responsible for long
term repositories. - Development work has been necessary to address issues raised by
the letter of comfort for the BEP waste packages, this has included additional
underpinning information on Wigner energy from graphite wastes, disposal of dust
particles, organics, reactive metals, the data recording and product quality strategy.

• Investigations and trials to develop a reliable process for the pre-treatment of the zeolite
ion exchange skips used in the early fuel ponds. It is important that the skip contents are
satisfactorily immobilised prior to encapsulation in the 3m3 boxes.

• Computer modelling and grout exotherm trials to demonstrate that product quality is not
affected by the potential release of Wigner energy that could be stored in some graphite
wastes and may be triggered during the encapsulation process or during underground
repository conditions.

• Development of the BEP waste feed specifications as more detailed inventory
information becomes available from the plants where the waste currently resides.

• Development of a computer model for certain wastes to define the fissile content of the
3m3 boxes when filled with such wastes.

• The BEP process is based upon the concept that any significant amounts of fuel in the
wastes will be identified by a gamma camera, thus enabling segregation during sorting so
that fissile values can be attributed by weighing. As the gamma camera system is vital to
the performance of the plant an extensive programme of trials is being carried out to
demonstrate the technology and verify operational performance.

REACTOR AND CHEMICAL PLANT DECOMMISSIONING TECHNIQUES

BNFL has undertaken a wide range of nuclear decommissioning activities on its sites in the UK
since the mid 1980's and with the integration of BNFL and Magnox Electric in 1998, has now
added reactor decommissioning to its total fuel cycle decommissioning portfolio.
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The decommissioning projects undertaken by BNFL depend on a wide range of technologies and
techniques for their successful implementation. A substantial Research and Development
programme has been developed which has provided many of the novel techniques and equipment
used to support a number of decommissioning projects at Sellafield. The R&D programme has
been specifically targeted at reducing costs and uncertainties associated with current and future
decommissioning projects. Decommissioning solutions have been grouped into the following
discipline/task areas:

• Planning Techniques • Chemical
- Virtual Reality - Decontamination Reagents
- Intelligent Systems - Waste Treatment

• Delivery Techniques • Modelling
- Robotics - Decontamination Processes
- Pilot Facilites - Costs

• Wastes • Energy
- Understanding Waste Products - Lasers

• Analysis • Physical
- Radiometrics - Abrasion
- Conventional Analysis • Engineering

The effective use of decontamination is a key aspect of BNFL decommissioning strategy and
operation. The thorough decontamination of the facility to be decommissioned will allow
significant cost savings in terms of reduced dose uptake to operators (manpower costs) and an
overall reduction in the inventory of materials requiring disposal/storage as radioactive waste.

Many of the decontamination techniques utilised in decommissioning have been developed and
deployed on operational plants which has provided valuable cost and performance data for future
decommissioning operations. Novel chemical decontamination techniques have also been deployed
as part of maintenance operations where they can be applied at ambient temperature with chemistry
effectively managed to deal with a range of contaminated substrates. The effluents produced are
capable of being maintained within the envelope of the standard effluent treatment routes such as
neutralisation and ion exchange. Finally, high-pressure water jetting operations have been used
extensively to decontaminate fuel route items such as flasks, skips and pond equipment.

Radiometric instruments have been developed to identify dose hot spots and experience from
several projects at Sellafield has demonstrated the value of early location of high dose areas so that
they can be shielded, relocated or decontaminated thus allowing operations to continue in a lower
dose environment. Imaging systems developed by BNFL Instruments have been utilised in alpha,
beta and gamma radiation environments with considerable success and instrument packages suitable
for remote deployment or use within vessels or pipework have been developed.

The efficient decontamination of concrete surfaces could significantly reduce the cost of many
decommissioning projects through minimisation of the radioactive waste inventory and a reduced
dose to decommissioning operators. BNFL are currently pursuing a number of developments
focused on the efficient decontamination or removal of concrete surfaces by chemical
decontamination, biodecontamination and mechanical methods such as cutting or scabbling with
high energy sources.
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DEVELOPMENT OF A POST-CLOSURE SAFETY CASE FOR THE DRIGG LLW DISPOSAL
FACILITY

BNFL owns and operates the Drigg site, which is the UK's principal facility for the disposal of low
level radioactive waste. The Drigg site receives wastes from a wide range of sources including the
nuclear industry, general industry, universities and hospitals. The site commenced operations in
1959 and over this operational period waste disposal practices have evolved in response to changing
regulatory requirements and scientific and engineering knowledge and technology.

Disposals at Drigg are carried out under the terms of an authorisation granted by the Environment
Agency under the Radioactive Substances Act 1993. Periodically the Environment Agency reviews
its authorisation. Since 1997, BNFL has been providing information to the Environment Agency on
the developing post-closure safety case (PCSC) for Drigg, which is due for completion in 2002.

In line with recent international developments with regard to safety cases and safety assessments for
radioactive waste disposal facilities (for example, the IAEA's ISAM and BIOMASS programmes
and BNFL's involvement therein), the 2002 Drigg PCSC will include key elements such as:

• The safety case context which sets out the high level objectives, constraints and
assumptions that provide the context for the PCSC and determine its scope and content.

• The post-closure radiological safety assessment (PCRSA) which will be based on a
systematic approach to aid completeness and transparency, demonstrate the assessment has
a logical structure and ensure a comprehensive treatment of uncertainty.

• Supporting arguments and lines of reasoning to augment and complement the main
PCRSA, demonstrate the PCSC is based on good science and engineering and comply with
the current regulatory requirements.

• A forward technical and monitoring programme for the period beyond 2002, which
recognises the iterative nature of the regulatory-safety assessment process and will be
prioritised to address key issues such as reduction of significant remaining uncertainties.

The ongoing Drigg site characterisation programme has collected and interpreted a large amount of
information, which has resulted in a significantly enhanced understanding of the geology,
hydrogeology and geochemistry of the Drigg site. In particular this underpins the development of
conceptual models for PCRSA calculations. Another key output is the compilation of
comprehensive and robust far-field radionuclide sorption databases.

Central to the PCSC is the PCRSA. The purpose of the PCRSA is to represent the disposal system
in a comprehensible form and assess its evolution and associated long-term safety performance.
Key aspects of the PCRSA are:

• Use of a comprehensive list of features, events and processes (FEPs) as the primary
reference point for assuring coverage of issues.

• Definition of the process system to be analysed, thereby enabling all potentially relevant
FEPs to be categorised either as process system FEPs or external FEPs.

• Review of external FEPs as the basis for distinguishing those external factors that
represent significant controls on long-term evolution of the disposal system. Such a
review, coupled with the output from modelling studies and simulations of the effects of,
for example climate change, guides the systematic identification and development of
scenarios for the PCRSA.

• Development and justification of alternative conceptualisations of the process system,
based on its features and characteristics and an appraisal of potential pathways of release to
the environment.
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• Review of FEPs that are relevant to modelling the behaviour of the process system, taking
into account the disposal system context, the scenarios under consideration and the
required indicators of safety performance.

• Mapping and incorporation of the identified FEPs and FEP relationships onto conceptual
and mathematical models for the PCRS A.

• Derivation of representative sets of calculation cases from the selected scenarios and
conceptual models, based on the assumed state and evolution of the system for each
scenario. This also includes the identification of relevant data sources and methods for
dealing with parameter uncertainty.

• The formalised tracking of information through the assessment in an auditable manner to
aid the transparency and robustness of the PCRS A.

The overall aim is to optimise the disposal system and demonstrate that best practicable means have
been employed to ensure the long-term radiological impact is as low as reasonably achievable.

SUMMARY

1. BNFL is extensively involved in most waste management activities associated with the nuclear
fuel cycle.

2. R&T Programmes are undertaken to support all waste management activities from current
operations to future decommissioning. These are driven by business needs but still include
innovation to address future challenges.

3. Major R&T programmes have developed a wide range of technologies supporting retrieval,
treatment, immobilisation and disposal activities which are underpinning current in-house
activities and the external clean-up market.
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ABSTRACT

The rate of radionuclide release as a result of leaching of high-level radioactive waste (HLW) glass is important
to the performance of engineered barriers. The modified product consistency test (PCT), with regular leachant
exchanges, was used to determine the leaching rate of simulated HLW glasses (West Valley Demonstration Project
Reference 6 and Defense Waste Processing Facility Blend 1) in aqueous solutions of FeCl2 and FeCl3 at 90 EC.
These conditions were selected to simulate an internal waste package (WP) environment containing steel corrosion
products and oxidized by radiolysis. Substantially higher initial B and alkali release rates, approximately a factor
of 50 to 70 times greater than those in deionized water, were measured in 0.25 M FeCl3 solutions. The initial
leaching rate for B and alkali was found to be pH-dependent and decreased as the leachate pH was increased. While
the leach rate for Si did not show any significant change in the pH range studied, the leach rate for Al showed a
minimum. The minimum in the leach rate of Al occurred at different pH values. The study indicates that elements
in the glass matrix are released incongruently.

INTRODUCTION

The potential Yucca Mountain (YM) repository may store vitrified HLW from the Hanford site, the Savannah
River Site, West Valley, and Idaho National Environmental Engineering Laboratory, together with spent nuclear fuel
(1). The vitrified HLW will contribute 4,667 metric ton of heavy metal (MTHM) equivalent to the total of 70,000
MTHM equivalent planned for the repository. Therefore, based solely on this percentage of the inventory argument,
vitrified HLW could be neglected in a risk-informed performance-based approach. Contribution of the vitrified HLW
to the dose could be significant, however, if the rate at which the radionuclides can be released and transported from
the glass is much higher than that from the spent fuel (e.g., increased corrosion in presence of corrosion products).
Current DOE plans state that vitrified HLW, poured into stainless steel (SS) canisters, will be packed into a double-
barrier WP consisting of Ni-base alloy 22 and type 316NG SS. Each WP will contain five SS pour canisters and
one spent fuel canister. The WP will be placed in the repository as part of an engineered barrier system. The external
aqueous WP environment consists of groundwater percolating through the repository. Well water from the saturated
zone, designated J-13, has been used as a reference groundwater for materials testing purposes. Water, enriched with
chloride after the initial dry out period of the repository, is mainly responsible for the initial corrosion of the WPs
(2). As the WPs are eventually breached, water, along with the corrosion products, will enter the inside of the WP.
These corrosion products consist of iron compounds such as FeOOH, Fe2O3, FeCl2, and FeCl3. The internal WP
environment in contact with the vitrified waste form may contain these iron compounds from WP and pour canister
corrosion.

Glass dissolution behavior has typically been investigated in aqueous conditions either with deionized (DI) water
or J-13 water without consideration of the WP corrosion products. However, a few studies have explored the effect
of container materials and corrosion products on the glass dissolution behavior. McVay and Buckwalter (3) and
Burns et al. (4) studied the effect of metals on glass dissolution behavior. While the former showed higher glass
dissolution in the presence of ductile iron, the latter showed no significant effect on glass dissolution from 304L SS,
409, and 430 ferrite steels. In addition, Burns et al. (4) showed that A516 carbon steel had a significant detrimental
effect on glass dissolution. Inagaki et al. (5), Bart et al. (6), and Werme et al. (7) studied the effect of magnetite on
glass dissolution behavior. Magnetite is considered a primary corrosion product. These studies showed that glass
dissolution is enhanced by the presence of magnetite. Werme et al. (7) also studied the effect of FeOOH and
concluded that glass dissolution is higher in the presence of FeOOH than in the presence of the same amount of
magnetite. These studies clearly established that magnetite and FeOOH enhance glass dissolution. In the present
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study, simulated waste glass samples from WVDP and DWPF were subjected to long-term leaching tests in the
presence of FeCl2 and FeCl3, to simulate an internal WP environment, at 90EC. Ferrous and ferric chlorides were
selected because chloride is the primary ion responsible for WP corrosion. At 90EC, FeCl2 and FeCl3 solutions tend
to precipitate a small quantity of P-FeOOH (or akaganeite). While the test environment does not represent YM
repository J-13 ground water environment, the literature shows that dissolution behavior of glass DI water is more
aggressive than J-13 water (3). Therefore, the DI bounds the effect of J-13 environment. If present studies indicate
an important effect of glass dissolution on dose, future studies on glass dissolution will be conducted to better
simulate the chemistry of the groundwater modified by reactions with waste package components. The effect of
internal waste package chemical environments on glass dissolution behavior is discussed in this paper.

EXPERIMENTAL PROCEDURES

Dissolution of WVDP Ref. 6 glass frit and DWPF Blend 1 glass was studied. These glasses are referred to
hereafter as WVDP glass and DWPF glass, respectively. Environmental Assessment (EA) standard reference glass
was tested as a baseline. The compositions of these three glasses are listed in Table I. To simulate internal WP
environment, DI water enriched with either ferrous or ferric chlorides was used. The test matrix is shown in Table II.
Molar concentration of 0.0025 represents anticipated Cl" concentration in the Yucca Mountain after dryout period,
while molar concentration of 0.25 represents a much higher than anticipated concentration of Cl" ions to simulate
worst case scenario. The tests were conducted using a modified product consistency test (PCT) method in accordance
with ASTM Standard Test Method C1285-97 (8). In these tests, 60-cm3 perfluoroalkoxy (PFA) Teflon7 vessels were
used. The solution was replaced entirely with an identical volume of fresh solution twice every week, at an interval
of alternate three-day and four-day cycles, for the first twelve weeks. The frequency of solution replacement was
changed to once a week for the second twelve weeks, followed by once every two weeks for the remaining test time.
Each experiment will be continued for one year. At the end of each test period, the vessels were removed from the
oven and allowed to cool. A small portion of leachate was used to measure pH. The leachate was then filtered with
a 0.45 um syringe filter for cation analysis using an inductively coupled plasma (ICP) technique.

The normalized concentration for element i in glass, NQ, in the leachate can be calculated by the following
equation:

NC = § (Eq.l)
ti

where NQ is in g/m3, Q is the concentration of element i in solution in g/m3, and F; is the mass fraction of element
i in glass. The normalized leach rate for element i in glass, NLR;, at the nth solution replacement can be calculated
from:

(S/V)(tr,-tn-,)

where NLRj is in g/m2-day, tn-tn_i is the time in days between the n-lth and n* solution replacements, and S/V is the
surface-to-volume ratio in m"1.
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RESULTS AND DISCUSSION

Leaching Solution Analysis

Leaching in the presence of iron chloride causes precipitates to form, especially in the high concentration iron
chloride solutions. Solid precipitates contained in the leachates were air-dried. Precipitate samples were then
mounted on glass slides for X-ray diffraction (XRD) analysis. XRD patterns of the solid precipitates suggest the
dominant occurrence of akaganeite (P-FeOOH) in all cases.

Table

Oxide Compound

A12O3

B2O3

BaO

CaO

Cr2O3

Cs2O

CuO

FeO

Fe2O3

K2O

La2O3

Li2O

MgO

MnO

MnO2

MoO3

Na2O

Nd2O3

NiO

P2O5

RuO2

SO3

SiO2

TiO2

ZnO
ZrO2

Total

I. Chemical compositions of test glasses

EA Glass"

3.60

11.16
—

1.23
—

—

—

1.59

7.58

0.04

0.28

4.21

1.79

1.36
—

—

16.88
—

0.53
—

_.

48.76

0.65

0.26

0.48

100.40

WVDP Ref. 6 Glassb

6.67

11.48
—

0.66
—

—

—

—

11.95

5.15
—

4.84

0.18

0.51
—

—

11.94
—

—

2.01

0.25

42.28

1.04
—

1.28

100.24

(in weight percent)

DWPF Blend 1 Glassc

4.16

8.05

0.18

1.03

0.13

0.08

0.44
—

10.91

3.68
—

4.44

1.41
—

2.05

0.15

9.13

0.22

0.89
—

0.03
__

51.9

0.89
-

0.14

99.91
a C. M. Jantzen, N.E. Bibler, D.C. Crawford and M.A. Pickett, ACharacterization of the Defense Waste
Processing Facility (DWPF) Environmental Assessment (EA) Glass Standard Reference Material (U),
WSRC-TR-92-346, Westinghouse Savannah River Company, Aiken, SC, 1993.
b Composition provided by West Valley Nuclear Services Co., Inc.
c Composition provided by Westinghouse Savannah River Company.

Table II. Solution test matrix

Sample ID Test Solution Glass Type Leachant pH
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Fig. 1. Cumulative normalized leach concentration for boron versus time for (a) WVDP and (b) DWPF glasses in

various solutions.

Results from the first 84-day leaching duration, which covered 24 solution replacements, are reported here. The
cumulative NCB results of the modified PCT tests in various solutions are shown in Figs, la and lb for the WVDP
and the DWPF glasses, respectively. From Fig. 1, it is apparent that for both glasses the NCB values in iron chloride
solutions were consistently higher than those in DI water, and leaching in 0.25 M FeCl3 solutions exhibited the
highest boron release. The NCB values of the leachates from the first solution replacement were observed to increase
by a factor of about 50 and 70 times for the DWPF and WVDP glasses, respectively, in comparison with those in
DI water. In an attempt to evaluate the effect of solution pH, additional tests were performed for the WVDP glass
in 0.25 M HCl solutions. As shown in Table II, the starting leachant pH of 0.25 M FeCl3 solution is higher than that
of 0.25 M HCl due to partial hydrolysis of ferric (Fe3+) ions. The leaching results in 0.25 M HCl are also included
in Fig. la. Although a factor of 30 times increase in NCB was measured from the first solution replacement,
compared to the DI water result, the total NCB in 0.25 M HCl was only about half of that in 0.25 M FeCl3.
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The NLRB results were also calculated using Eq. (2). The initial NLRB values were much higher in the high
concentration iron chloride solution tests (Fig. 2). In addition, NLRB decreased with time, but this tendency is much
greater in 0.25 M FeCi3 solutions. For the NLRss results for the WVDP glass in various solutions, in all cases NLRs;
remained almost constant throughout the leaching duration. The NLRSj levels depend on the test solution. Higher
silicon release rates were measured in the high concentration iron chloride solution tests. The normalized release
rates for various elements are shown in Fig. 2 for the WVDP glass in 0.25 M FeCl3 solution. Fig. 2 indicates Si
throughout the test and Al after 16 days are released incongruently from the glass. DWPF glass also showed a similar
trend.

100.0000

WVDP Reference 6 Glass
in 0.25M FeCI3

0.0001

10 20 30 40 50

Time, days

60 70 80

Fig. 2. Normalized leach rates for various elements as a function of time for WVDP glass in 0.25 M FeCl3 solution.

Effect of pH

The effects of pH on glass dissolution have been widely investigated (9,10). Jantzen (9) reported various
regression equations for glass durability as a function of solution pH and other parameters using a hydration
thermodynamics model. In order to determine the role of pH on glass dissolution in this study, normalized leach rate
for various elements versus leachate pH after first solution replacement for both the WVDP and DWPF glasses are
plotted in Fig. 3. The initial leaching rates for all major components were found to be pH dependent. The leach rates
for boron and alkali were similar and, as expected, decreased with an increase in pH.

In the pH range of this study, the Si release rate was independent of the pH. However, Al leach rate was
significantly pH-dependent and showed a minimum in the leach rate-pH behavior. The location of the minimum was
observed at different pH values for WVDP and DWPF glasses. In the acidic range Al is released as Al3+ ion and the
initial decrease in the Al leach rate with the increase in pH is attributed to a decrease in hydronium ion concentration.
In the alkaline region, Al is released as AIO2" ion and the increase in Al leach rate with the increase in pH in the
alkaline region is attributed to network dissolution caused by release of A1O2" anions. Except for Al leach rate
behavior, B, alkali and Si show similar release rates in both WVDP and DWPF glasses. The pH dependence data
clearly demonstrate that the ions are incongruently released from glass at rates determined by the pH of the leaching
solution.

Glass Dissolution Processes

The reaction of borosilicate glasses with aqueous solutions generally includes two independent processes: initial
diffusion-controlled extraction of alkali ions out of the glass matrix, and the dissolution of the glass matrix itself.
The initial reaction for alkali release is commonly known as an ion-exchange process as a result of water diffusion
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into the glass network. As the release rate decreases with increasing depth of alkali depletion in the outer glass
surface, matrix-dissolution becomes the dominant reaction.

The results from this study indicate that leachant pH is a dominant parameter in leaching of simulated
waste glasses. At the beginning of the tests, the hydronium ion in solution tends to exchange with the
alkalis in the glass matrix through an ion-exchange reaction. The more acidic the test solution, the higher
the alkali release rates. This is supported by the ICP analyses. It is also expected that the ion-exchange
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Fig. 3. Normalized leach rate for various elements versus leachate pH after first solution replacement
for (a) WVDP and (b) DWPF glasses.

reaction consumes hydronium ions and releases alkalis from the glass matrix. As a result, the leachate pH
is anticipated to increase at the end of glass leaching. In the case of glass dissolution in 0.25 M FeCU
solution, an increase of the leachate pH, accompanied by the highest alkali release, was measured for the first
solution replacement. However, as the alkali release substantially reduced, the leachate pH was also observed to
decrease for the rest of the solution replacements. From the glass surface analysis results, it is apparent that the high
initial leaching produced an alkali-depleted surface layer, and consequently leaching rate dropped due to an extended
diffusion path.

The exact mechanism by which Fe cation accelerates the glass leaching process is not clear. Formation of iron
silicate precipitates that inhibit saturation effects is generally hypothesized to enhance glass dissolution in the
presence of iron products (3). The results from this study, however, do not support this hypothesis. As reported in
this study, even though leachate pH has a profound effect on glass dissolution, the leaching rate measured in 0.25
M FeCl3 solution was almost twice that in 0.25 M HC1 solution. These results suggest that both solution pH and the
presence of corrosion species such as iron chloride are significant contributing factors to the net glass durability.
Additional investigation is needed to determine the underlying mechanism.

CONCLUSIONS

Aqueous solutions of FeCl2 and FeCl3 at 90°C significantly enhance glass dissolution, especially at high
concentrations. The highest leaching rates for boron and alkalis were measured from the first solution replacement
in 0.25 M FeCl3 solution for both WVDP and DWPF glasses, and are about 50 to 70 times greater than those in
deionized water. The leaching results suggest that both low solution pH and the presence of corrosion species such
as iron chloride are responsible for enhanced glass dissolution. The pH dependence data clearly demonstrate that
the ions are incongruently released from the glass at rates determined by the pH of the leaching solution.
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Based on the preliminary normalized boron release results, the presence of the iron-containing corrosion products
enhance the contribution of the vitrified HLW to the source term. However, the magnitude of this effect on the dose
for the Yucca Mountain repository needs further evaluation.
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ABSTRACT

At the present time the primary problem in a closed nuclear fuel cycle is the management of
high level liquid waste (HLLW) generated by the recovery of uranium and plutonium from the spent
nuclear fuel. Long-term storage of the HLLW, even in special storage facilities, poses a real threat of
ecological accidents. This problem can be solved by incorporating the radioactive waste into solid fixed
forms that minimize the potential for biosphere pollution by long-lived radionuclides and ensure
ecologically acceptable safe storage, transportation, and disposal. In the present report, the advantages
of a two-stage HLLW solidification process using a "cold" crucible induction melter (CCIM) are
considered in comparison with a one-stage vitrification process in a ceramic melter.

This paper describes the features of a process and equipment for two-stage HLLW solidification
technology using a "cold" crucible induction melter (CCIM) and its advantages compared to a one-
stage ceramic melter. A two-stage pilot facility and the technical characteristics of the equipment are
described using a once-through evaporated and induction cold-crucible melter currently operational at
the IA "Mayak" facility in Ozersk, Russia. The results of pilot-plant tests with simulated HLLW to
produce a phosphate glass are described. Features of the new mineral-like waste form matrices
synthesized by the CCIM method are also described. Subject to further development, the CCIM
technology is planned to be used to solidify all accumulated HLLW at Mayak - first to produce
borosilicate glass waste forms then mineral-like waste forms.

INTRODUCTION

The process for HLLW solidification should accept different radioactive and toxic reprocessing
waste feeds, operate under remote and safe controls, convert all radionuclides into an acceptable solid
form, and purify off gases to achieve acceptable atmospheric emission concentrations.

The main source of HLLW is the aqueous waste solutions remaining after extraction of U and
Pu during reprocessing of spent nuclear fuel from nuclear reactors. Improvements in existing
reprocessing technologies and development of new ones considerably broaden the spectrum of HLLW
requiring solidification. Currently, HLLW fractionation technology is under development to separate
out, for example, Cs, Sr, lanthanides, and actinides. All of these fractions will require to be
immobilized in suitable waste forms. (1,2).

EXPERIMENTS AND DISCUSSION

HLLW is commonly solidified by incorporating into phosphate- or borosilicate-glass-like
compositions that can be produced by melting at 900 to 1200 °C - such as in Joule-heated ceramic
melters (EP-500, Ozersk, Russia and Pamela, Mol, Belgium) or in inductive melters (La Hague,
France and Sellafield, Great Britain) (1-6). A more advanced technology is under investigation that
uses two-stage HLLW solidification, including a CCIM, which allows new types of solid waste form
materials to be produced. Table 1 gives compositions of candidate HLLW fractions produced by
nuclear fuel reprocessing.
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Table 1

Oxide
A12O3

Na2O
Cs2O
K2O
NiO
CaO

Fe2O3

Cr2O3

MnO2

SrO
BaO
ZrO2

MOO3
RuO2

Rh2O3

PdO
REEOX

PbO
Others
HNO3

Specific activity, CM

Chemical composition of six candidate HLLW fractions (g/L).

#1
-

5,0
5,3
3,7
0,2
0,3
1,3
0,3
0,5
2,1
22
6,8
4,5
4,0
1,7
1,7
16,7

-
-

200
-1000

#2
41,9
3,1
-
-

0,1
-

1,2
0,3
-
-
-
-
-
-
-
-

0,2
-

< l ,0
200
- 3 0

#3
18,9
54,0
0,5
-

7,6
5,6
14,3
3,0
3,2
0,4
-
-
-
-
-
-
-
-

~ 9
300
- 5 0

#4
-
-
-
-

6,3
-

- 3 0
- 1 0

-
-
-
-

<35
20,0
4,0
10,0

-
-

150
-1000

#5
-
-

9,2
-
-
-

<0,2
-
-

4,5
4,8

-
-
-
-
-
-

1,1
<0,5
250

-1500

#6
-
-
-
-
-
-

<0,3
-
-
-
-

8,5
-
-
-
-

30,3
-

3,2
135

-800

The CCIM's advantages compared with the commonly used glass forming processes are:

• No direct contact between melter material and melt due to the formation of a protective
layer of solidified melt on the cooled crucible walls;

• Small dimensions of the CCIM relative to a ceramic melter;
• Possibility of remote building, disassembly and removal;
• Secondary radioactive waste reduce.

The CCIM technology allows synthesis at temperatures up to 2500 °C of different final waste
form materials having a wide range of compositions, including toxic wastes containing heavy metals.
Additionally, the experiments reported here proved that melting in a CCIM can be used to incorporate
Fe, Cr, Ni, and Rare-Earth elements (REE) into phosphate and borosilicate glass at considerably higher
concentrations in comparing ceramic melters (Fig 1.).

The melting process in a CCIM is based on Joule heating by electrode-less induction of a high
frequency electromagnetic field of the electrical conducting molten glass, in which the induced
electromagnetic field energy is converted to thermal energy, using.

The CCIM consists of water-cooled tube sections assembled on a common header. The crucible
is surrounded by a water-cooled inductor connected to a high-frequency generator.
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Fig. 1. Technological schemes for "Cold" Crucible Induction Melter.

Special tests using simulated HLLW are being performed at a two-stage pilot facility installed
at the solidification department of the IA Mayak facility in Ozersk, Russia. The system throughput is
up to 100 dm3/h HLLW (Table 2). This HLLW solidification includes the following basic steps:

- Selection of the composition of an HLLW and orthophosphoric acid flux mixture that will
produce the required phosphate glass composition and preparation of this mixture

- Concentration of the simulated HLLW/flux mixture in a once-through evaporator
- Production of a glass melt from the concentrated salt mixture in the CCIM
- Canister filling with the molten glass
- Overpacking the canisters
- Filtration of the off gases.

The HLLW/flux solution is continuously fed to the once-through evaporator at a flow rate of 35
to 100 dm3/h. The evaporator consists of a vertical device housed in a steam jacket. Countercurrent
flow of the HLLW/flux solution and heating vapor is maintained. The internal shell of the steam jacket
separator provides a stationary area in which the vapor phase and concentrated salt melter feed material
separate.

Heating, partial reaction of the nitrates with orthophosphoric acid, evaporation with
nitric/nitrous acid removal, and drying take place sequentially in the countercurrent flow evaporator
(CFE) depending on the product desired. After separation of the vapor phase from the salt melt feed
material, the latter is gravity fed to the CCIM at a rate of 20 to 24 kg/h. The vapor phase is directed into
the first stage of the gas filtration system.

Further dewatering and denitration of the salt melt feed material, together with melting, take
place in the CCIM at 1100 to 1200 °C to produce the phosphate glass (up to 18 kg/h).
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Table 2. Technical features of the CFE-CCIM two-stage vitrification facility equipment.

COUNTERCURRENT FLOW EVAPORATOR:
Volumetric throughput of original simulated HLLW, dnrVh
Vapor flow rate, kg/h
Vapor temperature at evaporator inlet, °C
Operating vapor pressure at evaporator inlet, MPa
Dimensions, m (diameter/height)

COLD CRUCIBLE:
Crucible structure
Tank rated capacity, dm3

Melt surface area, dm2 (welding area/producing area)
Temperature of glass during container filling, °C
Maximum working temperature, °C
Mass production rate (glass), kg/h
HF-generator power rating (ac), kW
Operating frequency, MHz

To attain operating conditions, the CCIM must initially contain conducting material to be
heated by the electric induction current to form an initial amount of molten glass in the crucible. This
initial heating can be performed using either added conducting materials and glass frit, or a conducting
glass compound already solidified on the crucible walls. The routine operating mode of the CCIM is
characterized by continuous discharge of the glass melt from the crucible into containers. The melt
flow is interrupted only during container changeout. Melted glass from the crucible fills the 200 dm3

capacity containers installed on the rotating conveyer. Container filling is controlled by a weighing
system. After cooling of the glass, the filled containers are overpacked in special containers that are
seal welded. After pressurization leak tests, these overpack containers are sent to storage. A gas
filtration system with a 108 - 109 decontamination factor for radionuclides is used to treat the CFE-
CCIM facility offgases.

The test installation for the two-stage HLLW solidification process is a prototype for the
industrial units designated for the "second generation" of the IA "Mayak" solidification department
operations. To date, pilot-scale tests producing phosphate glass from simulated HLLW with the
following final product composition have been the most developed in the CCIM process (Table 3):

Table 3. Specified content of phosphate glass, wt.%.

Na2O and other univalent oxides 24.0 ±2.0
AI2O3 and other polyvalent oxides 21.0 ± 3.0
P2O5 55.0 + 5.0
Fission product inclusions up to 4

During phosphate glass production and while incorporating 3 and 10 wt.% of Fe, Cr, Ni, and
REE oxides, a uniform distribution of the these oxides was obtained along the height of the resulting
glass block. In the case of 3 wt.% oxides, the glass was homogeneous, while for the materials
containing 10 wt.% oxides a heterogeneous phase was observed to be equally distributed through the
entire volume of the glass block. Such uniform oxide distribution in the melt (beyond their chemical
solubility) in the phosphate glasses can be explained by the strong mixing caused by the induced
current and the magnetic field in the CCIM. The resulting electrodynamic forces can lead (depending
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on the R-F generator current frequency and crucible structure) to melt circulation with a linear speed of
up to 10 to 12 mm/s at the high internal temperatures observed. Thus, application of the CCIM
technology allows uniform melts of phosphate glasses with a high content of aggressively corrosive
nuclides (Fe, Cr, Ni) and some fission products (including platinides). That results in the opportunity to
process HLLW practically without limitation on its composition while significantly increasing the
fraction of HLLW components incorporated in the glass.

A major desirable characteristic of solidified HLW with respect to temporary storage and final
disposal conditions is chemical stability as determined by low nuclide leaching rates during possible
contact with ground water. Leach rates of Cs, Sr, and Zr from phosphate and borosilicate matrices
produced in the CCIM have the same value as for glasses obtained by traditional methods.

A significant improvement of the physical-chemical properties of the solidified HLW while
simultaneous increasing the content of radionuclides can be achieved by the use of mineral-like
materials for the matrix composition. These materials are analogs of natural minerals, which are chosen
based on geochemical stability and the capability to incorporate the long-lived HLLW radionuclides
into the crystalline cationic structure as stable solid solutions. Application of the CCIM method
resulted in the production of matrices with compositions corresponding to different classes of minerals
that include piroxen (jadeite, ortite, arfvedsonite, egirin), garnet (andradite, ferrogarnet), titanate
(sphene), zirconolite, and boron basalt. Matrix compositions and properties are shown in Tables 4-6.
All the materials studied were prepared in the CCIM at 1250 to 1550 °C.

Jfe
1

2

3
4

5
6

7

Material

Phosphate
glasses

#0
#1
#2
#3
#4

Borosilicate
glasses

#0
#1
#2

Jadeite
Andradite

#0
#1

Sphen
Synroc

Zirconolite

Table 4. Compositions of matrices synthesized at CCIM.

Oxide compound, wt.%.
Na2O A12O3 B2O3 Fe2O3 P2O5 SiO2 | CaO Others FPox

23,0
21,9
21,0
23,0
21,3

20,0
19,1
18,3
18,6
16,9

-
-
-
-
-

~ 1
4,3
7,1

0,08
0,07

52,0
50,2
48,0
53,9
50,1

-
-
-
-
-

<0,l
<0,l
<0, l
0,02
0,02

< 1
< 2
< 3
< 1
< 1

<4
2,9
2,9

4,37(Ln2O3-3,0)
ll,58(Ln2Or-10,0)

23,0
18,0
20,0
12,5

6,0
10,0
5,0

20,4

8,0
11,0
12,0

-

2,0
2,0
3,0
10,0

-
-
-
-

46,0
47,0
46,0
52,2

5,0
2,0
3,0
-

< 1
< 1
< 1
< 1

10,0
10,0
11,0
13,0

-
-
-
-

-

-
-
-
-

-

-
-
-
-

19,6
26,9
1,9
-

-

-
-
-
-

-

22,7
31,1
28,9

-

-

20,5
28,2
23,1
15,0

15,5

-
-

TiO2-33,l
TiO2-56,0
ZrO2-ll,0
TiO2-44,5
ZrO2-20,0

37,2
13,8
13,0

BaO-7,0
Ln2O3-ll,0
CeO2-9,5

Gd2O3-10,0
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Table 5. Properties of matrices synthesized at CCIM.

1

2

3

4

5

6

7

Material
Phosphate glasses #0 - #3

Phosphate glasses #4

Borosilicate glasses # 0 - #2

Jadeite

Andradite #0

Andradite #1

Sphen

Synroc

Zirconolite

Viscosity/Conductivity
20-80 Pas / 0,2-0,5 S/cm at 950 °C

Tg=350-400 °C
45dPa-s/0,15S/cmat950°C

Tg= 350 °C
40-120 dPas /0,2-0,5 S/cm at 1150 °C

Tg=480-500 °C
40-120 dPas/0,2-0,5 S/cm at 1150 °C

Ta=480-520 °C
14dPas/0,2S/cmatl450°C

40 dPas / 0,1-0,5 S/cm at 1450 °C

-

-

-

Phases
Platinum metal based

phases on glass
LnPO4+Platinum metal based

phases on glass
Platinum metal based

phases on glass
Platinum metal based

phases on glass
Polycrystal, magnetite,
vollastonite, crystoballite
Polycrystal, britollite,
vollastonite, andradite

platinum metal based phases
Polycrystal,
sphene, rutil
Glasscrystal,

sphene, rutil and others
Polycrystal, zirconolite

pyrochlore

Table 6. Comparing glass

Properties

Heat conductivity

Density

Strength

Thermal expansion

% of FP incorporation

Temperature of synthesis

Na+, Cs+ H Sr2+ selective leaching(1)

Na+, CS+H Sr2+selective leaching(2)

Glass transformation temperature

Saturated dose

a-nuclide selective leaching

Stored energy

He-inclusions formation

and crystalline

Glasses

0.8-1.4 W/mK

~ 2.8 g/cm3

250 MPa

~ 910"6 1/°C

3-13

900-1300 °C

up to 20

up to 10

Tg ~ 350-500 °C

1025 a-decay/m3

Yes

150 J/g

Yes

matrices.

Crystalline matrices

2.5-3.1 W/mK

~ 4.3 g/cm3

800 MPa

~910~6 1/°C

10-35

1200-1600 °C

up to 15

up to 10

-

no 1026 a-decay/m3

Yes

50-200 J/g

Yes

The product materials were investigated under the following identical conditions: heat
treatment at 650 °C up to 250 hours(1) to simulate annealing as a result of self heating, and exposure to
radiation up to 108 Graŷ 2-1 for estimating irradiation stability. The results demonstrated that mineral-
like matrices are more stable in comparison with glasses (7-9). The leach rates of individual elements
and the depth of destruction of the matrix were nearly unchanged by heat treatment and irradiation.
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CONCLUSION

Laboratory and pilot-scale tests performed in Russia using a two-stage evaporator and CCIM
technology confirmed its advantage in comparison with current industrial technologies. The results
demonstrated the potential benefits of its use in the future for HLLW solidification to obtain new types
of matrices that will be stable after disposal by underground burial. The application of induction
melters allows one to synthesize materials (including glass- and mineral-like materials) suitable for
solidification of practically all classes of liquid radioactive wastes. The proposed technology uses
compact technological equipment more amenable to being moved to the waste disposal location.
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ABSTRACT

Actinide-doping experiments using short-lived 238Pu and 244£m n a v e demonstrated that
pyrochlore and zirconolite become fully amorphous at a dose of 0.2-0.5 x 1016 cc/mg at ambient
temperature and exhibit bulk swelling of 5-7%. Detailed studies of natural samples have included
determination of the critical amorphization dose, long-term annealing rate, microstructural changes
as a function of dose, and the thermal histories of the host rocks. Together, the laboratory based
work and studies of natural samples indicate that the critical amorphization dose will increase by
about a factor of 2-4 for samples stored at temperatures of 100-200 °C for up to 10 million years.
These studies of alpha-decay damage have been complemented by heavy ion irradiation studies
over the last ten years. Most of the irradiation work has concerned the critical amorphization dose
as a function of temperature in thin films; however, some work has been carried out on bulk
samples. The irradiation work indicates that most pyrochlore and zirconolite compositions will
have similar critical amorphization doses at low temperatures (e.g., below 300-400 °C).
Pyrochlores with Zr as the major B-site cation transform to a defect fluorite structure with
increasing ion irradiation dose, but do not become amorphous.

INTRODUCTION

In 1998 the United States Department of Energy selected a pyrochlore-rich titanate ceramic
wasteform for the disposal of surplus weapons plutonium (1). The current strategy involves storage
of the ceramic wasteform as part of a "co-disposal" waste package at the Yucca Mountain site in
southern Nevada. This decision represents the culmination of just over 20 years of intensive
research on ceramic nuclear wasteforms, many of which contained pyrochlore, zirconolite, and
other titanate phases for the incorporation of actinides and certain fission products (2-4). The
development of pyrochlore and zirconolite based wasteforms for actinide-rich wastes arose from a
number of the early studies that revealed their excellent chemical flexibility and durability in
aqueous fluids. Both structure types are particularly well suited for the incorporation of actinides
(ACTs) and rare earth elements (REEs), an important consideration for the control of nuclear
criticality.

Studies of natural samples have provided a means of testing the extrapolation of laboratory
data to the long time periods currently required by regulatory agencies for performance assessment.
In the area of radiation damage, mineralogical studies have produced quantitative data on the
crystalline-amorphous transformation and the structure of the metamict (amorphous) state (5-9).
Experimental evidence has also appeared in the last ten years from heavy ion irradiation studies (8,
9). Both of these areas of research complement the existing data from actinide doping experiments
carried out in the mid-1980s. Studies of samples from natural systems have also produced an
enormous amount of data on the durability and alteration mechanisms in aqueous fluids. However,
only limited data are currently available on the effect of radiation damage on the dissolution rates of
pyrochlore and zirconolite. In this paper, we present an overview and synthesis of the actinide
doping experiments, studies of natural samples, and heavy ion irradiation experiments.

CRYSTAL STRUCTURES OF PYROCHLORE AND ZIRCONOLITE

The structure of pyrochlore is considered to be an anion deficient derivative of the fluorite
structure type (10-12). Numerous studies have led to the general formula A2-mB2X6.wYi.n-pH2O,
where A represents cations in eight fold coordination, B represents cations in six fold coordination,
and X and Y are anions. The A-site accommodates cations having ionic radii of 0.086-0.155 nm,
whereas the B- site incorporates cations having radii of 0.054-0.083 nm. The crystal chemistry of
pyrochlore is very complicated, owing to the potential for vacancies at the A-, X-, and Y-sites (m =
0.0-1.7, w = 0.0-0.7, and n = 0.0-1.0) and the incorporation of water molecules (p = 0-2) in the

l 1
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vacant tunnel sites. However, wasteform pyrochlores are designed around the ideal, stoichiometric
formula A2B2X6Y. These pyrochlores are comprised of the end-members CaUTi2O7, CaPuTi2O7,
REE2Ti2Û7, and other minor components. Importantly, studies of natural samples indicate that
pyrochlores can contain up to 30 wt% UO2, 10 wt% TI1O2, 16 wt% REE2O3, and 10 wt% (Zr,
Hf)O2.

Zirconolite, ideally CaZrTi2O7, is also an anion deficient derivative of the fluorite structure
type and can be visualized as a condensed, layered version of pyrochlore with reduced symmetry
(12-15). In the structure of zirconolite-2M, the monoclinic aristotype, the Ca-site is eight
coordinated and is occupied by cations having ionic radii of 0.096-0.1143 nm. The Zr-site is seven
coordinated and occupied by cations with radii of 0.067-0.104 nm. Three distinct Ti-sites
accommodate cations with radii of 0.0535-0.083 nm. Natural zirconolite commonly deviates from
the ideal composition due to extensive coupled substitutions on the Ca- and Ti-sites, but the Zr-site
is subject to only limited substitution by other elements (16). However, Vance and coworkers (17-
19) have synthesized zirconolite with actinides and REEs on the Zr-site, and have confirmed many
of the substitutions found in natural samples. Natural zirconolites have the ability to incorporate up
to 24 wt% UO2, 22 wt% ThO2, and 32 wt% REE2O3 in the structure.

ACTINIDE DOPING EXPERIMENTS

Weber and coworkers (20, 21) examined Gd2Ti2Û7 (pyrochlore) and CaZrTi2Û7 (zirconolite)
doped with 3 wt% 244Cm (half-life = 18 yr) and found that bulk swelling saturated at approximately
5.0-5.6% for pyrochlore and 6.0-6.5% for zirconolite. The pyrochlore and zirconolite samples
became amorphous to X-rays at a dose of 0.26 x 1016 a/mg and 0.47 x 1016 a/mg, respectively.
TEM results indicated that both materials exhibit isolated defect clusters (~ 2.5-5.0 nm in diameter)
at dose levels of 0.05-0.10 x 1016 a/mg. Overlap of damage clusters resulted in the appearance of a
diffuse ring in electron diffraction patterns at dose levels of 0.10-15 x 1016 a/mg. Strong mottled
diffraction contrast was evident in bright field images and diffuse rings were prominent in electron
diffraction patterns at doses of 0.15-0.27 x 1016 a/mg.

The dissolution behaviour of Cm-doped Gd2Ti2O7 and CaZrTi2Û7 has been determined for
the amorphous samples and for splits of the amorphous material recrystallized at 1100 °C for 12
hours (21). Samples were leached in deionized water at 90 °C for 14 days. Results of the tests
indicate that the percent weight loss of both materials were higher by a factor of 2.5 in the
amorphous samples. Although, none of the samples showed detectable Ti in solution, the
amorphous pyrochlore showed an increase in the normalized mass loss of 244Cm and its daughter
product 240Pu by factors of 17 and 49, respectively. In contrast, the amorphous zirconolite showed
an increase in the normalized mass loss of Ca and 240Pu by factors of 8 and 11, respectively. In this
material, the release of 244Cm was identical for the amorphous and recrystallized samples and
lower than the release of240Pu in the crystalline sample by a factor of 20.

Clinard et al. (22) studied monoclinic CaZrTi2Û7 doped with 5 mol% 238Pu (half-life = 87
yr). After a maximum dose of 0.47 x 1016 a/mg, bulk swelling reached 5.5 vol% and neared
saturation. XRD results showed that the monoclinic phase transformed to hexagonal or
rhombohedral symmetry at a dose of-0 .11 x 1016 a/mg and became metamict at a dose of 0.3 x
1016 a/mg. Unit cell expansion determined by XRD was anisotropic, greatest along the c axis, and
the total unit cell volume expansion reached a maximum of ~ 1 vol% at the highest measurable
dose. TEM work indicated a highly crystalline structure at 0.003 x 1016 a/mg, 10-15 nm
crystallites in a highly disordered matrix at ~ 0.1 x 1016 a/mg, and some residual crystallinity at ~
0.4 x 1016 a/mg. Optical micrographs of the surface of a polished cylinder of the material showed
some microcracking during the crystalline-amorphous transformation.

Clinard and coworkers (23) also investigated samples of CaPuTi2Û7 held at room temperature
302 °C, and 602 °C. The bulk swelling of a sample held at ambient temperature saturated at 5.4
vol% at a dose of 0.42 x 1016 a/mg. The material became XRD amorphous at a dose of 0.28 x 1016

a/mg. For a sample held at 302 °C, bulk swelling saturated at 4.3 vol% at a dose of- 0.66 x 1016

a/mg. A third sample held at 602 °C remained crystalline and reached a maximum swelling of only
0.4 vol% at a dose of 0.61 x 1016 a/mg. For the sample held at ambient temperature, TEM work
revealed isolated damage tracks at 0.01-0.13 x 1016 a/mg, small crystallites in an aperiodic matrix
at 0.26 x lO1^ a/mg, and some residual crystallinity at 0.31-0.66 x lO1^ a/mg. Crystallinity
persisted to higher doses in the sample held at 302 °C. In a similar study of Synroc doped with
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244Cm, Mitamura et al. (24) found that the volume expansion was reduced by a factor 2-3 for a
sample held at 200°C when compared to the room temperature data.
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NATURAL PYROCHLORE AND ZIRCONOLITE

Pyrochlore

Following the laboratory experiments described above, Lumpkin and Ewing (25) studied 51
pyrochlore samples ranging in age from 16 to 1400 Ma. Using the Th and U contents determined
by electron microprobe, the dose was calculated according to the equation:

D = 8N238(eX238t - 1) + 6N232(e^232t - 1) (Eq. 1)

In this expression, N238 and N232 are the present numbers of atoms per mg of U and Th, X232 and
À.238 are the decay constants of 2^2Th and 2^8u, and t is the geological age. Using XRD to
determine both the beginning (Dj) of the crystalline-amorphous transformation as well as the critical
amorphization dose (Dc), it was shown that the transformation zone increased in dose as a function
of the geological age of the samples (Fig. la). Both of the dose curves shown in Figure la were
determined by fitting the data to an equation of the form:

Di,c = D0etK (Eq.2)

In Equation 2, Do is the intercept dose for Dj or Dc and K is a rate constant. These results provided
independent support for the annealing of isolated alpha-recoil collision cascades back to the
crystalline structure in natural pyrochlore. A more detailed analysis of the dose-age data yielded a
value of Do = 1.4 x 1016 a/mg for the amorphization dose curve and K = 1.7 x 10~9 y r 1 (26).

In the natural pyrochlore samples, XRD peak intensities decrease in a regular manner with
increasing dose, without transformation of the structure to the fluorite subcell, and with no major
changes in peak symmetry (25). After making a correction for long-term annealing, the intensity
ratios of the damaged samples were fitted to an equation of the form:

I/Io = e-BD (Eq. 3)

In this equation, B is a constant related to the amount of material damaged by each alpha-decay
event. Equation 3 gave an excellent fit to the data and yielded B = 2.6x 10'16 mg/a, corresponding
to an average cascade diameter of 4.6 nm in which a maximum of 2600 atoms are displaced. An
analysis of line broadening in these samples showed that crystallite dimensions decreased from
about 500 nm to 15 nm prior to complete amorphization. The magnitude of strain increased with
dose, reaching a maximum of approximately 0.003, then decreased to values below 0.0005 prior to
attainment of the fully amorphous state.

Changes in the microstructure of pyrochlore have also been investigated by using high-
resolution TEM (25). Mottled image contrast and local 1-5 nm sized areas of damage provided the
first indication of the beginning of the crystalline-amorphous transformation. With increasing dose,
local amorphous domains increased in abundance. Furthermore, some lattice misorientation
(generally less than 5°) was observed in the crystalline areas at intermediate dose levels. At higher
dose levels, the crystalline areas diminish in abundance, giving way to a microstructure dominated
by amorphous pyrochlore. Lattice fringes were not observed at the highest dose levels, indicating
that the amorphous state had been reached. Electron diffraction patterns revealed gradually
diminishing Bragg spots and increasing diffuse rings with equivalent d-spacings of 0.30 and 0.18
nm. There was no definitive evidence for conversion to the fluorite subcell, e.g., the (111) diffracted
beams and other superlattice spots were observed throughout the transformation. After a correction
is made for long-term annealing, the transformation zone ranges from about 0.1 x 1016 a/mg to 1.2
x 1016 a/mg.

Greegor and coworkers (27-30) carried out several studies of the local structure and bonding
around Ti, Nb, Ta, and U atoms in pyrochore using EXAFS-XANES. Results of these studies
demonstrated that the M-0 coordination polyhedra of metamict (amorphous) pyrochlore exhibit
reduced bond distances, reduced coordination number, and increased distortion relative to the
undamaged crystalline structure. Furthermore, there was no periodicity in evidence beyond the
second coordination sphere, with some disruption of the M-M distances. From these studies it was
realized that only a slight increase in the mean M-M distance was required in order to explain the
overall increase in volume caused by alpha-decay damage and that this could be facilitated by
increased M-O-M angles.



o / o

o ~~ o
— — o

, , , , , ,1 ,1

" I 1 1 1 I I M I 1 1

D _ —

Figure 1. Dose-age data for natural pyrochlore and zirconolite. a) Data for pyrochlore were
collected by XRD (25). b) Data for zirconolite collected using analytical TEM (36). The upper
solid curves labelled Dc represent the critical amorphization dose and the lower dashed curves
represent the onset of alpha-decay damage. The intervening regions are the crystalline-amorphous
transformation zones.

Zirconolite

Electron diffraction and high-resolution TEM studies suggest that metamict zirconolite lacks
periodicity beyond the second coordination sphere, consistent with a random network model of the
amorphous state (31, 32). EXAFS-XANES results provide more detailed information for the Ti-
and Ca-sites, demonstrating that metamict zirconolite lacks periodicity beyond the first
coordination sphere, with reduced M-0 bond lengths, reduced coordination number, and increased
distortion of the Ti-0 polyhedra (32). The reduced coordination of Ti in the metamict samples has
recently been confirmed, pointing specifically to a five-fold coordination geometry (33).
Additional results for the Zr-, Th-, and U-sites indicate nearly identical coordination numbers and
bond lengths for the metamict and annealed samples (34). However, a reduction in medium range
order (e.g., M-O-M periodicity) and a significant increase in the range of Zr-O and Th-0 distances
were observed, suggesting that a slight variation of the M-O-M angles can have a profound effect
on long-range periodicity and medium-range order.

A detailed study of highly zoned samples from Bergell (Switzerland) and Adamello (Italy)
recently provided the first detailed results on the crystalline-amorphous transformation in natural
zirconolites (35). The concentrations of ThO2 and UO2 obtained by analytical TEM on crystals
from both localities demonstrated the substantial range of alpha-decay dose in these samples. TEM
work also revealed the changes in microstructure with increasing dose. Bright field, dark field, and
high-resolution images illustrate the appearance of mottled diffraction contrast (0.08 x 1016 a/mg)
with extensive development of amorphous domains in a crystalline matrix (0.4 x 1016 a/mg). At
higher dose levels, collision cascades overlap to produce larger amorphous areas and the remaining
crystalline domains are reduced in size to less than 10 nm (0.7-0.9 x 1016 a/mg).

Preliminary results were recently presented for seven suites of zirconolite samples ranging in
age from 16 Ma to 2060 Ma and in dose from 0.008 x 1016 a/mg to 24 x 1016 a/mg (36). Using
analytical TEM methods, dose "brackets" were determined and used to construct a plot of dose
versus age, revealing a pattern of upward curvature with increasing age for both the onset dose and
critical dose (see Fig. lb). As in the previous work on pyrochlore, this upward curvature was
interpreted as evidence for long-term annealing of isolated alpha-recoil collision cascades. The
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data were fitted using Equation 2 in order to determine the intercept dose and annealing rate
constant. Curve fits gave values of Do = 0.11 x 1016 a/mg and K = 1.0 x 10~9 y r 1 for the onset
dose curve, and Do = 0.94 x 1016 a/mg and K = 0.98 x 10~9 y r 1 for the critical dose curve.

Some information is now available on the thermal histories of the natural zirconolite samples
(37). In the case of the Bergell intrusion, the thermal history is well constrained by
thermochronology, a method of time-temperature path analysis that relies on age dating techniques
with different closure temperatures (e.g., U-Th-Pb, K-Ar, Rb-Sr, and fission track dating). From
these data, an average effective temperature of 185 °C was calculated for the intrusion. Using a
simple model of conductive heat flow together with the available geological information, estimates
of the average effective temperature were derived for four other zirconolite localities. The
combined data indicate that the zirconolites have been stored in the Earth's crust at average
temperatures of 100-200°C (certain pyrochlores studied earlier, e.g., references 25 and 26, are from
some of the same localities and therefore experienced the same P-T-t history).

HEAVY ION IRRADIATION

In one of the first studies of pyrochlore or zirconolite, Ewing and Wang (38) irradiated a thin
TEM sample of recrystallized natural zirconolite using 1.5 MeV Kr ions and showed that the
zirconolite became amorphous after a dose of 4 x 1014 ions/cm2. Subsequent work on synthetic
zirconolite samples and U-doped pyrochlore revealed that Dc ranges from 3.5 x 1014 ions/cm2 to
6.1 x 1014 ions/cm2 at room temperature, with no systematic variation as a function of composition
or polytype (39).

Wang et al. (40) recently examined the temperature dependence of amorphization of
Gd2Ti2O7 and CaZrTi2O7 thin films. Results for 1.0 MeV Kr ions revealed critical temperature
(Tc) values of 837 °C for the pyrochlore and 381 °C for the zirconolite. Tc is the critical
temperature above which amorphization cannot occur (the annealing rate is greater than the damage
production rate). Recent studies of the temperature dependence of Dc have been carried out for a
number of zirconolite compositions (41, 42) and analyzed using the simple model given below:

S ^ T c W J (Eq.4)

In Equation 4, Do is the critical dose at zero Kelvin, Ea is the activation energy for irradiation-
enhanced annealing of damage, and k is Boltzmann's constant. The data of Wang et al. (41)
indicate Tc values of 211-1 Al °C and activation energies of 0.2-0.4 eV for five different zirconolite
compositions (see Fig. 2a). In this work, the range of Tc values correlates with composition,
generally increasing with the level of Ce and Nd substitution. Similar results have been presented
by Smith et al. (42) for two CaZrTi2O7 samples prepared at 1200 °C and 1450 °C and having
different levels of crystallographic perfection (Fig. 2b). Smith et al. (42) also demonstrated that
these data are non-linear in plots of ln(l-Do/Dc) versus 1/T, indicating that the simple model of
Equation 4 relating the activation energy, critical temperature, and critical dose does not adequately
explain the results.

In A2TÏ2O7 pyrochlores with A = Y, Sm, Gd and Lu, heavy ion irradiation work has shown
no significant effect of A-site ion mass or size on the temperature dependence of the critical dose
for amorphization (43). In each case the dose for amorphization at room temperature was found to
be approximately 0.5 x 1014 ions/cm2. In stark contrast, pyrochlores of Gd2(Ti2-xZrx)O7
stoichiometry display a dramatic decrease in susceptibility to radiation induced amorphization as a
function of increasing Zr content, with the end member Gd2Zr2Û7 being totally resistant to
amorphization (44, 45). Dissolution experiments using a pH 2 solution at 90 °C have been
performed on some of these samples, but the results are not totally consistent. The leach rates of
Gd and Ti increased by a factor of ~10 in the amorphous sample of Gd2Ti2Û7 relative to the
crystalline sample. For Lu2Ti2O7, the leach rates of Lu and Ti increased by factors of about 5 and
9, respectively, due to amorphization. Interestingly, no significant effect of radiation damage was
observed for the leach rate of Y in Y2Ti2Û7. In this sample, the initial Ti leach rate was increased
by a factor of 6 in the amorphous sample, but this decreased over the duration of the test (43).
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Figure 2. Heavy ion irradiation data for thin TEM specimens of zirconolite. a) Selected data from
Wang et al. (41). Note the large range in the Tc that varies with composition, b) Data from Smith
et al. (42) for end-member zirconolite prepared at 1200 °C (2M polytype with stacking disorder)
and 1450 °C (perfect 2M). Stacking disorder has little effect on the temperature dependence. All
data sets have a similar critical amorphization dose at temperatures below about 473 K (200 °C).

Certain pyrochlores undergo an irradiation-induced transformation to a defect fluorite
structure, although the stability of the resulting structure is highly dependent on the ionic radii ratio
of the original pyrochlore (46). Pyrochlores with an ionic radius ratio of TA/TE < 1.52 (for instance
Gd2(TÏ2-xZrx)O7 with x > 1.5) transform to a stable radiation resistant fluorite-structure after
irradiation with 2 MeV Au2+ to a dose of 5 x 10^ ions/cm2. However as the ionic radius ratio of
the pyrochlore increases beyond rA/re > 1-52, e.g., Gd2(Ti2-xZrx)O7 with x < 1.5, fluorite becomes
increasingly unstable with respect to the amorphous state. No fluorite was observed in the similarly
irradiated Gd2(Ti2-xZrx)O7 with x = 0.5 or GchT^O? samples (rA/rs > 1.66). Similar results have
been reported for the pyrochlores NaCaNT^OôF and NaCaTa2C>6F, both of which have T^/VB = 1.80
(47).

DISCUSSION

Studies of actinide doped and natural samples indicate that pyrochlores with Ti, Nb, and Ta
as the major B-site cations become amorphous as a result of the gradual accumulation of alpha-
recoil collision cascades until the material becomes aperiodic. Heavy ion irradiation studies
generally confirm these results and show that the temperature dependence of the critical
amorphization dose may vary dramatically. For the pyrochlore structure type, this may be a direct
result of the composition as expressed by the radius ratio XJJTQ. In particular, pyrochlores with
XJ^ITQ < 1.52 transform to a defect fluorite structure that is resistant to amorphization by heavy ion
irradiation.

The dose curves for natural pyrochlore and zirconolite indicate critical dose values of
approximately 1.4 x 1016 a/mg and 0.9 x 1016 a/mg, respectively. A comparison with laboratory
ctiirli<=»e r\f rvurnr-Viinrp nnH virr-nnnlitp HnnfH with 238Pn onH 244p'rn cVinwe that tViP rritir.nl Hnsft

y g
studies of pyrochlore and zirconolite doped with *Cm shows that the critical dose
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values of natural pyrochlore and zirconolite are higher by a factor of approximately 2-4. This result
is probably due to the higher temperatures (100-200°C) experienced by the natural samples in their
host rocks, a proposal that is consistent with the laboratory data for samples of CaPuTi2Û7 and Cm-
doped zirconolite stored at elevated temperatures (23, 24). The dose-age data also provide evidence
for the long-term annealing of isolated alpha-recoil collision cascades in pyrochlore and zirconolite.
These results indicate that further increases in the critical amorphization dose due to long-term
annealing will not occur for time periods of less than approximately 10 million years. The available
data from dissolution tests of amorphous and crystalline samples indicate some increase in leach
rates due to amorphization, but the data are not entirely consistent and require confirmation.
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ABSTRACT
The thorium phosphate-diphosphate TL^PO^PiOy (TPD) structure allows the replacement of

large amounts of thorium by tetravalent actinides leading to the formation of solid solutions. This
compound was obtained in powdered or sintered form after pressing at room temperature at
300-800 MPa then heating at 1250°C for 10-30 hours. The resistance of this material to aqueous
corrosion was determined by varying several parameters such as surface, leaching flow, acidity or
temperature. It was thus possible to independently determine the influence of each parameter on the
leaching rate provided that the saturation of the solution was not obtained. In acidic media, the
partial order related to [HsO+] was found to be in the 0.31-0.35 range while, in basic media, the
partial order related to [OH"] was almost the same (0.45). The activation energy (42 kJ/mol) was
determined between 4°C and 120°C. Moreover, the addition of phosphate in the leachate slightly
increased the TPD dissolution rate. When the saturation of the solution is reached, a gelatinous
precipitate controls the thorium and phosphate concentrations. The complete characterization of this
solid led to the proposed general formula Th2(PO4)2(HPO4) . n H2O which conventional solubility

product (at I=0M) is very low : K^o = i0"6^-6 - 1-2 even in very acidic media.

INTRODUCTION
We already mentioned that the thorium phosphate-diphosphate Th^PO^PaOy (namely TPD)

could be used for the immobilization of actinides coming from an advanced reprocessing or for the
final disposal of the excess plutonium from dismantled nuclear weapons (1,2). This compound can
be synthesized whatever the chemical way of synthesis (using wet and dry chemistry methods) after
heating between 1100 and 1350°C. Its characterization and the replacement of Th4+ by large
amounts of U4+, Np4+ or Pu4+ in the structure leading to the formation of solid solutions
Th4.xMx(PO4)4P2O7 were extensively reported (1,3,4).

Since water is the main vector for the nuclides migration for deep underground disposal
storage, we evaluated the TPD resistance to aqueous corrosion by determining the influence of
several parameters on the TPD leaching rate. Owing to the very low dissolution rate of this solid, a
systematic study was undertaken in very corrosive conditions varying surface, temperature,
phosphate concentration and leaching flow.

SYNTHESE AND CHARACTERIZATION
The TPD samples were prepared form a mixture of concentrated thorium nitrate (1.5-2 M) and

phosphoric acid (5M) solutions in the mole ratio r = TI1/PO4 = 2/3. The final solid was obtained
after heating at 1100°C-1350°C for 10-30 hours in air with a heating rate equal to 2-5°C/min. It is
well-crystallized, homogeneous and single phase (the mole ratio Th/PO4 and the elementary wt. %
were verified by electron probe microanalysis (EPMA) for all the powdered and sintered samples).
After grinding, the average grain size was equal to about 10 \xm and the specific area reached 0.2 -
0.4 m2/g.
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Sintered samples of TPD were obtained from the residue prepared by evaporation of the
mixture then heating at 400°C during 2 hours. This residue was pressed via a uniaxial pressing at
100-800 MPa at room temperature then heated at 400°C for 2 hours and up to 1250°C for 10-30
hours with a heating rate equal to 2°C/min. The density of the samples was determined in terms of
the initial pressure used (2) using helium, xylène and water pycnometries. From 200 to 800 MPa, it
varied from 92 to 99 % of the calculated value (dcaic = 5.19).

DISSOLUTION STUDY

Several studies dealt with the mineral dissolution especially in the case of weathering
conditions. For several authors, all the parameters are macroscopic (5,6). The authors agreed that
for most of the minerals, the dissolution (or leaching) rate is controlled by surface reactions at the
solid-solution interface with the decomposition of an activated complex. These heterogeneous
reactions involve the adsorption of fluid species onto the surface, the reaction of these adsorbed
species with the atoms present at the surface of the solid then the desorption of the product species
formed at the surface.

EXPERIMENTAL SECTION

Several leaching tests were performed for TPD (pure or doped with 241Am or 244Cm). Samples
of 50 mg - 1.4 g of powdered (or sintered) TPD were put into 5-10 mL of solution (distilled water,
acidic or basic solutions). The separation of both phases was obtained by centrifugation at 2000 -
13000 rpm then a part of the leachate (100 uL - 3mL) was taken off at regular intervals and
renewed with fresh solution. The activity of thorium (or actinide) released in the solution was
measured by a-liquid scintillation (PERALS™ spectrometry). PTFE (Polytetrafluoroethylene)
containers were chosen for the leaching experiments at 90°C while for lower temperatures they
were in high-density polyethylene. In these conditions, less than 1% of the total dissolved elements
is adsorbed onto the surface of the containers.

DEFINITION OF THE NORMALIZED LEACHING AND NORMALIZED LEACHING RATE

The leachability of the element / from a mineral can be described by its normalized leaching,
NL(Î) (g/m2) defined as follows:

= - ^ - (1)
/ } S

where mt corresponds to the total amount of/ measured in the solution (g);fi is the mass ratio in the
solid and S the surface area of the solid.

For a congruent dissolution, the leaching rate Rtfi) (g/(m2.d)) can be written:

RT - 1
 ;;<*nH_rfNL(i) ,

L ftxS dt dt

It is usually expressed in g/(m2.d) and noted RH in acidic media and Ron in basic media. It
corresponds to the slope obtained when drawing the normalized leaching as a function of time as
mentioned by several authors for washed minerals (7). For unwashed minerals, a higher release was
observed during the first days of dissolution because of the surface heterogeneity (minor phases,...)
(7). This problem was avoided in corrosive media.

EXPRESSION OF THE TPD DISSOLUTION RATE

We calculated the leaching rates from the quantity of dissolved thorium, considering that the
dissolution of the solid is congruent. It was verified in 5M HNO3 since the mole ratio Th/PC>4
remains equal to 2/3 in the leachate as a function of the leaching time (Table I).
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Table I. Evolution of the thorium and phosphate concentrations measured in the leachate
(5M HNO3, 9 = 25°C)

Leaching time (hours)

24

55

128

175

CTh(M)

(3.7±0.2)10"4

(5.3 ±0.2) 10"4

(5.8 ±0.3) 10"4

(6.0 ±0.3) 10"4

CPO4(M)

(5.4 ±0.3) 10"4

(7.6 ±0.3) 10"4

(8.7 ±0.3) 10"4

(8.8 + 0.4) 10"4

Mole ratio Th/PO4

0.68 ± 0.04

0.70 ± 0.04

0.66 ± 0.03

0.68 ± 0.04

INFLUENCE OF THE SOLID SURFACE AREA

The apparent dissolution rate of a mineral, r (g/d) can be expressed as a function of the reactive
surface area S as follows (5):

dm.
r = •

d\
= R L x S (3)

This study was performed on powdered TPD in 5M HNO3 at 25 °C considering several
conditions (50 mg -1.4 g of solid with various surface areas). We clearly observed that dmldt
increases linearly with the reactive surface area S as shown form Table II and Eq. 4:

— = 1.84(8) xlO'2 S + 3(l)xlO"4 (4)

It is coherent with Eq. 3 since the slope corresponds to the RH value measured in 5M HNO3 at 25°C
(Table IV) and the intercept is near to zero. So, the species measured in solution are under
saturation conditions (absence of secondary phases).

Table II. r dependence on the surface for TPD (5M HNO3, 0 = 25°C)

Surface (m2)

0.012

0.025

0.049

0.146

0.196

0.247

0.346

S/V (cm"1)

24

50

98

290

390

490

690

dmldt (g/d)

(6.9 ± 0.3) x 10"4

(1.11 ± 0.07) x 10"3

(1.51 ± 0.06) x 10~3

(2.9 +0.1) x 10"3

(3.7 ± 0.3) x 10"3

(4.9 ± 0.2) x 10"3

(6.9 ± 0.3) x 10"3

Influence of the leaching flow
The influence of the leaching flow on the normalized leaching rate was also studied to

confirm that no secondary phases are formed in these conditions. The leaching tests were performed
with powdered TPD in 5M HNO3 at 25°C for leaching flows varying from 0.02 to 20 mL/(m2.d).
The experimental data (Table III) showed that RH remains almost constant during the first 50 days
of leaching time in this medium even for the higher leaching flows studied.
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Table III. RH dependence on the leaching flow for TPD (5M HNO3, 0 = 25°C)

Leaching flow (mL/(m2.d))

0.02

0.4

0.99

2.0

7.0

20

RH (g/(m2.d))

(2.4 ± 0.3) x 10"2

(2.3 ± 0.2) x 10"2

(2.8 ± 0.1) x 10"2

(2.4 ± 0.3) x 10"2

(3.5 ± 0.3) x 10"2

(3.7 ± 0.2) x 10"2

Influence of the temperature
The normalized leaching rate usually depends on the temperature considering the Arrhenius

(5)

where k is the normalized leaching rate constant independent on the temperature (g/(m2.d)) and Eapp.
is the activation energy of the mineral dissolution (kJ/mol) (6). This study was performed on
powdered TPD between 4°C and 120°C in 5M HNO3 keeping constant all the other parameters. The
Eapp. value was determined considering the slope of the straight line obtained by studying the
variation of In (RH) as a function of the reciprocal temperature. The slope obtained from the linear
regression was found to be (-5045 ± 360) K which leads to Eapp. = (42 ± 3) kJ/mol.

Table IV. RH dependence on the temperature for TPD (5M HNO3, 6 = 25°C)

Temperature (K)

277

298

323

343

363

393

RH (g/(m2.d))

(4.5 +0.1) x 103

(1.93+0.08) x 10"2

(5.3+0.1) x 10"2

(2.5 ± 0.3) x 10"1

(4.0 +0.3) x 10"1

(7.6 +0.4) x 101

Leaching tests of solid solutions Th4_xPux(PO4)4P2O7 were also performed in distilled water
between 25 °C and 90°C using high leaching flow in order to avoid any formation of neoformed
phases. They led to Eapp. = (41 ± 1) kJ/mol which is coherent with the previous value and indicates
that Eapp. seems to be independent on the leachate acidity and on the presence of tetravalent
plutonium in the structure. Both Eapp. values are in good agreement with those reported for others
minerals (40-80 kJ/mol) (6).

Influence of[H3O+]
Many authors already investigated the influence of pH on the normalized leaching rate. They

showed that the dissolution rates of most of the minerals increase with the proton activity if the pH
is lower than 7 as follows (8):

(6)RT )
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where k' is the normalized leaching rate constant for proton-promoted dissolution (g/(m2.d)); k'r is

the apparent normalized leaching rate constant (dependent on temperature); aH3o
+ is the proton

activity and n, the partial order related to the proton activity.

For several minerals, the n value was found between 0 and 1 (6). This parameter depends on the
dissolution mechanism but does not correspond to the number of protons involved in the dissolution
reaction. Some authors tried to interpret this value in terms of surface species concentrations (they
found an integer partial order related to the protons adsorbed on the solid surface) (9). The
influence of pH on RH was explained by the decomposition of an activated complex which surface
concentration depends on the dissolved proton concentration.

Owing to the precipitation of thorium as a thorium phosphate hydrogenphosphate for pH > 1 as
reported in the following sections, we determined the influence of pH on the TPD leaching rate for
samples doped with trivalent actinides (241Am or 244Cm) between pH=l and 4 (2). The ionic
strength was fixed to I = 0.1 M by addition of NaClC>4 or NaNÛ3. The RH values were measured for
several pH (Table V) and allowed the determination of « and k'298K-

The RH value strongly decreases in 10"4M HC1O4 (for TPD doped with 244Cm) and in 10"4M
HNO3 (for TPD doped with 241Am) due to thé precipitation of curium (or americium) phosphate
hydrate as already reported (2). For this reason, we determined the n value between pH=l and
pH=3. Moreover, the TPD dissolution slightly increases with the proton activity. Indeed, the n
values are lower than that reported for several minerals in the literature (6,10) which indicates that
the TPD resistance to aqueous corrosion is quite good even in acidic media.

Table V. Normalized dissolution rate of TPD in acidic solutions (6 = 25°C)

[H3O
+]

IO- 'M

10'2M

10'3M

10"4M

n

k'298K

RH (g/(m2.d)) a

(1.2 ± 0.1) x 10"5

(6.0 ± 0.2) x 10"6

(2.9 ± 0.2) x 10"6

(4.4 ± 0.6) x 10"9

0.31 + 0.01

(2.4±0.1) x 10sg/(m2.d)

RH (g/(m2.d)) b

(5.9 ± 0.1) x 10"6

(1.84 ± 0.04) x 10'6

(1.18 +0.04) x 10"6

(6.5 +0.6) x 10"8

0.35 + 0.04

(1.2 + 0.3) x 10 s g/(m2.d)
a leaching tests of TPD doped with 244Cm in HC1O4
b leaching tests of TPD doped with 241Am in HNO3

Influence of [OH ~]
We were also interested in the same study in basic media by performing the leaching tests in

ÎO^M-IO^M NaOH under inert conditions (Ar). In these operating conditions, thorium precipitated
rapidly (probably as a thorium hydroxide hydrate) while the phosphate concentration increased
linearly with the leaching time. For this reason, the ROH values (Table VI) were determined from the
variation of the phosphate concentration in the leachate considering Eq. 7:

_ h-tt
xm (7)

where k"j is the apparent normalized leaching rate constant for hydroxide-ion-promoted

dissolution (expressed in g/(m2.d)), and m, the partial order related to [OH'].
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Table VI. Normalized dissolution rate of TPD in basic solutions (9 = 25°C)

[0H-]

lO^M

10"2M

10"3M

10"4M

m

K 298K

Ron (g/(m2.d))

(3.5±0.2)xl0"5

(1.7±0.2)xl0-5

(5.8±0.9)xl0"6

(1.6 ± 0.6) x 10"6

0.45 ± 0.04

(1.1 ± 0.3) x 10"4 g/(m2.d)

The partial order related to [OH"] (m = 0.45) is of the same order of magnitude than the partial

order related to [H3O"1"] in acidic media (n = 0.31-0.35) and remains rather low. That confirms the
good resistance of TPD to aqueous corrosion by comparison to other minerals.

We also verified that the TPD dissolution was slightly influenced by the phosphate
concentration because they are probably involved in the formation of the activated complex at the
surface of the solid. This study was performed in 5M HNO3 at 25°C for phosphate concentrations
varying from 10"2 M to 0.89 M. We found that the normalized leaching rate slightly increases with
the phosphate concentration. Nevertheless, this increase is very low and becomes significant only
for concentrations higher than 0.1M.

CHARACTERIZATION OF THE PHASE NEOFORMED AT SATURATION
Several leaching tests were performed in 5M HNO3 at 90°C for very long leaching times in

order to get the complete dissolution of TPD and to characterize the phase neoformed when the
saturation of the solution is reached (for example in ÎO^M-IO^M HNO3). During these
experiments, the normalized leaching related to thorium first increases linearly with the leaching
time then strongly decreases after 30 days and reaches a plateau (the dissolution becomes
incongruent). The first step corresponds to a kinetic process while the second step was assigned to
the formation of a gelatinous-precipitate, which controls the thorium and phosphate concentrations
in the leachate. We verified that in all the acidic media studied, the mole ratio Th/PO4 remained
equal to 2/3 in the leachate (i.e. the stoichiometry of the initial TPD) which confirms that the
dissolution is stoichiometric in these conditions. Consequently, the stoichiometry of the neoformed
phase should be equal to 2/3 too.

The solid obtained after the complete dissolution of TPD was characterized by several
methods. The XRD pattern showed diffraction lines which do not correspond to TPD (Fig. 1.). The
TEM study revealed that this residue was a polyphase system composed of amorphous and
crystallized phases. The EPMA analysis (Table VII) of the residue obtained after removal of the
supernatant (#1) or after the direct evaporation of the mixture at 90°C (#2) led to a mole ratio Th/P
equal to 0.69 (which is very close to 2/3 found in the TPD). The total wt. % is far from 100% due to
the very small grain size which leads to difficult analyses. Moreover, the results obtained are in
very good agreement with that obtained for the thorium phosphate-hydrogenphosphate
Th2(PO4)2(HPC>4) • H2O synthesized using hydrothermal conditions (#3). All the vibration modes
corresponding to water and PO4 group were observed in the infrared spectrum of the residue. A
weak shoulder (located at 2400 cm'1) was assigned to the (P)-O-H vibration mode. The band

observed at 1234 cm" was assigned to the symmetric stretching mode of (P)-O-H of HPO4 groups
in the plane deformation according to the literature (11). In these conditions, it was possible to
propose the formula Tl^PC^HPCU). n H2O (TPHP) for the neoformed solid. Indeed, the XRD
diagrams of both samples (#1 and #2, Fig. lb) are identical to that of Th2(PO4)2(HPO4) . H2O (#3,
Fig. lc). The water amount contained in the solid was determined from TGA results.
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Table VII. Results of EPMA analysis of leached TPD and Th2(PO4)2(HPO4). H2O

Weight %

Th

P

0

Total

Th/P

Cale. a

62.6

12.6

24.8

100

0.667

Exp.(#1)

52.7 + 4.0

10.1 ±0.8

20.3 ±1.6

83.1 ±6.4

0.69 ± 0.03

Exp. (#2)

55.0 + 2.2

10.7 + 0.5

21.4 ±0.8

87.1 ±3.5

0.68 ±0.02

Exp.(#3)

54.6 ±2.2

11.1 ±0.8

22.0 ±1.6

87.9 ±4.7

0.66 ± 0.07

a calculated considering the formula Th^PO

3

(a)

(b)

H / \ J v \ A A / M i IV I \ / V A A k P v \ t^V\ L J\

10 15 20 25 30 35 40 45 50

28(degrees)

55

Fig. 1. XRD diagram of unleached (a) and leached (b) TPD (5M HNO3, 90°C) - XRD of
TPHP obtained using hydrothermal conditions (c)

DETERMINATION OF THE SOLUBILITY PRODUCT OF Th2(PO4)2(HPO4). n H2O

The conventional solubility product of the TPHP, K°s*0 (calculated for I=0M), was

determined from the results obtained when leaching the TPD in 10"1 - 10"4M HNO3 at 25°C taking
into account the following equation :

4+)2x(y (8)

The Specific Interaction Theory was used to determine the ion activity coefficients. The
speciation of thorium and phosphate species was determined using the CHESS software (12). The

results are reported in Table VIII. They are consistent (average value : K°so= 10"666±li2) and

confirm the very low solubility of the neoformed TPHP : Th2(PO4)2(HPO4). n H2O.
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Table VIII. Values of Ks>0 obtained for Th2(PO4)2(HPO4). n H2O

Leachate

10"'M HN03

10"2M HNO3

10"3M HNO3

10"4M HNO3

10"3M HCIO4

C T h 4 +

7.3 x 10"5 M

8.5 x 10"6 M

l x 10"6M

4x 10"7M

1 x 10"6M

[Th4+]

6.9 x 10"5 M

5.7 x 10"6M

5.4 x 10"7M

9 x 10"8 M

4 x 10"7 M

c -iPO^-

1.1 x 10"4M

1.5 x 10"5M

1.5 x 10"6M

6x 10"7M

2 x 10"6M

[HPCtf]

1.2 x 10"" M

6.2 x 10"nM

7.5 x 10"nM

1.4 x 10"I0M

1.0 x 10"'° M

[PO3
4]

2 x 10"22 M

1 x 10"20 M

1,2 x 10"19M

2,2 x 10"18 M

1,6 x 10"19M

0*
L°g(Ks,o)

-68,5

-66,6

-66,4

-65,2

-66,3

CONCLUSION
All the experimental data obtained showed that the TPD is very resistant to aqueous corrosion

even in acidic (and basic) media. The influence of several parameters (such as temperature, leachate
acidity) on the normalized leaching rate were independently determined in under-saturation
conditions. The activation energy (42 ± 3 kJ.mol"1) as well as the partial orders related to [H3O+]

(n= 0.31 - 0.35) and [OH"] (m - 0.45) were found to be lower than that reported for several
minerals or matrices. When the saturation of the solution is reached, a gelatinous-precipitate
controls the thorium and phosphate concentrations in the leachate. It was identified as a thorium
phosphate hydrogenphosphate hydrate in which the mole ratio Th/PO4 remains equal to 2/3 (same

ratio than in TPD). The corresponding conventional solubility product Kçg is equal to io"666±L2

which confirms the very low solubility of this neoformed phase.
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ABSTRACT

The post irradiation examinations (PIE) on the twenty years stored spent fuels were carried out to evaluate
fuel integrity during storage. The spent BWR-MOX fuel rods and PWR-UO2 fuel rod irradiated in
commercial LWR were used. The burnup of the BWR-MOX fuels (five fuel rods) are about 20GWd/t and
that of the PWR-UO2 fuel is 58GWd/t. PIE items in this study are, a) visual inspection of the cladding
surface, b) puncture test or gas analysis in capsule, c) ceramographic examination to observe oxide layer
thickness on outside/inside cladding and pellet microstructure such as grain size, d) electron probe
microanalysis (EPMA) on pellet, e) hydrogen content in cladding. The preliminary result shows that twenty
years stored fuel rods were not different from that before storage.

INTRODUCTION

In Japan development of advanced spent fuel storage technology is necessary for high burn-up UO2 and
mixed oxide (MOX) spent fuels coming from nuclear power plants in the near future. Central Research
Institute of Electric Power Industry (CRIEPI) has been studying the dry storage system such as a dry cask
and a concrete module. There is few data related to spent fuel behavior, especially during dry storage. It is
therefore necessary to obtain the data of the fuel integrity during storage by PIE.

In this study, the spent BWR-MOX fuels and PWR-UO2 fuel irradiated in commercial LWR were used.
For the BWR-MOX fuels five fuels were stored under two different storage condition for twenty years :
Three fuel rods of them were stored under wet condition. Other two rods were stored under dry condition (in
air) in capsule after cutting to short length segments. For the PWR-UO2 fuel a fuel rod was stored under dry
condition (in air) for twenty years.

The following PIE items were carried out to evaluate fuel integrity during storage. For wet storage fuel
rods of the BWR-MOX, a) visual inspection of the cladding surface, b) puncture test. For dry storage
segments of the BWR-MOX, c) gas analysis in capsule, d) ceramographic examination on pellets and
cladding. The results were compared with that of PIE carried out for sibling fuel rods before storage.

For the PWR-U02 fuel rod, a) visual inspection of the cladding surface, b) puncture test, c) ceramographic
examination on pellets and cladding, d) electron probe micro analysis (EPMA) on fuel pellet, e) hydrogen
content in cladding.

FUEL SPECIFICATION AND AS-FABRICATED MICROSTRUCTURE

Table I show the specification of the BWR-MOX and the PWR-UO2 fuel used in this study. For the
BWR-MOX fuel, initial fissile plutonium enrichment is 2.25wt% and fuel rods were irradiated up to
20GWd/t in the 6 x 6 fuel assembly. For the PWR-U02 fuel, initial uranium enrichment is 3.6wt% and fuel

1
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rod was irradiated up to 58GWd/t in the 14 x 14 fuel assembly. The initial helium gas pressures of the
BWR-MOX and the PWR-U02 fuel rod are O.lMPa and 3.3MPa respectively. Especially in the PWR-UO2

fuel rod, air at atmospheric pressure is also contained.

Table I The specification of twenty years stored fuel
(a) BWR-MOX fuel

Pu/Puf

Rod array

Burn-up (rod)

Wet/dry storage

2.7wt%/2.25wt%

6x6

18-22GWd/t

20 years

(b)PWR-UO2fuel
U enrichment
Rod array

Burn-up (rod)

Dry storage

3.6wt%
14x14

58GWd/t

20 years

In the ceramography observation of as-fabricated BWR-MOX fuel, the agglomerates of UO2 grains were
surrounded by plutonium rich region.

THE PIE RESULTS OF THE BWR-MOX FUEL BEFORE AND AFTER TWENTY YEARS STORAGE

The Position of The Sibling Fuel Rods in The BWR-MOX Fuel Assembly

The position of the fuels in the fuel assembly is shown in Fig.l. Wl to W3 correspond to wet condition
storage fuel, and Dland D2 correspond to dry condition storage fuels. The characterization data obtained
from sibling fuel rods before storage, which were irradiated at symmetry position A, B and D in fuel
assembly, were used to compare with the results of PIE after twenty years storage.

Chemical Isotopic Analysis and ORIGEN2/82 calculation before Dry Storage

The chemical isotopic analysis was carried out to evaluate the validation of ORIGEN2/82 calculation.
Four samples from two sibling fuels in the BWR-MOX assembly were carried out chemical isotopic
analysis. Sample Dll and D12 were from lower and upper axial position of fuel Dl. Sample D21 and D22
were from lower and upper axial position of fuel D2. Uranium, plutonium and neodymium nuclide
composition in samples was analyzed.

The local burn-up achieved during irradiation was calculated on the basis of the total heavy metal and Nd-
148 obtained by chemical analysis. The BWR-MOX cross section library prepared in ORIGEN2/82 was
applied in the calculations and the irradiation history was simplified to 1089 FPD under constant specific
power.

Table II shows the results of analyses such as isotopic composition and local burn-up. The nuclide
composition of uranium (from U234 to U238), plutonium (from Pu238 to Pu242) and Ndl48 were analyzed.
The local burn-ups determined by chemical isotopic analysis were from 21GWd/t to 24GWd/t. The sample
from D2, which was at outer zone in fuel assembly during irradiation, has higher burn-up than that from Dl
because there is the higher thermal flux in outer zone than that in inner zone in fuel assembly.

Table II The results of chemical isotopic analyses
Position of sample Dl D2
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Sample
Isotopic composition

U234
U235
U236
U238

Isotopic composition
Pu238
Pu239
Pu240
Pu241
Pu242

Local burn-up (Ndl48)
Local burn-up

xlO16

atoms/
solution

xlO16

atoms/
solution

at%FIMA
GWd/t

Dll(lower)

3.731xlO2

2.031xl04

3.465xlO3

5.306xlO6

1.458xlO3

4.830xl04

3.647xlO4

1.459xlO4

5.925xlO3

2.121
20.74

D12(upper)

4.016xl02

2.301xl04

3.787x103

5.710xl06

1.637xlO3

6.307xl04

3.816xlO4

1.677xlO4

5.708xl03

2.129
20.82

D21 (lower)

3.814xlO2

2.059xl04

4.513xlO3

6.330xl06

1.625xlO3

4.226x104

4.104xl04

1.556xlO4

8.092xl03

2.422
23.69

D22(upper)

3.3O3xlO2

1.861xlO4

4.018xlO3

5.482xlO6

1.588xlO3

4.563xlO4

3.584xlO4

1.579xlO4

6.921xlO3

2.438
23.84

Table III shows the C/E (Calculation/Experiment ratio) of uranium and plutonium. The isotopic
composition obtained from calculation and experiment are normalized in atomic number of U238
respectively. The BWR-MOX library of ORIGEN2/82 gives the cross section at 40% void. The upper
position of fuel rod has higher void fraction than lower position. The C/E of fissile nuclides such as U235
and Pu239 are better at higher void fraction position (i.e. D12 and D22) because the BWR-MOX library may
be more adequate at upper position.

The result shows the possibility of roughly estimation of helium production by alpha decay of actinides
during irradiation and storage.

Table III The C/E value of uranium and plutonium isotopes
Position of sample

Sample
U234
U235
U236
U238
Pu238
Pu239
Pu240
Pu241
Pu242

Dl
Dll(lower)

0.18
1.07
0.98
1.00
0.63
1.26
1.13
0.77
0.83

D12(upper)
0.18
1.02
0.96
1.00
0.61
1.04
1.16
0.72
0.93

D2
D21 (lower)

0.22
1.14
0.99
1.00
0.73
1.58
1.22
0.90
0.83

D22(upper)
0.22
1.09
0.96
1.00
0.65
1.26
1.21
0.77
0.85

Visual Inspection of the Outer Surface on Cladding and Oxide Thickness of Wet Storage Fuel

Fig.2 shows the visual inspection of fuel rods before/after twenty years wet storage. There is a rubbed
mark on the cladding outer surface after storage by fuel handling. But the cladding surface is generally
sound, with no particular feature that could be attributed to twenty years storage under wet condition.

Puncture Test and Gas Analysis

The puncture test and the gas analysis were executed to evaluate additional gas release during storage.
Table IV summaries the results of puncture test and gas analysis for fission gas before/after storage.
Fractional fission gas release value before/after storage is about 14%. This result shows there is little
additional fission gas release during storage.

In a MOX fuel, higher actinide nuclides such as plutonium, americium and curium produce helium gas
by alpha decay and helium inventory in fuel pellet increases during storage. Table V shows the helium
inventory calculated by ORIGEN2/82 and helium release obtained by measurement. The helium gas
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release (%) based on the production obtained by calculation shows that the major amount of helium was
released from pellets before storage. Although twice amount of helium is produced by alpha decay during
twenty years storage, there is little additional helium release and almost all helium produced during storage
is retained in pellet. The gas analysis inside capsule, in which segment fuels were stored, also resulted no
detectable release for fission and helium gas. Fig.3(a), (b) shows the helium production behavior in W2
fuel calculated by ORIGEN2/82 during irradiation and storage till forty years. Helium in MOX fuel is
produced by alpha decay and (n,alpha) reaction during irradiation. During storage, helium will be
produced mainly from Am241, Pu238, Cm244 and Cm242 by alpha decay. The amount of helium
increases about five times at discharge to forty years storage. Fig.3 (a) also shows the effect of an initial
Pu fissile inventory in fuel on the helium production. In cases that an initial Pu fissile inventory in fuel is
changed in +5% (Puf:2.36wt%) and - 5 % (Puf:2.14wt%) to reference (Puf:2.25wt%), helium amount at
forty years storage is changed in about - 8 % and +8% to reference respectively. Table VI shows the
contribution of actinides to the change of helium amount at forty years storage. The amount of Pu238 and
Cm244 in fuel at discharge is sensitive to helium production during storage.

From Table IV and Table V, it can be concluded that there is no significant release of fission and helium
gas during storage of this low burnup MOX.

Table IV Fission gas release before/after storage of the BWR-MOX fuel
Fuel rod

Before/after storage

Burn-up (GWd/t)*
FP gas release (%)

Xe/Kr ratio

Wl
After

A
Before

21.4
14.0
16.3

12.9
14.9

W2
After

D
Before

18.2
12.4
16.5

13.8
14.6

W3
After

B
Before

21.0
16.0
15.0

14.8
15.0

Dl
Before

17.9
11.1
15.4

D2
Before

22.1
14.7
15.2

Table V Helium release before/after storage
Fuel rod

He gas production* (cmVkgMOX)
Before storage
After storage

He gas release** (cm3/kgMOX)
Before storage
After storage

He gas release(%)
Before storage
After storage

Wl and A

9.90
20.1

11.6
9.7

117.1
48.3

of the BWR-MOX fuel
W2 and D

8.5
17.9

9.3
7.9

108.2
44.2

W3 and B

10.1
20.4

9.2
9.8

91.0
48.1

Calculation by ORIGEN2/82. **measurement :fuel rod A, D and B correspond to before storage,
and W1,W2 and W3 correspond to after storage.

Table VI The contribution of actinide to the change of helium amount at forty years

Pu fissile:-5%

Pu fissile:+5%

Pu238

41.8%

42.4%

Am241

4.7%

4.8%

Am242m

0.2%

0.2%

Am243

0.6%

0.6%

Cm242

11.7%

11.6%

Cm244

42.0%

40.5%

Cm245

0.0%

0.0%

Ceramographic Examination before/after Dry Storage Fuel

The pellet microstructure and oxide layer thickness was observed by the ceramographic examination.
Fig.4 shows the fuel rod macrography of the BWR-MOX fuel after dry storage. There are many radial
cracks in pellets. Fig. 5 shows the outer/inner oxide layer on cladding. In figure the cladding outer surface
shows a very uniform oxide layer of typically 2-3 jam average thickness. The nodular thickness reaches up to
typically 30-35|um. The inner oxide layer thickness varies between lpm and 15|j,m.

Fig.6 shows the pellet structure at periphery and center before/after dry storage. There are larger grains
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surrounded by smaller grains at pellet periphery before/after storage. This microstructure is close to the as-
fabricated one. From near pellet half radius to pellet center this microstructure was disappeared by diffusion
of U and Pu under higher temperature, and grain size is uniform. The summary of results from
ceramographic examination for before/after dry storage of the BWR-MOX fuel is shown in Table VII.

These preliminary results show no remarked difference in microstructure after dry storage of these low
burn-up BWR-MOX fuel.

Table VII The summary of ceramographic examination of the BWR-MOX
Fuel

D2

D

A

B

Sample

Before

After

Before

Before

Before

Before

Before

Position*
(mm)

630-655

720

790-815

350-375

666-688

552-575

833-843

Burn-up
(GWd/t)

26.7

26.5

26.4

21.5

22.0

25.0

25.6

Outer oxide
(M,m)

Nodular:-
Uniform: 2-4
Nodular:30-

35
Uniform:2-3

Nodular:-
Uniform:2-4

Nodular:20-
45

Uniform:2-4

Nodular:35
Uniform:4

Inner oxide**
(Hin)

6-12

1-15

6-14

0-6

P/C gap
(fim)

40,30,25,45

10-85
average:40

25,25,15

60,40,40,40

50-60

Grain size
(|Lim)

center:8,middle: 16,
periphery:4

center:7,middle:7.5,
periphery:3

center: 10,middle: 14,
periphery:-

center:7,middle:7,
periphery:3

center:7,middle:-,
periphery:3

* Position from fuel bottom. ** Inner oxide layer thickness includes Cs layer
Hydride Distribution in Cladding

Fig.7 shows hydride precipitates distribution over the cladding thickness before/after storage. The hydride
distribution in cladding before/after storage is very similar aspect.

THE PIE RESULTS OF THE PWR-UO2 FUEL AFTER TWENTY YEARS DRY STORAGE

Visual Inspection of the Outer Surface on Cladding and Puncture Test

The surface of PWR-UO2 fuel cladding was covered with a thin oxide layer. But the surfaces of fuel
cladding were generally sound, with no particular feature that could be attributed to twenty years storage.
Fractional fission gas release value was 2.2%. This value is not significantly different from the other results
(1,2) and there was no significant additional helium release during storage.

Ceramographic Examination and Hydrogen Content in Cladding

Fig.8 shows the inner oxide layer at the highest burn-up position on fuel rod. The oxide thickness is about
10p.m. From the macrography observation there was no remarked difference in microstructure after dry
storage of the PWR-UO2 fuel.

The hydrogen concentrations in cladding at the highest burn-up and the most thick oxide layer position
after storage was 56ppm and 122ppm respectively. This value is not significantly different from the results
in published reports.

Electron Probe Microanalysis along Pellet Radius
Concentration profiles of element such as U, Pu, Nd, Cs and Xe were measured by EPMA to obtain

5
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detailed distribution of U and Pu, local burn-up and intragranuer gas distribution during irradiation and
storage. Fig.9 shows the Cs and Xe concentration profile in the pellet. In Fig.9(a) Cs shows the typical
concentration profile in a high burn-up fuel pellet i.e. higher Cs concentration at pellet surface. Fig.9(b)
shows Cs and Xe ratio to Nd concentration (Cs/Nd and Xe/Nd) which indicates relative burn-up. Cs/Nd
shows flat distribution along radius. This means that the fuel was irradiated under rather low linear heat and
that there was little Cs migration. For Xe/Nd, although intragranuer Xe is decreased drastically at the pellet
surface by the rim effect, Xe is released slightly near pellet center by rather higher temperature during
irradiation. This is consistent in low fission gas release obtained by the puncture test. The Cs and Xe profile
show generally typical features in high burn-up fuel and it is concluded that there is no significant migration
and fission gas release during twenty years dry storage of the PWR-U02 fuel.

SUMMARY

The PIE on stored spent BWR-MOX fuels (2.7wt%Pu, 20GWd/t) and PWR-U02 fuels (3.6wt%U235,
58GWd/t) were carried out to evaluate fuel integrity during storage. Both types of fuels were stored under
wet or dry (in air) condition for twenty years. The following PIE items were carried out in this study, a)
visual inspection of the cladding outer surface, b) puncture test and gas analysis, c) ceramographic
examination to observe oxide layer thickness on outside/inside cladding and pellet microstructure such as
grain size, d) electron probe microanalysis (EPMA) on pellet, e) hydrogen content in cladding. These
preliminary results show no marked difference in visual inspection, fission gas release, oxide layer thickness
and microstructure after storage of both types of fuel rods. However, further examination is required to
conclude on spent fuel integrity during long term storage.
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Fig.l. The position of the fuel rods in the fuel assembly of the BWR-MOX fuel
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(a) before storage (b)after storage
Fig.2. The visual inspection of the outer surface on the cladding (BWR-MOX fuel)
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Fig.6 Pellet ceramography before/after dry storage of the BWR-MOX fuel
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ABSTRACT

Within the framework of studies about the long-term behaviour of spent fuel, the mechanism
and the kinetics of UO2 alteration require to be known. Water alpha radiolysis is so considered as
determining in the corrosion rate of UO2 fuel.

A state of knowledge on this subject is presented. The behaviour of UCVwater interface
under irradiation has been investigated as a function of alpha flux using a particle beam provided by
a cyclotron. Released amount of uranium, hydrogen peroxide concentration (H2O2) increased
whereas pH decreased when alpha-beam flux increased. The effect of the radiolytic species H2O2 on
the UO2 dissolution out of irradiation was also investigated. The uranium release rate was found
smaller for leaching tests with H2O2 solution than for those performed under irradiation. These
results show that others radiolytic species, as OH radical, can be involved in the
oxidation/dissolution processes of UO2 under irradiation.

In the future, this study will be continued in ATALANTE's laboratories to verify the
radiolysis water impact on spent fuel or a-doped UO2.

INTRODUCTION

The environmental assessment of nuclear used-fuel (composed of >95 wt% UO2 for UOX
type, depending on its burn-up) disposal requires a prediction of release rates of uranium from the
fuel once contact with water is established. Ionizing radiations from the fuel produce chemical
species (like H2O2, O2 and OH radicals) in water, which may cause oxidising conditions near the
fuel surface (1,2) and would enhance the dissolution of uranium. After the metallic container
lifetime (few hundreds years), water reaching the fuel will be subjected mainly to alpha radiolysis.
Therefore, the investigation of the impact of water alpha-radiolysis on the UO2 alteration is
necessary to predict the long term behaviour of spent fuel.

This report presents a short state of knowledge on this subject. We performed original
experiments on the external alpha radiation effect at the UO2/water interface. We investigated also
the specific effect of the radiolytic species H2O2 on the UO2 corrosion, out of irradiation.

STATE OF KNOWLEDGE

The dissolution rate of UO2 in aqueous solutions depends on degree of surface oxidation of
the fuel, which is governed by the solution redox conditions (1,2). Significant dissolution of
uranium is expected to occur once the surface reaches a composition of UO2.33 (1,3)

The alpha-radiolysis effects on oxidation and dissolution of UO2 have been previously
investigated by two different methods.

The first one consisted of the use of an external alpha-source placed in water to irradiate the
UÛ2/water interface (1,4-6). The corrosion rate was determined by using electrochemical
techniques, and it was found to increase with the alpha dose rate. Moreover, according to Sunder et
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al, alpha radiolysis effects on the one hand, H2O2 effects on the other hand, appear to be similar
(2).

The second method to study alpha-radiolysis impact uses UO2 pellets containing alpha
emitters (238Pu, 239Pu) (7-9). The leaching of both undoped and Pu-doped UO2 pellets have been
studied in a salt brine at 90°C by Gray (7,8). Specific activities of a first set of pellets doped mainly
with 239Pu were 1.06xl06 Bq.g"1 and 1.72xlO8 Bq.g"1 for a second set doped mainly with 238Pu. The
total uranium mass loss rate from Pu-doped UO2 pellets was about 10 times greater than from
undoped pellets. The mass loss rates for the two sets of Pu-doped UO2 pellets were found about
equal, which suggests that alpha activity does not take part in these experiments. The uranium
release from undoped and 238Pu-doped UO2 pellets have been investigated by Rondinella et al in
demineralized water under anoxic atmosphere at room temperature (9). The specific alpha-activity
of a first type of specimen was of 3.76.1010 Bq.g"1 and of 3.76xlO8 Bq.g"1 for a second type. The
amounts of uranium released during leaching were 2 to 3 orders of magnitude higher for a-doped
UO2 than for undoped UO2. Thus, this result indicates a clear alpha-radiolysis effect. In spite of the
100-fold difference in the alpha-decay rates of the two types of investigated specimen, no
significant difference was observed in the dissolution behaviour of uranium for the two doped
materials.

Despite these studies, reliable estimates of the uranium release rates due to alpha activity are
still lacking.

EXPERIMENTAL

In the present work, a new approach is proposed to investigate how alpha emission from a
UO2 surface may affect both the release of uranium at the UO2/H2O interface and the alteration of
UO2 surface. A high energy He2+(alpha)-beam supplied by a cyclotron is used to pass through a
UO2 disk and emerges into the water in contact with the disk (see fig. 1).

Figure 1 : Schematic diagram of the experimental device for UO2 leaching under irradiation with an
alpha-beam.
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The target is a UO2 sintered pellet, with a 285 um thickness, a-beam emerges into the leachant
with an energy of about 5 MeV, and its range in water is around 37 um (according to TRIM code
calculations (10)). The leachant is aerated deionized water. Sequential batch dissolution tests are
performed on the UO2 sample, at room temperature, before, during and after a-irradiation. The
irradiation experiments are performed with two alpha-flux : either 3.3x10 a.cm"2.s"' or
3.3xlO10 a.crnV1 .
During one hour of irradiation in our present experiments, alpha doses equivalent to those obtained
for several years of spent fuel storage can be accumulated in water. For instance, Sattonnay et al.
calculated that the radiation dose deposited by alpha-beam during one hour in the layer of irradiated
water near the UO2 surface was 2.6xlO7Gy and 2.6xlO8 Gy for the lower and the higher flux
respectively (11). For a PWR spent fuel with a burn-up of 45 MW.d.kgu"1, a cumulated total alpha-
dose of 2.108 Gy is reached after ~15 years of cooling time (11).

Similar leaching tests are also performed out of irradiation in the same conditions of pH and
H2O2 concentrations as found under irradiation. They can permit to evaluate the specific effect of
the radiolytic species H2O2 on UO2 dissolution.

The total uranium concentration in each leachate is determined by time resolved laser induced
fluorescence (TRLIF). The concentration of hydrogen peroxide in the irradiated solutions is
measured by the Ghormley method (12).

URANIUM RELEASE, HYDROGEN PEROXIDE CONCENTRATION AND PH VALUE IN
IRRADIATED SOLUTIONS

Before irradiation, the uranium concentration ( as UC>2+ ) in the leachates is equal to

0.3 ng.L'1. This value can be taken as a reference level for uranium release rate under aerated
deionized water.

Under alpha-irradiation at a flux of 3.3xlOu a.cm'ls'1, the uranium concentration increases
by nearly four orders of magnitude and reaches a constant value of about 2280 ug.L"1 (see fig.2).
The hydrogen peroxide concentration in the irradiated solutions is also constant and equal to about
3.5xl0"3 mol.L'1. The final pH for each irradiated solution is found to be equal to 3.8 on average.

Figure 2 : Released amount of uranium as a function of leaching time under alpha-beam irradiation
for a flux of 3.3xl0n a.cm'ls"1.
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For the lower alpha-flux of 3.3x10 a.cm' .s", the same behaviour is observed, but the
released amount of uranium reaches a lower mean value (210 (j.g.1/1) than for the higher flux. The
hydrogen peroxide concentration is also smaller, 4.8xlO~4 mol.L"1, than for the higher alpha-flux
and pH decreases to a value of 4.9. The results about the characterisation of irradiated aqueous
solutions are summarised in table 1.

Table 1 : Mean values of uranium content, hydrogen peroxide (H2O2) concentration and pH
measured in aqueous solutions for two UCVwater interfaces, irradiated by an alpha-beam at two
different flux; leaching tests of one hour each were performed under irradiation.

Flux (a.cm^.s"1)

3.3xl0n

3.3xl010

[U] (lagu-L-1)

2280±230

210±30

[H2O2] (mol.1/1)

(3.5±O.3).1O'3

(4.8±0.5).10"4

pH

3.8±0.2

4.9±0.3

The concentration of chemical species in solution depends on the alpha-flux : the uranyl and
hydrogen peroxide concentrations increased and pH decreased when alpha-flux increased.

URANIUM RELEASE IN H2O2 SOLUTIONS

The radiolytic species H2O2 is supposed to take significantly part in UO2 alteration during
leaching tests under irradiation. Therefore, we performed new leaching tests without irradiation but
with H2O2 solutions of 10"3 mol.L"1 concentration and pH=4. These values of pH and H2O2
concentation are close to those measured in the irradiated solutions at high flux. The results show
that the uranium release increases only to ~80 jJ-g.L"1 (two orders of magnitude smaller than under
irradiation) and then decreases to reach the low value of uranium release obtained under deionized
water (see fig.3).

Figure 3 : Uranium release as a function of leaching time in a H2O2 solution with a concentration of
10"3 mol.L"1 and pH=4.
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H2O2 concentration effects on UO2 dissolution are not so significant as expected. H30+ and
H2O2 concentrations only can not explain the whole uranium release reached during irradiation in
water.

DISCUSSION

The results show that uranium release and hydrogen peroxide concentration increase whereas
pH decreases in the irradiated solutions when the alpha-beam flux increases. Therefore, we can
conclude that, at high-flux, the released amount of uranium depends on the radiation dose deposited
by the alpha-beam in the aqueous solution. Such an alpha-flux dependence was found neither by
Rondinella et al (9), nor by Gray et al (7,8) in experiments with alpha-doped UO2. On the other
hand, for studies of the UO2 oxidation using external alpha-sources of various fluxes, at ambient
temperature and in near-neutral solutions, oxidation of UO2 by the alpha radiolysis of water was
reported to be a function of the strength of the alpha flux (6). However, the alpha-fluxes used in all
these experiments were smaller compared to those of the present investigation.

The uranium release in water is much higher for leaching tests under irradiation than for
leaching experiments only with H2O2 solutions and out of irradiation. Moreover, the uranium
concentration remains constant in the irradiated solutions whereas it decreases during leaching tests
with H2O2 out of irradiation. From these different results, we can conclude that the others radiolytic
species produced by water irradiation, as OH radical for instance, should also take a large part in
the UO2 oxidation/dissolution processes under irradiation.

Nevertheless, the H2O2 radiolytic species is involved in the formation of an alteration product
on UO2 surface during alpha-beam irradiation of the UO2/deionised water interface (11). Sattonnay
et al. show that an alteration product with a yellow colour is formed on UO2 surface (11). This
compound is identified by X-ray diffractometry : it is hydrated uranium peroxide (UO4.2H2O or
UO2(O2).2H2O), called metastudtite. The reaction of metastudtite precipitation out of irradiation is
usually given by the following equation:

UO^ + H2O2 -> UO4 + 2H+ (R.1)

As the hydrogen peroxide is a product of water radiolysis, the formation of uranium peroxide can
be considered as an effect of the water radiolysis. Moreover, the reaction (R.I) produces two H+

ions, which may partially explain that pH decreases in the irradiated solutions.
Therefore, the leaching of UO2 surface under irradiation involves complex processes with

probably the contribution of all the chemical species (and not only H2O2) produced by water
radiolysis for UO2 oxidation, then the passage of uranium in aqueous solution and finally the
implication of the radiolytic species H2O2 in the formation of hydrated uranium peroxide.

The possibility of uranium peroxide occurrence on spent fuel surface is discussed in details in
(11). It was concluded that for very long-term leaching experiments, hydrated uranium peroxide
precipitation may occur on spent fuel surface. Such a formation of secondary uranyl phases on UO2
surface may influence the dissolution rate of uranium, because of their influence on the
concentrations of uranyl ions in solution.

The use of an alpha beam supplied by an accelerator may strongly increase the radiolysis
effects and enhance the kinetic of oxidation/dissolution or secondary phase precipitation processes
which would be too slow to be observable during the leaching experiments at low dose rate. The
short-term experiments at high dose rate may allow to model the long-term behaviour of spent fuel
in contact with water.

CONCLUSION
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In order to investigate the effects of alpha-irradiation on the UO2 surface alteration and on the
uranium release in aqueous solution, an interface UC^/water was irradiated under high flux with an
external alpha beam supplied by a cyclotron. In addition, the effect of the radiolytic species H2O2
on the UO2 dissolution out of irradiation was also investigated.

The following results were obtained :
(i) high uranium and H2O2 concentrations are measured and pH decreases in the irradiated

solutions. The release of uranium increases by four orders of magnitude in aerated deionized water
for the highest alpha-flux; the released amount of uranium depends on alpha-flux;

(ii) The uranium release in water was found smaller for leaching tests performed only with
H2O2 solutions than for those under irradiation. An explanation is that others radiolytic species, as
OH radical for instance, are involved in the UO2 oxidation/dissolution processes under irradiation.

PERSPECTIVES

In order to evaluate the water radiolysis impact on the long-term behaviour of spent fuel, this
work must be also carried out on a-doped UO2 or on spent fuel itself. A greater total dose in water
around than the one delivered by the radioactive sample can be supplied by an external gamma
source for instance. This kind of experiment requires DHA's hot cells, which are devoted to highly
radioactive material studies in the ATALANTE facility.
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Fissile material management
An international approach of the future of plutonium

Alain Michel - Vincent Schryvers - Yvon Vanderborck
Pu 2000 Organizing Committee

ABSTRACT

Plutonium management is a crucial issue in any discussion on the future of nuclear energy:
plutonium is indeed a normal by-product of nuclear electricity generation. As a result of long-term
reprocessing strategies and recent decisions on the dismantling of nuclear weapons, separated
plutonium stockpiles are increasing.

Observing this situation, the Belgian Nuclear Society decided that the turn of the century was the
right time to invite all the parties involved in decision making on this question to confront their
decisions or the absence of it. As an international program committee was created, interested
companies and institutions delegated high level experts to it and a comprehensive program was
put together.

This program covers:
- Prospects for nuclear energy
- Public perception of plutonium
- The civil plutonium cycle
- The management of surplus military plutonium
- Non-proliferation and safeguards
- The reasons to improve the plutonium fuels performance

The conference is not scientific but strategic. It does not cover too many technical aspects but
looks at the managerial questions. It is devoted to the reasons why things are done much more
than how things are done. It allows to confront opinions with a mind open to all and a desire to
make strategies transparent, even to the least informed public.

The present paper has been written before the conference takes place in early October 2000 and
describes the orientations prepared by the Programme committee. The oral presentation to
Atalante 2000 will report in full over the Pu 2000 conference.
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AN INTERNATIONAL STRATEGIC CONFERENCE

When the decision was taken to organise "Plutonium 2000, an international conference on the
future of plutonium", in Brussels in October 2000, it was also decided that it had to represent the
widest scope of opinions possible. It was also decided that as a scientific conference "Plutonium
Futures''was organised in Santa Fe (USA) in July covering the scientific progress in these matters,
"Plutonium 2000" would not include them.

It was highly important to have speakers who could really represent their government or
institution. But we insisted on having as well people who could discuss the public opinion. And
this had to be true for the countries most involved. As we had decided that this would only be
possible by having invited speakers, the need to have a very representative programme committee
was clear.

We can already say that we have been successful in this matter: the Committee is chaired by the
General Manager of the Belgian Nuclear Research Centre and co-chaired by a US and a Japanese
University professor, and a representative of Minatom (Russia). Most of the involved industries are
represented as well as the EU organisations. The ENS, ANS, Russian and Japanese Nuclear
Societies also sponsor the event.

POLITICAL AND STRATEGIC POSITIONS

The first day of the conference is devoted to a confrontation of political and industrial points of
view. It opens with an overview of the nuclear energy contribution to world sustainable
development; this is presented by an organisation, which represents a broad spectrum of energy
producers, the World Energy Council. It is followed by a presentation of the prospects for nuclear
technologies as viewed by Cogema.

As the scene has been set by these global presentations, high level governments and
administration representatives are invited to discuss their strategies. The EU parliament, the US
administration and senate, the Japan Atomic Energy Commission, the Russian and the Belgian
governments are represented in this panel discussion.

A second panel confronts then the strategies of the industries and the operators of power plants.
Most of the plutonium users give their point of view. Presently EDF (France), NOK (Switzerland),
TEPCO (Japan), BKE (Germany), OKG (Sweden), Duke Power (USA) and Rosenenergatom (Russia)
are expected to participate.

A third panel deals with surplus plutonium projects. After a presentation of the situation of
plutonium stocks by the chair of the group who follows the application of the Plutonium
Management Guidelines (annual declaration of stocks and strategies in nine plutonium owning
countries), the American, Russian and British plans are presented.
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THE REASONS FOR TECHNICAL IMPROVEMENTS

The second day is devoted to more technical and scientific questions. The attention, however, is
drawn more on the reasons why solutions are needed than how they will be developed.

The first group of presentations is concerned with safeguards and non-proliferation. It is expected
that IAEA, USA-DOS and Euratom will compare their views on the prevention of plutonium
proliferation and the efficiency of their safeguards. The industries will describe the practical
difficulties encountered and their views on the future of such measures.

It is expected that many questions of the participants that have not been discussed during the first
day, due to the high number of official speakers in the panels, will come up again as proliferation
is debated. Hopefully, many of the official representatives will be there in the audience to
participate.

One might question why the afternoon is devoted to the evolution of plutonium fuels. The choice
was made because too often such works are not discussed from a strategic point of view. Why do
we need improved burn-up of existing MOX designs? Is there a real need to load CANDU reactors
with MOX? Is there a contradiction between the development of inert matrix for plutonium fuel
and the development of FBR still going on in Russia and Japan? How can HTR really contribute to
the management of plutonium stocks? Will licensing of these new approaches present major
obstacles?

Finally, what are the advantages and disadvantages of non-fuel solutions, involving
immobilisation? If it is required anyway for dirty plutonium, can it be generalised to other
plutonium and can it be justified from an economic and non-proliferation stand point?

PUBLIC PERCEPTION: A KEY OBSTACLE?

The last session is again a panel session involving parties with very different opinions: a Member
of the EU parliament, a representative of the nuclear transport industry, an ENS Young Generation
member, a Japanese (Tokyo University) and an US (ISIS) socio-political researcher, a medical
doctor from IPPNW, an UK consultant, a delegate from Friends of the Earth and a professor from
the Protestant Institute for Interdisciplinary Research (Heidelberg).

The members of the panel have been asked to discuss how the public perceives the problem and
why this is so. As far as we presently know, the mere existence of plutonium is scaring most
people. Do the members of the panel consider that the public has good reasons to be so anxious?
Can and should the situation be modified? If yes, how?

This panel session is an opportunity for a hot debate: it is chaired by a past Vice Prime Minister in
charge of Energy in Belgium. This panel is almost a première, because of the very few sessions
devoted to this essential aspect of plutonium future, opening as a result new prospects for action.
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CONCLUSIONS AND FUTURE REPERCUSSIONS

Before the final conclusions by the conference chairman, a concluding keynote speaker from BNFL
will sum up the situation. We know the difficulties this company has had to overcome during
these last months. We hope the speaker will be in a situation to draw major recommendations
from these challenging times.

It is probable that many speakers and participants will take the opportunity offered to them to
distribute written papers to the participants. These will not be published afterwards as
proceedings. The intention is to have reporters writing a summary of what has been said and
discussed. After approval by the sessions and conference chairmen, this document will be as
widely distributed as possible; the purpose being that this "pamphlet" will be widely used to inform
decision makers and media, but also the general public.
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THE US PLUTONIUM MATERIALS CONVERSION PROGRAM IN RUSSIA

Stanley J. Zygmunt, Caroline F. V. Mason, Wendy K. Hahn
Nuclear Materials Technology Division, Pit Disassembly and Nuclear Fuel Technologies Group, NMT-

15, Los Alamos National Laboratory, Los Alamos, NM 87545

ABSTRACT

Progress has been made in Russia towards the conversion of weapons-grade plutonium (w-Pu) into
plutonium oxide (PUO2) suitable for further manufacture into mixed oxide (MOX) fuels. This program
was started in 1998 in response to US proliferation concerns and the acknowledged international need
to decrease the available weapons-grade Pu. A similar agenda is being followed in the US to address
disposition of US surplus weapons-grade Pu. In Russia a conversion process has been selected and a
site proposed. This paper discusses the present state of the program in support of this future operating
facility that will process up to 5 metric tons of plutonium a year.

INTRODUCTION

The United States Department of Energy's (US DOE) Plutonium Materials Conversion Program for the
Russian Federation is designed to assist Russia in defining and obtaining a path for the destruction of
their surplus weapons-usable Pu. A similar domestic DOE activity is also currently defining a path for
destruction of US weapons grade plutonium. These two sister programs arose from the September
1998 meeting between Presidents Clinton and Yeltsin after which they issued a " Joint statement of
principles for management and disposition of plutonium designated as no longer required for defense
purposes." Presidents Clinton and Putin reiterated the goal of this program at their Moscow summit
meeting in June 2000. The US and Russia have each committed to convert 34 metric tons of weapons
grade plutonium to forms that are unusable for weapons. Los Alamos National Laboratory (LANL) is
lead laboratory for US/Russian collaborations on plutonium conversion of surplus weapons-usable
plutonium.

The current economic situation in Russia threatens progress without international support. The DOE
and US Congress recognize the value in moving the Russian disposition effort forward. The US is
therefore funding significant disposition efforts in Russia.

OVERALL DESCRIPTION

There are two overall paths for converting weapons grade plutonium into the least weapons-usable
forms: conversion to fuels for nuclear reactors and immobilization into a form from which
reconfiguration into plutonium for weapons is difficult. Figure 1. gives the proposed paths for the US
and Russia. This paper addresses the box "Pu Conversion (new)". The difference between the two
schemes is largely one of emphasis. Russia considers plutonium a valuable commodity that can be
converted to energy in the form of nuclear fuel with only small amounts being wasted, i.e.,
immobilized. The US considers plutonium a danger that needs to be disposed of safely with smaller
amounts being developed as nuclear fuel. For both countries the nuclear fuel is in the form of MOX
fuel, a mixture of uranium and plutonium oxides.
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Figure 1. US and Russian Conversion Pathways

Russia has both fast reactors and water reactors that can be used for burning MOX fuel. Fast reactors
can use either pellet type fuel or vibro-compacted (vibro-packed) fuel. Vibro-packed fuel is made from
plutonium oxide generated using a pyroelectrochemical conversion (molten salt) process. Both this
conversion process and the vibro-compaction process for making fuel are relatively simple and require
less equipment and processing steps than required to make pellet fuel. Vibro-packed fuel offers a
pathway for an early start for burning weapons-grade plutonium in fast reactors. Light water reactors,
however, require pellet fuel. Pyroelectrochemical conversion makes a coarse oxide that, while suitable
for vibro-packed fuel, has not been demonstrated as suitable for fabricating MOX pellets. It is clear that
a decision on fuel types must be made before a final decision on the conversion process can be made.
Until this decision has been made, the alternate pyroelectrochemical process is being pursued as well as
the main aqueous solution process (1).

PROJECT MANAGEMENT AND LICENSING

Russia and the US have jointly produced a schedule and road map for the overall project to
which each party has agreed. A simplified level one schedule is shown in Figure 2. A level 2 roadmap
has also been developed.
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j

This is an aggressive schedule resulting in the completion of disposal of 34 metric tons ofw-Pu by
2012. Workshops have been held on how Russian nuclear facilities are designed, licensed, constructed
and commissioned. Preparative work for both demonstration and industrial scale plants is in progress.
There are questions as to whether a demonstration plant is essential but we expect resolution of this in
the next three months.
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The industrial scale plant licensing procedures are outlined in Figure 3. The Technical and Economic
Feasibility study has been completed (the US equivalent is Preliminary Design Study) and we are
anticipating the Declaration of Intent to be formally issued by MINATOM in the near future (the US
equivalent is the Record of Decision). As the French CHEMOX process has been selected for the
industrial scale process, the Justification of Investment (the US equivalent is the Conceptual Design
Report) has been initiated with French funding (2).

Preliminary studies

Technical and Economic Feasibility Study (TEI)

Declaration of Intent (DOI)

Justification of
Investment

(JOI= OBIN)

Environmental Impact
Assessment

Prepare safety and
analysis report

Review of JOI

Secure Siting License Technical and Economic
Justification for Construction

(TEO)

Review TEO

Construct and operate plant

Figure 3. Industrial Scale Plant Licensing Procedures
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CHEMISTRY OF CONVERSION

US/Russian multidisciplinary teams have conducted studies comparing efficiency, safety,
environmental impact and costs of the various schemes available for the chemistry of the conversion
process. This resulted in the May 2000 announcement by the Russian MINATOM that the chosen
process for conversion employs an aqueous method with oxalate used as the precipitating agent. This
method is used in France, Belgium and the U.K. and is schematically shown in Figure 4.

Dissolution of Pu Metal
(HNO3 + HF)

r
Purification of solution

1
Precipitation as oxalate

Pu(C2O4)2

r

Filtration, washing,
Drying (-150 °C)

r

Calcination to PuO2

(-700 °C)

Figure 4. Schematic of chosen conversion process using aqueous system with oxalate precipitation

If the demonstration is implemented, it will be sited at Chelyabinsk-65 Mayak Production Association,
south of Ekaterinburg in the Ural Mountains. This is one of the main radiochemical complexes in
Russia, including a reprocessing plant, Plant 235. The building selected is number 101. This building
was previously used for radioactive chemical processes and has been evaluated for residual
contamination. It is the Russian consensus opinion that the building can be decontaminated and
renovated to an acceptable condition for the housing of the demonstration conversion procedure.

ENGINEERING STUDIES AND SCALE-UP

Engineering studies have been performed at The State Specialized Design Institute (GSPI) in Moscow.
These studies provide pre-conceptual layouts, resource requirements, and environmental impact analyses
for the full-scale facility as well as initial cost estimates.

Table I. shows a summary schedule and capacity for the demonstration and industrial-scale plants.
The size of the demonstration plant is determined by the needs of the reactors to be first fuelled with
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the MOX fuels. The industrial facility is scheduled to start operating in the same time frame as the US
Pit Disassembly and Conversion Facility (PDCF).

Demonstration facility
Industrial facility

Capacity
~ 350 Kg

2MT/Y increasing to
5MT/Y

Schedule
Construction and operation 2000-2003

Operation begins 2006

Table I. Summary Schedule and Capacity of the Two Plants.

Table II. shows the engineering studies that have been completed by GSPI in support of the
engineering for the choice of the conversion process and for the industrial scale plant.

Part
I
II
III
IV
V
VI

VII

Title
Methodology to compare technologies
Engineering report on two of the four processes
Engineering report on two of the four processes
Cost estimates for processes
Technical and cost comparisons
Data for feasibility study for oxalate precipitation
process
Model schedule for conversion plant.

Table II. Development Program performed by GSPI in support of choice of conversion process.

THE ALTERNATE PROCESS

Because of the uncertainty induced by the lack of decision on the type of fuel to be produced, an
alternate process is under development at the State Scientific Research Center of the Russian
Federation, Research Institute of Atomic Reactors (NIIAR) in Dimitrovgrad. For this
pyroelectrochemical process (high temperature molten salt), Pu metal is dissolved in a molten salt bath,
oxidized, and the resulting plutonium oxide precipitated. This is a dry high-temperature process that
can make either plutonium oxide or can be used to co-precipitate mixed oxides of plutonium and
uranium. Vibro-packed fuels fabricated from pyroelectrochemically produced oxides have been reactor
tested in Russia, but the oxide has not been demonstrated as suitable for pellet fuel.
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DEVELOPMENT AND RESEARCH

A laboratory-scale development program for the selection of the conversion process has recently been
completed at the A.A.Bochvar Ail-Russian Research Institute of Inorganic Materials (VNIINM) in
Moscow. This research program is outlined in Table III.

Part
I
II
III
IV

V
VI
VII

Title
Aqueous conversion processes
Combined process
Pyroelectrochemical conversion process
Comparative analysis of MOX fuel produced by
different processes.
Containers for storage and transport of PuC>2
Radiation and critical safety
Non-destructive assay

Table III. Development Program performed by the Bochvar Institute (and sub-contracted institutes) in
support of choice of conversion process.

PACKAGING AND TRANSPORTATION

Naturally storage and some transportation of PuC^is inevitable and safety is a major concern. Bochvar
is in the process of designing a container in which PuCh can be shipped safely to the fuel fabrication
facility. In addition, the long-term chemical and physical changes in PuC^ are being studied.

SAFETY

Safety is of paramount importance in the design, construction, and operation of the new facilities.
Preliminary studies have focussed on the areas that are most vulnerable to safety concerns. These
safety issues include radiation and criticality, both during normal and abnormal operating conditions. A
plan has been established whereby Russia will use US criticality and safety computer codes to validate
Russian codes for plant design criteria. The codes to be used initially are BUGLE 96, ISO-PC 2.1 and
SCALE 4.4. The institutes that will collaborate with Bochvar for safety issues are the Institute of
Physics and Power Engineering, (IPPE), Obninsk and the Russian International Nuclear Safety Center
(RINSC), Moscow.

FUTURE DEVELOPMENT

In addition to engineering issues, now that a process has been chosen, it is possible to consider process
improvements for the oxalate precipitation process and the pyrochemical process. At a recent
US/Russian workshop three general areas have been selected for collaborative development to not only
to improve the Russian program but also be valuable to the American program (3). These areas are:

Stabilization oxidation states of plutonium
A recurring challenge in Pu chemistry is the multiple oxidation states (+3, +4, and +6) found
in aqueous solution. Many separation processes are based on dissimilar chemical behavior of
plutonium in different oxidation states. Current practices to produce Pu solutions with one



05-03

oxidation state preferentially stabilized could be improved. Improvements include aspects of
plutonium oxide purity, associated waste stream impacts, reagent hazards and process
efficiency.

Plutonium metal dissolution
The characteristics that affect the dissolution of Pu and PuÛ2 in nitric acid/hydrofluoric acid
are incompletely understood. The complexing properties of fluoride exert a catalytic
influence on the dissolution. The speed and completeness of dissolution also affect the
economics of fuel production. However, fluoride itself is an impurity that can only be
tolerated below certain levels (~ 250 ppm). The kinetics and mechanism of fluoride catalysis
need to be better understood.

Room Temperature Ionic Liquids (RTILs)
Use of these liquids will assist the pyroelectrochemical process in the removal of gallium
from Pu metal. Gallium is added to w-Pu to stabilize the correct phase and must be removed
before conversion to MOX fuels. Little is known about the chemical behavior of gallium and
gallium oxides in this media due mainly to the practical difficulties associated with
experimenting at elevated temperatures (>600°C). A solution to this problem is to study the
chemical behavior of the element under less severe conditions using room temperature ionic
liquids (RTIL). A room temperature process could potentially decrease operation time, and be
less hazardous to the operator.

SUMMARY

Since its inception in 1998 the US DOE Plutonium Materials Conversion Program for the Russian
Federation has made progress in defining a path forward for converting for w- Pu conversion to PuCh
for MOX fuels. The initial engineering and chemical research and development has been completed, a
conversion process has been chosen and a site selected for the demonstration and industrial plants.
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ABSTRACT - The report is a brief review of the most important directions in research activity of
the Institute of Physical Chemistry of RAS (Moscow) in the field of nuclear fuel cycle. The main
attention is paid to researches and developments on liquid radioactive waste management including
the removal of wastes to deep geological formations and the immobilization of the wastes. In
particular, the data from the study on the properties of new, basaltous-like matrices for the
immobilization are presented. The results of research on gas evolution from the systems modeling
liquid high-level radioactive wastes are considered. The separation of some radionuclides from
irradiated nuclear and the production of radiation sources by various methods are discussed.

GENERAL INFORMATION

Institute of Physical Chemistry of Russian Academy of Sciences (Moscow) was founded in
the middle of the 1930s. All areas of physical chemistry are under study in the Institute. They are
surface chemistry, adsorption, colloid chemistry, electrochemistry, corrosion and protection of
metals, chromatography, polymer chemistry, quantum chemistry, radiochemistry, radiation
chemistry, photochemistry and so on.

The Institute has 16 laboratories and groups conducting the studies on radiochemistry and
radiation chemistry. They are included to researches and developments in the chemistry of
technetium, neptunium, plutonium, americium, curium, and transcurium elements, extraction
separation of rare-earth and actinide elements, chromatographic separation of cesium-137,
strontium-90, americium and so on, electrochemistry of transuranium elements, in liquid radioactive
waste and radioactive aerosol management, immobilization of radioactive wastes, decontamination,
production of radiation sources, in photochemistry, structure, quantum, and radiation chemistry of
actinides, radiation chemistry of aqueous solutions, organic compounds, inorganic solids and
polymers, and radiation engineering. These studies are carried out from the end of the 1940s.

The Institute has a special hot laboratory, hot and warm cells and so on. Four electron
accelerators (three of them are linear electron accelerators; the fourth is a machine of Cockroft-
Walton type) and four 60Co y-ray sources with total activity of about 0.2 MCi located in the Institute
are used in radiation-chemical investigations. The Institute has very close scientific and
technological contacts with radiochemical industrial plants and Institutions ("Mayak", Siberian-
Chemical and Mountain-Chemical Enterprises, All-Russian Institute of Nuclear Reactors and so on)
and with Institutions of France, the USA, Germany, Japan, Republic of Korea, Belgium, People's
Republic of China, Vietnam.

In the report, the information on researches and developments in radiochemistry and
radiation chemistry connected with nuclear fuel cycle is briefly presented.

RADIOACTIVE WASTE MANAGEMENT

One of the main directions in the field under consideration is radioactive waste management.
Researches and developments in this direction are conducted in the Institute from the end of the
1950s. They predominantly include the creation of physicochemical foundations of removal of
liquid radioactive wastes to deep geological formations (V.I.Spitsyn, B.D.Balukova, I.M.Kosareva,
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E.V.Zakharova and co-workers) and the development of the methods for immobilization of the
wastes (N.E.Brezhneva, S.N.Oziraner, A.A.Minaev et al).

The Institute participated in the development of technology for disposal of liquid radioactive
wastes to deep geological formations and in the realization of their large-scale removal to the
formations at Siberian-Chemical and Mountain-Chemical Enterprises and All-Russian Institute of
Nuclear Reactors. The beginning of the such disposal is the end of the 1960s - the beginning of the
1970s (in a dependence on the type of wastes). By December 31, 1994, a total amount of removed
liquid low- (LLRW), intermediate- (ILRW) and high-level radioactive (HLRW) wastes at
Mountain-Chemical Enterprise was equal to -5,000,000 m3 with initial and residual (taking into
account the decay after disposal) activity of-850 and -260 MCi, respectively. By the same time,
-37,000,000 m3 of LLRW, ILRW and HLRW with initial and residual activity of-1,300 and -460
MCi, respectively, were injected to underground repository at Siberian Chemical Enterprise. At All-
Russian Institute of Nuclear Reactors, LLRW are removed to the repository. A total amount of
disposed wastes at this site is - 2,200,000 m3. The disposal was considerably reduced since the
beginning of 1995.

Wastes are alkaline (ILRW) or acidic (HLRW). Main radionuclides in wastes (in brackets,
maximum specific activity, in Ci/L, in HLRW is shown) are 90Sr (1.6), I37Cs (0.1), I44Ce, 95Zr +
95Nb, 103>106Ru (maximum total specific activity is 0.55), 239Pu (2.2 x 10"6), 237Np (1.5 x 10"7) and
241Am (1.9 x 10"5). Wastes can contain NaNO3 (to 250 g/L in ILRW), NaOH, nitric and acetic acids,
sodium aluminate, corrosion products (for example, Fe(III) and Cr(III) ions).

One of the main requirements for the disposal of wastes is their pretreatment (predominantly
for keeping a homogeneity). Technology of this process was developed in the Institute. It involves
complexing of corrosion products, pH control and waste clarification. Additions of NaOH (to 20
g/L) and aluminate (to 3 g/L) are used for the complex formation in ILRW. The complexing reagent
for HLRW is acetate ion (to -0.75 mol/L at pH 2-3).

At present, the investigations on radiolytic processes (including radiation-induced gas
evolution) at different temperatures in the solutions imitating HLRW are conducted (A.K.Pikaev,
G.N.Pirogova, I.M.Kosareva and co-workers). In particular, it was established that the nature and
radiation-chemical yields of the evolved gases mainly depend on composition of the solution, its
temperature and absorbed dose. For example, N2O is formed with comparatively high yield upon
radiolysis of some solutions containing nitrate and acetate ions. The observations of gas evolution
from injection holes are also performed. The results of the observations are comparable with the
data obtained with the model solutions.

It is necessary to note the studies on behavior of liquid radioactive wastes in a contact with
rocks of deep geological formation (modeling of waste movement, research on migration, diffusion
and adsorption of radionuclides, the change in composition of wastes because of interaction with
rocks and mixing with stratal water and so on) (I.M.Kosareva, E.V.Zakharova and co-workers), on
chemistry of actinides in alkaline media for removal of a-emitting radionuclides from alkaline
wastes (N.N.Krot, V.P.Shilov, A.M.Fedoseev and co-workers), on removal of radionuclides from
radioactive wastes generated by nuclear submarines and nuclear-powered ships (V.M.Gelis and co-
workers), on electron-beam degradation of organic compounds (for example, carboxylic acids)
from mixed radioactive wastes (A.K.Pikaev and co-workers), on separation of colloid and
suspended particles from liquid radioactive wastes by specially-constructed spiral filtering elements
and devices on their base (V.B.Krapukhin et al.) and on gas evolution from containers with water
shielding for transportation of spent nuclear fuel assemblies (A.K.Pikaev and co-workers), the
development of technology for removal of liquid radioactive wastes from some nuclear power
plants to underground repository (E.V.Zakharova and co-workers), for decontamination of
replaceable, decommisioned and dismantled equipment of nuclear reactors and metal equipment
contaminated during Chernobyl accident (E.V.Zakharova, I.M.Kosareva and co-workers) and for
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separation and purification of sodium nitrate from liquid radioactive wastes by crystallization
(V.I.Kareta, V.B.Krapukhin and co-workers).

In relation to the knowledge of behavior of actinides in carbonate and bicarbonate
underground water, the study on their radiolytic conversions in such media was carried out
{A.K.Pikaev, V.P.Shilov and A.V.Gogolev). In particular, it was obtained that Np(V) is radiation-
stable in carbonate solutions, while Np(VI) - in bicarbonate media.

The Institute took part in the development of technology for vitrification of liquid high-level
radioactive wastes with using aluminophosphate glass as a matrix. This matrix allows one to
include up to 50% (w.) of sodium and aluminum oxides and has a leaching rate of 10~5-10"6 g/(cm2

day). The method was realized on large scale at "Mayak" Enterprise. For instance, 8,700 m3 of
liquid high-level radioactive wastes (specific activity 5-40 Ci/L) were processed by April, 1995.

Recently, new materials and matrices on the base stone casting (basaltous-like materials,
such as porphyrite, gabbro diabase, halleflinta etc.) without and with some additives (chromite,
beryllium oxide etc.) for waste management were developed (A.A.Minaev, A.K.Pikaev and co-
workers). They are very stable against thermal, chemical and radiation action. Stone casting itself
can be utilized as material for production of various facilities and items (for instance, for
manufacture of containers for long-term storage of radioactive components of wastes). It was found
that one of the most perspective matrices for immobilization of a-emitting radionuclides is a charge
of porphyrite + iron(II) chromite. Plutonium and americium in the amount up to 20% (w.) can be
introduced to the matrix. Leaching rates of radionuclides from such matrices were measured to be
equal to 10"8-10"9 g/(cm2 day).

The other proposed material which can serve as a matrix for immobilization of rarioactive
wastes is tetraethylortosilicate {E.V.Zakharova et al). This matrix allows one to solidify acidic
wastes without preliminary acidification. The properties of porous metals and some alloys as
matrices for immobilization of radioactive wastes were investigated in detail (M.A.Zakharov et al).
The conclusion that these materials are perspective for waste immobilization was drawn.

The method for encapsulation of 85Kr in zeolites was developed in the Institute
(G.N.Pirogova and co-workers). It was shown that 1 g zeolite can encapsulate to 200 mg carrier-
free radionuclide. Encapsulated krypton can be stored for long-term time.

It was obtained (N.B.Mikheev and co-workers) that 137Cs and 13II aerosols can be removed
from air by gas-phase agglomeration co-crystallization with non-radioactive macroaerosols
(ammonium salts, potassium and silver chlorides). The method gives rise to a removal of
radioactive nanoaerosols with decontamination factor of >103.

SEPARATION OF RADIONUCLIDES AND PRODUCTION OF RADIATION SOURCES

The technologies for separation of various radionuclides from solutions after processing of
irradiated nuclear fuel were created in the Institute on the base of results of researches on their
chemistry.

The method for separation of 137Cs from raffinâtes produced upon processing of irradiated
nuclear fuel was developed and realized on large scale (B.A.Zaitsev, P.P.Nazarov, V.M.Gelis and
co-workers). It is based on the sorption of radionuclide on potassium-copper ferrocyanide. This
sorbent works in multicycled sorption - desorption - regeneration mode. The technique based on
displacement complexing chromatography is used for separation of large amounts of 147Pm, 41Am
and 244Cm from some solutions obtained after treatment of irradiated fuel.

The extraction technology for technetium separation from radioactive wastes was proposed
and studied in the Institute (V.I.Spitsyn, A.F.Kuzina and co-workers). It is used for production of
comparatively large amounts of technetium compounds.
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The Institute developed the methods for manufacture of closed flexible sources of p-
radiation (applicators) with f47Pm, 204Tl, 32P, 90Sr + 90Y, or 106Ru + 106Rh for contact ray therapy,
which found the use for the cure of trophic ulcers and surface inflammatory diseases of surgical
character (B.A.Zaitsev, V.N.PHsko and co-workers). The ophthalmological applicators in the form of
spherical segments made of metallic foil with radionuclide fixed on it produced in the Institute are
utilized for the treatment of tumor diseases of sight organs.

New effective multipurpose extraction centrifugal equipment for production of
radiopharmaceutical preparations was created in the Institute (G. V.Korpusov and co-workers). At
present, it is used for supply of many Russian hospitals with 99mTc preparations. This equipment
and the respective technique are also applied for manufacture of extrapure rear-earth elements.

OTHER DIRECTIONS

Researches and developments on corrosion of construction materials of nuclear reactors are
connected with the fuel cycle. Radiation-induced corrosion of various metals and alloys (for
example, stainless and austenite steels), used in the reactors, under different conditions and the
methods for their protection were studied in detail in the Institute (I.L.Rozenfeld, A. V.Byalobzhesky,
M.N.Fokin, V.I.Kazarin, A.K.Pikaev et al). Radiolytic processes in water coolants of the reactors,
involving computer simulation, were also investigated (B.G.Ershov and co-workers).

New perspective types of nuclear fuel compositions were proposed and studied
(K.N.Gedgovd, M.P.Glazunov and co-workers). They are uranium mononitride and carbonitride
composites on its base. Besides, the behavior of fuel made of uranium dioxide, with shells from
pyrocarbon and SiC at temperatures of operation of high-temperature reactors was studied. In
particular, it was observed that the shells from four layers of mentioned substances are very good
barriers against migration of radioactive iodine, lanthanum, cerium, barium and zirconium. The
properties of different materials for thermonuclear reactors is also under investigation
(A.P.Zakharov and co-workers).

The development of all above-mentioned technologies and procedures became possible
because of the thorough execution of pure radiochemical and radiation-chemical studies. A short list
of the most important respective results is given below.

In the field of radiochemistry, it is necessary to mention the discovery of heptavalent states
of neptunium, plutonium and americium (A.D.Gel'man, N.N.Krot et al.) and lower valent states of
some actinides (N.B.Mikheev and co-workers), the detailed studies on chemistry of technetium,
rear-earth elements and actinides, including synthesis of many solid compounds and research of
their structure (V.I.Spitsyn, A.D.Gel'man, N.E.Brezhneva, B.A.Zaitsev, N.N.Krot, N.B.Mikheev,
P.P.Nazarov et al.) and quantum-chemical calculations of physicochemical properties of actinides,
rear-earth elements and extractants (G. V.Ionova and co-workers).

In the field of radiation chemistry, the measure of over 150 rate constants of fast reactions of
actinide ions in aqueous solutions, the study of properties of actinide ions in unusual oxidation
states by pulse radiolysis, the development of radiation-chemical method for synthesis of
heptavalent states of neptunium, plutonium and americium, and the elucidation of the features of
radiolytic conversions of actinide ions under various conditions (A.K.Pikaev and co-workers)
belong to such results.

CONCLUSION

The conducted consideration allows one to conclude that the Institute of Physical Chemistry
of Russian Academy of Sciences is a large radiochemical and radiation-chemical research centre
performing various pure and applied studies in the field of nuclear fuel cycle. Main directions of the
studies and developments realized on large scale are radioactive waste management, separation of
various radionuclides from irradiated nuclear fuel and production of radiation sources.
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Abstract

The objective of the CEA studies carried out under research topic 3 (long-term interim storage) of the 1991
French radioactive waste management law is to demonstrate the industrial feasibility of a comprehensive,
flexible interim storage facility by thoroughly evaluating and comparing all the basic components of various
interim storage concepts. In this context, the CEA is considering reference solutions or concepts based on
three primary components (the package, the interim storage facility and the site) suitable for determining the
specifications of a very long-term solution. Some aspects are examined in greater detail, such as the
implementation of long-term technologies, conditioning processes ensuring the absence of water and
contamination in the facility, or allowance for radioactive decay of the packages. The results obtained are
continually compiled in reports substantiating the design options. These studies should also lead to an overall
economic assessment in terms of the capital and operating cost requirements, thereby providing an additional
basis for selecting the design options. The comparison with existing industrial facilities highlights the
technical and economic progress represented by the new generation of interim storage units.

Introduction

Many packages or primary waste materials of divers types and forms are currently stored locally in facilities
corresponding a wide variety of technical options, material lifetimes and qualified storage periods. In the
absence of a disposition route and schedule for these wasteforms, the need for rationalizing an interim
solution has become increasingly clear in the major nuclear countries. Moreover, the characteristic
development time of a nuclear power generating system is on the order of several decades, and that no final
industrial disposition route has been specified or even decided to date for long-lived waste.

Hence the usefulness of a long-term interim storage facility, as opposed to a buffer storage unit (e.g. a
storage pool in a spent fuel reprocessing plant) in which destination of the packages is known at the time
they are placed in temporary storage. A facility of this type must meet several criteria:

• Interim storage of packages for several decades, unspecified at the outset; internationally, this unspecified
duration is gradually taking the form of a century-long objective as a conservative measure considering
the uncertainties facing the nuclear power industry.

• A conditioning strategy supplementing the existing industrial routes, capable of accommodating all types
of waste while minimizing the number of different waste packages to simplify operations and provide
flexibility with regard to the possible evolution of the nuclear power generating capacity.

• Propose this solution at a reasonable cost, comparable to that of existing industrial solutions for shorter-
term interim storage facilities.

No existing industrial interim storage facility meets these criteria, notably with respect to long-term safety.
Hence the need to design a new long-term interim storage facility, i.e. a unit capable of ensuring safe storage
of nuclear waste for century-long periods. Extended interim storage units must be designed to meet
specifications consistent with long-term safety: the facility must be designed considering that the duration of
the interim storage period is unknown at the moment the packages are placed in the facility.
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The package

All the radioactivity intended for conditioning to date arises from French nuclear power reactor fuel; most of
this fuel is reprocessed and the resulting radioactive waste is conditioned in glass packages corresponding to
an industrial standard. The package was designed for long-term containment, and provides a safe high-
performance management solution for the back-end of the fuel cycle including interim storage and ultimate
disposal. A standard package has not been defined for a number of other wasteforms. No reference interim
storage packages are currently available in France for spent fuel or for certain categories of Type B waste.

The management of these wasteforms in long-term interim storage and ultimate disposal will depend on the
development of a suitable conditioning strategy. The approach adopted to define the conditioning strategy
based on the existing family of industrial waste packages, with the objective of minimizing the number of
different packages by seeking to design a multipurpose package providing a high degree of flexibility and
accommodating a very wide range of radioactive materials.

In this context, a multipurpose package must address four major issues:

• Accept the comprehensive inventory of radioactive materials, i.e. all types of spent fuel, existing and
future Type B and C waste.

• Provide a continuous management route for disposition (reprocessing or ultimate disposal) on removal
from extended interim storage, while minimizing the need for subsequent treatment or repackaging.

• Qualify the conditioning processes as part of the demonstration of package durability.

• Allow safe retrieval of the packages after extended interim storage.

The performance of the waste package is enhanced by a double containment system:

• The waste or fuel holder, designed to minimize the number and variety of packages in interim storage,
constitutes the primary barrier against dispersal of radioactive material. The holder is the basic object
handled throughout the interim storage period, and must be compatible with the radioactive materials.

• The container constitutes the second barrier; it allows a number of waste or fuel holders to be handled
collectively, and represents the interface with the interim storage facility.

Multipurpose
spent fuel
package

Multipurpose
"type B" waste

package

Examples of interim storage packages considered
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The objective of this research and development program is to maximize the compatibility of the packages
with the disposition routes. Considering the uncertain nature of the industrial decisions that will be made
over the coming decades, the research objective is to minimize the burden on future generations by limiting
the package reconditioning operations necessary on removal from interim storage. The issues of continuity
between interim storage and disposal are addressed by two radically different solutions: one considers the
case where the interim storage package is directly compatible with the disposal facility without requiring any
repackaging at the moment it is retrieved from storage; the second extends the logic of optimizing the interim
storage by postulating that the wasteform should be systematically repackaged on retrieval, while
maintaining the waste or fuel holder as the basic unit.

The interim storage facility

The assessment covers a broad spectrum of surface, semi-underground or subsurface interim storage
facilities, which may be considered in four groups:

• Regional spent fuel interim storage unit. This modular interim storage concept is strictly a surface facility
designed for very simple implementation at a cost competitive with existing industrial solutions.
Individual interim storage modules with radiological protection accommodate the spent fuel packages,
and provide a continuous management route with the disposition options selected on completion of the
interim storage period.

• High thermal density concrete bunker (a centralized surface or semi-underground interim storage
facility). The fuel holder is the basic handling unit in this innovative concept, with provisions for storing a
large number of fuel holders in containers, which are considered permanent fixtures in the storage facility.
A handling cell is provided for conditioning the fuel holders and for retrieving them for repackaging after
storage. The high thermal density requires cooling provisions that will change over time. One option
currently being considered provides for natural ventilation supplemented during the first few decades by a
water cooling system.

• Natural convection air-cooled concrete bunker. This semi-underground concept optimizes a proven
industrial solution for long-term performance. The interim storage unit is designed as a centralized
nationwide facility providing a flexible solution for thermal and irradiating radioactive waste packages.

• Subsurface interim storage facility. This strictly subsurface, centralized interim storage facility comprises
a network of underground storage galleries excavated in a massif above ground level, with horizontal
access provisions. The host rock formation provides suitable physical protection of the facility—and
therefore of the packages—against external agents. Hard rock formations are particularly favorable from
the standpoint of their static and dynamic (earthquake) resistance, which could make it unnecessary to
shore up the excavations. Exothermic packages (spent fuel and type C waste) would be stored in vertical
shafts cooled by natural convection; the air intake and exhaust stacks would be underground. Type B
waste would be stored directly in the galleries or in pits, depending on their dose rates.
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Interim storage module

Reception unit

Example of a surface interim storage concept

Example of surface or semi-underground interim storage concepts

Example of a subsurface interim storage concept
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ABSTRACT

Under the provisions of the 1991 French radioactive waste management law, various fuel cycle scenarios
will be assessed and compared in terms of feasibility, flexibility, cost, and ultimate waste radiotoxic
inventory. The latter criterion may be further broken down into "potential radiotoxic inventory" (the
radiotoxic inventory of all the radionuclides produced) and "residual radiotoxic inventory" (the radionuclide
fraction reaching the biosphere after migration from the repository).

The innovative scientific contribution of this study is to consider a third type of radiotoxic inventory: the
potential radiotoxic inventory after conditioning, i.e. taking into account the containment capacity of the
radionuclide conditioning matrices. The matrix fraction subjected to alteration over time determines the
potential for radionuclide release, hence the notion of the potential radiotoxic inventory after conditioning.
An initial comparison of possible scenarios is proposed by considering orders of magnitude for the
radionuclide containment capacity of the disposal matrices and for their mobilization potential. All the
scenarios investigated are normalized to the same annual electric power production so that a legitimate
comparison can be established for the ultimate wasteforms produced per year of operation.

This approach reveals significant differences among the scenarios considered that do not appear when only
the raw potential radiotoxic inventory is taken into account. The matrix containment performance has a
decisive effect on the final impact of a given scenario or type of scenario. Pu recycling scenarios thus reduce
the potential radiotoxicity by roughly a factor of 50 compared with an open cycle; the gain rises to a factor of
about 300 for scenarios in which Pu and the minor actinides are recycled. Interestingly, the results obtained
by the use of a dedicated containment matrix for the minor actinides in a scenario limited to Pu recycling
were comparable to those provided by transmutation of the minor actinides.

These comparisons were established for steady-state scenarios based on annual production. A comprehensive
assessment must also take into account the waste backlog produced during the interim phases, the feasibility
of the fuel cycle reprocessing and fabrication facilities, and the capital and operating costs.

INTRODUCTION

Under the provisions of the "separation-conditioning" option of the strategy and program defined under
research topic 1 of the 1991 French radioactive waste management law, various fuel cycle scenarios will be
assessed and compared [1] in terms of feasibility, flexibility, cost, and ultimate waste radiotoxic inventory.
The latter criterion may be further broken down into "potential radiotoxic inventory" (the radiotoxic
inventory of all the radionuclides produced) and "residual radiotoxic inventory" (the radionuclide fraction
reaching the biosphere after migration from the repository).

The innovative scientific contribution of this study is to consider a third type of radiotoxic inventory: the
potential radiotoxic inventory after conditioning, i.e. taking into account the containment capacity of the
radionuclide conditioning matrices. The source term therefore includes only the effects of the radionuclides
released from the altered matrix. The matrix fraction subjected to alteration over time determines the
potential for radionuclide release, hence the notion of their potential radiotoxic inventory after conditioning.
The impact of the radionuclides on the human population is considered through ingestion alone, and not by
inhalation.
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ALLOWANCE FOR MATRIX CONTAINMENT CAPACITY

The ultimate containment matrices in the various scenarios considered included uranium oxide in spent fuel
and uranium ore, glass in waste packages containing fission products (FP) and minor actinides (MA), new
containment matrices (NCM) or new glass compositions, and fuel assembly structural materials or
compacted hulls and end-fittings containing structural activation products (SAP).

The potential release is taken into account by means of three parameters, as shown in Figure 1. The first
parameter is the integrity time limit (ITL) after which matrix alteration begins; the ITL could correspond to
the lifetime of the container (e.g. zircaloy cladding or steel package). The second is the matrix alteration rate,
described by the annual altered matrix fraction (AAMF), which is constant over time; the reciprocal of the
AAMF thus corresponds to the matrix lifetime. The third parameter involves the inherent behavior of each
radionuclide, as expressed by the probability that a particular radionuclide will be released from the altered
portion of the matrix: PR{RN>

unaltered matrix altered matrix Radionuclide fraction totally released

Qo Qo

Qr(t) = Qo,w * AAMF * PR,(RN) Time
=£:

0 ITL ITL+1/(AAMF) ITL+1/(AAMF* PR(RN))

Figure 1. Schematic representation of radionuclide release over time

The equation postulates that the radiotoxic inventory of the radionuclides released from the matrix Qr{fi is a
fraction of the inventory over time in a closed system Q^y. the fraction is the integral over time since the ITL
of the product of the annual altered matrix fractions by the radionuclide release probabilities. The time
distribution of the radionuclide inventory in a matrix is thus a uniform and constant function of ITL up to
ITL + 1/(AAMF x PR(RN)). The parameter values are indicated in Table I.

The integrity time limit is first assumed constant for all the packages considered. The AAMF values for spent
fuel and for glass reflect the minimum performance corresponding to their maximum leach rates; the figure
for NCM represents a target value corresponding to 100 times better containment than currently estimated
for glass. Uranium mine tailings were also added as a reference to assess the possible evolution of the
equivalent of uranium ore under the same disposal conditions as the other matrices. The quantity considered
was the natural uranium requirement necessary for one year of operation of a reactor population at
equilibrium; the uranium was assumed to be at equilibrium with its decay products, and was taken into
account here in oxide form.

With regard to their radionuclide release probability factors, the actinides characterized by their low mobility
were assigned a value of 10"2 over a duration equal to 1/AAMF. The release of the highly mobile fission
products (iodine, cesium and technetium) was considered congruent with the matrix alteration, hence their
PR<RN) value of 1. The other less characteristic chemical elements were assigned intermediate AAMF values.
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Table I. Parameter values for the radionuclide release equation:
(boldface figures are the product ofAAMF *

Matrix

Uranium oxide
Glass
New containment matrices
Structural materials

ITL
(years)

300
300
300
300

AAMF
(year1)

10-*
io-5

10"'
IO-4

PR<RN)

Pu
(io-2)

10*
io-7

IO-9

10*

Am
(10-2)

10*
1 0 '
io-9

10*

u
(io-2)

10*
10"'
io-9

10*

I
(1)

10*
10 s

IO-7

IO-*

Tc
(1)

IO-4

io-5

10 '
IO-*

Cs
(1)

IO-4

io-5

IO-7

IO-4

Other FP

CIO"1)

10 s

10*
10"8

io-5

SAP
(lu"1)

io-5

APPLICATION TO FUEL CYCLE SCENARIOS

Scenarios
All the scenarios considered were normalized with respect to an electric power production of 400 TWh/year.
The scenarios also assumed quasi steady-state operation to allow valid comparisons of the ultimate waste
production over one year of operation in each case. The twelve scenarios taken into account are briefly
described below, and can be considered as belonging to four major types:

Scenarios resulting in large quantities of plutonium and minor actinides in the waste materials.
Open-cycle scenario, and once-through-Pu scenario in which plutonium is recycled once as MOX fuel
without further reprocessing.

Scenarios eliminating the plutonium from the waste materials.
FNR-Pu, PWR/FNR-Pu, and PWR-Pu scenarios, in which plutonium is recycled repeatedly either as MOX
fuel in pressurized water reactors (PWR) or fast neutron reactors (FNR), or as PWR MIX (MOX with
enriched uranium) fuel; a variant with isotopic separation of 242Pu was also considered: IS-Pu242.

Scenarios eliminating the plutonium from the waste materials, with separation and specific conditioning
of the minor actinides.
These are variants of the preceding scenarios with implementation of enhanced separation and conditioning
(SC) techniques. The fuel is reprocessed in an enhanced reprocessing plant using the new DIAMEX and
SANEX processes to separate americium (Am) and/or curium (Cm) for incorporation in a new containment
matrix (NCM) with very high radionuclide retention performance (Table I). The vitrified waste therefore
contains only fission products (except for process losses). These scenarios are designated: PWR-Pu/MA-SC,
FNR-Pu/MA-SC, and PWR/FNR-Pu/MA-SC.

Scenarios eliminating the plutonium and some or all of the minor actinides from the waste materials for
transmutation in PWRs or FNRs.
These are the PWR-Pu/MA, PWR-Pu/NpAm (Cm is sent to vitrification), FNR-Pu/MA, and
PWR/FNR-Pu/MA scenarios in which the minor actinides are transmuted in homogeneous mode, and the
PWR/FNR-AmCm-target and PWR/FNR-Am-target scenarios in which the actinides are transmuted in
heterogeneous mode as once-through targets; after irradiation, 90% of the minor actinides are transmuted
into fission products.

Fuels
The burnup is assumed equal to 60 GWd-f1 for all the PWR fuels, and approximately 140 GWd-t"1 for the
fast neutron reactor fuels. The U and Pu reprocessing losses are assumed equal to 0.1%. All the fuel
compositions and their annual flows are determined by neutronic feasibility analysis, calculated by the
Reactor and Fuel Cycle Physics Department of the CEA's Nuclear Reactor Division (DRN/SPRC) [2]. The
comparisons were performed under steady-state conditions based on the total annual production.

The potential radiotoxic inventory of the ultimate wasteforms over time were calculated by multiplying the
activities of each radionuclide (determined by decay using the JEF2.2 data [3]) by the dose-per-unit-intake
factors (SvBq1) from ICRP72 [4].
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RESULTS

Mass Balance and "Raw" Potential Radiotoxic Inventory
The mass balance was established for the fission products, minor actinides and plutonium released from the
waste (Table II). The structural activation products have a lower radioactive and radiotoxic impact. The
reprocessed uranium is not considered as an ultimate wasteform, unlike the uranium reprocessing losses
(estimated at 0.1%).

Table II. Annual heavy nuclide contribution (kg/year) to ultimate wasteform for each scenario

Recycling
policy

Scenario

U

Pu

Np

Am

Cm

Total
(excl. U)

No
recycling

Open
cycle

754 736

10 332

746

645

113

11 835

Partial
Pu

Once-
through

Pu

79 105

3 175

683

1229

286

8 373

Pu recycling

Isotopic
separation

242Pu

743

2 021

632

1 852

360

4 865

MIX
Pu

747

17

674

1 853

951

3 495

FNR
Pu

238

56

172

1425

112

1776

PWR/FNR
Pu

440

35

499

1406

196

2 136

Pu + MA recycling

MIX
Pu +
MA

735

25

1

3

3

32

MIX
Pu +

AmNp

720

22

1

3

1668

1694

PWR/FNR
Am/Cm
targets

437

96

1

16

94

207

PWR/FNR
Am

targets

438

95

1

15

252

363

PWR/FNR
Pu +
MA.

378

39

1

2

1

43

FNR
Pu +
MA.

236

58

1

2

1

62

When the raw radiotoxic inventory results are plotted relative to the "open-cycle" reference scenario
(Figure 2), three main categories of scenarios can be distinguished.

• The first includes the scenarios with significant quantities of residual plutonium (open and once-through
cycles).

• The second, with a potential radiotoxic inventory 4 to 10 times lower, comprises the multiple plutonium
recycling scenarios (MIX-Pu, FNR-Pu, and PWR/FNR-Pu).

• The third includes the scenarios in which both plutonium and the minor actinides are recycled
(MIX-Pu/MA, FNR-Pu/MA, and PWR/FNR-Pu/MA), resulting in a potential radiotoxic inventory some
100 times lower than in the reference scenario.

Note: From the standpoint of the potential radiotoxic inventory, there are no differences between the basic
scenarios and the variants involving a separation and conditioning strategy.
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Figure 2. Reduction of potential raw radiotoxic inventory for each scenario compared with open cycle.

Potential Radiotoxic Inventory after Conditioning

Allowing for the containment capacity of the conditioning matrix, the logical outcome of the processes
implemented in spent fuel reprocessing, provides a new basis for comparing the possible scenarios.
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Figure 3. Reduction of potential radiotoxic inventory after conditioning for of each scenario compared with
open cycle
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The matrix containment performance has a decisive influence on the final impact of a given scenario or
group of scenarios. The Pu recycling scenarios provide a gain by a factor of about 50 over the open cycle in
terms of the potential radiotoxic inventory after conditioning; the scenarios in which both plutonium and
minor actinides are recycled result in a gain by a factor of about 300.

It is interesting to note that specific conditioning of the minor actinides in high-performance containment
matrices in a scenario in which Pu alone is recycled would be as effective as transmuting the minor actinides.
Moreover, the effectiveness of the scenarios in which the minor actinides are recycled as once-through
targets would be no better, under the hypothetical conditions of this study, than recycling plutonium alone, as
the glass matrix provides better containment than the unreprocessed targets.

CONCLUSION

The notion of the radiotoxic inventory after conditioning, by taking into account the respective containment
properties of each ultimate wasteform, provides a means for distinguishing three categories of fuel cycle
management routes according to the potential release of the radiotoxic inventory.

Fuel cycle management strategies in which plutonium is recycled partially or not at all yield the poorest
performance; multiple plutonium recycling strategies are about 50 times more effective in this respect, and
multiple recycling of plutonium and the minor actinides is even more effective (some 300 times more than
the open cycle).

Enhanced reprocessing together with the use of dedicated matrices having a containment capacity 100 times
better than glass taken into account in this study would result in performance factors equivalent to those of
an enhanced reprocessing/transmutation cycle without requiring the use of burner reactors.
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ABSTRACT €>
To-day nuclear power is one of the options, however, to-morrow it may become the main source of the energy, thus,
providing for the stable economic development for the long time to come.
The availability of the large-scale nuclear power in the foreseeable future is governed by not only the safe operation of
nuclear power plants (NPP) but also by the environmentally safe management of spent nuclear fuel, radioactive waste
conditioning and long-term storage.
More emphasis is to be placed to the closing of the fuel cycle in view of substantial quantities of spent nuclear fuel
arisings.
The once-through fuel cycle that is cost effective at the moment cannot be considered to be environmentally safe even
for the middle term since the substantial build-up of spent nuclear fuel containing thousands of tons Pu will require the
resolution of the safe management problem in the nearest future and is absolutely unjustified in terms of moral ethics as
a transfer of the responsibility to future generations.
The minimization of radioactive waste arisings and its radioactivity is only feasible with the closed fuel cycle put into
practice and some actinides and long-lived fission radionuclides burnt out.
The key issues in providing the environmentally safe fuel cycle are efficient processes of producing fuel for NPP, ra-
dionuclide afterburning included, a long-term spent nuclear fuel storage and reprocessing as well as radioactive waste
management.
The paper deals with the problems inherent in producing fuel for NPP with a view for the closed fuel cycle.
Also discussed are options of the fuel cycle, its effectiveness and environmental safety with improvements in technolo-
gies of spent nuclear fuel reprocessing and long-lived radionuclide partitioning.

INTRODUCTION.

Energy generation has been and remains the basis of human existence. When evaluating various options of future evo-
lution we have to be sure of the availability of reliable power sources and nuclear power is one of them. The2Tst century
is starting in the name of the "growth limits". Primarily this is a global action on the human environment, its contami-
nation and changes in the life quality. CO2 releases and warming may not be beyond the scope of variations in the
geologic history of the earth, however, this is not an argument in favour of repeating the fate of dinosaurs.
The state of the art of nuclear power is determined by the more rigid environmental requirements and competition with
organic generators of energy9;. Political and social problems of nuclear power are results of putting into practice spe-
cific goals and their inherent technologies. The cost of nuclear kW/h is affected by the need to surmount environment
related problems that are in many respects proceed from the heritage of the past, namely, the defence program imple-
mentation and the specific thinking in the area of peaceful atom. There is a significant risk of nuclear weapon prolifera-
tion and nuclear terrorism.
What are the requirements to be met by large-scale nuclear power as a basis of economic developments? These are
safety of nuclear power plants (NPP); environmental safety in managing spent nuclear fuel (SNF) and radioactive waste
(RAW) as well as non-proliferation of nuclear weapons. To achieve the modern goals and resolve global problems one
needs to have novel technologies. Stable economic evolution may be only promoted by predicting the results of tech-
nologic innovations and developments of nuclear technologies.
The vector of the modern industrial development is the recycling of resources. Nuclear power involving materials that
remain toxic during a long period of time has to provide, first, the recycle of those resources and, second, their minimal
build-up (inventory) in the fuel cycle.
The currently cost-effective open fuel cycle cannot be considered to be environmentally safe even for the mid term
since the build-up of substantial amounts of SNF containing thousand of tons Pu requires the near-term resolution of the
issue pertaining to its safe management (1). The transfer of the responsibility to future generations is totally unjustifi-
able in terms of morals and ethics.
To minimize the build-up of SNF and RAW as well as their activity is feasible if the closed fuel cycle is put into prac-
tice with the attendant burning of actinides and some long-lived fission products.
The key issues of assuring the environmental safety of the fuel cycle comprise efficient technologies of
• production of fuel compositions for NPP including radionuclide afterburning;
• long-term storage and reprocessing of SNF;
• RAW management.

PROBLEMS INHERENT IN NPP FUEL PRODUCTION AS APPLIED TO CLOSED FUEL CYCLE.
The nuclear power in Russia is based on the W E R and RBMK reactors. The BN reactors are primarily experimental
ones. In Russia the built up of SNF amounts to ~ 20000 t (against ~ 220 thousand tons in the world). By 2010 in Russia
it will reach > 30000 t.

1
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Currently RBMK spent fuel reprocessing has been acknowledged to be inexpedient and the concept of its long-term
supervised storage is being put into practice.
The closing of the NFC comprises recycling major and minor actinides as well as higher toxicity fission products. The
closing of the NFC in terms of uranium is ensured by WER-440 SNF reprocessing at the RT-1 plant and producing
molten uranyl nitrate hexahydrate containing 2.4 - 2.6 % 235U to be further used for the fabrication of secondary fuel for
RBMK. The RT-1 reconstruction will enable the reprocessing of VVER-1000 SNF as well as alien PWR and BWR
SNF (3).
With this aim in view at A.A. Bochvar VNIINM under development are processes of producing oxide, nitride, cermet
and other types of fuel to recycle U, Pu, MA into available and now under development reactors (VVER, BN, BREST
and others).
The urgency of the fissionable material recycle proceeds from a reduction in the available resources of uranium in Rus-
sia and the higher cost of uranium mined in Russia compared to the world prices.
One of the important problems inherent in the fuel cycle closing is recycling U into the VVER reactors. The 235U con-
centration of VVER SNF is 1.2-1.3%. Uranium recycling involves problems of providing recovered fuel of the needed
condition (uranium-236 compensation and uranium-232 neutralization). The accumulation of 232U with an increase of
NF burn-up, the fabrication of MOX fuel using civil Pu issue a challenge of arranging a remote production of fuel from
recycled products. The fabrication of MOX fuel from U and Pu product managed at a reprocessing plant enables the
minimization of process stocks of fissionable materials and production of oxide powders of high quality homogeneous
U-Pu solutions. The processes of weapon's grade Pu conversion to MOX fuel are a priority direction of developments
providing for the utilization of the valuable material and the non-proliferation conditions.

PROVISION OF FUEL CYCLE EFFICIENCY AND ENVIRONMENTAL SAFETY VIA IMPROVED
TECHNOLOGY OF SNF REPROCESSING AND LONG-LIVED RADIONUCLIDE PARTITIONING.

The higher efficiency and environmental safety of SNF reprocessing is achieved through the minimization of all types
of RAW arisings and emissions of radioactive substances to the environment as well as through creation of inherently
safe processes.
Isolation of fragmented VVER SNF from a structural material will optimize the subsequent reprocessing of SNF. This
operation is also important for SNF reprocessing by "dry" methods. In future structural material processing and recy-
cling will minimize the build-up of RAW of this class.
Development of equipment for chopping spent fuel assemblies of VVER-1000 will enable the reprocessing of alien
spent fuel assemblies. Defective SNF can be reprocessed via chopping defective spent fuel assemblies in cans.
Application of continuously operated dissolver will increase the throughput by more than a factor of 3 and reduce capi-
tal and operating expenditures for gas clean-up during dissolution.
Optimization of the existent technology at the expense of RT-1 updating will substantially improve the NSF reprocess-
ing parameters to acquire the following results:
• 1/3 reduction of the number of extraction stages and a respective decrease of Pu inventory in technological
cycle;
• reduced application of salt forming agents (bivalent iron, sodium carbonate etc.) which will result in ~ 250 kg
reduction of vitrified waste per 11 of reprocessed SNF;
• 30% decrease of extradant consumption per each ton of reprocessed SNF at the respective reduction of or-
ganic RAW.
With the burn-up extended to > 50 GW day/t the accumulation of 232U makes the existent parameters of separation of U
and Pu from each other and fission products (107-108) excessive.
In this case a single-cycle Purex process will make it feasible to co-strip U and Pu at the ratio specified for the MOX
fuel refabrication and to reduce substantially intermediate and low activity waste arisings. As a reprocessing option for
high burn-up SNF o f W E R a reprocessing cycle may be proposed that comprises
• U and Pu co-extraction from HNO3 solutions;
• Pu and in part U stripping at specified U:Pu mole ratio (MOX fuel production for thermal or fast reactors).
• Stripping the main portion of U, its conditioning for further utilization.
Should the need arise the process may also contemplate the extraction of neptunium. The improved quality of SNF re-
processing products and safety of extraction process are achieved by the application of triisoamyl phosphate (TIAP) -
an extradant that compared to TBP is an order of magnitude less soluble in HNO3 solutions and has a much higher ca-
pacity for Pu which eliminates the formation of the second organic phase at essentially all concentrations of Pu (2).
Salt-free reagents and electrochemical methods substantially reduce the arisings of HALW, IALW and LALW. The
reduced amount of IALW and concentration of radionuclides will lower down the expenses for vitrification that ensures
the reliable immobilization of radionuclides.
The practical implementation of minor actinide and other radionuclide partitioning depends on the development of a
respective transmutation process, the usability of some isotopes in national economy as well as improvement of envi-
ronmental safety of HALW disposal. The operations of I291,3H, 14C and 99Tc partitioning can be incorporated into the
main technology of SNF reprocessing. With a view of immobilizing 129I - one of fission products having the longest life
and 3H it is advisable to subject SNF to heat treatment. The oxidative treatment of sheared fuel within 300-500°C allows
an essentially quantitative removal of those radionuclides from fuel and their immobilization for supervised storage (3H)
or transmutation (129I).
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For the removal of minor actinides and residual quantities of other transuranium elements the classic process using or-
ganophosphorous acid has been upgraded. The benefits of extradant of this class are high factors of transplutonium and
rare earth element separation.
Lower heat and radiation loads on a vitrified materials, fractional HALW solidification in accordance with physico-
chemical and geochemical properties make the disposal of HALW more reliable. Aside from cesium and strontium it is
advisable to remove noble fission products, primarily, palladium and rhodium. Noble metal fission products in sum are
removed by sedimentation with reagents that combine the properties of strong reductants and "soft" ligands.
The commercial directivity of SNF reprocessing calls for the minimization of operations not involved in the production
of fuel. The build-up of non-utilizable civil Pu and 237Np at the RT-1 plant raises the reprocessing cost and requires ex-
tra funds to be allocated for safe storage. However, in the long-term the environmentally safe nuclear power is feasible
via burning most toxic radionuclides and achieving the radiation-migration balance between HALW and nuclides re-
covered from uranium ores (4).
The scope of RAW is to a substantial extent determined by the total capacity of reprocessing plants, namely, the area of
industrial premises, communication length, number of equipment items etc. The application of dry processes enables a
drastic reduction in RAW scopes, however, the practical use of those processes for the large-scale commercial reproc-
essing of RAW arising at NPP involves serious problems. Eventually only the gas-fluoride technology allows an effec-
tive recycle of U, however, the competitiveness of the particular method with the available aqueous reprocessing tech-
nology is problematic.
Of promise is the combination of various options of pyrochemical and aqueous methods of SNF reprocessing. As it has
already been mentioned a number of long-lived fission products can be removed via the heat treatment of SNF prior to
its dissolution. The selective leaching of neutron poisons will enable the recycle of oxide SNF and higher effectiveness
of using fissionable materials. Of challenge are methods of SNF reprocessing that are based on fluids having an abnor-
mally high penetration and dissolution abilities. The advantage of supercritical extraction is high processing rates and a
minimal scope of waste, namely, only fission products weight. One of the unresolved issues of this method is to ensure
the radiochemical process safety under high pressure, however, the feasibility of implementing a small-scale process
allows designing an explosion safe equipment.
"Dry" processes may form the basis of at a site plant for SNF reprocessing and U recycling as well as of complexes for
reprocessing fuel and targets of transmutation reactors and facilities. In this connection at SSC RF VNIINM under con-
sideration are processes of SNF reprocessing in molten salts (fluorides, molybdates etc.) as well as thermal methods of
shearing and reprocessing, specifically, as applied to hard to shear cermets. The basic criterion of applicability of any
technology must be its cost effectiveness and this needs implementation of R&D including a complex trial of a particu-
lar technology and its equipment in pilot facilities using actual products and the subsequent technical and economic
comparison.

CONCLUSIONS.

The reprocessing of SNF resolves two main interrelated goals, namely, fissionable material recycle and environmental
safety of nuclear power - radiation-migration equivalence of accumulated RAW which is provided by burning fission-
able materials and highly toxic radionuclides as well as by the usability of some radionuclides in national economy and
by producing safe forms of radionuclides suitable for disposal.
SNF reprocessing combined with secondary fuel refabrication will minimize the fissionable material accumulation in
the fuel cycle and increase its cost effectiveness. The reconstruction of the RT-1 plant will increase the involvement of
recovered U and Pu into the fuel cycle of VVER and BN reactors, will put the closed nuclear fuel cycle into practice
and will offer a challenge to participation in the world market of SNF reprocessing.
Analysing the main trends in the world developments of reprocessing technologies one can draw a conclusion that there
are a variety of approaches to the resolution of this issue. The methods under development have technological niches
that are determined by specific conditions in countries-designers. Designing alternative methods of SNF reprocessing
serves to advance the infrastructure and flexibility of nuclear technologies for resolving global problems facing the hu-
manity.

REFERENCES.

1. M.I. Solonin, A.S. Polyakov, B.V. Nikipelov, B.S. Zhakharkin, P.P. Poluektov, "Uranium-Plutonium Recycle:
Experience, Perspective Solutions, Normatives and Laws, RW Management. In: 10-th Conf. Nucl. Soc. RF. Obninsk,
June 28-July 2 1999 . Abstr., p. 48. (1999).
2. A.M. Rozen et. al., Atomnaya Energiya, 59, p. 413 (1985).
3. A.S. Polyakov, B.S. Zhakharkin, V.S. Smelov et. al. The Status and Perspective of the Reprocessing Technol-
ogy. First Annual Scientific Conference of MINATOM RF. June 7 2000, Abstr., p. 7. (1999)
4. E.O. Adamov, I.Kh. Ganev, A.V. Lopatkin et.al., Transmutation Fuels Cycle in Large-Scale Nuclear Power
Engineering of Russia. Moscow, NIKIET, 1999,252 p.



P2"01 FR0104324

Solution Contact Electrochemical Dissolution of Nuclear Fuel - Pilot Scale Studies
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Electrochemical disolution (ECD) is being considered as a potential head end process for future
reprocessing plants. In this paper we describe work which was undertaken on a pilot scale
solution contact ECD rig which was capable of accommodating 8 zircaloy pins simultaneously
each of up to 3m in length. We will discuss results regarding the dissolution of multiple pins,
the effect of pin shielding on dissolution rate and the operating parameters required for optimum
dissolution rates. The paper will also cover the effect of inter electrode pair interaction and the
activation process required to remove the zircaloy oxide layer.

INTRODUCTION
Electrochemical dissolution is being considered as a potential future head end process that
simultaneously declads and dissolves the fuel whilst minimising mechanical handling within the
reprocessing plant. The proposed process is based upon a liquid contact approach whereby no direct
electrical contact is made with the fuel assembly (1). Dissolution occurs in an impressed anodic
region of the fuel assembly that lies close to the cell cathode. A stepwise pyramid dissolver has
been proposed as a possible head end design for a future reprocessing plant (2). The basis of this
design is that as dissolution of the outer pins proceeds the assembly descends into the dissolver
where the now exposed inner pins are dissolved via the lower electrode pair. The work described in
this report outlines the pilot scale work undertaken to prove the principles behind the pyramid
design.

EXPERIMENTAL

The ECD pilot scale rig consists of a cross section of the pyramid design with two electrode pairs
oriented vertically to provide two regions of dissolution (Fig. 1). The rig stands approximately 3m
high and the electrodes are 25 x 2.5cm. The zircaloy pins are held in position in a niobium basket
that is capable of holding up to eight pins in a 2x4 arrangement aligned away from the electrodes.

The rig utilises a half wave rectified AC (HWRAC) power supply and the standard conditions for
dissolution involved the use of 8M HNO3 at 85-90°C. The dissolution of standard zircaloy fuel
cladding was investigated over a range of cell voltages and distances from the electrode.

RESULTS

A series of runs were performed using the upper electrode pair at cell operating potentials ranging
from 12 to 20Vrms. Linear dissolution rates were found to increase with potential over this range
(Fig. 2). At cell potentials of 20Vrms average dissolution rates exceeding 30cm/hr were observed
compared to 13cm/hr at 12Vrms. The runs seem to follow a characteristic pattern whereby no pin
height drop is recorded for an initial period of 40 - 70mins depending on the operating potential.
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Figure 1
Schematic of pyramid dissolver

Figure 2
Effect of potential on pin dissolution rate

During this time the pin walls are slowly thinning which eventually leads to a fairly rapid drop in
pin height that is in turn followed by a steady pin drop rate. At 20 Vrms this region of steady pin
drop equated to a rate of 40cm/hr.

The potential for interaction between the upper and lower electrode pairs was investigated by
dissolving a pin via the upper electrodes (20Vrms) while the lower electrodes were powered at
15Vrms (Fig. 2, triangles). The results indicate that the interaction between the electrode pairs has
no significant effect on the dissolution rate.

The distance between the pins and the electrode is another significant parameter that will affect the
proposed process. As the pin:electrode distance is increased the electrolyte resistance causes the
pin:solution potential to decrease. Our work has indicated that for a single pin dissolution a slight
difference in dissolution rate with distance from the electrode is observed (Table 1).

During dissolution of a real fuel assembly early collapse of the internal pins of the fuel assembly is
a concern. This may occur if the penetration of the electrical field into the assembly is sufficient to
cause premature severance of the internal pins. To investigate this effect a run was performed with
four pins in the basket aligned away from the electrode (each separated by a distance of 2mm).
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Effect of pin shielding on dissolution rate

There appears to be a marked difference between the dissolution rates of the pins in positions 1 to 4
with a greater dissolution rate observed on the pins that were closer to the electrode. This difference
appears to be greater than observed when a single pin was dissolved at different distances from the
electrode. This is illustrated in Table 1 where the weight loss exhibited by each pin is shown as a
percentage of the loss experienced by the pin in position 1 for each experiment. This indicates that
pins close to the electrode are shielding the field that the inner pins experience such that the
dissolution rates of the inner pins are significantly reduced. This shielding effect is likely to be
greater in the case of a real assembly where inner pins are more effectively shielded by being
completely surrounded by other pins and suggests that premature severance of the inner pins is
unlikely.

Table 1 Pin weight loss - single vs multiple pin runs

(weight loss is presented as a percentage of the weight

loss experienced by the pin in position 1)

Position

1

2

3

4

Single pin runs

Weight loss %

100

103

94

89

Multiple pin runs

Weight loss %

100

71

57

51

When a fuel assembly is removed from a reactor the zircaloy components are passivated by an
oxide layer that protects it from both chemical and electrochemical attack. To replicate this effect a
number of zircaloy pins were autoclaved to produce a thermally grown oxide layer (2). Previous
work has shown it necessary to reverse polarity of the power supply to activate such a pin before
dissolution is possible. The activation procedure taken as standard for this work was a 10 minute
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period under normal polarity (20Vrms) followed by a 10 minute period reverse polarity (18Vrms)
and finally dissolution under normal polarity (20Vrms) for 90 minutes.

Using this procedure a rapid increase in the cell current was observed several minutes after the final
change in polarity that was accompanied by a measurable pin drop after a further 40 minutes. The
pin drop proceeded for 2 0 - 3 0 minutes before remaining stable for the final 30 minutes of the
experiment. On completion of the run it was observed that the thermal oxide layer was still intact
over the bottom 20cm of the pin. This run indicated that the sections of pin opposite the electrodes
are activated and readily dissolved, however, a region of the pin 20-43 cm from its original bottom
that sits between the electrodes is not activated and retains its oxide layer. It is this region that leads
to the halting of the pin drop and requires a further polarity reversal to allow dissolution to continue.
Without further activation the pin dissolution would occur above this region leaving a 20cm shard
ofpinundissolved.

CONCLUSIONS

This work has indicated a steady dissolution rate of 40cm/hr is possible using the pilot scale rig and
that this could be increased further by the use of FWRAC waveform. The interaction between
electrode pairs has been shown to have little effect on the dissolution rate of non-autoclaved
material, however, the effect on activation of autoclaved material has not been investigated.

The distance of the pin from the electrode has been shown to have little effect on the dissolution
rate of single zircaloy pins at 20Vrms. In the case of a multi-pin run, however, a large difference in
the dissolution rates of the pins was observed with distance from the electrode. When several pins
are present in the dissolver the pins closest to the electrode shield other pins from the electric field
reducing their dissolution rate. The shielding effect is likely to be greater in a real fuel assembly
where a greater number of pins are tightly packed indicating that inner pins are unlikely to dissolve
in the upper stage before they descend to the next stage of the dissolver.
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Kinetic study of the hydrazine decomposition in the solutions of HC1O4, H2SO4 and HNO3
in the presence of Pt/SiO2 catalyst has been undertaken.

It was shown that the kinetics of the hydrazine catalytic decomposition in HCIO4 and
H2SO4 are identical. The process is determined by the heterogeneous catalytic auto-decomposition
of N2H4 on the catalyst's surface.

The platinum catalysed hydrazine decomposition in the nitric acid solutions is a complex
process, including heterogeneous catalytic auto-decomposition of N2H4, reaction of hydrazine with
catalytically generated nitrous acid and the catalytic oxidation of hydrazine by nitric acid. The
kinetic parameters of these reactions have been determined. The contribution of each reaction in the
total process is determined by the liquid phase composition and by the temperature.

Introduction
Hydrazine, thanks to its unique chemical and physical properties, is one of the most important and

well-studied nitrogen compounds. One of the important fields of the hydrazine application is a chemistry and
technology of actinides. Being a non-salt reagent possessing an expressed reductive activity, hydrazine is
used as a nitrous acid trap in the processes of the uranium(VI) electrochemical reduction in nitrate solutions
[1] or, directly, as a reducing agent for the stabilisation of actinides in low oxidation states [2]. The final
processing of the radioactive waste solutions often require preliminary removal of hydrazine as an
undesirable admixture. One of the promising means of the hydrazine removal is based on it capability to
undergo decomposition in the presence of some solid state catalysts.

The hydrazine decomposition was studied in the presence of a great number of catalytic materials.
The results of these researches have been summarised and reviewed by E.W. Schmidt [3]. The above works
relate to a catalytic decomposition of anhydrous hydrazine or hydrazine hydrate in vapours and in the liquid
phase. The results obtained can not explain the hydrazine behaviour in the acid solutions in the presence of
catalysts, where it exists in the form of hydrazinium ion - N2H5

+. The kinetics of the hydrazine catalytic
decomposition in the nitric acid solutions was studied [4]. The complex effect of HNO3 concentration on the
rate of reaction was found but no proposals on the reaction mechanism have been done. At the same time,
this information is of some practical and theoretical interest. That is why the further studies directed to the
evaluation of mechanisms of the hydrazine catalytic decomposition in the acidic media of different nature are
reasonable. The present study concerns the hydrazine catalytic decomposition in the HCIO4, H2SO4 and
HNO3 solutions in the presence of platinum catalyst.

Experimental
The hydrazine catalytic decomposition was studied in the presence of l%Pt/ SiO2. The catalyst was

prepared and conditioned as it is described elsewhere [5].
Procedure. Kinetic measurements were carried out in a double-jacket glass reactor equipped with a reflux

device. A measured volume of working solution containing calculated amounts of acid (HCIO4, H2SO4 or HNO3) and
of hydrazine is put into the reactor. A weighed portion of catalyst, preliminarily heated to the temperature of
experiment, is then added. The mixture is stirred by argon bubbling under the controlled rate. Aliquots of the working
solution are taken periodically for analysis.

Analysis. Current concentration of hydrazine in the working solution was determined spectrophotometrcally
by means of the colour reaction with DMAB (p-dimethylaminobenzaldehyde) [6]. The analysis of gases generated
during the reaction has been carried out on line by mass-spectroscopy method. A mass-spectrometer Bakers QMS -200
was connected consistently with the reaction cell by a pipeline. Helium was used as a gas-carrier.

The hydrazine catalytic decomposition in the non-nitrate media.
The reaction of the hydrazine catalytic decomposition in non-nitrate acidic solutions was studied in

the presence of the catalyst 1% Pt/SiO2 under the following conditions: [N2H5
+]0 = 2*10"3 - 0.25M; [H+]

=~10"4 (pH 4) - 3.4M (HCIO4 or H2SO4); T = 40 - 90°C; S/L = 0.02 - 0.2 g/ml.
The experiments on the stoichiometry of the reaction were carried out with the 0.3 - 3.ON solutions

of HCIO4 or H2SO4 containing relatively high (up to 0.25M N2H5
+) initial concentrations of hydrazinium

salts to provide a satisfactory accuracy of the potentiometric titration.
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The stoichiometrc ratio N2H5
+/NH4

+ determined on the base of 16 experiments consists 0.746 ± 0.08
and does not depend on the nature of acid (HC1O4 or H2SO4) and the acidity in the range 0.3 - 3 N. The
hydrogen ions consumption was near the limit of the accuracy of the potentiometric titration method, but it
can be definitely stated that it does not exceed 0.25 mole of H+ per 1 mole of hydrazine decomposed.
According to the results of the mass-spectrometric analysis the gaseous products of the hydrazine catalytic
decomposition are presented exclusively by N2. No hydrogen formation has been found. The analysis of the
experimental results on the reaction stoichiometry allows concluding that the hydrazine catalytic
decomposition proceeds according to the equation:
3N2H5

+ + H+ = 4NH4
+ + N2 (1)

in all studied range of the experimental conditions.
Preliminary experiments showed that the kinetics of the hydrazine catalytic decomposition in HCIO4

and H2SO4 are absolutely identical. It was found that the experimental order of the reaction with respect to
the hydrazine concentration is fractional and it is changed from almost 0 to 1 with the alteration of the
hydrazine initial concentration. Fractional order of the reaction with respect to the hydrazine concentration is
evidently apparent. It reflects the adsorption nature of the heterogeneous catalytic process of the hydrazine
decomposition. Actually, the reaction proceeds according to the zero or the first order with respect to the
hydrazine concentration. The contribution of each of them into the general process is determined first of all
by the hydrazine concentration and the catalyst amount (solid-to-liquid ratio). To exclude the uncertainty
connected with the variable fractional order of the reaction we have carried out a series of the experiments in
the range of low (< 0.01M) initial concentrations of hydrazine, where the reaction proceeds according to the
first order with respect to the hydrazine concentration.

The rate of the hydrazine catalytic decomposition decreases with the increase of the acidity. The
experimental order of the reaction with respect to [H+] was found to be - 0.24 ±0 .1 . The hydrogen ions do
not take part directly in the chemical interaction leading to the decomposition of the hydrazine molecules.
Their inhibiting action is connected probably with the competitive adsorption on the active catalyst's centres.
The apparent activation energy of the process was found to be dependent on the solution acidity (Table 1).

Table 1. Dependence of the apparent activation energy of the hydrazine catalytic decomposition on the
acidity of the solution. rN2H5

+1= 1.95.10'3 M; 1% Pt/SiO2; S/L = 0.1 g/ml.

[H+],M

E*, kJ/mole

~10"5

31.6±1.6

0.1

36.1±2.4

0.2

36.4±2.1

1.2

59.2±2.2

3.4

79.9±1.4

An alteration of E* with the increase of the hydrogen ions concentration reflects the fact that the
experimentally determined value of the activation energy is apparent. It is connected with the real activation
energy of the hydrazine catalytic decomposition by the correlation:
E* = Erea, - I (2),
where X is a heat of adsorption. According to the theory of the active centres in the heterogeneous catalysis
the value of the heat of adsorption depends on the degree of the active centres filling in that is a consequence
of the energetic non uniformity of the catalyst's surface. The growth of the acid concentration lead to the
increase of the hydrogen ions adsorption on the surface of platinum catalyst. Being in the large excess, li-
ions fill in predominantly the most energetically profitable active places that causes the decrease of the
hydrazine adsorption heat and the growth of the apparent activation energy. In other words, the inhibiting
action of the hydrogen ions has rather the adsorption than the chemical nature.

The experimental data on the kinetics and the stiochiometry of the reaction allows to evaluate a
tentative mechanism of the hydrazine catalytic decomposition in non-nitrate acid media. Most likely the
process under the low initial hydrazine concentration can be presented by the following system of reactions:
H+sol «

N 2H 5
+

s o l <->
N 2 H 4 a d s ->•
NH 2 * a d s + N :

N H 4
+

a d s -f^ >>

2N2H3*soi +

• H ads

N 2 H 4 ads

2NH 2 * a
TT + _ v
!-Tl5 sol —>
IH4

+

2H so] -

+ H soi

ids (the

N H 4 ads

•» N 2 +

rate determining step)
+ N2H3*sol

2NH4
+

(3)
(4)
(5)
(6)
(7)

(8)

The platinum catalysed hydrazine decomposition in nitrate acidic media.
The preliminary qualitative analysis of gases generated during the reaction of the 0.25M hydrazine

nitrate catalytic decomposition in the 3M nitric acid at 60°C, carried out on line by means of mass-
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spectroscopy, showed the formation of the dinitrogen oxide (N2O) and nitrogen (N2) as main products of the
reaction. The ammonium ion (NH4

+) was found also in the final solution.
The kinetics of the reaction of the hydrazine catalytic decomposition in nitrate acidic solutions was

studied under the following conditions: [N2H5
+]0 = 1.94*10"3M; [H+] = 0.25 - 8M HNO3 ; T = 25-60°C; S/L =

0.02-0.1 g/ml. The low initial hydrazine concentration (1.94*10~3M) was chosen on the base of the kinetic
study of this reaction in the non-nitrate media. The kinetic curves in the all studied range are described
satisfactorily by the equation -dC/dt = ktC + ko, where k] and ko are the rate constants of the first and
zero orders correspondingly. The dependencies of the calculated rate constants on the concentration of nitric
acid are presented on Fig. 1. They indicate a very complex nature of the heterogeneous catalytic interactions

in the system N2H5
+- HNO3 - Pt. In the

range of small HNO3 concentrations
(0.25 - 2 M) the variation of the first
order rate constant (k[) corresponds to
the negative fractional order(-
0.24+0.01) with respect to the nitric
acid concentration. At higher HNO3

concentrations (3 - 8 M) the first order
rate constant increases according to the
third (2.93±0.2) order with respect to
the nitric acid concentration. The
variation of the zero order rate constant
(ko) proceeds according to the second
order (1.96±0.3) with respect to the
nitric acid concentration in the [HNO3]
range 0.5 - 4 M and the negative third
order (- 3.07+0.3) with respect to the
nitric acid concentration in the [HNO3]
range 4 - 7 M. Analysis of these data
allows to reveal three different
processes of the hydrazine catalytic

decomposition that may proceed simultaneously in the nitric acid solutions, but which contribution is
determined by the HNO3 concentration :
1) The first order reaction with respect to [N2-H5+] and negative fractional order with respect to [HNO3];
E*= 34.2 ± 0.5 kJ/mole in 0.25M HNO3.
2) The zero order reaction with respect to [N2H5"1] and the second order with respect to [HNO3];
E*= 114.6± 4 kJ/mole in 3.1 M HNO3.
3) The first order reaction with respect to [N2H5"1"] and the third order with respect to [HNO3];
E*= 44.7± 3 kJ/mole in 6.2 M HNO3.

The quantitative analysis of the kinetic data allows making some propositions about the nature of
chemical transformations taking place in the reaction system N2H5

+ - HNO3 - Pt. Three different processes of
the hydrazine catalytic decomposition in the nitric acid solutions can be reviewed.

In the range of small HNO3 concentrations (0.25 - 2 M) the first order reaction with respect to
[N2H5

+] and the negative fractional order with respect to [HNO3] is probably stipulated by the process of
heterogeneous catalytic auto decomposition of hydrazine according to the mechanism, described for the non-
nitrate media. It follows from the formal coincidence of the fractional reaction orders with respect to the acid
concentration and the values of the apparent activation energy for both nitrate and non-nitrate media.

When the concentration of nitric acid increases over 1 M, the contribution of the zero order reaction
with respect to [N2H5

+] becomes noticeable. As it was shown above, under the small (< 0.01M) hydrazine
concentrations and the actual solid-to-liquid ratios range, the saturation of the catalyst's surface by the
adsorbed hydrazine molecules does not take place. Therefore, the zero order reaction is not of the adsorption
nature. The most probably, it is stipulated by the quick interaction of hydrazine with the catalytically
produced nitrous acid. The rate of the hydrazine decomposition will be determined in this case by the rate of
the nitrous acid formation (the zero order with respect to the hydrazine concentration). It was recently
demonstrated [5] that HNO2 may be generated in the nitric acid solutions in the presence of Pt/SiO2 as a
result of the nitric acid catalytic decomposition. Hydrazine is decomposed under these nitric acid
concentrations as a result of the quick reaction:

4,0 5,0

[HNO3], M

Fig.l. Variation of the "zero-order" and "first-order" rate constants of
the hydrazine catalytic decomposition with the change of the nitric acid
concentration at T= 42°C; S/L=0.06g/ml.
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N2H5
+ + HNO2 -» HN3 + 2H2O + H+ (9),

that may proceed in the solution as well as on the surface of the catalyst.
The hydrazoic acid can react in it's turn with nitrous acid:
HN3 + HNO2 -> N2 + N2O + H2O (10),
or undergo the heterogeneous catalytic auto-redox transformation [7,p.627] :
3HN3 —catalysts NH3 +4N2 (11).

Increase of the nitric acid concentration from 4 to 8 M leads to the quick decrease of the contribution
of the zero order reaction. The change of the zero order rate constant in this range of HNO3 concentrations
corresponds to the negative third order with respect to the nitric acid concentration. At the same time the
alteration of the first order rate constant in these [HNO3] limits is described by the third order equation with
respect to the nitric acid concentration. The third order with respect to [HNO3] is usual for the redox
reactions with the participation of the nitric acid. It was observed, for example, in the reaction of the
homogeneous hydrazine oxidation by HNO3 [8] and in the homogeneous and catalytic decomposition of
HCOOH in the nitric acid media [5,9]. The third order with respect to the nitric acid concentration can be
adequately explained in the assumption of the hydrazine heterogeneous catalytic reaction with the oxidising
species NO2

+ formed in the nitric acid media by the fast equilibrium reaction [8,10,11] :
3HNO3 *-* NO2

+ + H3O
+ + 2NO3- (12).

The rate determining step of the process in this range of [HNO3] is probably stipulated by the interaction of
NO2

+ with the hydrazine molecules, adsorbed by the catalyst active centres :
(N2H4)adsorbed + NO2

+ -> NO+ + N2H2 + H2O (13).
The products of the slow reaction (13) - diimide (N2H2) and nitrinium-ion (NO+) - may undergo further a
series of fast transformations described earlier for the homogeneous oxidation of hydrazine by HNO3 [8] :
NO+ +N2H4 -+N2H2 + HNO + H+ (14)
2N2H2 -» HN=N-NH-NH2 -> HN3 + NH3 (15)
2N2H2 -» H2N-N=N-NH2 -» N2 + N2H4 (16)
N2H2 + 2 HNO -» 2N2 + 2H2O (17)
2 HNO -» H2N2O2 -> N2O + H2O (18)
NH3 + HNO3 ->• NH4NO3 (19)

The combination of chemical transformations described above gives only a tentative and qualitative
picture of the process. The real mechanism may be much more complex and may include a greater number of
intermediates and reactions taking place in the solution as well as on the surface of the catalyst. A reliable
evaluation is hardly possible on the basis of kinetic data alone. Nevertheless, the proposed scheme seems to
be rather probable. It explains all the experimental observations of the interaction between hydrazine and
nitric acid in the presence of a platinum catalyst and is consistent with our knowledge of the processes taking
place in the nitric acid solutions.
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Abstract

Ab initio molecular orbital calculations on the structure and stability of the complex of uranyl nitrate with water
or tri-methyl phosphate (TMP) was performed using the Density Functional Theory with the basis set including
the relativistic effects. When the aqua uranyl nitrate complex structure was calculated with two water molecules at
the first coordination sphere, the optimized complex structure was not in agreement with the experimental data of
[UO2(NO3)2(H2O)6]. The optimization of the complex structure was improved by taking into account the influence
of outer four water molecules at the second coordination sphere, which should bond with inner water molecules
through the water hydrogen. It means the solution effect is not negligible for the coordination of the ligands such
as water. For the H3PO4 coordination, eight models were preferred, one group had the coordination angle of U-O-
P in H3PO4 is bent, and other group had straight and the four combinations of the direction of three O-H groups.
[UO2(NO3)2(H3PO4)2] had greater stability, when U-O-P angle was bent, and there were on the equatorial plane.
Finally, the structure of [UO2(NO3)2TMP2] is optimized, and the optimized geometry has agreement with
experimental values. From the comparison of H3PO4 and TMP coordination, the alkyl group in the
organophosphorus ligand strongly influences the bond angle of U-O-P.

1. Introduction
For the reprocessing of the spent nuclear fuels, the solvent extraction is the preferred method to extract uranium

and plutonium from the solution (1,2). So many extractants have been extensively researched and developed in
order to improve the extraction process to extract not only uranium and plutonium but also americium and curium.
Furthermore, a lot of basic researches have been carried out to elucidate the extraction mechanism and to design
the suitable extractants. It is well known that organophosphorus ligands have strong selectivity for extraction of
actinide elements. Thus, so many organophosphorus ligands were designed to enhance the reprocessing process,
and so many extracting conditions were tested. There are some subjects to improve these studies. The complex
structure investigation is one of these efforts and it provides the important information to these studies. Now, the
quantum chemistry approaches to actinide containing complexes has been available, and contributing these studies
(3-8).

Here, we calculated the stable structures of [UO2(NO3)2(H2O)2] and [UO2(NO3)2(H3PO4)2] by ab initio
molecular orbital method, and studied the electronic structure of these complexes for the representative of uranyl
nitrate complex with aqua (9, 10) or organophosphorus (11-19). Because [UO2(NO3)2(H2O)2] is most important
and familiar complex in the nuclear fuel reprocessing process, and [UO2(NO3)2(H3PO4)2] was chosen as the
smallest model of tri-alkyl phosphate or such a organophosphorus ligands. Finally, we calculated the structure
[UO2(NO3)2TMP2], and compared with some experimental results.

2. Computational Methods and Models
The structural studies for aqua uranyl nitrate complex

were performed by X-Ray (9) and neutron diffraction
(10). It is well known that aqua uranyl nitrate complex
can take various number of water molecules (2). Here,
two calculation models were prepared to study for the
solvent effect, one is dihydrate uranyl nitrate complex
and the other is hexahydrate complex. Uranyl nitrate
dihydrate complex is the uranyl with two nitrate groups
and two closely binding water molecules as the basic
common structure based on these reports. The two nitrate
ions and two water molecules are in the trans position in
the equatorial plane, which is perpendicular to the uranyl
group. Uranyl nitrate hexahydrate complex has been
reported in the above experimental study, too. This
complex has the above basic structure (Fig. 1). The outer
four water molecules are in the second coordination sphere, which have hydrogen bonding with inner two water
molecules. These four water molecules are in the equatorial plane.

Fig. 1. Schematic figure of [UO2(NO3)2(H2O)6].
All ligands are on equatorial plane, and
uranyl axis is perpendicular to this plane.
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Many structural studies for the organophosphorus uranyl nitrate complex were reported, by X-Ray and EXAFS
(11-19), but they have not been clarified in detail, the direction and angle of U-O-P. Here, we assumed H3PO4, as a
smallest ligand including PO4 moiety, and optimized the structure with uranyl nitrate, considering the angle of U-
O-P straight or bent and the four combinations of the direction of three O-H groups (Fig. 2). Finally, the
[UO2(NO3)2TMP2] structure was optimized based on the results of [UO2(NO3)2(H3PO4)2].

All calculations were performed by using the DMol3 program (20-22), with using the basis set of the double
numerical valence set, and including in all electrons plus polarization functions for hydrogen, oxygen, and
nitrogen (23). For the aqua uranyl nitrate complex, all electron calculation was done, and others were with the
relativistic effective core potential. The basis set of uranium was up to 7s orbital, and the polarization function on
hydrogen was 2p, nitrogen and oxygen were 3d. The density functional by Perdew and Wang (24) was employed
for all calculations.

3. Discussion
For the optimized structure of aqua uranyl nitrate

complex, the binding energy change from the dihydrate
complex to the hexahydrate model was 186.3kJ/mol,
which was calculated by the total energy of hexahydrate
complex minus sum of the total energies of dihydrate
complex and times four that of water molecules. This
means that the outer water molecules, which have a role
of solution effect in this calculation, have great
contribution to the stability of inner aqua uranyl nitrate
complex.
The binding energy difference in each straight U-O-P
model for [UO2(NO3)2(H3PO4)2] was less than 0.02
kJ/mol. The binding energy for all bent models were
lower than that of straight models over 213.5kJ/mol.
Among the bent model, type c (see Fig. 2) is the lowest
of all, next type b (type c +33.4kJ/mol), 3rd type a
(+57.5), highest type d (+76.0). From these results, we
made the initial model for [UO2(NO3)2TMP2], and
optimized it (Fig. 3).
The optimized geometries for uranyl nitrate complexes
with aqua or organophosphorus are shown in Table 1,
with experimental values (10, 12, 14, 16-18) and
Gaussian 92 results (4). The optimized geometries were
improved greatly and in good agreement with
experimental data for the hexahydrate complex. But, the
uranyl bond length was not changed on each complex.
The outer four water molecules in hexahydrate complex
are far from oxygen in uranium then they do not
influence on the uranyl bonding length. The inner
structure of aqua uranyl nitrate complex with concerning
the existence of secondary coordinating molecules has better agreement with experimental values than the
Gaussian 92 result.
As shown in Table 1, uranyl bond length was not changed in each model for [UO2(NO3)2(H3PO4)2], but nitrate ion
coordination was much changed. The coordination point of H3PO4 was slightly changed compared with nitrate
coordination, but the bond angle of U-O-P is greatly changed with the model structure. For [UO2(NO3)2TMP2],
the bond length from uranium to the oxygen at coordination side in TMP was in good agreement with the
experimental value, but for nitrate ion, it was underestimated. The angle of U-O-P in [UO2(NO3)2TMP2] was also
underestimated. From the comparison of the bond angle of U-O-P in [UO2(NO3)2(H3PO4)2] and

], hydrogen or methyl group strongly influenced on the bond angle of organophosphorus ligand.

Fig. 2. Calculation models of
Four combinations of direction three O-H groups.

Fig. 3. Optimized structure of [UO2(NO3)2TMP2].

4. Summary
The optimized structures of uranyl nitrate complex with two or six water molecules were calculated by density

functional calculation code. The hexahydrate complex is more stable than dihydrate complex, and the inner
complex structure is greatly improved by concerning the existence of the secondary coordinating water molecules.

In the calculation of [UO2(NO3)2(H3PO4)2], eight complex structure was prepared for the initial model, namely,
the bond angle of U-O-P was straight or bent, and four combinations of the direction of O-H groups. The binding
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energies of the bent structures were lower than that of linear. This result shows that the bent structure has more
stability than linear, and coincides with the experimental results. Based on the optimized structure of
[UO2(NO3)2(H3PO4)2], we calculated the structure of [UO2(NO3)2TMP2]. When the ligand is water, the bond
length from uranium to the coordination side oxygen in ligand was overestimated, but when it was TMP, it is in
good agreement with experimental value. But for nitrate ion, it showed opposite tendency, namely, the
coordination point of nitrate ion was good agreement with the experimental value when water coordinated, but it
was underestimated when TMP coordinated. The angle of U-O-P in [UO2(NO3)2TMP2] was underestimated, and
the angle was close to that of tri-ethyl phosphate (TEP) or tri-iso-butyl phosphate (TiBP) coordination. The U-O-P
angles of [UO2(NO3)2(H3PO4)2] were sharper than that of [UO2(NO3)2TMP2], but the bond lengths were not so
changed. This means the alkyl group strongly influences only on the bond angle of U-O-P.

Table. 1. The optimized geometries for aqua or organophosphorus uranyl nitrate complexes with
experimental values and Gaussian 92 results (angstrom and degree). (TBP: tri-n-butyl
phosphate, TBPO: tri-n-butyl phosphine oxide, TPhP: tri-phenyl phosphate.)

Complex Method ru=o ru.O2NO rO-L 8u.0.P

[UO2(NO3)2(H2O)2]
[UO2(NO3)2(H2O)6]
[UO2(NO3)2(H2O)2]
[UO2(NO3)2(H2O)2]
[UO2(NO3)2(H3PO4)2] type a
[UO2(NO3)2(H3PO4)2]typeb
[UO2(NO3)2(H3PO4)2] type c
[UO2(NO3)2(H3PO4)2] type d
[UO2(NO3)2TMP2]
[UO2(NO3)2TMP2] at 298k
[UO2(NO3)2TMP2]
[UO2(NO3)2TEP2]
[UO2(NO3)2TiBP2] at 77k
[UO2(NO3)2TiBP2]
[UO2(NO3)2TiBP2] at 298k
[UO2(NO3)2TBP2] at 298k
[UO2(NO3)2TPhP2] at 298k
[UO2(NO3)2TBPO2]
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STUDY OF APPLICABILITY OF CRYSTALLIZATION TO PUREX PROCESS

A. Shibata, Y. Koma, T. Koyama, H. Funasaka
Japan Nuclear Cycle Development Institute

Abstract

The PUREX process in the advanced fuel recycle will be simplified, in order to achieve cost reduction, waste minimization
for environment and nuclear proliferation resistivity. One of applicable technologies to support the PUREX process is
crystallization of uranium prior to the solvent extraction. Crystallization requires neither extracting solvent nor additional
reagent. Therefore, it can contribute to reduce the volume of waste solution and the size of equipment of the reprocessing
process.
First we designed the process adapted crystallization technology and the reference process simplified PUREX. Next we
compared both processes in equipment and mass flow.
When the process adapted crystallization is introduced, equipment and vessels are miniaturized. Mass flow is also reduced
certainly, and extra nitric acid and very low-level liquid waste is decreased largely. The PUREX with crystallization is
helpful to improve the reprocessing process.

1. Introduction
The PUREX process should be simplified for the advanced fuel recycle, in order to achieve cost reduction, waste
minimization for environment and nuclear proliferation resistivity. Crystallization is one of applicable technologies to
support the PUREX process. Crystallization requires neither extracting solvent nor additional reagent. Therefore, it can
reduce the volume of waste solution and the size of equipment.
Application of crystallization for U purification has been reported by KfK (1,2). In Japan, Tokyo Electric Power Company
and Mitsubishi Materials Corporation also investigated applicability of crystallization technology to U purification process
(3).
For that purpose, crystallization technology is introduced as a pre-process of the PUREX process. In this system,
crystallization removes a large quantity of U from the dissolver solution. In this paper, the process flow diagram adapted
crystallization technology will be described and compared with the simplified PUREX process for the advanced fuel
recycle.

2. Process Development

The process adapted crystallization technology

In the KfK process (1,2), the feed solution was concentrated and adjusted to 5.8 M nitric acid and 1.5 M uranium. The first
crystallization was conducted by cooling the solution from +30 to -30 °C in half an hour. The resulted UNH was dissolved
and provided for the second crystallization step. The recovery of uranium was more than 90 %.
In our process, uranium nitrate crystallization is applied as pre-process for the solvent extraction. Figure 1 shows the
process adapted crystallization. Feed solution is the dissolver solution. Crystallization section separates surplus uranium for
FBR core fuel fabrication. The recovery of uranium is about 60 % to roughly obtain the Pu/U ratio for the core fuel. The
crystallization is conducted by cooling the solution from +40 to +10 °C. Thus, high recovery of U is not needed and the
process can be operated at higher temperature compared to the case of application for purification process. The residual
solution is called the mother solution. The mother solution is fed to the co-decontamination section of the PUREX process.
The volume of the mother solution is smaller than that of the dissolver solution for the process without crystallization. So
mass flow fed to the extraction section (extracting solvent, scrubbing solution and stripping solution) is reduced. This
process strips U and Pu together and does not have Pu partitioning. This contributes to non-proliferation.
Different from the application for purification, there are many impurities in the dissolver solution. Table 1 shows the results
of washing procedure experiment that was performed with simulated dissolver solution. The composition of the dissolver
solution is summarized in table 2.
First the solution was cooled to 10 °C and uranium nitrate crystal was produced. Slurry of U crystal was filtrated. Next the
crystal was washed with nitric acid. Washing operation was repeated for 3 times.
When Uranium crystal was not washed, DF was less than 10. Repeated washing improves decontamination of fission
products (FPs). When washing was repeated three times, DF was 10-100. Decontamination for FPs in crystallization section
is basically dependent on washing procedure.

Table 1 Decontamination factor of each element in crystallization using simulated dissolver solution
element Rb Sr Y Zr Mo Ru Rh Pd Cd Te Cs Ba La



No washing
3 times washing

3
50

4
50

6
100

9
50

4
10

6
50

4
50

2
50

6
100

8
50

7
100

2
30

6
100

Table 2 Composition of the simulated dissolver solution
element

Concentration (g/L)
U

600
Rb

0.34
Sr

0.73
Y

0.40
Zr

4.18
Mo
2.51

Ru
2.37

Rh
0.69

Pd
2.09

Cd
0.37

Te
1.03

Cs
5.97

Ba
2.56

La
1.88

HNO3
2.1 M

Soft PUREX process

The process adapted crystallization technology will be applicable to the simplified PUREX process. In the advanced fuel
recycle system, the PUREX process produces U product and Pu-Np-U mixed product solutions with lower decontamination,
and will be optimized to reduce the amount of waste solutions (4). The process is called as "Soft PUREX (Simplified,
Optimized and Fully Trusty PUREX)" (5).
Figure 2 shows the Soft PUREX process that does not have purification sections. Because co-decontamination section can
decontaminate FPs enough to make fuels adequate for the advanced fuel recycle system. Pu product is supplied to core fuel
fabrication and U is supplied to blanket fuel fabrication.
This process never treats pure Pu and does not partition Pu and U thoroughly. The Pu product contains Pu, some U and a
little FPs.
This simplified process is shorter than the conventional reprocessing process. Amount of the mass flow is reduced from the
conventional reprocessing process. So waste solution is also reduced.

3. Process Comparison

The process that crystallization is adapted was compared with the Soft PUREX process.
First, reprocessing plants which is based on the Soft PUREX process and the process adapted crystallization were designed.
The following items are premise for designing a process.
- Spent core fuel and spent blanket fuel are treated together,
- Co-recovery of Pu with U (U:Pu=3:l),
- U and Pu product is supplied to blanket fuel and core fuel fabrication, respectively,
- Plant scale is 500 kg-Heavy Metal per day,
- Plant operates 200 days per year.
Next, mass balance of each element and reagent was calculated. And the number of equipment and the volume of vessels
were also calculated. These two plants were compared in the view of process simplicity, equipment and mass flow.
For convenience' sake the plant based on the process with crystallization is called plant A and the plant based on the Soft
PUREX process is called plant B.
Table 3 shows the comparison of the processes. In the dissolution section, plant A needs high U and Pu concentration and
high acidity. In plant A, clarification section needs to be heated, because U crystallization must be avoided before
crystallization section. In plant A, crystallization section recovers 60 % of U. Extraction section co-recovers U and Pu in
both plants. There is no Pu partitioning section and U stripping section in plant A.
A comparison of equipment is showed Table 4. Number of equipment in plant A is smaller than that in plant B except
shape-controlled vessel. Also the volume of vessels in plant A is smaller than that in plant B. Evaporator capacity in plant B
is two times as large as that in plant A.

Table 3
Process
Plant A
Plant B

Comparison of the processes
dissolution

High U/acid concentration
conventional

clarification
Heated
Room temperature

crystallization
Recovery of 60% U
No

extraction
No Pu partitioning, No U stripping
Co-recovery of Pu and U

Table 4 Comparison of equipment
Equipment
Plant A
Plant B
Ratio (A/B)

Centrifugal contactor
42 stages
53 stages

0.79

Shape-controlled vessel
21 vessels (14 m3)
17 vessels (18 m3)

1.2(0.8)

Normal vessel
55 vessels (126 m3)
58 vessels (167 m3)

0.95 (0.8)

Evaporator capacity
12 mJ/d
27 mJ/d

0.44

Table 5 shows a comparison of mass flow. The volume of high-level liquid waste (HLW) of both plants is same, because
plant scale is equal. Mass flow of nitric acid, TBP and very low-level liquid waste (VLLW) in plant A are smaller than those
in plant B. Plant A strips Pu without reduction. So there is no hydroxylamine nitrate (HAN). And there is no extra nitric acid
in plant A, because all nitric acid is recycled.



Table 5 Comparison of mass flow
Mass flow

Plant A
Plant B
Ratio (A/B)

Nitric acid
(kg/d)
782
964
0.81

TBP
(L/d)
760
1730
0.44

HAN
(mol/d)

0
1080

0

HLW
(m3/y)

15
15
1

Extra nitric acid
(t/y)

0
50
0

VLLW
(t/y)
1700
3000
0.57

4. CONCLUSION

In this study, we evaluated the process with crystallization for the advanced fuel recycle.
When a process adapted crystallization is introduced, equipment and vessels are miniaturized. Mass flow is also reduced
certainly, and extra nitric acid and VLLW is decreased greatly. And in this process Pu is not treated independently. So
resistivity against Pu is enhanced. Further, reagents and solvents are decreased in the solvent extraction process. So
chemical hazard from these reagents is reduced.
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ABSTRACT

Research and development of technologies for radioactive waste (RAW) minimization arising from spent nuclear fuel
reprocessing are discussed. Novel reductants of Pu and Np ions, reagents of purification recycled exractant, possibility of
the electrochemical methods are studied. The partitioning of high activity level waste are considered. Examples of
microbiological methods decomposition of radioactive waste presented

INTRODUCTION

To-day and in the near future the nuclear power evolution will be much dependent on the reliability and environmental
safety of the storage of radioactive waste, arising at the nuclear fuel cycle (NFC), stages.

To reduce the scope of RAW from spent nuclear fuel reprocessing (SNFR) is one of the basic ways of improving the cost
effectiveness of the closed nuclear fuel cycle and nuclear power as a whole.

Taking into account that the scopes of the intermediate activity level waste (IALW) exceed much those of high activity level
waste (HALW) as well as the high cost of reprocessing, storage and disposal of waste of this type the problem the IALW
minimization is the most important one. This issue and HALW reprocessing are discussed in the paper also in terms of
reducing the HALW and IALW arisings.

At present the basic approaches to the RAW minimization are:

• optimization of SNF reprocessing;

• HALW partitioning;

•Use of "waste-free" methods of RAW conditioning.

To reduce substantially the scope of waste from SNF reprocessing and improve the existent technology are feasible if the
following is realized:

• application of salt-free reagents (oxidants, reductants, complexants) and "waste-free" electrochemical methods minimizing
the build-up of waste as well as its contents of hydrazoic acid and ammonium nitrate;

• minimization of the scope of waste from extradant recovery;

• improvement of instruments, remote control and management of the technological process in the real time.

The optimized Purex-process allows a reduction in the scope of IALW via converting it to HALW; the total scope of
solidified HALW being 0.3 - 0.5 m3 per ton of U (including vitrified waste, solidified claddings and concentrates arising
from IALW reprocessing).

The partitioning of HALW will convert the main mass of salt waste to the IALW category and ensure the reliable disposal
and future transmutation of the most toxic fraction of TUE. The reduction in the scope of the most toxic waste will
respectively reduce the expenses for the reprocessing and subsequent disposal of solidified waste.

The application of "waste-free" methods, primarily electrochemical ones, to condition IALW and HALW will reduce the
scope of nitrate waste (HNO3 recovery and decomposition to nitrogen) and organic waste (spent extractant, organic
reagents.
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WAYS OF MINIMIZING OF RADIOACTIVE WASTE .

The analysis of the IALW sources reveals that for the most part it arises from spent nuclear fuel reprocessing as a result of
using salt-like and salt-forming reagents. It primarily refers to the technological operations such as separation of U, Pu and

Np in the first extraction cycle of the Purex process using mixed Fe(II) + hydrazine and U(IV) + hydrazine as well as to the
operation of the extractant (TBP) purification with sodium carbonate to remove phosphoric acids. Along with the salt-
forming nature of those reagents a potential danger of hydrazine is to be pointed out the oxidation of which with HNO3 or
HNO2 results in the formation of ammonium nitrate and azide ions (1,2).

In search for novel reductants of Pu and Np ions our attention was focused on studying nitrogen containing organic
compounds belonging to different categories that when interacting with HNO3 do not form salts inhibiting the concentration
of IALW by the evaporation of effluents. The other requirement for novel reductants is to have an adequately high kinetic
efficiency in relation to Np(VI) and Pu(IV) ions.

The investigations evidence that these requirements are met by reductants such as substituted hydrazines and
hydroxylamines, oximes and nitriles. The results of studying into the kinetics of Pu(IV) and Np(VI) reactions with
substituted hydrazines and hydroxylamines are discussed in our previous papers and reviews (3-7). As distinct from
unsubstiuted hydrazine the substantial advantage of substituted hydrazine is that NH4+ and N3" ions are not available in their
oxidation products. In an excess oxidant these reactions proceed to form primarily saturated hydrocarbon and nitrogen while
in an excess reductant the corresponding alcohol and nitrogen are formed.

The main specific feature of the reagents of this class consists in a much (two or three orders) higher rate of the Np(VI)
reduction as compared to that of Pu(IV). Hence, the promising character of some substituted hydrazines is apparent for the
selective isolation of Np(V) from a mixture of U-Pu-Np; Np(V) is a final reaction product.

It is evident from the kinetics studies that as distinct from substituted hydrazines some substituted hydroxylamines
(specifically, N,N-diethylhydroxylamine) monoximes (e.g., acetaloxime) and hydrazine nitriles (e.g.,
hydrazinepropionitrile) react with both Np(VI) and Pu(IV) at adequately high rates; the selectivity of these reductants in
relation to Np ions is retained, in other words, Np(IV) is not available in reaction products.

Some reductants of those classes may find application to co-isolate Pu and Np from uranium.

It is to be pointed out that in the majority of instances the discussed reductants also react with HNO2 at an adequately high
rate; due to this fact there is likely no need to introduce an additional reductant-antinitrite similar to the currently used
hydrazine. As an antinitrite, specifically, to replace hydrazine in the U(IV) - N2H4 system most promising are some
substituted hydrazines despite the fact that the rate of their interaction with HNO2 is much lower than the rate of the similar
reaction of unsubstituted hydrazine (2).

Several compounds belonging to the classes of substituted hydrazines and hydroxylamines as well as oximes are readily
soluble in TBP and can be used to implement the reduction of the highest valence Pu and Np (Pu(IV), Pu(VI) and Np(IV))
immediately in the extractant phase. As a rule, the final valent forms in the reactions of Pu and Np with those compounds
are Np(V) and Pu(III) that can be then transferred to an aqueous phase by a simple contact of the organic solution with a
diluted aqueous solution of HNO3.

The rate and degree of the Pu(IV) and Np(VI) reduction in organic solutions of the TBP are maximal at low concentrations
of HNO3. For most reagents the reactions are fully completed after several minutes at moderate concentrations of reductants
(0.1-0.2 mole/1) and room temperature. Under these conditions the resultant Np(V) and Pu(III) are adequately stable and do
not change their valences during several hours. With an increase in the concentration of HNO3 they are re-oxidized to
Pu(IV) and (VI) with HNO2 built-up in the solution. The kinetics regularities of the Pu(IV) and Np(VI) reactions with
several studied reductants (N,N-dibutyl hydroxyl amine, butyraldoximes) in the TBP solution are similar to those observed
in an aqueous solution of F1NO3 which indicates the similarity of their mechanisms in both the environments. The main
specific feature of these reactions in the TBP solution lies in the substantial influence of water on their rates.
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The other promising approach that is currently under intensive developments involves the application of the electrochemical
method. The method in different modifications is being developed for many operations of the aqueous reprocessing of SNF
(dissolution of fuel (8), control of actinide ion valences (7), extractant recovery (9) and its destruction in waste (10) etc).
One of the merits of the electrochemical method is the feasibility of reducing the amount or eliminating from the process
streams the salt-forming reagents, specifically, iron ions as well as decreasing the scope of liquid wastes of various activity
levels that are to be disposed of.

In Russia the electrochemical method is commercially used for the separation of U and Pu in the 1 extraction cycle at the
RT-1 plant (11). The electrodes - the cathode and the anode - not separated by a membrane are sited directly at the stages of
the extractor and the Pu(IV) - Pu(III) reduction is basically accomplished with electrochemically generated U(IV) in the
bulk solution.

In membrane-free electrolyzers having simple designs other processes can be implemented without introducing any
chemical reagents. For example, the electrochemical treatment of the aqueous HNO3 solution entering the 1st extraction
cycle and containing some Pu as Pu(IV) results in the conversion of all the plutonium to Pu(IV) (12) which eliminates its
dangerous build-up at the extractor stages when it is subsequently extracted with 30% TBP. In this process the important
part is also played by chemical reactions in the solution, namely, the reduction of Pu(VI) and Pu(IV) with U(IV) (13) and
the oxidation of the resultant Pu(III) to Pu(IV) (at a rather high acidity > ~ 2 mole/1 HN03 (14)) with the product of the
cathode reduction of HNO3, i.e. HNO2.

Another example may be the process of the electrochemical stabilization of Pu(IV) in Pu(III) and hydrazine containing
aqueous solutions before the operation of the extraction refinement of plutonium (11). In this case the oxidation of Pu(III)
and the destruction of hydrazine proceed at the same time; the latter taking place both on the electrode and in the bulk
solution. The final conversion of Pu(III) to Pu(IV) proceeds in the solution under the action of HNO2 after the complete
destruction of hydrazine.

It is to be stressed that both the electrochemical processes, namely, the reduction of Pu(IV) and the oxidation of Pu(III)
proceed at an adequately high rate and can be implemented in flow electrolyzers (11).

The electrochemical process of hydrazine destruction in membrane-free cells is highly efficient and can be used for the
utilization of liquid hydrazine containing waste arising, e.g., from partitioning liquid HALW according to the schema
described in (15). The current yield upon the electrooxidation of hydrazine in electrolyzers of this type may substantially
exceed 100%, particularly, at its high concentration. In this case, however, one cannot succeed in fully eliminating the
formation of ammonium ions but since the contribution of the cathode process to the overall process of the hydrazine
destruction is but 30 - 40% (according to our data) their quantity must be a factor of ~ 2.5 - 3 less than when it is destructed
by evaporation with HNO3.

To fully avoid the formation of NH4+ ions it is more expedient to implement the electrochemical decomposition of
hydrazine in liquid waste using membrane electrolyzers. In this case hydrazine is oxidizable only according to the
electrochemical reaction on the anode, and nitrogen gas is the only product formed.

The use of salt-free reagents in place of sodium carbonate employed in the presently operating Purex-process to purify the
recycled exractant from butyl phosphoric acids is one more important way of reducing the IALW amounts. The successful
solution of this problem will reduce the NaNO3 content in IALW by 150-200 kg as calculated per 11 of SNF.

The Japanese researchers (16, 17 )suggest to substitute Na2CO3 by hydrazine oxalate or carbonate; with the aim of reducing
the yield of NH4NO3 now under development is an electrolytic method of destructing the spent hydrazine salts.

The limitation of the suggested reagents lies in much higher (by ~ 2 orders) coefficients of dibutylphosphoric acid (DBP)
distribution between TBP and the aqueous solutions of those compounds if compared to the data on sodium carbonate.

Our search studies have revealed that to purify TBP novel more efficient reagents, specifically, etanolamines, are usable.
The DBP distribution coefficients for these reagents are close to their values for Na2CO3.
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The studies into the dependence of the DBP distribution coefficients upon pH of the aqueous solutions and the reagent
concentrations have lead to the conclusion that the mechanism of DBP stripping comprises a stage where compounds of
DBP with oxyethylhydrazine and ethanolamines are formed while the rate determining stage is a mass transfer between the
phases.

As is shown by the kinetics investigations it is the reason why the rate of DBP stripping is high and the equilibrium of the
DBP distribution sets in less than 1 min.

Of much importance is the improvement of the equipment to intensify the technological process, to provide the safe
reprocessing of SNF and to minimize the adverse influence on the environment. These requirements are met by the
pulsation equipment designed at SSC RF VNIINM (18). The feasibility of creating any hydrodynamic condition upon the
transformation of the vibrating pulsation motion to the rotary, spiral etc ones ensures the efficient contact between the
reagents, the mass transfer at the interface of the phases, no stagnant zones or by-pass streams in criticality safe equipment.
No moving mechanical components within the equipment eliminate the abrasive wear of mating surfaces. The remote power
supply and remote control, the tightness of the pulsation equipment eliminate the contact between the servicing staff and
equipment as well as leaks of radioactive solutions and gases.

The commercial application of the pulsation equipment corroborates its high reliability, longevity, critical safety,
substantially reduced amounts of waste arising from the regulated servicing of the equipment.

The problem of minimizing the scope of RAW from SNF reprocessing also comprises the reduction in the scope of the most
toxic HALW containing TUE and some long-lived fission products.

The partitioning of HALW to isolate and concentrate TUE and other long-lived radionuclides will make it possible:

•to lower down the toxicity of the main mass of waste and cut expenses for RAW disposal into deep geological formations;

• to improve the safety of HALW management upon separate disposal of fractions of elements that drastically differ in their
nuclear, chemical and geochemical properties;

• to reach the radiation balance between HALW and mined uranium after several hundred of years via the transmutation of
the most toxic TUE;

• to utilize some radionuclides for science, engineering and medicine.

To-day, there are premises to implement the partitioning of HALW via the Purex-process or the introduction of additional
operations to isolate long-lived radionuclides.

The isolation of 237Np at the RT-1 plant followed by the reactor preparation of 238Pu can be considered to be the partitioning
of one of the longest life transuranium element by its transmutation to the short-lived isotope.

The available process flow sheet allows the partitioning of one of the longest life fission product, i.e., 99Tc the transmutation
of which can produce stable 100Ru (19).

To reduce the radiotoxicity of the main mass of waste is possible via a deep (not less than 99.99%) isolation of TUE, which
is feasible with the use of powerful grouped extractants. Efficient extractants were developed for the isolation of TUE and
long-lived fission products; the basis of those extractants is formed by phosphoric and alkylphenylphosphonic acids,
zirconium salts of organophosphoros acid, bidentate extractants such as diphosphine dioxides and carbamailphosphinoxides,
polydentatic phosphonitrile acids (20-25).

Aside from the electrochemical methods of promise is the approach to the minimization of the secondary waste from SNF
reprocessing that makes use of microbiological methods of RAW decomposition. The microbiological decomposition of a
spent extractant allows a factor 5 -10 reduction in the scope of organic radioactive waste with the complete elimination of
the inflammable organic solution and a substantially improved safety in managing RAW (26, 27).
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The application of the microbiologie methods to destruct nitrates and organic components of IALW and LALW with the
simultaneous concentrating of radionuclides will make it possible to realize the long time "self-sustaining" process of the
RAW scope reduction at a lower specific consumption of power and materials for reprocessing. The extraction of Am on
the biomass of microorganisms Rhodococcus sp., Rhodococcus maris, Rhodococcus erytropolis, Candida sp., Pseudomonas
stutzeri is feasible from media at [HNO3] up to 3 mole/1. In the biosorption on microorganisms the content of actinides
reaches 15 -30 % of the dry biomass.

CONCLUSION.

The reduction in the overall cost of the closed nuclear fuel cycle is primarily governed by a decrease in the scope of RAW
to be long-term stored or disposed of. The optimization of the Purex-process, the partitioning of HALW, the application of
"waste-free" technologies of RAW reprocessing will reduce substantially the expenses for the management of SNF and
RAW in the closed fuel cycle, ensure the environmental safety upon the long-term storage and disposal of HALW
depending on the geochemical properties of long-lived radionuclides and in the future via the TUE transmutation will
provide the radiation balance with mined uranium after several hundred years of the storage (Fig. 1).
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Optimization of the Purex-process:
• Application of salt-free reagents: oxidants, reductants,
complexants ... and "waste-free" electrochemical methods
• Application of the pulsation equipment;
• Management of the technological nrocess in the real time
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Fig. 1. Spent Nuclear Fuel Reprocessing: Chime of Traditions and Innovations
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ABSTRACT.
Optical spectroscopy has been used to follow the complexation reactions of Pu(IV) and Pu(VI) with
the acetohydroxamate (AHA") ligand. Significant reduction of Pu(IV) to Pu(III) occurs in the course
of the experiment, although the experimental procedure has now been modified to suppress this and
will allow Pu(IV)-AHA stability constants to be calculated. In the case of the Pu(VI)-AHA
reaction, significant reduction occurs immediately, forming successively Pu(V), Pu(IV) and
eventually Pu(III). This reaction was followed for 6 days, by which time Pu(VI) was quantitatively
reduced to Pu(III).

INTRODUCTION.
Hydroxamic acids (RCO-NH(OH)) are effective and potentially selective complexants for
lanthanide and actinide cations (1,2). In this study, two simple monohydroxamate ligands (aceto-
and benzohydroxamate), a synthetic dihydroxamate (glutarodihydroxamate) and a microbially
produced polyhydroxamate (rhodotorulate) have been studied. The data presented here focus on the
reactions of plutonium with the simple monohydroxamate ligand acetohydroxamate (AHA", R = -
CH3).

MATERIALS AND METHODS.
Safety- Plutonium is radioactive and should only be handled by appropriately experienced
personnel in specialised radiochemical laboratories. The possession and use of radioactive
materials is subject to statutory controls.

242Pu(IV) was prepared by adding solid NaNO2 (1 mg ml"1) to a stock solution of Pu in 0.1 M
HNO3. The purity of the starting solution was checked by UV-visible-near IR spectroscopy.

242Pu(VI) was prepared by adding cone. HCIO4 (1 ml) to the nitric acid stock solution (1 ml) and
heating until fumes of HCIO4 were evolved. The volume was reduced until a moist solid formed,
then the HCIO4 treatment was repeated twice more. The purity of the solution was checked by UV-
visible-near IR spectroscopy.

In the case of Pu(IV), optical absorption spectra were recorded: in 0.1 M HNO3 (1 ml) as a
benchmark; after 6 x 20 ul additions of 5 M HAHA solution; after addition of 4.9, 20.2 and 22.9 mg
solid HAHA; and after addition of 5 portions of concentrated NaOH (15, 10, 10, 5 and 10 ul
respectively). This procedure was adopted in order to suppress hydrolysis of Pu(IV) in the presence
of substoichiometric quantities of ligand. The spectra are illustrated in Figures 1 and 2.

The Pu(VI) experiment was carried out at a starting acidity of 0.5 M in HCIO4 solution. A portion
of solid HAHA (19.8 mg) was added and spectra recorded every 15 minutes for 3 hours. After this
time, a n additional portion of solid HAHA (20.4 mg) was added and spectra were recorded every
15 minutes for a further hour (Figure 3). Changes in the spectrum were monitored for a further 10
hours at 2.5 hour intervals (Figure 4) and then less frequently until a total time of 6 days had
elapsed.
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Figure 1: Pu(IV)-AHA reaction. The pH value remained approximately constant between 0.40 and
0.43 during the addition of HAHA solution or solid (Spectra 2-10), then increased successively to
0.75, 1.25, 5.16, 8.21 and finally 9.11 on addition of the five portions of NaOH solution (Spectra
11-15). The absorptions at 560 and 600 nm are assigned to Pu(III). Note that these diminish
substantially when the pH is raised.
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Figure 3: Pu(VI) reduction by AHA". Spectra recorded at 15 minute intervals. Spectra 2-12 recorded
after first addition of solid HAHA, 13-17 after second addition of solid H AH A.
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Figure 4: Pu(VI) reduction by AHA". Spectra recorded at 2.5 hour intervals between t = 4 hrs and
14hrs.

RESULTS AND DISCUSSION.
Reactions with Pu(IV). The intensity of the absorption at approximately 675 nm increases steadily
with [AHA"], indicating significant complex formation, even at these low pH values (around 0.4).
On raising the pH, the baseline decreases, but the intensity of this band is unchanged. Features at
560 and 600 nm appear at low pH in the presence of AHA, indicating partial reduction to Pu(III)
but these disappear as the pH is increased. Preliminary analysis suggested that the best fit to the
spectral data was obtained with 6 species, which were assigned to: uncomplexed Pu(IV), 1:1, 1:2,
1:3 and 1:4 Pu(IV):AHA complexes and uncomplexed Pu(III). Modifications to the experimental
procedure are in progress to limit reduction of Pu(IV) and permit accurate determination of stability
constants.
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Reactions with Pu(VI). Significant reduction of Pu(VI) occured immediately, forming Pu(V) and
the reaction then continued, forming successively Pu(IV) and Pu(III). After six days, Pu(III) was
formed quantitatively (data not shown). This behaviour is consistent with the thermodynamics of
the system since, as noted above and elsewhere (1), HAHA is capable of reducing tetravalent
actinides to oxidation state III, although the reaction kinetics are slow. The Pu(VI) experiment is
further complicated by the slow hydrolysis of HAHA to form NH2OH, which is also a kinetically
slow reductant for other actinide species (3). Because of these side reactions, it is not possible to
analyse the data from the Pu(VI) experiment quantitatively.

CONCLUSIONS.
First results indicate that acetohydroxamate (AHA) functions as both a complexant and a reductant
for Pu(IV) and Pu(VI). Further work is in progress to limit reduction of Pu(IV) and permit reliable
determination of stability constants in the Pu(IV)-AHA system.
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Combined Dissolution of LWR Fuel and Cladding

P.J.W. Rance+ and V.Y. Mishin*
+ BNFL, Sellafield, Seascale, Cumbria CA20 1PG, U.K.

*V.G. Khlopin Radium Institute, 2nd Murinsky Prospect, St. Petersburg, Russia.

Samples of both irradiated and unirradiated LWR fuel claddings have been
dissolved in mixtures of nitric acid and fluoride ion donors. The rate of dissolution
has been measured as a function of temperature, nitric acid and fluoride ion donor
concentration. The amount of precipitate formed during the process has also been
investigated, as has the effect of simultaneously dissolving uranium dioxide.
Unoxidised claddings were found to dissolve relatively quickly, whereas
autoclaved and irradiated claddings took longer to dissolve, this was particularly so
for irradiated Zr-1% Nb cladding.

INTRODUCTION
Although mechanical methods are nowadays used in all commercial reprocessing operations to
expose fuel from within its cladding and thus permit its dissolution in nitric acid, chemical
decladding processes have been used in the past. LWR reprocessing at the Eurochemic plant in
Belgium included a chemical decladding process based on the Citriflex process, itself a
development of the Zirflex process developed in the USA for decladding of 'defense reactor' fuels;
dissolution of cladding was also used as the head-end process in France for the reprocessing of
uranium metal fuels.

Head-end processes based on chemical processes have the advantage that they remove the need for
fuel shearing which is a mechanically intense process requiring relatively large machinery and
consequently large active plant cells and associated maintenance facilities. However, LWR
claddings are designed for use in demanding environments and consequently their materials of
construction tend to be resistant to corrosion. This necessitates the use of aggressive chemical
reagents which presents problems relating to corrosion of plant materials and formation of
acceptable wasteforms.

Both the zirconium-tin etc. alloys of the zircaloy type and the zirconium-niobium alloys used in
Eastern Europe are very inert materials and in aqueous media are dissolved at significant rates only
by fluoride species. The most obvious reagent is thus hydrofluoric acid, however, apart from the
difficulties associated with handling HF its use was found to be problematic as hydrogen is
liberated by its reaction with zirconium in the absence of nitric acid whereas in the presence of
nitric acid the rate of reaction is reduced by the formation of protective oxide and fluoride films on
the cladding surface. An alternative approach is to use a fluoride salt to produce fluoride ions in
situ, such as the use of ammonium fluoride in the Zirflex process.

In this paper we report results of the dissolution of zirconium based claddings and uranium dioxide
fuels using mixtures of nitric acid and either fluoroboric acid (HBF4) or potassium
hexafluorozirconate

EXPERIMENTAL
Four different types of fuel cladding were used in various experiments, these were; unirradiated
unoxidised zircaloy-4, autoclave oxidised unirradiated zircaloy-4, unirradiated unoxidised
zirconium/1% niobium and reactor oxidised zirconium/1% niobiun. Wall thicknesses were between
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0.6 and 0.7 mm and oxide thicknesses were of the order of 15-30 microns for the autoclaved
material and 10 microns for the irradiated material

Cladding samples with a length of typically 5 - 5 0 mm were cut from larger pieces, in the case of
those samples with an oxidised surface, the cut ends were protected by PTFE caps to prevent attack
on these surfaces. Pieces of cladding of known mass were placed in PTFE vessels to prevent any
reaction between fluoride species and glassware and the appropriate amount of fluoride reagent and
nitric acid was added. The vessels were immersed in an oil bath to provide temperature control and
condensers fitted to prevent evaporation. The extent of cladding dissolution throughout the
dissolution experiments was followed by taking aliquots of liquor and analysing for Zr by X-ray
fluorescence and also by withdrawing the samples periodically, drying them and determining their
mass.

RESULTS
The dissolution of LWR fuel cladding by use of nitric acid and KaZrFôis shown in figure 1. This
indicates the increased rate of dissolution as the temperature is raised (lines 1, 2 & 3). The results
also indicate that Zr/l%Nb cladding dissolves at a slightly slower rate in this system than does
zircaloy-4 (line 6). By far the most significant effect is shown by line 4 which indicates that
oxidised cladding dissolves significantly more slowly than unoxidised material, however, the
dissolution rate of oxidised material can be markedly accelerated by increasing the fluoride content
of the system (line 5). The induction periods shown in the case of oxidised cladding are indicative
of the time needed to breach the protective oxide coating, this can be seen visually in the course of
the reaction as the cladding changes colour from brownish grey to grey and then to a lustrous
metallic colour at which point NOx starts being evolved and the dissolution rate increases
markedly. A small amount of precipitate was formed during the experiments with oxidised
cladding whereas in the experiments using unoxidised materials, no precipitate was recovered.

10 15 20 25

time/hours

Figure 1. Dissolution of LWR cladding in HNO3/K2ZrF6
1. 30 g/1 K2ZrF6, 7M HNO3, 100 °C, unoxidised zircaloy -4 2. 30 g/1 K2ZrF6, 7M HNO3, 80 °C, unoxidised zircaloy -4
3. 30 g/1 K2ZrF6, 7M HNO3, 60 °C, unoxidised zircaloy -4 4. 30 g/1 K2ZrF6, 7M HNO3, 90 °C, oxidised zircaloy -4
5. 60 g/1 K2ZrF6, 7M HNO3, 90 °C, oxidised zircaloy -4 6. 30 g/1 K2ZrF6, 7M HNO3) 90 °C, oxidised Zr/l%Nb
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Figure 2 shows the results of the dissolution of samples of irradiated Zr/l%Nb cladding filled with
unirradiated UO2 pellets. In these experiments no PTFE caps were place on the cut cladding ends
as this would have affected acid access to the pellets. Consequently the induction periods shown in
figure 1 in the case of oxidised cladding were not observed in this experiment. The time required
for dissolution of the cladding is shown to increase from about 1 hour at 60 g/1 K^ZrFô to about 4
and 7 hours at 45 and 30 g/1 K^ZrFô respectively. The activity of the cladding is shown to reduce
very quickly as the surface is dissolved, greater than 90% reduction being associated with a mass
loss of less than 10%. The effect of changing the K^ZrFô concentration on the rate of UO2
dissolution is less clear from these results but other work has indicated that it is reduced by
increasing the KaZrFg concentration as shown by the results at 30 and 45 g/1 K^ZrFg: the faster UO2
dissolution at 60 g/1 K^ZrFô is attributed to greater pellet exposure as a result of the quicker
cladding dissolution.

120

-X
\ i - • - " - - • " — " " ' - ^ "

<D
<0
(0

2o
<u

T3

iv
it

y

ts
CO

0
(A
W
TO

80 H

60

40 -

20 -

¥ .'
r +
• 7

i

i
i

f /
i /
.' 0

•i- / -i

f -'' •'/
/ ' /

à
i

i

+•
:X

/

+
'©'

; / / ,0

/ X ,•'

, - • ' &

4
time/hours

Figure 2. Dissolution of UO2 and irradiated 7x11% Nb cladding in HNO3/K2ZrF6

x 30 g/1 K2ZrF6
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+ 60g/l K2ZrF6

cladding activity
cladding mass
UO2 mass

90°C and 7 M HNO3 throughout

Figures 3 and 4 show the dissolution of zircaloy-4 cladding in mixtures of nitric and fluoroboric
acid. The effect of reagent concentrations on the rate of dissolution was found to be complex.
Fastest rates of cladding dissolution were achieved with relatively concentrated HBF4 and week
nitric acid, however, such a system is not applicable to a combined cladding and fuel dissolution
process although it may be used for a selective dissolution process or for the dissolution of fuel
hulls following a conventional fuel dissolution step.
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Figure 4 indicates the complex relationship between cladding dissolution rate and fiuoroboric acid
concentration at a fixed nitric acid concentration, the rate is shown to increase as the fiuoroboric

acid concentration increases from low levels, it then reaches a maximum and decreases as the
fiuoroboric concentration is increased further.

100 T

— 3.5M HBF4, 8M HNO3

^3.5MHBF4, 1M HNO3

^3MHBF4, 8MHNO3

-+-3MHBF4, 0.5MHNO3
H:3-2.5M HBF4, 0.5M HNO3

-*"2.5MHBF4, 5MHNO3

-•-2.5MHBF4, 7M HNO3

-O-2MHBF4, 4MHNO3
i

0.5 1 Time/ hrs 1.5 2.5

Figure 3. Dissolution of zircaloy using combinations of HBF4 and HNO3
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Figure 4.Effect of HBF4 concentration on rate of zircaloy dissolution

CONCLUSIONS

Both zircaloy and Zr/l%Nb claddings have been successfully dissolved using mixtures of nitric
acid and fluoride ion donors. Conditions for the dissolution of both fuel and cladding have been
developed, tests indicate that complete dissolution is achieved in ~3-7 hours using 30-60 g/1 K
and 7M HNO3 at 90°C. Under these conditions an additional induction period of 2-5 hours is
required to overcome the passivity of the oxide coating that forms on cladding during service in
LWRs.
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Pneumatically Pulsed, Continuous Dissolver for Nuclear Fuel Reprocessing
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A dissolver suitable for the dissolution of sheared nuclear fuel in which the
fuel pieces undergoing dissolution are moved through the apparatus by
pneumatic pulses has been developed by BNFL in conjunction with the All
Russian State Scientific Institute for Inorganic Materials. The rate of
transport of material through the dissolver is dependent upon amongst other
things its mass and therefore separation of leached hulls from those
containing fuel is achieved. The development of the dissolver is reviewed
briefly and results relating to the transport of both simulated fuel pin and
larger fuel assembly fragments are presented.

INTRODUCTION
Head-end operations are the first major processes of nuclear fuel reprocessing as they serve to
take spent fuel from its solid form into one from which it can be separated into its constituent
groups (uranium, plutonium, higher actinides and fission products). Within contemporary
oxide reprocessing plants this process is brought about by shearing fuel assemblies into
relatively short fragments and then leaching the fuel from within these fragments using nitric
acid. Dissolvers currently used for the dissolution part of the process operate either in batch
mode or involve the use of mechanically driven continuously operating devices.

The dissolver developed as part of this work has the advantage that it can operate in a
continuous mode without the need for a direct mechanical drive. Instead, pieces of fuel
assembly are transported through the device by the action of liquor movements caused by the
application of pneumatic pulses to a central chamber in the dissolver. The dissolver as shown
in figure 1 consists of the central chamber and a surrounding annulus which incorporates a
slotted, helical ramp.

Chopped fuel pieces are fed in at the base of the dissolver, and are supported on the ramp in
the indentations formed by the slots. Compressed air is applied periodically into the central
chamber, forcing the liquor out of the base of this chamber and into the annulus containing
the ramp. The design of the slotted ramp is such that the vanes forming the slots are close
enough together to ensure that fuel pieces can not slip through a slot. They are also inclined
so as to direct the flow of liquor in the direction of the rise of the ramp when it is forced out
of the central chamber and up through the ramp slots under the action of pressure applied to
the central chamber. The flow of liquor causes fuel assembly fragments to be lifted up and
transported along the ramp. The compressed air is then released, causing the liquor to flow
back into the central chamber, and the hulls to drop back down onto the ramp. Repetition of
this cycle causes the fuel pieces to progress up the ramp, fuel being gradually dissolved from
within them in the process.

The degree of movement of fuel pieces which occurs with each pressure pulse depends upon
a number of factors including the pulse pressure and duration, the mass and effective surface
area of the fuel fragment, the ramp design and the degree of coverage of the ramp. Increasing
pulse duration and pressure tends to increase the distance moved per pulse by fuel fragments

1
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whereas increasing the mass of the fuel fragments or decreasing their effective surface area
decreases the distance they move for a particular set of pulsation conditions.

Figure 1. Schematic and photographic views of 900 mm helical ramp dissolver

PROCESS DEVELOPMENT

The dissolver used for development work was constructed from Perspex, with a central
metal pulsation chamber. The outer vessel was 900mm in diameter, and the pulsation
chamber was 700mm in diameter. The helical ramp was positioned in the outer annulus and
welded to the pulsation chamber. The vanes of the ramp had a 10mm pitch at an angle of 5°
to the horizontal and were 2mm thick. The ramp was made in the form three complete turns
of a helix. Hulls were fed to the base of the ramp via a feed tube, and were collected from
the top of the ramp in a strainer. The facility existed for the temporary conversion of the top
section of the spiral into a closed loop.

The movement of individual pieces of simulated sheared fuel pin is shown in figure 2.
Metal tube, 10 to 20 mm in diameter was chopped into lengths of generally 50 mm, these
were filled with a variety of substances to ensure the pieces were of the desired mass. The
movement of these pieces under different pulsation conditions was investigated by
measuring the distance moved in the dissolver for each applied pressure pulse. Generally
10 measurements were recorded and the averaged results are plotted in the figure. As can
be seen from the figure 2, increasing the pulsation pressure increases the distance moved by
all the specimens tested. Greater increases in the rate of movement as the pressure was
increased were observed for the larger diameter specimens, the gradients being
approximately 6.8, 11.3 and 31.3 mm/kPa for 10, 16 and 20 mm diameter specimens
respectively. It is also apparent that the larger fuel pieces (diameter or length) move larger
distances than do smaller pieces of the same mass under the same pulsation conditions (e.g.
6, 10, 12 & 20 mm diameter, 32 g specimens, 0.2 s pulse). Reducing the mass of the
specimens whilst maintaining the same geometrical dimensions is also shown to increase
the distance moved for a specific pulsation regime (e.g. 6, 10, 20 & 32 g, 10 mm diameter,
50 g specimens, 0.2 s pulse).
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Figure 2. Effect of pulse pressure on movement of single tube specimens

The movement of relatively large numbers of simulated sheared fuel pieces is shown in
figure 3. 300 pieces of either 32 or 6 g were loaded into the dissolver and subjected to
different pulse times and pressures, in each case there was a 2.5 s delay between successive
pulses. The graph shows the cumulative number of fuel pieces discharged with increasing
time. The effect of different specimen mass is apparent from the results of the 6 and 32 g
specimens pulsed at 0.07 MPa for 0.2 s, the light pieces being discharged within about 3
minutes compared to 18 minutes for the heavy specimens. Faster rates of specimen
transport are also achieved by increasing the pulse pressure (see e.g. 0.065, 0.07, 0.08 0.09
MPa, 0.2 s pulses) and by increasing the pulse duration (see e.g. 0.1, 0.2, 0.3 s, 0.09 MPa
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pulses) although in this case little extra increase in rate of movement is observed on
increasing the pulse duration from 0.2 to 0.3 seconds although a significant effect is seen
on increasing the time from 0.1 to 0.2 seconds.

In addition to the short pieces of fuel pin tested above, shearing of undismantled fuel
assemblies produces larger fragments from certain parts of a fuel assembly, for example
where bracing grids hold the fuel pins together. The transport of grid fragments of different
size and mass has also been undertaken as part of this study. The time taken for the various
grid fragments to travel around the top turn of the dissolver is shown in figure 4.
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Figure 4. Rate of transport of grid fragments through dissolver

The results show that fragments with a mass in excess of 1 kg can be transported through the
dissolver by the action of relatively low pressure pulsation. Excessive pressures are avoided
because of the relatively large surface area of the fragments compared to those of short
sections of fuel pin which although weighing only a few grams have little surface area on
which the momentum of the pulsing liquor can act. The reason for the inflection in the plots
in figure 4 is because of the different effective surface areas of the specimens used. The 3
heaviest fragments (435, 804 and 1084 g) were made of a 6x6 channel section of BWR fuel
grid filled with bars of different density, whereas the 295 g specimen was a 6x6 section
containing no bars and the lightest specimen (74 g) was an unfilled 5x3 grid section.
Therefore the 3 heaviest fragments presented the same effective surface area which was
progressively less for the 295 and 74 g specimens.

CONCLUSIONS

The development of a novel design of dissolver for the continuous dissolution of nuclear
fuels has been briefly described. The dissolver has many advantages over conventional
processes used for the dissolution of irradiated fuels, for example; it has no mechanical
moving parts, it is versatile in its modes of operation and in particular the flow of material
through it is self controlling as lighter leached hulls are transported at a faster rate than
heavier ones containing undissolved fuel.
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A process whereby a block of stainless steel is cast around the end of a fuel
assembly to provide a site guaranteed to be in electrical connection with all fuel
pins is described. The purpose of this site to allow a single electrical connection to
a fuel assembly which can then be dissolved using a direct contact electrochemical
dissolution process. Results showing the reduction of pre-existing oxide films
during the casting process and the degree of interaction between cladding, U02 and
steel phases are presented.

INTRODUCTION
The electrochemical dissolution of spent nuclear fuel is an attractive head end process as it
combines fuel exposure and fuel dissolution processes into a single operation thus reducing the cell
volume required. The process also avoids the mechanically intense process of shearing which itself
requires additional cell volume for maintenance operations associated with keeping the shear
operational.

Electrochemical dissolution can be conducted in one of two arrangements, known as solution
contact and direct contact (1). In the solution contact procedure the material to be dissolved is
positioned between, but not connected to, two cell electrodes. The item being dissolved acts as a
bipolar electrode being anodic close to the cell cathode and cathodic close to the cell anode as a
result of differences in the conductivity of the electrolyte and the material being dissolved.
Laboratory scale development of such a process was presented recently (2) and further
developments are being presented elsewhere at this conference (3). In the direct contact method
the item to be dissolved is connected as the cell anode which in principle is a more straightforward
arrangement. However, when the item to be dissolved is as large and complex as a fuel assembly
significant problems exist. Perhaps the single most difficult obstacle to overcome is to arrange for
electrical connection to be made to all fuel pins in an assembly. Early work in the USA attempted
to achieve this by use of an anode basket made from a so called valve metal, such metals will not
dissolve themselves under anodic polarisation but will conduct to metallic objects in contact with
then thus enabling them to be dissolved anodically. However, significant problems were
encountered in maintaining contact between the basket and the fuel assembly as it dissolved. Such
difficulties are particularly acute for zircaloy clad elements as after service in a light water reactor
these are covered in an electrically inert oxide coat which makes initial contact difficult to achieve,
the oxidative dissolution process also helps to maintain an insulating layer between cladding and
basket and so the use of a basket is not particularly attractive.

We have taken a different approach to the provision of electrical contact to each fuel pin and have
developed a procedure whereby a block of metal is cast around the ends of each pin in a fuel
assembly, this strips off any pre-existing oxide film and allows electrical contact with all pins in an
assembly using a single connection. The development of this casting process is described below.
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CASTING DEVELOPMENT
Induction heating has been used to melt samples of 304 stainless steel in a graphite crucible under
an argon atmosphere. Zircaloy-4 cladding tubes have been tested individually or in 3 x 3 clusters in
both the bare metallic state or with an oxide coating produced by autoclaving for a number of
months in lithiated water. The effect of peak temperature and heating and cooling rates on the
degree of fusion between the cladding and cast block was investigated as were interactions between
the cladding material and UO2 pellets contained within it.

The experimental rig used for these studies is shown in figure 1. The graphite crucible which in
operation contains the stainless steel being melted and the lower ends of the zircaloy tubes is
located within a single turn water-cooled copper concentrator. The crucible is supported on a
graphite tube which itself sits on an alumina tube resting on the base plate. A silica glass envelope
surrounds the furnace components and locates onto the base plate. The water cooled top plate is
used to support all the induction furnace components and to provide ports for the argon cover gas: it
also incorporates a sealed fitting at the centre to support the zircaloy tubes and a silica viewing
window to allow observation of the molten metal surface. The furnace is powered by a 50 kW
radio-frequency generator and is capable of achieving temperatures in excess of 2500 °C.

The instrumentation leads shown in the view of the rig connect the four thermocouples, used for
temperature measuring during the experiments, to recording devices. Two thermocouples were
used to measure the temperature of the molten stainless steel whilst the other two were attached to
the zircaloy cladding samples in order to measure clad temperatures at 50 and 100 mm above the
melt level. Additionally the electrical resistance between the upper end of the cladding and the
stainless steel melt was recorded as both a physical and electrical connection is required for the
direct electrochemical dissolution process.
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Figure 1. Induction heating rig
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Initial experiments were conducted to examine the feasibility of casting a block of steel around the
ends of zircaloy fuel pins and ensuring good physical and electrical connection between the block
and the pins. Samples of stainless steel were placed inside the graphite crucible which also
contained the lower end of the zircaloy pins, before heating the inside of the furnace was purged
with pure dry argon for about 2 hours after which the samples were heated at pre-determined rates
to a maximum temperature. This temperature was then held for the desired period after which the
furnace was allowed to cool at either a predetermined rate or at a faster rate by simply turning off
all the power to the furnace. The temperature of the graphite crucible in contact with the stainless
steel and that of the zircaloy at 50 and 100 mm above the melt was measured throughout as was the
resistance between the graphite crucible and the cladding 75 mm above the melt surface. Typical
results for these measurements are shown in figure 2 which shows the results of heating a zircaloy
tube coated with a 55 jam oxide film at a rate of 40 "Cmin"1 to a target temperature of 1370 °C
which was maintained for 2 minutes before letting the sample cool.

The results show the controlled temperature rise of the graphite crucible which is approximately 10
°C hotter than the stainless steel during heating at this rate and also the much lower temperatures of
the cladding, this not exceeding 300 and 500° C at 50 and 100 mm respectively above the melt
surface thus indicating the very localised heating effect of the induction coil. This helps to prevent
embrittlement of the cladding above the melt and also to limit interactions between fuel and
cladding. The plot of resistance across the cladding/steel/crucible shows that this falls very quickly
between about 1000 and 1100 °C. Below approximately 500 °C the resistance is greater than 2 MQ
which falls to approximately 100 kQ at 1000 °C and reaches 1.0 Q. at 1310 °C and 0.1 Q at 1330 °C
reaching a minimum during the heating phase of 0.034 Q at the target temperature (1370 °C); this
dropped slightly to 0.023 Q on allowing the system to cool to room temperature. This indicates that
the oxide film on the surface of the zircaloy cladding is fully reduced before the melting point of the
stainless steel is reached, this is thought to be due to CO/CO2 evolution from the graphite as gas
bubbles are routinely observed passing out of the molten steel surface. In addition to the good
electrical connection evidenced by the very low resistance measurements, good physical connection
was maintained when the cast material was allowed to cool around the pin. A view of a cast block
around the end of a 3 x 3 pin bundle is shown in figure 3.

:55 10:04:05 10:06:14 10:08:24 10:10:34 10:12:43 10:14:53

Time, hh:mm:ss

Figure 2. Plot of crucible and cladding temperatures and
resistance between crucible and cladding

Figure 3. Cast stainless steel around
3x3 pin bundle
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The degree of interaction between cladding and UO2 fuel in the section of fuel immersed in the
molten steel was also investigated. Depleted UO2 pellets were loaded into zircaloy cladding lengths
which were then swaged down onto the pellets by isostatic pressing at 45000 psi. These fuelled
sections were then heated in a crucible containing stainless steel to a temperature of 1370 or 1500
°C before being allowed to cool. The resulting blocks were then sectioned and analysed by optical
and scanning electron microscopy. A transverse macro section through the block is shown in figure
4a this shows good contact between cladding and fuel. Figure 4b is an SEM view of a section
showing the interfaces between UO2 and zircaloy (reaction layer 1) and zircaloy and steel (reaction
layer 2) resulting from heating to 1500 °C. Reaction layer 1 is approximately 120 microns thick
which is 2.5 times thicker than the corresponding test at 1370 °C, reaction layer 2 is about 35
microns thick, again significantly thicker than in the lower temperature test. Analysis of the
reaction layers found that layer one was made up of a background matrix (-65% U, 25% Zr, 10%
SS) containing light (-59% Zr, 13% U, 28% SS) and dark (-73% Zr, 24% U, 3% SS) particles each
of which made up less than 10% of the reaction layer. Layer 2 was found to contain zirconium
(-88%) with some stainless steel components (-10%) and a small amount of uranium (<2%).

•Z&
' • **¥

Figure 4a. Transverse optical view of cast block Figure 4b.SEM view of interfaces in cast
block.

CONCLUSIONS
An effective means for guaranteeing electrical connectivity between all fuel pins in a fuel assembly
has been demonstrated. This allows a single electrical connection to be made to a fuel assembly in
order to facilitate its electrochemical dissolution in which the assembly acts as the cell anode.
Casting of stainless steel at a temperature of approximately 1350 °C has been shown to reduce pre-
existing oxide films and form a strong bond with zircaloy cladding with little significant interaction
between cladding and UO2 fuel being induced.
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ABSTACT

Uranyl ions (UO2
2+) are strongly complexed by [CO3]2" in aqueous solution, the tricarbonato

complex being the most extensively studied. Cyclic voltammetry studies show that the
U(VI)/U(V) couple is irreversible, whereas the analogous Np couple is reversible.
Electrochemical and spectroelectrochemical experiments have determined the stability of the
reduced U(V) species under varying conditions. The stability of the reduced species increases
with increased [CO3]2" concentration. EXAFS experiments have shown that both axial and
equatorial U-0 distances increase on reduction, however the basic geometry remains
unchanged.(l) Cyclic voltammetry studies at pH 12.5 suggest that the formation of a mixed
CO327OH" ligand species is increased at the reduced U(V) centre compared to U(VI). An in-situ
spectroelectrochemical cell has been designed to allow study of less stable U(V) species.

Introduction

The solution chemistry of U(V) is not as widely studied as other oxidation states because of its
susceptibility to disproportionation:

2UO2
++4H+ • UO2

2++U4++2H2O

UO2
2+ in aqueous solution is readily complexed by [CO3]2" anions, this is reflected in high

stability constants(2) and electrochemically in large negative shifts in reduction potential
compared to the aquated ion.(3)

METHODS

The main experimental tool used is cyclic voltammetry, a linear potential sweep technique. A
three electrode cell is used comprising a mercury drop working electrode, a Pt wire secondary
electrode and a Ag/AgCl reference electrode. A potential is applied to a solution cell starting at an
initial value Ej, the potential is swept to a switching potential, Ex where the sweep is reversed back
to Ej. The current flow is measured as a function of applied potential.

RESULTS

Cyclic Voltammograms for the UO2
2+/UO2

+ couple at (a) varying [CO3]2" concentration
and (b) repeated scans at pH 12.5 are shown in Figures 1 and 2 respectively and the results
summarised in Tables I and IL As [CO3]2" concentration is increased there is a decrease in the
peak separation indicating an increase in reversibility of the system which would suggest a greater
stability of the [UO2(CO3)s]5" complex. The trend in ipa/ipc—>1 also indicates an increase in
reversibility. The cathodic peak shifts a great deal more than the anodic peak which again points to
an increase of stability.

Cyclic Voltammetric experiments have shown that if a solution of uranyl carbonate at pH
13 is repeatedly scanned there is a gradual disappearance of the characteristic [UO2(CC>3)3]4~ /



P2-14

[1102(003)3]5" reduction peak and the appearance of another reduction peak at a potential about
300 mV more positive. We suggest that it is possible that there is increased ligand exchange when
the uranyltricarbonato species has undergone reduction, a theory that is consistent with the
decreased charge on the uranyl ion. A suggested reaction scheme is shown in the scheme:

[UO2(CO3)3]

[UO2(CO3)2(OH)2)]
4

4-
[UO2(CO3)3]

5-

+20H> -[C03]z"

[UO2(CO3)2(OH)2]
5"

The new complex is significantly less stable than the original tricarbonato complex, as
demonstrated in the large positive translation both reduction and oxidation peaks.

CV of 1mMol uranyl at varying carbonate
concentration
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Figure 1. First Scan voltammograms of UO2
2+/UO2

+ in aqueous solution with varying
concentration of carbonate.
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Table I : Summary of cyclic voltammetry results for UO22+/UO2+ in aqueous solution with varying
concentration of carbonate. Formal potentials are calculated at a scan rate of 50mV s"1 vs Ag/AgCl
electrode.

[CO3]2"
concentration
(M)
0.2
0.4
0.6
0.8
1.0

Cathodic peak
(V)

-1.45
-1.095
-1.05
-1.02
-1.00

Anodic peak
(V)

-0.57
-0.51
-0.60
-0.61
-0.61

Formal
potential (V)

-0.856
-0.845
-0.825
-0.815
-0.805

Ipa'lpc

0.46
0.51
0.50
0.57
0.61

1st and 5th scan cyclic voltammograms of 1mMol
uranyl in 0.2M sodium carbonate at pH 12.5

• 1st and 5th scan

-2000 -1500 -1000 -500

Potential (mV) vs Ag/AgCl electrode

Figure 2. 1st and 5th scan voltammograms of UC>22+/UC>2+ in aqueous carbonate solution at pH
12.7

Table II: Summary of cyclic voltammetry results for UO22+/UC>2+ in aqueous solution with 0.2M
carbonate at pH 12.5 . Formal potentials are calculated at a scan rate of 50mV s"1 vs Ag/AgCl
electrode.

Scan No.

1
2

Cathodic peak
(V)
-1.22
-0.92

Anodic peak
(V)
-0.58
-0.70

Formal
potential (V)
-0.90
-0.81

Ipa'lpc

0.99
0.82

CONCLUSIONS

The oxidation state U(V) is stabilised to a higher degree than expected in carbonate solution and
this stability of a lmMol solution increases dramatically with [CO3] "concentration within the
range of 0.2 - 1.0M. The reduced state is more susceptible to ligand exchange with OH" groups at
high pH than the oxidised state.
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FUTURE WORK

The limited stability of U(V) solution species requires the development of an in-situ
spectroelectrochemical cell (Figure 3) to study these short lived species.

reference electrode counter electrode

Fronrview side view

test
solution

• Hg pool

stirrer
intersection

Figure 3: Design of in-situ spectroelectrochemical cell optical and XAS measurements.

The cell has already been tested by reducing and reoxidising methyl violegen, which is reduced at
a mercury pool from a colourless solution to a dark blue solution at -0.73V vs a Ag/AgCl
electrode.
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Hydroxamic acids - novel reagents for Advanced Purex processes
R.J. Taylor, I.S. Denniss and I. May

Research and Technology, BNFL Sellafield, Seascale, CA20 1PG, U.K.

BNFL has undertaken a wide-ranging research programme to investigate the fundamental properties of hydroxamic
acids and, in particular, their reactions with actinide ions. Most work has focussed on simple hydroxamic acids (R = H
and CH3) although some comparative data with more complex molecules including di-hydroxamates have been
obtained. Properties of hydroxamic acids studied include, hydrolysis in nitric acid, decomposition to gases, pKa's and
redox potentials. The redox and co-ordination of actinides by hydroxamic acids has been investigated using a range of
techniques and stability constants for both 4f and 5f hydroxamate complexes have been determined. In conjunction with
these fundamental studies, more applied work has been carried out to assess the applications of simple hydroxamic
acids under process conditions. A large database of solvent extraction distribution data has been accumulated and, from
this, extraction algorithms describing how hydroxamic acids modify actinide extraction in to TBP have been derived.
Also the effects of hydroxamic acids on U and Np mass transfer has been studied in single stage centrifugal contactors
and this has been modelled theoretically. The third stage of our development work so far has looked at the actual testing
of novel hydroxamic acid based flowsheets which selectively strip Np(IV) from a uranium loaded TBP stream.

INTRODUCTION

Hydroxamic acids have been identified as useful reagents for the control of Np(IV) and Pu(IV) in Advanced Purex
processes which use single cycle flowsheets and centrifugal contactors (1). They are salt free organic compounds with
the formula RCONHOH and so can act as di-oxygen chelate ligands with a high affinity for 'hard' cations, such as the
actinide ions. They are also redox-active capable of reducing a range of metal ions. This paper will, therefore, briefly
review the current state of knowledge on the interactions of hydroxamic acids and actinides, ranging from their
fundamental chemistry to process applications.

PROPERTIES OF HYDROXAMIC ACIDS

Hydrolysis and decomposition in nitric acid

In acid solution, hydroxamic acids are hydrolysed to the parent carboxylic acid and hydroxylamine. The kinetics of the
hydrolysis of FHA and AHA in nitric acid have been determined (eqn. 1). Rate constants at 25.0 °C are 0.016 ± 0.001
lmol^min"1 for FHA and 0.00205 lmof'min"1 for AHA and activation energies were found to be 77.3 ±1.6 kJmol"1

(FHA) and 79.9 ± 2.9 kJmoF1 (AHA) (2).

dt

Hydroxamic acids are salt free reagents containing the elements C, H, O and N only. 13C NMR indicated that in 6 M
HNO3 FHA and AHA decomposed to the intermediate carboxylic acids. After reflux in 3 M HNO3 for 3 hours, FHA
decomposed entirely to COX whereas after refluxing AHA in 6 M HNO3 for 3 hours some residual acetic acid was
present. Under these conditions, the N fragment — hydroxylamine - would also have been decomposed to gases and
nitrous acid (3).

There is evidence that hydroxamic acids are somewhat stabilised by complexation with metal ions. For instance,
complexation with Fe(III) ions has been shown to substantially increase the stability of AHA in nitric acid. The
decomposition of the complex was shown to follow AHA hydrolysis kinetics but the activation energy is reduced by ca.
30 kJmol"1 and the pre-exponential factor in the Arrhenius equation is decreased and this implies that complexation has
affected the mechanism of the reaction, possibly due to unfavourable steric factors. In the case of complexation with
Np(IV), over a 12 hour period in 1.30M HNO3 complete decomposition occurred; that is, the absorption spectrum has
reverted to the spectrum characteristic of Np(IV) nitrate species at this acidity, whereas in 0.79M HNO3 only partial
decomposition had occurred in this timescale. An induction period was apparently evident which contrasts with the
hydrolysis of free FHA and AHA-Fe(III) complexes, which follow pseudo 1st order kinetics (i.e. an exponential
decrease with time). This may suggest a different mechanism.

Onset and Redox potentials

Cyclic voltammetric studies of FHA and AHA oxidation have previously suggested onset potentials for both FHA and
AHA of +0.55 V vs. SCE in 0.1 M HNO3 and +0.58 V in neutral 0.1 M KNO3 (2). However, further detailed
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electrochemical studies now indicate that the onset potentials are significantly higher (ca. +0.7 V), i.e. the hydroxamic
acids are less easily oxidised. This value is consistent with the ability to reduce Pu(VI,IV) and Np(VI) ions. Further
work is in progress to determine E° values for these hydroxamic acids.

COMPLEXATION REACTIONS OF HYDROXAMIC ACIDS

Determination of stability constants for 4f and 5f ions

Potentiometric measurements of FHA and AHA pKa's have been made and these are given in Table 1. Using standard
potentiometric, spectrophotometric and solvent extraction methods, stability constants for some 4f and 5f ions with
hydroxamate ligands have been determined (4). These are tabulated in Table 1 with some literature values for
comparison (5-6). In general, good agreement is found with literature data. Speciation modelling of stability constant
data has shown that Nd, Eu and Ho form 1:1, 1:2, 1:3 and 1:4 complexes in solution and that in alkaline solutions Eu
and Ho both form a Mni(AHA)4(OH) species. Using this interpretation, Eu speciation data can be shown to agree well
luminescence results. The values for Th(IV) are perhaps low due to interfering hydrolysis reactions. For instance,
calculations based on correlations with Gd(III) would suggest Th(IV) stability constants of around 11 and 20 for logp\
and logp2 and others authors obtain higher values for more complex hydroxamate ligands with Th(IV) (Table 1).
Preliminary data assessment has determined estimates for stability constants for 1:1 to 1:5 U4+ and Np4+ complexes with
AHA. It is evident that hydroxamic acids are strongly binding ligands for f-elements, particularly in higher oxidation
states (i.e. tetravalent ions).

Table 1. Stability constants for hydroxamic acid complexes

Ion
H+

H+

Nd3+

Eu3+

Gd3+

Ho3+

Th4+

U4+

Np4+

Th4+

Th4+

UO2
2+

u 4 +
Pu4+

Ligand
AHA
FHA
AHA
AHAa

AHA
AHA
AHA
AHA
AHA
Benzo.HA
N-phenyl
benzo.HA
Benzo.HA
Benzo.HA
Benzo.HA

Logp,

9.49
8.9
6.29
6.46
6.17
7.16
9.46
12.25
12.83
9.60
10.4

8.72
9.89
12.73

Logp2

12.24
12.95

13.63
18.73
22.24
22.96
19.81
20.3

16.77
18.0

Logp3

18.05
19.32

19.46

30.11
31.00

Logp4

21.87
22.92

23.22

34.36
36.17

Logps

36.80
39.33

Ref.
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
5
4

5
5
5

a At pH = 4.20. Slightly lower values were obtained at pH = 5.15 perhaps due to changes in the form of Eu (e.g.
hydrolysis) or AHA (e.g. increased conversion to Na salt).

Complex formation with actinide ions

In solution, hydroxamic acids readily form 1:1 and 2:1 orange-red complexes with uranyl ions, with absorption maxima
at ~372 and ~473 nm. If the acidity is reduced the complex becomes increasingly insoluble and precipitates of the
uranyl(hydroxamate)2 complex are formed (7). The evidence suggests that in the solid state benzohydroxamic acid
adopts a pentagonal bipyramidal structure with one water molecule whereas in the AHA complex no water molecules
are intrinsically bound to the uranyl ion. U(IV) and Np(IV) absorption spectra are slightly changed by complexation
with FHA and AHA, with the Np(IV) - hydroxamate spectra resembling those of other Np(IV) complexes such as
Np(NO3)4.2TBP. Spectrophotometric data also suggests that Np(IV) forms a mixture of 1:1 and 2:1 complexes. It has
been shown for U(VI), U(IV) and Np(IV) complexes that as the solution acidity increases, complex formation is
suppressed but increased [NO3"] does not affect complex formation. Hence, this indicates that hydroxamic acids
deprotonate to form anionic bis-oxygen chelate complexes with these ions, as expected. The lack of nitrate ion
dependence suggests that the number of nitrate ligands present in the complexes, if any, does not change. Pu(IV) forms
a dark red complex with FHA which on standing is reduced to Pu(III). The absorption spectrum is very different to
weakly or uncomplexed Pu(IV) ions with the 470 nm peak absent. This implies strong inner sphere coordination (cf. Cl"
and EDTA).

Preliminary molecular modelling studies of hydroxamate complexes using the MSI 'Dmol' code and the 'Magic' code
developed by BNFL and Cambridge University have been undertaken, although these results need experimental
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verification. The hydroxamic acid was shown to prefer the keto- form, as expected, with the cis isomer having a slightly
lower energy. A lower energy dimeric structure, stabilised by intermolecular hydrogen bonds, was also identified; this is
consistent with some of the observed solvent extraction and IR data we have and solid state structures (8). In the
complex UC>2(FHA)2 it was indicated that an unusual bent structure, in which the FHA ligands are at an angle of ca. 33°,
was stabilised (Fig. 1). This structure can exhibit chair and boat conformations and cis- and trans- isomers. The bending
is apparently reduced if water molecules are added to the coordination sphere. The energy changes between bent and
flat structures are small and it may be that the flat structure is the energy maximum of a shallow, broad energy well
within which 'flapping' of the ligand can occur in solution.

Fig. 1. Chair and boat conformations of trans- form of uranyl 6/s-FHA

REDOX CHEMISTRY OF HYDROXAMIC ACIDS

Reaction with An(VI)

Stopped flow spectrophotometry has been used to investigate the kinetics of the very rapid reaction between Np(VI) and
FHA. The rate equation is given in eqn. 2 where k = 1.17xlO3 M'V1 at [H+] = 2.0 M. The order with respect to [HNO3]
and the activation energy have not yet been determined. Indications are that FHA is one of the fastest reducing agents
yet reported for Np(VI) (9).

-4NpO2
2+]M = k[NpO2

2+] [FHA] (2)

The addition of AHA to Pu(VI) solution in 0.5 M acid led to the complete reduction of Pu(VI) to Pu(V), Pu(IV) and
ultimately, after 6 days, Pu(III). Kinetic data is not yet available for these reactions.

Reaction with Pu(IV)

Recent studies of Pu(IV) reduction by AHA and FHA in HNO3 have been undertaken although kinetic equations have
not yet been determined due to the very complex nature of this system (2). Indications are that there is an induction
period followed by the reduction of the Pu(IV)-FHA complex to Pu(III). This reduction is approximately zero order
with respect to [Pu(IV)] and the rate is directly proportional to acidity. At higher temperatures the induction period
decreases to < 1 minute at 50 °C and the form of the kinetic curves change. It seems likely that at lower temperatures no
reaction occurs until sufficient hydroxylamine has accumulated through FHA hydrolysis and then reduction of Pu(IV)
to Pu(III) by hydroxylamine occurs. However, if this is the case then clearly the mechanism is not the same as in nitric
acid (10) but this can be explained by the effects of strong complexing Pu(IV) by FHA. At higher temperatures it may
be that a direct reduction of Pu(IV) by FHA becomes more important. Further work is ongoing to increase our
understanding of this complex system.

PUREX PROCESS APPLICATIONS

Solvent extraction behaviour (11-12)

Much distribution data for AHA and FHA with Np(IV) have been accumulated and a lesser amount for U(IV) and
Pu(IV) have also been obtained. These data are used to construct extraction algorithms which describe the solvent
extraction behaviour of Np(IV) in the presence of these species. These algorithms are then used in process simulations.
The trends observed for all 3 actinides with both AHA and FHA are similar. Briefly, increasing hydroxamic acid and
decreasing nitric acid concentrations decreases the distribution coefficient. Increasing U(VI) loading of the solvent
phase decreases the distribution coefficient, as expected but uranium extraction is unaffected. The efficiency of
hydroxamic acid stripping appears to follow the expected trends of actinide complex formation, i.e. U(IV) < Np(IV) <
Pu(IV).
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Mass transfer studies

U(VI) and Np(IV) mass transfer studies were undertaken in a 1 cm rotor diameter single stage centrifugal contactor in
the presence of FHA/AHA. These trials confirmed that Np(IV) could be selectively stripped from a U(VI) solvent
stream and that the rapid kinetics of An(IV)-XHA complexation are compatible with residence times in centrifugal
contactors (13-14).

Advanced Purex process

AHA and FHA are being developed as aqueous phase complexants for Np(IV) in an Advanced Purex process (1). This
process is based on a single cycle solvent extraction flowsheet using centrifugal contactors. After U/Pu separation, the
solvent phase containing Np(IV) and U(VI) is contacted with an aqueous nitric acid phase, at a low acidity, containing
the hydroxamic acid. Np(IV) is complexed by the hydroxamate and stripped to the aqueous phase whilst U(VI) is not
complexed and remains solvated in the TBP phase.

To date, a number of counter-current solvent extraction trials of this Np Rejection process have been carried out in
multi-stage centrifugal contactor rigs at the Khlopin Radium Institute, St. Petersburg (KRI) and at BNFL Sellafield. A
trial at Sellafield using AHA obtained a Np DF on the solvent product of at least 270. This DF was limited by analytical
limits of detection and so may actually be higher (DFs >103 were obtained in different trials at the KRI). Further trials
will test whether this is a true figure for the flowsheet tested and will test flowsheet variations, which should produce
higher DFs. Dynamic simulations of start-up and run-down produced good agreement with observed concentrations and
reasonable agreement with Np concentration profiles at steady state were also achieved. Some improvements to the
model's Np extraction algorithms and mass transfer routines were identified (15).

CONCLUSIONS

Much data on the fundamental chemistry and process applications of hydroxamic acids have been obtained to date.
Further work is in progress to improve our fundamental understanding of hydroxamic acids (including redox and
complexation kinetics; stability constant measurement; coordination and solution speciation studies) and to validate
flowsheets (improved extraction algorithms; further counter-current trials).
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Abstract

New methods of converting actinide nitrate solutions to oxide and fabricating the products from the
reprocessing of high burn up and MOX fuels are necessary for the next generation of fuel cycle facilities in
order to meet dose criteria and cost reduction targets. Options to support this include never fully separating
the plutonium from the uranium and reducing decontamination factors. The product stream from such a
reprocessing plant will require a finishing route capable of significant levels of automation and dose
minimisation.

Casting of molten uranyl nitrate into pellets followed by de-nitration under vacuum has been investigated as
a novel way of manufacturing oxide fuel pellets. Pellets were successfully cast over a range of temperatures
and denitrated. Incorporation of uranium oxide into the melt was investigated to increase the density of the
cast pellet. It has been demonstrated that it is possible to produce extradâtes from powder and molten
magnesium nitrate mixtures. Results of a preliminary study of the flow behaviour during extrusion of
magnesium nitrate simulant loaded with alumina powder are also discussed.

INTRODUCTION

New methods of converting actinide nitrate solutions to oxide and fabricating products from the
reprocessing of high burn up and MOX fuels are necessary for the next generation of fuel cycle facilities in
order to meet dose criteria and cost reduction targets. Options to support this include never fully separating
the plutonium from the uranium and reducing decontamination factors. The product stream from such a
reprocessing plant will require a finishing route capable of significant levels of automation and dose
minimisation. A radical move away from traditional powder finishing and pellet fabrication is potentially a
way of achieving this.

Gel-sphere precipitation is an option which could meet this requirement. Although gel-precipitation is ideal
for vibro-fuel application, there is also considerable experience with pellet fabrication from gel-spheres. The
synthesis of Masterblend sphere enrichments (U0.7 Tho.3)02 and their pressing and pellet fabrication
properties when blended with urania powders to simulate thermal MOX enrichments has shown some
promise (1), as has the direct pressing of MOX enrichment spheres. A more radical concept for combined
finishing and fuel fabrication is the direct casting or extrusion of fuel pellets. This is the focus of this paper.

It is not practicable to heat up UO2 or MOX to its melting point and then cast into the desired shape. This is
due to volatilisation and operational problems at the high temperatures that would be required, although arc
melting and casting of uranium carbide fuel has been investigated (2). However, it is possible to cast a
molten salt of uranyl nitrate. The low melting point of hydrated uranyl nitrate has been a major factor in
influencing the property of the product oxide powders during nitrate to oxide conversions. This was due to
the melting point of the hydrates being lower than their decomposition temperatures and the tendency for
denitration to start before dehydration is complete. Recent thermal denitration (TDN) powder processing
routes have concentrated on adjusting conditions; either physical or chemical, to avoid the formation of low
temperature melts on heating and so improve product reactivity. One such variation involved using a
reduced pressure atmosphere during thermal denitration. This was developed by Comurhex in France and
known as the Nitrox process (3).

The idea behind melt casting thus comes from exploiting the low temperature melting to cast the pellet and
then heat treating under vacuum to avoid melting during thermal denitration (4). This paper will also
describe initial trials on the extrusion of pellets using an magnesium nitrate simulant. Traditionally,
particulate material is combined with a polymer solution or melt for extrusion. Such processes leave carbon
and other impurities. By substituting the binder with a molten salt of the oxide required, thermal
degradation after extrusion will leave only the oxide. The overall level of shrinkage due to removal of
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decomposition products is greatly reduced, and this should improve the ability to control pellet diameter.
Whether this can be achieved within tolerance is a major technical challenge.

METHOD

Uranyl nitrate hexahydrate crystals were heated in a Pyrex beaker until molten using a hot plate stirrer and
magnetic follower. This was investigated over a range of temperatures from 60 to 190 °C. A stainless steel
mould, shown in section in Figures 1, was sprayed with Teflon based dry film lubricant and then pre-heated
(«60-100 °C). The molten uranyl nitrate was poured in until it was slightly proud of the mould. The mould
was tapped gently to remove trapped air bubbles. After the uranyl nitrate had solidified and hardened the
pellet was removed and stored in a desiccator. Uranium dioxide and trioxide powders were added to the
molten salt over a range of compositions to examine the effect on casting and thermal denitration of
increasing the solids loading. The cast pellets were loaded into the centre of a furnace with vacuum
capability and converted to oxide.

Figure 1. A cast pellet and split mould

--•S •

The extrudability of pastes, composed of aluminium oxide dispersed in molten magnesium nitrate, a stainless
steel barrel was heated to the required temperature, 90, 100 and 110°C, and filled with hard paste crumbs.
Magnesium nitrate has similar properties to uranyl nitrate, melting at 89 °C and decomposing at 330°C.
After ensuring the paste was heated evenly the barrel was placed under the cross-head of an Instron load
frame. The loads necessary for extrusion at different ram speeds was investigated. The extradâtes were
sintered and examined microscopically.

RESULTS

Results revealed that casting procedure produces three distinct types of pellet depending on casting
temperature. At low temperatures, 60 to 120 °C, a chalky textured pellet is produced which becomes darker
with increasing temperature. From approximately 130 to 170 °C very smooth plastic appearing pellets are
produced . At 180 °C clear glassy pellets are made (see Figure 1). Above this temperature the pellets
become plastic once more.

Initially it was attempted to cast into cold moulds. This resulted in the pellets cracking longitudinally on
removal from the die. Pre-heating the die has no effect on de-moulding although it did improve the surface
quality of the cast. The pellets formed at the higher temperatures were more difficult to cast because of the
increase in viscosity of the molten uranyl nitrate salt due to removal of further waters of crystallisation and
some oxides of nitrogen. Adding uranium oxide powder to the melt also further complicated the casting
process and a number of variations, described more fully in the discussion, were attempted to develop a
successful formulation.

Pellets cast below 120°C could be successful converted to oxide by TDN under vacuum and two pellets (red
UO3 and black U3O8) are shown in Figure 2. Porosity and surface cracking were visible but the results were
sufficiently promising to warrant further trials. However, pellets cast at temperatures above this could not be
achieved due to a build up of trapped gases which resulted in solarisation. This manifested itself as pellets
expanding or the pressure within the pellet negating the vacuum atmosphere causing the centre to melt and
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either rupture the pellet or seep onto the surface. The problem was worst for those pellets cast at 180 to
190°C. This phenomena can be clearly seen in the defective pellet also shown in Figure 2. X-ray powder
diffraction of ground pellets showed that pellets heated to 214°C and 340 °C under vacuum were composed
of amorphous UO3, the former sample still heavily contaminated with nitrate residue. Vacuum treated
uranium trioxide pellets could be converted to U3O8 at 600°C in an air atmosphere without significant further
cracking.

Figure 2. UO3 and U3O8 denitrated pellets

The flow curves for magnesium pastes extruded at 90 °C appears nearly Newtonian, while at higher
temperatures pseudo-plasticity is observed. The materials as expected became more fluid with increasing
temperature. The yield and shear stress values were a tenth of what they should be for an ideal extrusion
based system indicating that the pastes were rather fluid. However, preparation of stiffer pastes was not
possible with the equipment available. The magnesium nitrate was unstable when molten, losing weight with
time making the pastes unstable. Further instability arose due to the low viscosity of the magnesium nitrate ,
which caused phase migration under load. Sintered extrudates failed extensively by cracking and splintering,
but intact sections had good strength. The surfaces showed many large cavities. Polished sections showed
large pores but the microstructure appeared very uniform indicating good mixing.

DISCUSSION

Pellets cast at 60 °C are predominantly composed of crystalline uranyl nitrate hexahydrate. Similarly pellets
cast at 120 °C are composed of crystalline uranyl nitrate tetrahydrate. The move to casting at higher
temperatures results not just in the formation of lower hydrates but to the removal of bound nitrate to create
hydroxy-nitrates, producing the non-crystalline structures.

The original aim of this work was to incorporate particulates into the molten uranyl nitrate so that diffusion
pathways for the evolved gases would be created. Low additions of UO2 (5%) were successfully cast but it
was felt that substantially higher quantities of UO2 would be required for a successful process to minimise
shrinkage on denitration. The initial concept of UO2 additions to provide these pathways was impracticable
due to a vigorous reaction with the acidic molten uranyl nitrate dissolving the oxide, possibly due to its
oxidation and solubility in the molten salt. Even when UO2 was added to the melt at 60°C the reaction was
such as to change the nature of the as cast structure from chalky to plastic and make subsequent denitration
difficult. It was also necessary to hold the molten mixture at temperature until the effervescence had abated
to minimise the porosity in the cast pellet. Pellets remaining intact after denitration were heavily cracked
and showed signs of swelling and melting. These pellets also had a very low density showing the amount of
coarse porosity trapped within the pellet body. When the solids loading was increased to 10 wt% the molten
mixture was far too viscous to cast.

An alternative route to incorporating oxide powder into the uranyl nitrate was to use UO3 powders instead of
UO2. This showed that pellets containing a high solids content (up to 60 wt%) could be cast and successfully
denitrated (in terms of pellet cohesion). However, a slight amount of cracking of these pellets did occur,
although a density of 2.5 gem"3 is still very low compared to a pressed urania or MOX green pellet (œ 5.5
gem"3) and means that the sintering stage has a lot of shrinkage to accommodate to achieve high density. The
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60% UO3 pellet contained a high proportion of air bubbles on the lower face of the cast sample. It is
believed that this is due to the primitive nature of our casting process and could be overcome by the use of
extrusion or pressure assisted casting.

The initial extrusion trials indicated the occurrence of phase migration, the liquid nitrate separating from the
alumina powders. Phase migration can occur, when the binder system is of low viscosity and moves
preferentially to the die wall, leaving a paste which is too dry to extrude. This was overcome by decreasing
the nitrate content and reducing the A12O3 particle size. To improve the mixing of the pastes containing fine
alumina (0.5 \im) they were extruded twice through a small die. The extrusion load became more uniform
during the second extrusion indicating that the agglomerates had been broken up and the paste was of
uniform consistency (Figure 3).

Figure 3. Typical load versus displacement graph for two consecutive extrusion runs.
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Results on the whole for the extrusion study were disappointing. A major reason for this, however, was due
to limitations of magnesium nitrate as a simulant for uranyl nitrate. The non-availability of Z-blade mixer
suitable for use at temperatures greater than 90°C meant that the required stiffer pastes could not be formed
and extradâtes were soft. One of the keys to the successful development of the viscous polymer extrusion
process is the very high shear mixing of the ceramic oxide powder using a Z-blade mixer (5). The high shear
mixing breaks down powder agglomerates which reduces the flaw sizes in sintered components to the same
order as the grain size and this results in substantial increase in strength compared with conventional
fabrication processes. The sintering results are the natural artefact of poor extrusion

CONCLUSIONS

The possibility of casting uranyl nitrate pellets with a high solids loading is very promising and conditions to
eliminate gross pellet failure have been determined. The casting results indicate that a uranium /plutonium
nitrate melt could be used as a powder binder and the process developed along the lines of a conventional
ceramic extrusion process. Results on the whole for the extrusion study were disappointing but this is
believed to be due to the limitations of magnesium nitrate as a simulant. It has been shown that it is possible
to produce extradates from powder and molten magnesium nitrate mixtures. Further work is required on
characterising the binder properties of uranyl nitrate.

REFERENCES

1. JW Hobbs and P Parkes. Modified gel-sphere route. UK patent 2330684, October 1997.
2. HS Kalish et al. The development of uranium carbide as a nuclear fuel. Olin Mathaeson Chemical

Corporation, Contract no. AT-(30-l)-2374, I960.
3. R. Romano. The Nitrox process for MOX production . Nuclear Europe, 1986, 9, 19-21.
4. JW Hobbs. Molten salt casting of metal nitrate. UK patent application 9901284.1, January 1999.
5. N Alford, JD Birchall and K Kendall. Viscous polymer processing. EP 0183453, 1986.



P2-18 FR0104336

Operation and modelling of a flowsheet to separate neptunium and uranium in centrifugal
contactors

I.S. Denniss3, J.E. Birketf, I.Mayb, E.Gauberf, M. Jobsonc, R.J Taylora

"Research and Technology, BNFL Sellafield, Seascale, Cumbria, CA20 1PG.
BNFL Centre for Radiochemistry, Department of Chemistry, University of Manchester, Oxford

Road, Manchester, Ml 3 9PL.
'Department of Process Integration, UMIST, Manchester, M60 1QD.

ABSTRACT

BNFL have developed a single cycle flowsheet using hydroxamic acids to control the behaviour
of neptunium and centrifugal contactors to carry out the solvent extraction steps. The
performance of such a flowsheet will be limited by the distribution behaviour of neptunium in the
presence of hydroxamic acids and the mass transfer efficiency of the centrifugal contactors.
These topics have been investigated in an extensive research programme.

INTRODUCTION

A future reprocessing plant should be cheaper than the current generation of plants and have a
reduced environmental impact, key means of achieving these goals are to reduce the solvent
extraction flowsheet to a single cycle and adopt intensified equipment such as centrifugal
contactors. BNFL also regard mathematical modelling as a vital part of the development of such
a novel flowsheet. In conventional reprocessing plants neptunium is removed in a second solvent
extraction cycle; BNFL have developed the use of hydroxamic acids to separate uranium and
neptunium in a single solvent extraction cycle. Centrifugal contactors have short residence times
compared with conventional solvent extraction equipment and so the rate of mass transfer
achievable is important for the overall efficiency of the process.

BNFL have carried out an extensive research programme to support the development of the
flowsheet. The distribution behaviour of neptunium has been measured in the presence of
hydroxamic acids (1) and the mass transfer kinetics of uranium and neptunium have been tested
in single stage centrifugal contactors (2). The results of these programmes have been
incorporated in a mathematical model and simulation code (3) and tested in an alpha active
cascade of centrifugal contactors (4). The code has been used successfully to model the results of
the trials.

EXPERIMENTAL

All solvent extraction experiments have been carried out at ambient temperature in centrifugal
contactors with lcm diameter rotors. Mass transfer trials were carried out in single stage
contactors in a fumehood and the countercurrent trials used a rig containing 36 contactors installed
in a glove box. KD Scientific 200 syringe pumps with a precision of +/- 0.5% are used to deliver
the active and solvent feeds and peristaltic pumps are used for all other feeds.

On-line analytical data is obtained on the counter current rig using flow through cells that are
connected by fibre optic cables to a Perkin Elmer PE Lambda 19 nir/uv/vis spectrometer. The
flowsheet conditions of the Np rejection flowsheet trial are shown in Figure 1.

The first stage of the trial was to test and optimise the uranium and hydrodynamic operation of the
HA/HS and Np rejection cascades. A U(VI) feed, without Np present, was used to demonstrate
flowsheet stability, with respect to U. Key samples were also obtained to determine Np limits of
detection and/or contamination in the rig
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HNO3 (M)
U(VI) (g/1)
Np (mg/1)
AHA (M)
HYD (M)
Fe(g/1)

TBP/OK (%)
Flowrate (ml/min)
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The second stage of the trial was to operate the HA/HS and Np rejection cascades with a
conditioned U(VI), Np(IV) feed. This was achieved by adding a freshly prepared ferrous
sulphamate solution to a concentrated U, Np aqueous solution one hour prior to the start of the trial.
The resulting feed (A2) was observed to have a green colour thereby indicating the presence of
ferrous. The green colour of A2 subsequently changed to yellow/brown colour after 4 to 6 days at
room temperature indicating oxidation of ferrous to ferric.

This counter current run was initiated by starting the rotors and feeding the acid scrub (Al) and
acidic acetohydroxamic acid (AHA) feed (A3). Once aqueous was observed exiting both cascades
the organic pumps were started. Finally the active feed was started when the organic phase was
observed leaving both cascades and this was taken as time zero. The rotor speeds were then set at
about 4500 rpm. Product flowrates were measured and product and interstage samples taken at
regular intervals. At the end of the counter current run (202 minutes), the feed pumps and rotors
were switched off simultaneously. Each contactor stage in the HA/HS and Np rejection cascades
was then sampled so that profiles could be obtained. The procedure used for single stage mass
transfer trials has been described elsewhere (2).

RESULTS & DISCUSSION

Important analytical results of the trial are shown in Figure 1. The observed Np decontamination
factor (NpDF) to the NpS organic product (P2) was at least 270 thereby demonstrating the
separation of Np(IV) from a U(VI) loaded organic stream. The actual NpDF may have been greater
than that observed because the Np concentration in the P2 was at the limit of detection.

Good mass balances can also be calculated for nitric acid, U, Np and Fe from the analytical results
so that these trial results provide an excellent opportunity to assess the validity of BNFL
computational process models.

The models were developed using SpeedUp from AspenTech UK Ltd. This software provides
significant advantages over earlier Fortran codes such as a well defined set of building blocks so
that the complexity of simulations can be easily increased or decreased. Moreover, the software also
provides robust equation solvers that allow simulations to be executed either in steady state or
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dynamic modes, both providing different and useful information. Model development has been
described in detail elsewhere (4). The most important features for this assessment included
contactor data, distribution algorithms for nitric acid, U(VI) and Np(VI,V,IV), mass transfer
kinetics, reaction kinetics and entrainment.

The HA/HS and Np rejection cascades were then simulated. This included minor changes to feed
flowrates to take account of minor variations in pump performance. Dynamic simulations were
undertaken to confirm the physical parameters used within the models. A typical result for the
change of uranium in the solvent product at the end of the run is shown in Figure 2. There is good
agreement between the observed and predicted results which gives confidence in the results of the
model.

Figure 2: Np rejection solvent product LJ(VI) concentration from uv/vis
spectrometer - Effect of stopping U(VI) loaded active feed flow.
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The model was then used to predict the Np profiles in the HA/HS and Np rejection cascades, typical
results for the Np rejection contactor are compared with the observed profile in Figure 3. The
agreement between the observed and predicted Np profiles in each cascade was initially poor.
Additional work was therefore carried out to determine the Np(IV) mass transfer rates in the
Chinese miniature centrifugal contactors and assess the Np(IV) distribution algorithm.

The experimental mass transfer trials with U(VI) and Np(IV) (2) and the mathematical assessment
of the uranium transfer results (3) have been reported. The mass transfer efficiency of the
contactors for uranium can be characterised in terms of the flowrates used and the rotational speed
of the contactor (3), similar results have been found for neptunium and there is evidence that the
reaction between neptunium and acetohydroxamic acid is fast compared to the mass transfer step or
reaction step where the Np(IV) and TBP complex breaks up.
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Figure 3: [Np] aqueous profile in the Np rejection cascade.
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"Initial simulation result assuming quasi equilibrium. A Simulation including mass transfer efficiency.

When the simulations were repeated using mass transfer efficiencies of Np(IV) as predicted from
the single stage work with U(VI) and Np(IV) (2) the agreement with the observed profiles was
much better (Figure 3).

CONCLUSIONS

BNFL has powerful simulation tools with which to investigate flowsheet designs. An important part
of modelling development is validation and data reconciliation so that the models can be used with
more confidence. This has included the commissioning of an alpha active miniature counter-current
centrifugal contactor rig at Sellafield.

The Np rejection trial undertaken at Sellafield successfully demonstrated the technically difficult
separation of Np(IV) from a U(VI) loaded organic stream using acetohydroxamic acid. The results
of the trial were successfully reproduced by BNFL computational process models.
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ABSTRACT

An important aspect of British Nuclear Fuels Advanced Reprocessing programme is the investigation of
alternative finishing processes which may contribute to reducing the cost, environmental impact, and
radiation dose to maintenance workers, of recycling nuclear fuel. Product finishing, the conversion of
aqueous uranium-plutonium nitrate solutions into oxide, by thermal de-nitration (TDN) has potentially the
minimum number of process stages and requires least effluent treatment. In the past these benefits have been
marred by the relatively poor powder quality of the products, and consequent failure to meet existing
specifications for pellets. This paper describes development of a variant of the TDN route which meets
existing product and pellet specification.

The oxides; PuO2, (U,30%Pu)O2 and (U,6%Pu)O2, were produced by thermal denitration of their respective
di-hydrates in a rotating furnace purged with an air atmosphere. These were blended down to nominally 6 %
Pu by milling with UO2 powder. The as-produced powders were free flowing, free from fused lumps, and
MOX from the powders gave high tap densities (>3 gem"3), high green pellet densities (> 7 gem"3), and high
sintered pellet densities (> 10.45 gem"3). The grain size in the pellets increased with increasing TDN derived
component. The plutonium micro-homogeneity in the sintered pellets was excellent and the pellets gave <
0.1 w/o bulk solids residues from solubility tests.

INTRODUCTION

Thermal denitration (TDN) of uranium-plutonium nitrates is a candidate process for producing oxides
suitable for use in the fabrication of mixed oxide pellets as it potentially has the minimum number of process
stages and requires the least effluent treatment. Such benefits are marred by the relatively poor powder
quality of urania, plutonia or mixed oxides produced by direct thermal denitration. A programme of work
was undertaken to identify parameters in the thermal denitration process which influence the decomposition
reactions. The aim was to achieve an understanding of the decomposition behaviour of uranium and
plutonium nitrate mixtures and the powder properties that could be achieved by influencing TDN process
chemistry.
The literature suggest that ceramic grade oxide can be produced by direct denitration,
— if removal of waters of crystallisation to below hemi-hydrate level is achieved before denitration
— if careful heat treatment of the denitrated product is maintained to prevent loss of surface area via
thermal excursions and
— if control of the initial phase change from the liquid to solid is maintained to prevent caking.
Subsequent studies would then explore possible alternative improvements to the denitration process. Such
studies have already demonstrated process improvements, the American modified direct denitration route
forming a double salt with ammonium nitrate(l), the French Nitrox process (2) and Japanese microwave
denitration (3) being notable examples. In addition, BNFL developed routes include TDN on a combustible
matrix, denitration via reaction intermediates, and denitration of cast pellets (4).

EXPERIMENTAL

Three oxides of plutonium plus uranium were produced, containing 6, 30 and 100% of the heavy metal as
plutonium from uranium and plutonium nitrate starting material. The 30% plutonium form is referred to as
Masterblend (MB) and is the preferred feed for the next generation plant to minimise the requirement for
powder blending in the MOX fuel fabrication stage. The uranium /plutonium mixtures were produced by
adding plutonium nitrate solution to crystalline uranyl nitrate hexa-hydrate and then warmed to produce a
homogeneous solution. The nitrates were then dried in a vacuum desiccator containing P2O5 till the weight
loss was consistent with the formation of the di-hydrates. This was conducted at 50°C for the mixed nitrates
but at room temperature for plutonyl nitrate. The nitrates were calcined in air at 550 °C in a rotary furnace
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containing a rabble bar. The 100% plutonium oxide powder was not processed further, however, the mixed
oxides were reduced in 4% H2/Ar at 700°C.

The 100 % and 30% plutonium powders were then blended down to nominally 6% plutonium enrichment
with Integrated Dry route (IDR) UO2 powder. The powders were milled and aliquots removed after specific
time interval. Due to a small sample volume a ball mill was used to mill the as-produced 6% TDN
plutonium batch, where as an Attritor mill was used for the other powders. The powders were uniaxially die-
pressed using an Apex hydraulic press with manual die fill, cavity i.d. 9.60 mm, and sintered at 1650°C
under reducing conditions. The die set plunger was machined to produce end dimples and chamfers on the
pellets. Sintered densities were determined and microstructure and plutonium micro-homegeneity assessed.

Two pellet samples were submitted for solubility trials from each source of PuO2. The pellets were dissolved
to a concentration of 200 g/1 heavy metal using 7 M HNO3 and refluxed for 12 hours. The solution was then
centrifuged and the clarified solution decanted. This was repeated twice more after washing with O.5 M
nitric acid. The residue was washed into a platinum crucible and dried to constant weight at 200 °C. The
amount of original sample not dissolved was calculated as a percentage of initial pellet weights.

RESULTS

The as-produced oxides were fine free flowing powders and were without fused masses. The surface area of
the 100% TDN PUO2 and was 2.9 and 2.4 gem"3 for the 30% and 6% PuO2 powders respectively. The
powder properties of the blended powders are summarised in the Tables 1.

Table 1. Powder properties of MOX from 100% and 30% TDN PuO2

Attritor mill
time /min

5
10
15
20
30

100% TDN PuO2

SSA
m2/g

2.8
3.4
3.5
3.8

5

Pour density
g/cm"3

2.1
2.3
2.5
2.5
2.6

Tap density
g/cm"3

3.1
3.3
3.4
3.5
3.6

30% TDN PuO2

SSA
m2/g

2.9
3.6

5
4.9

Pour density
g/cm"3

2.1
2.2

2.6
2.8

Tap density
g/cm"3

3.2
3.4

3.7
4

Samples of the results on pelletisation and sintering behaviour for TDN derived MOX are summarised in the
Figure 1 for the 6% TDN PuO2 and Figure 2 for 30% and 100% TDN PuO2 starting powders.

Figure 1. Compaction and sintering results of Ball milled 6% TDN PuO2 powder
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Figure 2. Compaction and sintering behaviour of Attritor milled TDN powders
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DISCUSSION

The conditions for denitration, vacuum desiccation and slow heating, were chosen to reduce the probability
that melting of the lower hydrates would take place by ensuring that dehydration was virtually complete
before denitration started. This is particularly important during the decomposition of the di-hydrate to ensure
anhydrous heavy metal nitrate is produced rather than hydroxy nitrate species. These species by the
formation of hydroxy bridges leads to the creation of sticky polymeric intermediates which are detrimental
to the powder properties of the resultant oxide. The absence of fused lumps in the product was good evidence
that melting had not occurred. This however, resulted in a protracted heating cycle which is not desirable for
industrial application. The use of a rabble bar in the furnace also minimised lump formation. The bulk
powder properties of the as-produced powders are not suitable for pellet manufacture requiring additional
processing to achieve suitable die fill. The surface areas of the as-produced oxides increase with increasing
plutonium content and are in the range desirable for powders to be pressed. The surface area for 100 % TDN
derived PuÛ2 (4.6 m2/g) is about half that for oxalate derived PuC"2 (10 m2/g) after similar calcination.

The surface area of the 6% TDN derived MOX increases rapidly to over 4 m2/g after 1 h ball milling,
increasing still further with subsequent milling. This is a good indicator that particles are more fragile having
a low shear strength. The surface areas of the 100% PuC>2 and 30% PuC>2 derived MOX powders are lowered
by the addition of IDR UO2 but recovered by subsequent milling. The bulk powder properties of the
powders increases fairly uniformly with milling time and the tap densities are typical of milled IDR, the
dominant component.

As expected, increasing green and sinter densities are achieved with increasing pressing pressures. The
capping threshold was generally above 6.0 tonnes cm"2 pelleting pressure. Other measurements indicate that
the spring back of the pellets increases with increasing pelleting pressure as expected for elastic behaviour
and that the elasticity behaviour is not markedly different whether they are TDN or IDR derived powders.
The proportion of TDN derived powder in the blend does not seem to have any marked effect on increase in
green density indicating that TDN and IDR derived powders have similar shear properties after milling. All
three powders end up with high green density pellets of about 7 gem'3 after long milling. The ball milled 6%
TDN PuO2 derived MOX gives higher densities than the Attritor milled samples at short milling times and
this is believed to be due to the initially higher surface area.

Figure 1 shows that for MOX from the undiluted TDN PuO2 the sintered density decreases markedly with
increasing milling time. This result was unexpected and was probably due to solarisation during sintering as
a result of the high surface area of the powder. Figure 2 shows that for the pellets from Masterblend
enrichment there is a marked increase in sinter density with increased mill time, whereas for the MOX
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composed of nearly 95% IDR derived UO2 there is no real marked change. Thus the sintered densities
appear to increase with increasing TDN derived component. The overall behaviour of the sintered densities
is consistent with them increasing with milling time until some maximum is reached, after which they
decrease again due to solarisation.

Macrostructure of the pellets (not shown) were fairly poor and this was believed to be due to some extent to
mechanical problems with the pelleting press. However the pellet quality was consistent across all TDN
components, and hence pellet quality does not appear to diminish with TDN component. The micro-
homegeneity resulting from the use in MOX of 6%, 30% and 100 % TDN derived PuO2 is excellent and a
sectioned pellet from the former is shown in Figure 3. This shows a complete absence of PuO2 rich spots.
As expected micro-homogeneity improves with increasing mill time. The grain size in the pellets was also
seen to increase with increasing TDN derived component. The grain size was around 4um for a 100% TDN
derived PuO2 pellet, while the grain sizes in pellets containing a TDN derive UO2 component are 6 to 10 um.

The pellets from 6% TDN PuO2 MOX after only 1 h in the ball mill gave a bulk solids residue of only 0.09
w/o from the solubility test. The pellets produced by Attritor milling 30% TDN PuO2 for only 5 minutes
gave 0.03 w/o residues and the pellets from 100% TDN PuO2 after 5 minutes Attritor milling gave 0.06 w/o
residues. These results are all low despite the short milling times and confirm the excellent micro-
homogeneity displayed in the auto-radiographs.

Figure 3. Autoradiograph on a MOX pellet from 100% TDN derived PuO2

5 min Attritor mill time
and pressed at 4.1 te cm-2

CONCLUSION

High density MOX pellets of excellent micro-homogeneity have been produced in the laboratory from free
flowing thermally denitrated powders after short mill times. This demonstrates that by carefully controlling
the denitration process it is possible to produce ceramic grade oxide powder suitable for MOX fuel
manufacture. The results with the Masterblend TDN component are particularly promising as it is the
preferred finishing feed composition for the next generation of finishing plant. The conditions chosen,
however, are not suitable for industrialisation and further work is required to optimise the process.
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U(IV) is an important reagent in current reprocessing plants since it is used to reduce Pu(IV) to Pu(III), therefore,
allowing the efficient separation of U and Pu in multi-stage counter-current solvent extraction contactors. The benefits
of U(IV) are that it is a kinetically fast reductant and it is a salt free reagent, since U(IV) is oxidised to U(VI) and so
does not add to the aqueous waste volumes. Many kinetic reactions of U(IV) have been studied in the past and these are
used by BNFL to model the behaviour of U(IV) in process flowsheets. However, some reactions have either not been
studied or have been studied many times without conclusive resolution. Therefore, to expand our understanding of
U(IV) in the process and to generate data that underpins process models, we are studying a series of U(IV) reactions,
and this paper will summarise the results of our kinetic and mechanistic studies.

INTRODUCTION

The reducing agent, uranous (IV) nitrate, is commonly used to separate U and Pu in Purex reprocessing flowsheets.
Separation is achieved by the reduction of Pu(IV) to Pu(III) by U(IV) and the consequent stripping of inextractable
Pu(III) from the solvent tributyl phosphate phase to the aqueous nitric acid phase. A complicating factor is that Pu(III)
is not stable and is reoxidised by nitric acid, in a process catalysed by nitrous acid, back to extractable Pu(IV). To
prevent loss of Pu(III), a stabiliser such as hydrazine is also added to the system. This stabiliser removes nitrous acid
rapidly thus interrupting the catalytic reoxidation. As well as reducing Pu(IV), U(IV) also reacts with other species
which are present, including Np(VI) and Tc(VII). Like Pu(III), U(IV) can be oxidised by HNO3 catalysed by HNO2. It
is also well known that hydrazine participates in catalytic reaction cycles with Tc. Finally, species are partitioned
between aqueous and solvent phases and so kinetic reactions can occur in both phases. Although much data on the
reactions of U(IV) are available, some reactions have either not been studied or studied without definitive conclusion. In
order to improve our understanding of U(IV) systems and to provide data which underpins process models, BNFL and
VNIINM in collaboration have undertaken a series of kinetic investigations. This paper summarises the results to date
of this work.

EXPERIMENTAL METHODS

The experimental methods used have been described in detail elsewhere (1-5).

RESULTS AND DISCUSSION

U(IV) Oxidation by HNO3 in 30 % TBP Solution (1)

U(NO3)4.2TBP + HNOs.TBP + H2O + 2TBP = UO2(NO3)2.2TBP + HNO2.TBP + 2HNOs.TBP

In the oxidation of U(IV) by nitric acid in 30 % TBP there is an initial induction period, in which oxidation by HNO3

occurs producing HNO2, and then an autocatalytic reaction, in which U(IV) is oxidised by the resultant HNO2. The
reaction is represented by equations (1-3) below (ignoring TBP complexation).

• 2H+ (Eq. 1)
(Eq. 2)

(Eq. 3)

The mechanism of the non-catalytic reaction (eqn. 1) is difficult to understand but it is possible that it involves the
second hydrolysis product interacting with nitronium ions (NO2

+) [eqn. 4]. The rate of the autocatalytic reaction (eqn. 2)
is reduced at increased [HNO3] which can be explained by U(IV) hydrolysis, which increases as acidity decreases. The
evidence is that the autocatalytic reaction is via the second hydrolysis product (U(OH)2(NO3)2) [eqn. 5].

U(OH)2
2+ + NO2

+ -> UO2
+ + NO2 + 2H+ (Eq. 4)

U(OH)2
2+ + HN02 -> UO2

+ + NO + H2O + H+ (Eq. 5)

U4+4
U4+ +

2NO

-HNO3 +
-2HNO2

+ HNO3

-H 2 O-
- ^ U O

+ H2O

-+UO2
2+ +

2
2+ + 2 N O •

^ 3HNO2

HNO2

+• 2 H +
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For the first time, reproducible and predictable data on U(IV) oxidation in TBP have been obtained and the rate
equation is described by:

d[U(IV)]
dt

= k,[U(IV)][HNO3]2+k
[U(IV)][HN02]

[HNO3p+p;[HNO3]

where: k, ~ 0.3 M"2min"'; k = 0.125 ± 0.020 Mmin"1; pY = 0.03 M and p2 ' = 0.006 M2 at T = 55 °C; [H2O] = 0.44 M,
within the acidity range [HNO3] = 0.05 - 0.3 M. The hydrolysis products are defined as pf=pi[H2O]; p2'=p2[H2O]2.
Activation energies of reactions (1) and (2) are E] = 103 ± 15 and E2 = 93 ± 5 kJniol"1. The calculated activation
enthalpies and entropies at 298 K are given in Table 1. Attention is drawn to the fact that the activation entropy for both
the U(IV) oxidation reaction routes is close to zero.

Table 1. Activation enthalpies and entropies at 298 K

Reaction
U(IV) + HNO3
U(IV) + HNO2 (catalytically produced)
U(IV) + HNO2 (direct reaction)
Np(VI) + U(IV) in HCIO4
Np(VI) + U(1V) in HNO3

AH* (kJmor1)
101
90
109
76.1
64.0

AS* (Jmol'lC1)
~-6
~ 4
43
36
2

U(IV) Oxidation by HNO2 in 30 % TBP Solution

To provide further information about the interaction of U(IV) and HNO2 in TBP, this reaction was studied by
introducing HNO2 directly in to the reactive system, rather than just letting it accumulate through the autocatalytic
reaction initiated by HNO3. Except when [HNO2] was very low, no induction period was observed in these experiments.
Kinetic analyses of the data showed that the reaction is first order with respect to U(IV) and HNO2. The order relative to
H2O is 0.8, which is within the range suggested in the study of the reaction with HNO3 above — 0.5 to 2.5 depending on
HNO3 concentration. A variable order between ~ -0.5 and ~ -0.85 was observed for HNO3, which differs slightly from
the situation observed in the reaction with HNO3 where the order varied between ~ -0.8 and ~ -3.5.

These similarities and differences lead us to the hypothesis that the reaction mechanism has changed from proceeding
via the second hydrolysis product (eqn. 5), in the HNO3 autocatalytic oxidation, to one proceeding via the first
hydrolysis product in this direct U(IV) - HNO2 reaction (Eq. 6).

UOH3+ + HNO2 -> UO2
+ + NO + 2H+ (Eq. 6)

Accounting for this mechanism, ultimately, the rate equation was described by eqn. (7) where k = 0.405 ± 0.055 M"
'min'1 at 55 °C (Pi ~ 0.08 and p2 ~ 0.007) and the activation energy is 112 ± 17 kJmol"1, which is close to that previosuly
determined (93 ± 5 kJmol"1). However, as can be seen from Table 1, the activation entropy is higher.

d[UQV)3
dt

= k-
[U(IV)][HNO2][HNO3][H2O]

[HNO3]2
 +f3,[HNO3][H2O] + p2[H2O]2

(Eq. 7)

The overall conclusion to be drawn from this and the previous section is that the U(IV) - HNO2 reaction proceeds in
two parallel routes via UOH3+ or U(OH)2

2+ species depending on the concentration of HNO2. However, further analysis
of this theory shows that the kinetics can not be wholly explained by this combination of reaction routes. It is tentatively
suggested that the composition of the HNO2.TBP complex is also important with cis and trans forms (6) having
differing reactivities for U(IV) ions. The fact that the activation energies determined in both studies are close supports
the suggestion that the difference in rates is due to entropy changes governed by steric features of the reacting species.

U(IV) Oxidation in the Presence of Tc(VII) and Hydroxylamine (and NH2OH/N2H4 Blends) in HNO3

Previous papers have reported the reactions of Tc(VII) ions with hydroxylamine in HC1 and HNO3 - in the absence and
presence of HNO2 (2-4). These reactions are very slow and are really governed by the well known oxidation reactions
of hydroxylamine with HNO3 and HNO2 (see 4 and references therein). Hence, at lower temperatures and acidities
TcO4", is essentially stable in the presence of hydroxylamine. Furthermore, U(IV) solutions in HNO3 are stabilised by
hydroxylamine, and in perchloric acid U(IV) is known to rapidly reduce Tc(VII) (7). However, when Tc(VII) is added
to solutions containing U(IV)/hydroxylamine in HNO3, an unusual series of reactions are observed. Initially, there is a



P2-20

rapid oxidation of U(IV) followed by a slower zero order reaction which then speeds up towards the end of the
oxidation. This situation is very different from the well known Tc(VII) catalysed oxidation of hydrazine (8). The
addition of U(IV) to Tc - hydrazine solutions only eliminates the induction period by reducing Tc(VII) to a lower
oxidation state more rapidly than N2H4. After this the reaction mechanism is essentially unchanged.

Clearly, this system is very complex (9) but we have derived a kinetic equation for the slower zero order reaction under
conditions in which hydroxylamine is a net scavenger of HNO2 rather than a net generator. It is thought that HNO2 is
essentially unavailable at this point in the reaction schema, because it is scavenged by hydroxylamine, and that the
U(IV) + Tc(VII) reaction is rapid. The slow rate determining reactions are, therefore, considered to be the HNO3

oxidations of U(IV) and Tc(IV) (eqns. 8-9). Kinetic analysis of the experimental data leads to the derivation of a rate
equation (10) where, respectively, k8 = (2.8 ± 0.10) xlO"3 l105morl05min-'; k9= 123 ± 10 PVol^^min"1 at 35 °C and Eg
= 73 ± 3; E9 = 86 ± 2 kJmol"1. As the overall oxidation reaction proceeds, the initial U(IV) term in eqn. (10) decreases in
importance, the Tc(IV) oxidation reaction becomes solely rate determining and the reaction tends towards zero order
relative to U(IV).

U4+ + HNO3 + H2O -> UO2
2+ + HNO2 + 2H+ (Eq. 8)

2TcO2+ +3HNO3 + 3H2O -» 2TcO4" + 3HNO2 + 6H+ (Eq. 9)

-d[U(IV)]/dt = k8[U(IV)][HNO3]'-
05 + k9[Tc(IV)]'-8[HNO3]

1<5 (Eq. 10)

One complicating factor is that if hydrazine is added to the U(IV) - Tc(VII) - hydroxylamine system then the rate of
U(IV) oxidation is reduced. In particular, the initial rapid reaction is almost eliminated. It may be that hydrazine is
interrupting the reaction cycles by rapidly scavenging HNO2, if HNO2 is a reaction intermediate, or it may be that this
system has a different set of reactions altogether. Much further work is needed to understand the complex reaction
mechanisms of U(IV) - Tc - hydroxylamine reactions in the absence and presence of N2H4, particularly the verification
of reaction intermediates.

Np(VI) Reduction by U(IV) in HNO3

Although this rapid reaction has been studied in perchloric acid (10), surprisingly, it has not previously been studied in
nitric acid. Initially, a suitable anti-nitrite, i.e. one that did not react with U(IV) or Np(VI), had to be identified, since
HNO2 can cause interfering reactions. Sulphamic acid was found to be suitable, although high levels of sulphamic acid
increased the observed reaction rate. This was most likely due to the catalytic effect of sulphate ions, which has also
been observed previously in HC1O4 (10). In a separate experiment, the addition of 0.0005M H2SO4 was shown to
increase the reaction rate constant by a factor of ~2, thus confirming its catalytic effect. In order to eliminate this effect
in our experiments, sulphamic acid was used only at low concentrations.

Firstly, it was confirmed that the reaction stoichiometry was the same as for the reaction in HC1O4, that is:

2NpO2
2+ + U4+ + 2H2O = 2NpO2

+ + UO2
2+ + 4H+

The rate of Np(VI) reduction in variable ionic strength solutions is expressed by eqn. (11), where k = (696 ± 20) M*
a3min'1 at 10 °C and [NH2SO3H] = 5xlO"4 M. The activation energy is 66.5 ± 4.9 kJmol"1 and the thermodynamic
parameters are included in Table 1.

d[Np(V)] = d[Np(VI)]
k

dt dt [HNO3]0 '7

Next it was shown that increasing the ionic strength, by the addition of NaClO4, did not significantly change the rate
constant, indicating that the rate of reaction is independent of the ionic strength of the solution. Experiments at a
constant nitrate ionic strength of 2, obtained by the addition of NaNO3, produced the same rate equation, indicating that
the rate is not dependent on [NO3"]. Finally, an experiment in the presence of a ten-fold excess of U(VI) over U(IV),
produced the same rate constant, which is consistent with the rate being independent of the ionic strength of the solution
and indicates that it is not influenced by [U(VI)] either.

Compared to the reaction in HC1O4, the rate in HN03 is about 2.2 times quicker ([H+] = 1 M; T = 25 °C); this is
consistent with many other Np redox reactions (11). The mechanism of the reaction in HC1O4 is suggested to proceed
via charge transfer from hydrolysed U(IV) ions [eqn. 12] (10). This is consistent with the observed reaction order but, in
HNO3, the order with respect to H+ ions is fractional —0.7. This suggests a parallel reaction route via non-hydrolysed
U(IV) ions (eqn. 13).

NpO2
2+ + UOH3+ -> NpO2H

2+ + UO3+ (Eq. 12)
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NpO2
2+ + U4+ + 2H2O ->• NpO2

+ + U 0 2
+ + 4H+ (Eq. 13)
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The reduction of Pu(VI) in nitric acid solutions containing uranium and various
fission product elements as a result of both its inherent alpha radiation and also
external gamma irradiation at dose rates similar to those experienced by dissolved
fuel solutions has been investigated. The presence of the additional metals has been
shown to eliminate the induction periods required prior to the reduction of Pu(VI)
in nitric acid. G values for the autoradiolytic reduction of Pu(VI) have been found
to be between 0.6 and 1.1 for 3 g/1 Pu solutions containing between 0.12 and 9.2 %
238Pu (balance 239Pu). Uranium and palladium have been found to accelerate the
reduction of Pu(VI) during gamma irradiation at dose rates of between 0.41 and
1.64kGy/hour.

INTRODUCTION
The effect of the inherent radioactivity on the oxidation state of plutonium ions in solution was
recognised very shortly after the first macroscopic amounts of plutonium became available and
early studies were conducted as part of the Manhattan Project (1). However, the behaviour of
plutonium ions, in nitric acid especially, has been found to be somewhat complex, so much so that a
relatively modern summary paper included the comment that "The vast amount of work carried out
in nitric acid solutions can not be adequately summarised. Suffice it to say results in these solutions
are plagued with irreproducibility and induction periods..." (2). Needless to say, the presence of
other ions in solution, as occurs when irradiated nuclear fuel is dissolved, further complicates
matters. The purpose of the work described below was to add to the rather small amount of
quantitative data available relating to the radiolytic behaviour of plutonium in solutions of irradiated
nuclear fuel.

Previous work using upwards of 20 elements in solution showed that uranium and palladium in
particular had very significant effects on the rate of reduction of Pu(VI) by radiolysis at very high
dose rates (3). Consequently Pd and U together with other elements either implicated in other
works to have more minor effects or not previously tested, were added to nitric acid solutions
containing hexavalent plutonium for radiolysis studies. These studies investigated both the inherent
alpha radiolysis and also external irradiation using a 60Co gamma source.

ALPHA RADIOLYSIS
Solutions of uranium, plutonium and the other elements listed in figure 1 were made up in nitric
acid. The plutonium used in each of these solutions had a different proportion of the 238 isotope in
order to enable dose rate effects to be studied, 238Pu contents of 0.12, 2.94 and 9.20 % were used,
the balance being essentially all 239Pu. Prior to the start of each experiment, plutonium was
converted to the hexavalent form by ozonolysis. The change in the proportion of hexavalent and
tetravalent plutonium was then determined over a two month period by extraction of Pu(IV) using
TTA from samples of each solution, the Pu content was then measured by a counting of evaporated
samples. Results are shown in figure 1.
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These results are interesting in that the rate of reduction of Pu(VI) to Pu(IV) appears to have been
accelerated by the presence of the other ions. Vladimirova (4) indicates that in 4 molar nitric acid
in the absence of other species, a 10"2 molar solution of hexavalent 238Pu reduces with a G value of
approximately 0.01 or 0.1 if one-quarter of the Pu is present as Pu(IV) initially at doses up to 3 • 1022

eV/ml. Our results given in table I indicate G values of approximately 1.1 and 0.6 for solutions
containing 0.1 and 9.2 % 238Pu respectively. Vladimirova's results would be expected to show
slightly smaller G values due to the higher dose rates (100% 238Pu) used but this effect is not large
enough to explain the 60 to 80-fold increase in G values shown by this work.
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ô 0.008 -

0.006 -
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0.002 -

38Pu

0.12

-9.20
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0 — --

1E+18

- — — •»*-«.
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Pu 3 g/l
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Ce 1g/l
Pd 0.6 g/l
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Tc 0.3 g/l
HNO3 3.5 mol/l
except where stated

1E+19 1E+20 1E+21

cumulative dose/(eV/ml)

1E+22 1E+23

Figure 1. Autoradiolytic reduction of Pu(VI) to Pu(IV) in nitric acid

Table I. Rate of reduction of Pu(VI)

/o238Pu
0.12
2.94
9.2

Dose rate/(eV/ml/hr)
1.65-101'
1.20-1018

3.20-101*

% reduction/day
0.57
2.93
6.56

G(-Pu(vni
1.09
0.79
0.61

It therefore appears that the accelerative effects of uranium and palladium on the reduction of
hexavalent plutonium reported to occur under gamma irradiation (5) also occurs during
autoradiolysis. No reduction of 10"2 mol/1239Pu(VI) up to a dose of 1022eV/ml was observed by
Vladimirova whereas our results show complete reduction to Pu(IV) at doses of less than 2.5-1021

eV/ml with a 238Pu content of 9.2% and higher G values for the reduction as the 238Pu content is
reduced.

Gamma Radiolysis
Solutions of similar composition to those used for the alpha radiolysis experiments were made up,
with the exception that only 239Pu was used and that the acidity and uranium concentration was
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60,varied. Samples were irradiated using a Co source for up to 30 days at different dose rates.
Reduction of Pu(VI) to Pu(IV) was again determined using TTA extraction and alpha counting of
evaporated samples, results are shown in figure 2.

The results indicate that increasing the acidity from 2.5 to 5 mol/1 decreases the rate of reduction of
Pu(VI) to Pu(IV) and that reducing the uranium concentration also reduces the rate of Pu(VI)
reduction. Other elements such as technetium and zirconium had no discernible effect on the rate of
Pu reduction and likewise no change was observed when using de-aerated solutions. These results
agree with and augment those from previous experiments (3,5) conducted at dose rates three orders
of magnitude higher than those used in this present study and show that the accelerated reduction of
Pu(VI) by uranium and palladium ions occurs over a wide range of dose rates.

The G value for the reduction of Pu(VI) under both the standard conditions and reduced dose rate
shown in figure 2 is 0.65±0.04 although there is a slightly greater induction period in the case of the
lower dose rate. This is approximately halved by increasing the nitric acid concentration to 5 mol/1
or reducing the uranium concentration from 300 to 100 g/1. Increasing the nitric acid concentration
to 5 mol/1 or reducing the uranium concentration to 200 g/1 increase and decrease respectively the G
value measured under standard conditions by about 15%. Radiolysis of 10"2 mol/1 Pu(VI) in 0.3 to
8 mol/1 nitric acid without added ions shows no reduction of Pu(VI) at doses up to 15-1021 eV/ml
(6) whereas 0.1 mol/1 Pu(VI) in 4 mol/1 nitric acid containing 0.75 mol/1 uranium and 0.01 mol/1
Pd(II) was found to be reduced with a G value of approximately 0.2 at a dose rate of 468 kGy/hour
(5).
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Figure 2. Reduction of Pu(VI) in nitric acid due to external gamma radiation

The effect of changing the initial ratio of Pu(IV):Pu(VI) in the solution being irradiated is shown in
figure 3. This shows that at a total Pu concentration of 3 g/1 complete reduction of Pu(VI) to Pu(IV)
is achieved in approximately 6 days irrespective of proportion of Pu(IV) initially present. This is in
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contrast to previous work which showed that much faster rates of reduction were observed with a
Pu(VI):Pu(IV) ratio of 1:3 compared to that at a ratio of 3:1 (5). No explanation can be offered for
this difference without further study although it should be noted that the Pu and uranium
concentrations and the dose rate are appreciably different in this work compared to those of
Tkhorzhnitskii (5).
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Figure 3. Effect of initial Pu(IV) content on reduction of Pu(VI) under external gamma radiation

CONCLUSIONS
This work has confirmed that uranium and palladium accelerate the radiolytic reduction of Pu(VI)
in nitric acid solutions under external gamma radiation and has shown that this effect is apparent at
much lower dose rates than those previously investigated. Furthermore the effect of accelerated
reduction due to the presence of uranium and palladium has also been shown to occur during alpha
autoradiolysis. Full reduction of 10~2 molar Pu(VI) solutions to Pu(IV) has been observed at doses
of about 1021 eV/ml a dose at which no Pu(VI) is reduced in the absence of these other species.
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ABSTRACT

Direct thermal denitration is an attractive method of co-converting mixed-metal nitrate solutions of
plutonium and uranium into oxide because of its apparent simplicity. Such benefits are often marred by the
relatively poor powder quality and handling characteristics, which can be overcome by modifications to the
process chemistry. To ensure that powder synthesis routes under assessment require the minimal further
processing it is necessary to be able to characterise the powder fully in term of the key fundamental
properties. This paper will demonstrate the use of a dynamic avalanching technique, fractal analysis and
morphology to assess processing behaviour. The use of dynamic avalanching to uniquely characterise the
chaotic flow properties of urania powders has proved successful and results have shown that this technique
is capable of detecting small differences in processing behaviour due changes in morphologies and particle
size distribution. This technique has promise for being able to provide nearly instantaneous feedback to the
powder generation process being monitored (e.g. calcination, milling, mixing). The use of fractals to
describe powders is an interesting characterisation tool when combined with morphological shape factors
and the flow index.

INTRODUCTION

This paper discusses the use of a recently developed instrument, the API Aeroflow analyser, for testing and
quantifying the rheology of bulk powder samples. The motivation for this investigation is to quantify an
index, a number, by which the flowability of one powder may be compared to that of another and to try and
establish a link with morphological shape factors and in particular the fractal index. The Aeroflow analyser
relies on a technique referred to as dynamic avalanching to deduce how well a powder flows. At the heart of
the analyser is a rotating drum into which bulk powder samples are placed. The tumbling of powders in the
sample drum is in marked contrast to many of the standardised tests, Jenike shear cells or funnel flow test,
which have been conceived throughout the years.

Early investigations of dynamic powder avalanching involved forming a heap of the powder to be tested on a
platform adjacent to an adjustable ramp (1). As powder flows from the hopper onto the growing heap, a
series of avalanches are initiated. The weight and time between successive avalanche is data logged as the
powder cascades down the ramp and into a bin on a balance. As the avalanches progress, the data is acquired
in real-time. The length of experimental runs, however, is limited by both the available amount of powder
and the capacity of both the feed hopper and the collection bin. Since the apparatus is fairly bulky and not
self-contained, it is difficult to control ambient temperature, humidity or the loss of fines. Also depending on
its size, the ramp technique can require large powder samples.

The AeroFlow differs from the early ramp approach in that it is fully automated, self-contained and is sealed
which prevents the loss of dispersible fines. Further, the rotating drum approach employed utilises
comparatively small powder samples, roughly 60 ml, which could be important from a criticality perspective
if the technique was ever exploited for PuO2 powders. The equipment consists of a light-tight cabinet in
which the powder flow measurements are carried out in a disk-shaped rotating drum (see Figure 1). The
drum is partially filled with a power sample to be tested. As the drum rotates, the powder rides up the drum
wall and cascades down in a series of avalanches. Powder movement is monitored by a light and photocell
arrangement. As the powder tumbles down the drum wall, the degree of masking of the photo cells changes,
hence, the voltage output from the photocells varies. The changing detector output forms the basis for
recording dynamic powder flow, allowing the time between successive avalanches as well as the magnitude
of each event to be recorded by the data acquisition software.
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Figure 1. The sample drum and photocells

It is generally regarded that geometric shape descriptors by themselves e.g. aspect ratio, convex roughness,
are not particularly sensitive measures of particle morphology. However, when used in combination with the
fractal dimension or flow index could possibly discriminate between types of UO2 powder or even indicate
batch to batch variation. Trials with alumina have previously proved promising (2). The boundary fractal
dimension is a measure of the ruggedness/irregularity of a particle profile and does not give any information
on the overall geometric shape. In simplistic terms the fractal dimension of a boundary is generated by
measuring the perimeter at a series of yardstick lengths. The number of steps multiplied by the step length,
added to any remaining incomplete boundary segment, is an approximate boundary length L(s). As the
dividers opening become smaller and smaller the values of L(e) converge rapidly for a circular shape.
However for fractal curves the observed L(e) tends to increase without limit, to yield,

L(s) =M 8(1"D)

Where M is a constant and D is the fractal dimension of the boundary. By plotting Log L (s) against log 8
known as a Richardson plot, the fractal dimension can be obtained by adding one to the modulus of the
gradient of the resulting data-line. The structured-walk investigation of a particle profile is not suitable for
practical characterisation purposes as it too time consuming. Thus image analysis based techniques have
been developed and for this study the method proposed by Flook was used (3). For particulates two linear
portions are usually observed on the Richardson plot. The region at the smallest step-lengths is called the
textural fractal, whereas the structural fractal, at coarser step-lengths, represents the gross boundary of the
particle. Previous work has shown that it is the structural fractal dimension that is useful for characterisation
purposes.

METHOD

The UO2 powder sample, Integrated Dry route (IDR) and ammonium uranyl carbonate (AUC) derived
material were riffled into a 60 ml container. This provided an aerated standard volume of powder for testing
The powder sample was then placed in the sample drum which was previously washed and allowed to fully
dry prior to each run. The inside of the drum body was lined with a metal mesh strip which reduces powder
slippage. Treatment of the Perspex surfaces with an anti-static agent was also used to reduce the amount of
powder adhering the surface of the Perspex window as the latter reduces the signal to noise ratio. Tests were
conducted at a drum speed of 1 revolutions per minute. The experiments were sixty minutes in duration but
for analysis of the data only the last 10 minutes, representing 3000 data points, was sampled. This data is fed
into an Excel spread sheet developed by the author.
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SEM images of U02 derived from ammonium uranyl carbonate (AUC) precipitation and Integrated Dry
route (IDR) powders were obtained and their outlines extracted using a manual perimeter tracing procedure.
Forty individual particle images were collected for each powder to maximise the statistical significance of
the results. The resultant profiles were then digitised by a Kontron IBAS 2000 image analysis system via
video camera, onto a 512x512 square pixel rastor. The image analysis routine consisted of two parts, the
Euclidean section, which determines the standard geometric attributes e.g. circularity, aspect ratio and size of
the particles and the fractal section.

RESULTS

The raw Aeroflow data may be presented in several ways. The raw data consist of a time against intensity
plot from which it is difficult to extract useful data. An informative graphical depiction of powder
flowability, called an attractor diagram (4), is presented in Figure 2 for both UO2 powders. The diagram is
constructed by plotting the points tn and tn+i, where n is the event number, for a series of successive
avalanches. This creates a cluster of points, the spread of which is a measure of how free-flowing a given
powder is. A highly flowable powder will exhibit a compact cluster of points, whereas a powder that does
not flow as well will have a less tightly grouped set of points. The centroid of the data cloud (the mean) is
referred to as the attractor point and the scatter is called the strange attractor pattern. Analysis of the time
attractor results would indicate that the IDR powder is more free flowing than the fine precipitated AUC
material. This is demonstrated by a much more concentrated cluster and confirmed by the higher number of
avalanche events with a lower mean time between those events as summarised in Table 1. The results were
reproducible when repeated with fresh powder charges and thus differences between the powders was real
and significant.

Figure 3. Phase-space attractor diagrams for IDR and AUC UO2
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3 -

2 - 2

1 -
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The data, however, can not be considered purely in terms of the time attractor and the intensities of the
avalanche events must be examined. These can also be investigated by similarly constructing intensity
attractor plots, the data from which is also summarised in Table 1

Table 1 Summary of time and intensity attractor data sets

IDR
AUC

No. of
events
359
342

Time
Mean

1.669
1.750

Max

3.4
3.8

CFn-l

0.556
0.692

Intensity
Mean

26.03
11.51

max

55
40

CTn-l

13.671
7.080

Flow
ranking
1
2
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The intensity data is a measure of how much powder is displaced by an event. These results again indicate
the superior flow properties of the IDR material with significantly more powder moving for each event. It
should be realised that too much powder moving at one time could be an indication of poor flow, slumping,
and would be more of a concern if the overall number of events was not significantly higher than for AUC.

The image analysis parameters for the two powders were cross correlated against each other using a least
squares linear regression technique, to check for simple relationships which may indicate the non-
independence of the morphological measures. The results show a high degree of correlation between the
values of fractal dimension and circularity, but were found to be independent of particle size. The values for
the mean and standard deviation are summarised in Table 2 which confirm the significance of circularity and
fractal dimension. Using the w/s test for normality of a frequency distribution, the sets of values for the
morphological parameters were each found to individually conform to the Gaussian distribution. The
significance level, a, was found to be at 0.1 the highest level of significance for the fractal index, where as
the circularity was deemed less significant. Use of this technique on a series of alumina powders has shown a
much stronger dominance of the fractal dimension to individually characterise powders and it is intended to
expand this study to other urania powders and increase the number of particles included in the studies.

Table 2. Summary of image analysis results

Powder

IDR
AUC

Circularity

mean
0.381
0.615

CTn-l

0.17
0.16

Aspect
ratio
Mean
0.729
0.705

CTn-l

0.10
0.12

Fractal
dimension
mean
1.124
1.038

tfn-t

0.08
0.05

The link between flow, morphology and fractal dimension was not as predicted with the more rugged IDR
powder flowing more predictably. The study with alumina powders had shown a strong relationship between
fractal index and flow which had led us to believe that such a relationship could be established for UO2

powders. It is believed that the tumbling action of the drum may be having a mild granulating effect on the
powder increasing its flow and minimise the effect of surface roughness. The moisture content of the
powder was unfortunately not recorded. This behaviour had been witnesses for a particularly cohesive
alumina powder which had visibly granulated on extended tumbling in the analyser drum. The ruggedness
of the powers also give a mechanism by which powders may lock together to form agglomerates which may
also improve flow.

CONCLUSIONS

The AeroFlow analyser is capable of detecting differences between UO2 powders. The two powders
examined had quite varied morphologies and particle size distributions which the AeroFlow has
distinguished differences between. More work is required to establish a link between flow and
morphological characterisation factors as has been established for alumina powders. The fractal dimension
has shown promise as a promising characterising tool and more work will be undertaken indexing
relationships by combining this parameter with circularity and flow to track powder behaviour in terms of
data clouds in multi-parameter data space.
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ABSTRACT

Chemical denitration by formic acid aims to reduce nuclear fuel reprocessing nitric wastes
volume and concentration. The use of Pt/SiC>2 catalysts suppresses the induction period of the
reaction between formic and nitric acids. This is due to the fast initial catalytic generation of HNO2
from HNO3 on Pt/SiC^, which become further the active species in the homogeneous phase. It is
proposed that HNO2 generation passivates the Pt metal phase, which is in turn reactivated by formic
acid.

INTRODUCTION

Nitric acid is a very oxidizing medium widely used in nuclear fuel reprocessing technology.
Removal of nitric acid from highly nitric concentrated aqueous radioactive wastes is often required
in the course of chemical separation or conversion steps as well as in waste disposal procedures.
Such nitric acid treatment is called denitration. Among available processes, chemical denitration is
very efficient and economical (1). It consists in reducing nitric acid by adding formic acid.
Chemical denitration proceeds according to five main reactions, which govern or influence
successively the overall denitration process.

2HNO3+HCO2H • 2 NO2 + CO2 + 2 H2O ([HNO3]>8M)

2HNO3 + 2HCO2H • NO

2 HNO3 + 3 H C O 2 H ^ 2 NO + 3 CO2 + 4 H2O j ^ M

2 HNO3 + 4 HCO2H • N2O + 4 CO2 + 5 H2O (moderate excess of HCO2H)

2 HNO3 + 5 HCO2H—• N2 + 5 CO2 + 6 H2O (large excess of HCO2H)

All reaction products except water are gaseous at reaction temperature (nitrogen, nitrogen
oxides and carbon dioxide), so that solution's salt content is minimized.

Chemical denitration by formic acid is a very complex chemical process (2). Former studies
have shown that homogeneous reaction between formic and nitric acid exhibits an induction period,
which duration is related to the time needed by one of the intermediate products of the reaction -
nitrous acid - to reach a threshold concentration in the reaction medium (1). The induction period
can substantially be shortened or even suppressed by adding sodium nitrite to the reacting mixture
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(3) but the salt content is increased. The aim of this study is to suppress the induction period
without adding any sodium nitrite salt.

The role of catalysis has been recently emphasized in the destruction of waste from the
nuclear industry (4). The catalytically-mediated conversion of nitrate by formic acid on Pt/Sid
catalysts has proven to be convenient (5) to reduce denitration induction time. It was suggested that
the key step might be the catalytic generation of HNO2. This particular point is investigated in the
present work.

EXPERIMENTAL

Catalysts preparation and characterization
Pt/SiÛ2 A was prepared by wetness impregnation of SiC>2 (Jonhson Matthey, 150-250

SBET-310 m2.g"') with Pt(NH3)4Cl2 (Strem Chemicals) as metal precursor. After fast drying at
353K, the solid was calcinated at 623K in air overnight, then reduced at 673K for 5 h in H2/N2
(20/80, ramp : lK.min"1).

Pt/SiÛ2B was prepared by ion-exchange between Pt(NH3)4Cl2 and SiC>2 (Procatalyse, 150 jam,
SBET=450 m2.g~') at pH=7. After filtration and drying at 353K, the solid was calcinated at 623K in
air overnight, then reduced at 673K for 5 h in H2/N2 (20/80, ramp : lK.min"1).

Dispersion of Pt on silica was determined by chemisorption of H2 at 323K. The metal surface
atoms proportion (D) of the catalysts was evaluated assuming the adsorption of one hydrogen atom
per surface metal atom. Pt/SiO2 A (0.77 wt. % Pt, D=0.27) and Pt/SiO2 B (0.6 wt. % Pt, D=0.70).

Catalytic test procedure

The catalytic tests were carried out in a thermostated stirred glass batch reactor (250 cm , 300
rpm) at 343K with a catalyst/liquid ratio of ca. O.Olg.cm"^. Aliquots of the reaction medium were
withdrawn periodically to follow the progress of the reaction. [HNO3] and [HCO2H] were
determined simultaneously by potentiometric titration. HNO2 concentration was measured by
spectrophotometry with the Griess's reagent. The concentration of dissolved platinum in the
aqueous medium was determined by ICP Atomic Emission Spectrometry. After each catalytic run,
the catalyst was rinsed with water and dried at room temperature.

RESULTS AND DISCUSSION

Denitration by formic acid

First experimental runs were dedicated to evaluate the effect of Pt/SiC>2 A on the reaction
between HCO2H and HNO3. Figure 1 shows that in the absence of the catalyst, denitration by
HCO2H exhibits an induction period of about 17 min. in the given experimental conditions. When
the metal catalyst is present, the induction time is suppressed and denitration occurs at a high rate
from the outset (Figure 1). Moreover, the induction time being comparable when the run is carried
out with Pt-free silica gel or in the absence of catalyst, the induction time suppression in the
presence of Pt/SiÛ2 can undoubtedly be attributed to Pt. It is also worth noting that as soon as
denitration has started, the reaction rate is similar in the experiments with or without the Pt/SiC>2
catalyst. It can thus be concluded that the presence of platinum in the reaction medium acts only by
suppressing the induction period : it induces the same effect as the addition of NaNC>2.
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Since the HNO2 generation seems to be the keystone in the denitration process, a special
attention has been paid to the HNO2 concentration evolution during catalytic and non-catalytic
denitration (Figure 1). HNO2 concentration profile obtained during the non-catalytic run is in good
accordance with literature (1) : denitration starts when the concentration of accumulated HNO2 in
the solution has reached a threshold of 10"2 mol.L"1. In the presence of the metal catalyst, the
[HNO2] time course looks similar but with a time shift of 17 min. : the HNO2 threshold
concentration seems to be reached faster than in the absence of catalyst.

Time (min.)

x : without catalyst
0 : with catalyst

Pt/SiO2 B
Pt/SiO2 B : Second run
Pretreated Pt/SiO2 B
Pt/SiO. A

40 60

Time (min.)

Figure 1 : Influence of Pt/SiO2 A catalyst on the

denitration process at343K. [HNO3]0=3M,

[HC02Hlo=lM, mPt/Si02=lg.

Figure 2 : HNO2 generation at 343K. [HNO3]=5M,

mpt=10mg.

As a conclusion of this study, platinum catalyst is likely to speed up the initial HNO2
generation in the solution, which is believed to be the limiting step in the homogeneous process
(3,6). The catalytic generation of HNO2 from HNO3 was therefore studied in the absence of
HCO2H.

Generation ofHNO2from HNO3 in the absence o

In this second set of experiments, the effect of Pt/SiC>2 catalysts on the generation of HNO2
from HNO3 without addition of formic acid is studied. It was first demonstrated that no HNO2
generation occurs in the absence of catalyst or with Pt-free silica gel. Figure 2 shows the HNO2
concentration vs. time with the two Pt/SiC>2 catalysts. The initial nitrous acid generation is
extremely fast and this effect is all the more significant as the metal dispersion on the support is
high. After two minutes, [HNO2] remains constant : HNO2 being unstable, its depletion rate
counterbalances its production rate.

Possible leaching of platinum into the nitric solution has been checked on. Significant amount
of platinum accumulates in the solution during HNO2 generation runs. Actually the dissolved
platinum fraction is dependant on the Pt particle size : 13% of the catalyst platinum content is lost
for Pt/SiO2 B and 4% for Pt/SiO2 A.

Whereas Pt/SiÛ2 catalysts exhibit the same activity over successive batch denitration runs,
they are deactivated after the first use when no formic acid is added (Figure 2) (7).
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If Pt/SiO2 B catalyst is in-situ reduced before use (one hour pretreatment with 1M formic
acid), HNO2 generation is enhanced (Figure 2). Moreover, no deactivation and no platinum leaching
can be observed.

These last results combined with the fact that the number of HNO2 accumulated molecules is
only equivalent to the number of surface Pt atoms indicate that HNO2 generation may result of a
stoechiometric oxidation by nitric acid. This passivation would be all the more rapid as Pt particle
are small. The platinum leaching could be explained by one Pt air-oxidized product solubility in the
nitric solution.

Discussion

Considering the very low HNO2 accumulation in the absence of HCO2H compared to that
identified in the course of denitration and the HNO2 generation results obtained with reduced
catalyst, the catalytic denitration process can be tentatively described by the simplified reaction
scheme shown in figure3.

when[HNO2]>10-2M
IlN'On «encration

HCO2H —-^ / H "passivated Pt sites"
HNO2 - x ^ - HCO2H

CO2,H2O <*-" ">) "active Pt sites" -^ ~^~~ HNO3 ! ^ " NO, NO2 " > CO2, H2O

Initiation of the denitration by Propagation of the denitration by the homogeneous
heterogeneous catalysis with a redox reaction between HNO3 and HCO2H mediated by

cycle of Pt HNO2

Figure 3 : Reaction scheme of denitration process mediated by a Pt/SiO2 catalyst.

CONCLUSION
The use of supported metal catalysts suppresses the induction period in the formic acid -

assisted denitration of highly concentrated nitric solutions. This is achieved thanks to the
catalytically - mediated generation of nitrous acid, which is the active species of the denitration
reaction mechanism in the homogeneous phase. Formic acid is involved in the homogeneous
transformation of nitric acid and maintains the metal function in its active state.
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It was found that an intensive destruction of various organic and mineral
substances - usual components of aqueous waste solutions (oxalic acid, complexones, urea,
hydrazine, ammonium nitrate, etc.) takes place under the conditions of catalytic denitration.
Kinetics and mechanisms of urea and ammonium nitrate decomposition in the system
HNO3 - HCOOH - Pt/SiO2 are comprehensively investigated.

The behaviour of uranium, neptunium and plutonium under the conditions of
catalytic denitration is studied. It is shown, that under the certain conditions the formic acid
is an effective reducer of the uranium (VI), neptunium (VI, V) and plutonium (VI, IV) ions.
Kinetics of heterogeneous-catalytic red-ox reactions of uranium (VI), neptunium (VI, V)
and plutonium (VI, IV) with formic acid are investigated. The mechanisms of the
appropriate reactions are evaluated.

Introduction

Formic acid is a very promising reagent for the application in the technologies involving into the
nuclear fuel cycle. It can be successfully used for the displacing re-extraction of plutonium(IV) in the
PUREX process [1] and for the isolation of plutonium(III) in the form of a hardly soluble formate [2]. The
reducing property of the formic acid is used in the denitration reaction which is widely applied in the
processes directed to a decrease of the nitrates content in the technological streams [3]. Recently we have
found that in the presence of platinum catalysts the interaction between HNO3 and HCOOH starts without
any induction period which is typical for the reactions of auto-catalytic nature [4]. It was shown that
application of catalysts allows to improve the denitration process from the point of view of safety and
simplicity of operations. So far as the denitration processes are used mainly in the nuclear fuel cycle, the
behaviour of different components of the waste solutions under the conditions of catalytic denitration is of
certain scientific and practical interest. The present paper is concerned to the results of the original studies of
the decomposition reactions of some organic and inorganic compounds - usual components of the
radioactive waste solutions and, red-ox reactions of actinides in the system HNO3 - HCOOH - Pt/SiO2.

The catalysts choice and preparation.

The particular features of radiochemical technology - aggressive nitric acid media, intensive
radiation fields, put forward the rigid requirements to a choice of catalysts: high chemical and radiating
stability of materials of the catalyst and support, mechanical durability, catalytic activity and simplicity of
preparation. The platinum coated silica-gel (Pt/SiO2) was chosen for the present study by the combination of
properties.

Preparation of catalysts. A portion of 0.5-1.0 mm grain-size SiO2 (KSK grade) is washed in the column with
hot 3M HNO3 until the effluent was free of Fe3+ as checked with NH4SCN, then with water, and dried at 120°C during
24h. A computed volume of E^PtCU solution is added to a weighed portion of SiC>2 (—1.2 ml liquid per 1 g support).
The mixture is carefully stirred and dried at 120°C. The Pt is reduced to the metal with hydrazine hydrate. The catalyst
is poured into the boiling solution of reducer (1-2M) under stirring. The mixture is left for 30 min to complete the
reduction; then the catalyst is separated on a glass filter, washed with hot 3M HNO3, water and finally dried at 100°C
during 24h. The used catalyst was washed with hot 3M HNO3, water, dried at 100°C during 24h and utilised
repeatedly.

The major amount of studies on catalysis in water solutions is carried out with application of
Pt/SiO2. Despite of chemical stability in the nitric acid media and sufficient catalytic activity, this catalyst is
not free from drawbacks connected to low mechanical durability of the support material and high cost of an
active component - of platinum. Therefore, the further search of alternative materials of the catalyst and
support is the important task from the practical and economic points of view.
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Catalytic decomposition of organic and inorganic impurities - components of liquid radioactive waste.

The final processing of the radioactive waste is often difficult without preliminary removal of some
undesirable admixtures like hydrazine, urea, oxalic acid, complexones, ammonium nitrate etc., which are
usually present in the aqueous waste streams. In some cases [5,6], the task of the impurities decomposition in
the nitric acid solutions may be resolved with the application of solid state catalysts. We have found that in
nitrate solutions in the presence of formic acid, i.e. under the conditions of catalytic denitration process, the
destruction of the mentioned above compounds proceeds more intensively. In some cases the catalytic
decomposition becomes possible only in the presence of HCOOH (Table 1).

Table 1. Effect of HCOOH on decomposition of some compounds in the nitric acid solution
in the presence of catalyst 1% Pt/SiO2 (S/L = 0.1 g/ml).

Compound
0.3M H2C2O4

0.3M H2C2O4

0.05M DTPA
0.05M DTPA
0.05M EDTA
0.05M EDTA

0.2M N2H4

0.2M N2H4

0.1M(NH2)2CO
0.1M(NH2)2CO
0.83MNH4NO3

0.83M NH4NO3

[HNO3I0, M
2.5
2.5
2.0
2.0
2.0
2.0
2.0
2.0
2.5
2.5
4.0
4.0

[HCOOHlo, M
0

1.0
0

1.0
0

1.0
0

1.0
0

1.0
0

-0.8*

t,°C
60
60
60
60

60
50
50
60
60
80
80

X1/2, min

4.5
<3
12.4
6.5

No data
4.5
33
26

No reaction
9

No reaction
-60

* the steady state concentration of HCOOH, which is continuously feed into the reactor.

The increase of the decomposition rate is obviously stipulated by the nitrous acid formation under
the conditions of catalytic denitration. The decomposition of urea and ammonium nitrate in the system HNO3
- HCOOH - Pt/SiO2 was studied in detail to understand better the role of HNO2 in the red-ox catalytic
processes in nitric acid solutions.

Carbamide (urea) is used as a nitrous acid trap, particularly to cut out the pathway of nitration
involving nitrosation, usually in concentrated nitric acid solutions [7]. In the radiochemical technology urea
was applied as a anti-nitrous agent for the electrochemical processes of the uranium(VI) reduction [8] and
silver recuperation from the nitric acid solution [9]. The final treatment of industrial and, particularly
radioactive waste solutions often requires preliminary removal of urea as an undesirable admixture. Recently
we have shown that the reaction of the heterogeneous catalytic denitration with formic acid proceeds
successfully in the presence of urea and is accompanied by the decomposition of the latest [4].
Kinetics of (NH2)2CO catalytic decomposition was investigated. The analysis of gases generated during the
reaction of the urea catalytic decomposition has been carried out on line by means of IR-spectroscopy and
mass-spectroscopy methods. Preliminary experimental runs showed that in the absence of formic acid the
catalytic decomposition of urea does not proceed at 60-90°C in the 0 - 8M HNO3 solutions. At the same time,
adding 0.1 - 2M HCOOH to 2M HNO3 solution containing urea at 50°C causes, in the presence of 0.02 - 0.2
g/ml l%Pt/SiO2, the decomposition of (NH2)2CO accompanied by the denitration reaction. Kinetic
measurements were carried out under the following conditions: [HNOsjo = 0.7 - 7.0 M; [HCOOH]o = 0.2 -
1.3 M; [(NH2)2CO]0 = 0.2 M; T = 50 - 80°C ; solid-to-liquid ratio S/L= 0.02 - 0.1 g/ml. All experiments were
carried out in the presence of the catalyst l%Pt/SiO2. The reaction of (NH2)2CO decomposition in the
presence of 0.2 - 1.3 M HCOOH and S/L= 0.02 - 0.1 g/ml starts at 60°C when the nitric acid concentration is
equal or exceeds 2.0 M. In the range [HNO3]0 = 2 - 2.5 M the reaction is accompanied by the induction
period followed by the fast decomposition of urea. At the higher nitric acid concentrations the reaction of
urea decomposition starts leaving any induction time and proceeds by the "zero" order with respect to
[(NH2)2CO]. The principal gaseous products accompanying the process were found to be CO2, N2O and N2.
Formation of the small amounts of NO2 and traces of H2 have been also revealed.

Consideration of kinetic regularities of the urea catalytic decomposition ("zero" order with respect
to [(NH2)2CO]; presence of the induction time at small acidity) allows to conclude that the main process,
responsible for the urea degradation is an interaction of (NH2)2CO with nitrous acid, catalytically generated
in the reaction system as it take place in the process of catalytic denitration [4]. The reaction of the nitrous
acid generation (the rate determining step) can be written then as
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HCOOH +HNO3 - ( P t ) - > HNO2 + CO2 + H2O (1)
The change of the HNO2 concentration in the process of urea decomposition is shown on Fig. 1. [HNO2]

o25 oo6 increases here from 0 to 1.26*10~3 M when
1 ' ' [(NH2)2CO] decreases from 0.2 to 0.005 M under
\ u [HN02], M the actual experimental conditions. Every moment
* ~0M s nitrous acid exists in the solution in some steady-

003 g state concentration that is determined by the
0.02 current urea concentration, the acidity, the

temperature and the catalyst amount. After the

0.20

0.15

0.10

0.05 -

0.00

—A—C, urea,M

\

- 0.01

0
complete urea decomposition the nitrous acid

0 20 40 60 so concentration increases sharply up to ~ 0.06 M
Time, min then decreases down to ~0.03 M and remains

Fig.1. The nitrous acid accumulation in the process of the « , , , , ,-* i n ,* , . ..
urea catalytic decomposition a, [HNO3] = 3.3M; [ (NH2,2CO]o =

 a l m 0 S t C o û t e n t U P to the end Of the Catalytic
0.2M; [HCOOH]0 = 1.0M; t= 7o°c; s/L = 0.1 g/mi. denitration process.

The total stoichiometric reaction equation
of the urea catalytic decomposition was found to

be:
3(NH2)2CO + 3HCOOH + 5HNO3 - (Pt)-> 2N2 + N2O + 2NH4NO3 + NH2CHO + 5CO2 + 6H2O (2)
It was shown that the products of the urea decomposition - formamide and ammonium nitrate undergo
further transformation under the conditions of catalytic denitration. Formamide disappears due to a shift to
the right the acidic hydrolysis equilibrium along with the decrease of the formic acid concentration which
consumption accelerates with the beginning of the denitration reaction:
NH2CHO + H2O + H+ o HCOOH + NH4

+ (3).
The decomposition of the ammonium nitrate proceeds as a result of the following reactions :
NH4NO3 + HNO2 <» NH4 NO2 + HNO3 (4).
NH4NO2 -» N2 + 2H2O (5).
Being one of the important by-products of the radiochemical technology the ammonium nitrate is presented
in the radioactive waste of the nuclear reprocessing plants. Ammonium nitrate is related to the class of the
potentially hazardous chemical compounds because of its capability to a detonation in the solid phase under
the certain conditions [10]. Therefore, the uncontrolled accumulation of NH4NO3 in the waste is not
admissible from the point of view technological safety of the nuclear fuel cycle. Several methods for the
ammonium nitrate destruction on the base of the catalytic denitration process were proposed and tested. The
conditions for the effective and complete decomposition of NH4NO3 in the nitric acid solutions are
determined.

The actinides catalytic red-ox reactions in the system HNO3 - HCOOH - Pt/SiO2

The denitration processes are used mainly in the nuclear fuel cycle; therefore the behaviour of
different radioactive components of solutions and, especially, actinide ions under the conditions of catalytic
denitration is of certain scientific and practical interest. It was shown in the series of active denitration tests
that the presence in the solution up to 0.75M U(VI) and 0.1 M Pu(IV) does not prevent from the successful
catalytic denitration process. Some overconsumption of formic acid takes place at the catalytic denitration of
the plutonium solutions in comparison with the nonactive tests. This fact is a possible consequence of the
catalytic side reaction of the plutonium(IV) reduction. In fact, spectral analysis of the final denitrated
solutions with the excess of HCOOH showed that up to 40% of Pu presents in the trivalent oxidation state.
The observed partial reduction of Pu(IV) to Pu(III) can be caused by the catalytic reduction of plutonium by
formic acid. The back oxidation is stipulated obviously by the nitrous acid which is generated in the solution
during denitration. Thus, during the catalytic denitration, Pu(III) presents in the solution in some steady state
concentration which is determined by the current composition of the reaction mixture, solid-to-liquid ratio
and the temperature.

Hexavalent uranium, neptunium and plutonium, pentavalent neptunium and tetravalent plutonium
are quite stable in the formate solutions though their formal oxidation potentials are higher then the standard
potential of the couple HCOOH/CO2. However, we have found, that in the presence of platinum catalysts
and anti-nitrous agents formic acid can effectively reduce hexavalent uranium, neptunium and plutonium;
pentavalent neptunium and tetravalent plutonium in the nitrate solutions. The studied catalytic red-ox
reactions of the actinide ions with HCOOH in the nitrate solutions are listed in Table 2.

Table 2. Heterogeneous catalytic red-ox reactions of actinides in the system HNO3 - HCOOH - Pt/SiO2.
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N°
I

II

III

IV

V

Reaction
UO2(NO3)2 + HCOOH + 2HNO3 =
U(NO3)4 + CO2 + 2H2O

2NpO2
2+ + HCOOH =

2NpO2
+ + CO2 + 2H+

Pu O2
2+ + HCOOH +2H+ =

Pu4+ + CO2 + 2H2O

2NpO2
+ + HCOOH + 6H+ =

2Np4+ + CO2 + 4H2O

2Pu(IV) + HCOOH =
2Pu(III) + CO2 + 2H+

Conditions
0,75M U(VI); 0.75-2.0M HCOOH; 0.02-0.1 M
N2H5

+ or >1.5M (NH2)2CO; 1-4M HNO3; t = 28-
65°C; 0.1g/ml 1% Pt/SiO2) 1% Pt/Anionites

(1.85-30)* 10"3 M Np(VI); 0.2-1.5M HCOOH;
0.1- 0.5M (NH2)2CO; 0.1-1.9M HNO3; t = 30-
60°C; 0.01-0.1g/mll%Pt/SiO2

6.52*10"3 M Pu(VI); 0.1-I.0M HCOOH; 0.1 M
(NH2)2CO; 0.6-1.9M HNO3; t = 20-50°C; O.lg/ml
l%Pt/SiO2

(1.24-6.2)* 10"3 M Np(V); 0.01-1.0M HCOOH;
0.1-0.5M (NH2)2CO; 0.2-1.8M HNO3; t = 40-70°C;
0.025-0. lg/ml 1% Pt/SiO2

1.2*10"2 M Pu(IV); 0.2-0.7M HCOOH; 0.1-0.5M
(NH2)2CO; 0.27-1.97M HNO3; t = 30-60°C; 0.01-
0.1g/mll%Pt/SiO2

Remarks
In the presence of
urea the reduction
is not complete.

Diffusion
controlled process
(E*=18.7kJ/mole)

Diffusion
controlled process
(E*sl9kJ/mole)

Kinetic data obtained for the reactions I-V allow revealing the following scheme of the
heterogeneous catalytic interaction between actinide ions and HCOOH.

The most likely, all the reactions start with the activated adsorption of formic acid on the active
centers of the catalyst:
HCOOH soi <=> (HCOOH)*ads quickly (6).
Formic acid, being a di-electron reducer reacts usually with oxidants through the stage of the formation of
the *COOH radicals, possessing high reactivity [11].

Taking into account the written above, the path of the processes I-III of the actinide(VI) catalytic
reduction seems to be the following:
AnO2

2+ + (HCOOH)*ads -> AnO2
+ + *COOH + H+ (7).

The electron transfer between Np,Pu (VI) and (HCOOH)*ads proceeds very quickly and the rate of the whole
reaction is determined by the diffusion processes ( E* ~ 19 kJ/mole). In the case of U(VI) the reaction (7) is
the rate determining ( E* ~ 48 kJ/mole)process and it is accompanied possibly by the formation of the
activated complex {O=U2+=O—H - COOH}*ads on the surface of the catalyst. The radical *COOH formed in
the process (7) reacts quickly in its term with actinide ions in the solution:
AnO 2+

AnO,+
*COOH -> AnO2

+ + CO2 + H+ (8)
j2 + *COOH + 3H+ -> An4+ + CO2 + 2H2O (9).

Pentavalent uranium and plutonium under the actual experimental conditions are not quite stable in the
solution toward the reaction of disproportioning:
2An(V) = An(IV) + An(VI) (10).
Processes (8,9) and (10) are not distinguishable by kinetic and stoichiometric means. Therefore it is not
possible to give a preference to one or another way for the An(IV) formation by the reactions I and III.

The interaction between neptunium(V) and adsorbed HCOOH ( reaction IV) proceeds by the
scheme:
NpO2

+ + (HCOOH)*ads <* {O=Np+=O—H -COOH}*ads - quickly (11)
{O=Np+=O—H-COOH}*ads -* O=Np+-OH + *COOH-the rate determining step (12)
NpO2

+ + *COOH -» O=Np+-OH + CO2 - quickly (13)
O=Np+-OH + 3H+ -> Np4+ + 2H2O-quickly (14).

The mechanism of the of the plutonium(IV) catalytic reduction (reaction V) was found to be the
following:
PuOH3+ + (HCOOH)*ads <-> {Pu(OH)(HCOOH)*}3+

ads -quickly (15)
3+ Pu3 + *COOH + H2O -the rate determining step (16){Pu(OH)(HCOOH)*} ads

PuOH3+ + *COOH -> Pu3+ + CO2 + H2O (4) -quickly (17).
It should be noticed that the catalytic red-ox reactions of actinide ions with formic acid in the

presence of urea as a nitrous acid trap proceed completely at the nitric acid concentration below 2M. The
increase of [HNO3] over ~2M leads to the catalytic decomposition of urea accompanying with an abundant
formation of gases, followed by the denitration of the solution. Under these conditions, at first, actinide ions
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are reduced in some extent (Np(V)-»Np(IV); Pu(IV)-»Pu(III)) and then, they are oxidised back by HNO2

when the catalytic decomposition of urea is completed. Reactions II and III proceed partially even in the
absence of urea but their yield is determined by the equilibrium reactions of AnC>22+ ions with nitrous acid
[12,13]. The catalytic reaction I of uranium(VI) with formic acid in the nitrate solutions starts when the
concentration of urea exceeds 1.3M. The reduction is slow and incomplete. Probably, the anti-nitrous "force"
of carbamide is not enough to prevent the back oxidation of uranium(IV) by HNO3 that is strongly catalyzed
by traces of nitrous acid [8]. The uranium(IV) catalytic reduction with HCOOH proceeds better in the
presence of small quantities of hydrazine as a nitrous acid trap. Under these conditions the reduction
proceeds even faster then the catalytic reaction with hydrazine as a reducing agent.

The results of this work allow to conclude that the system HCOOH - HNO3 - Pt/SiO2 may
be successfully applied for the stabilization of actinide ions in the low oxidation states under their mutual
presence. This system may be possibly used for the separation of neptunium and plutonium during the waste
reprocessing or for the isolation of 23S Pu from the irradiated 237Np targets by the extraction method. The
choice of the optimal conditions for the realization of the processes may be done on the base of the
experimental data, obtained in this study.
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Modelling of uranyl nitrate and nitric acid extraction in diluted TBP using Chem-UNIFAC
M. Hanna, B. Rat (CEA : DCC/DRRV/SEMP/LMP ValRhô Marcoule, bat. 166, B.P. 17171, 30207
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ABSTRACT

Chem-UNIFAC model is applied to TBP/dodecane/water/UO2(NO3)2 and TBP/dodecane/water/HNO3

systems, following our previous studies on TBP/diluent (alcane, HCCI3, CC14) and TBP/diluent/water/salting
out agent (same diluents) systems. New Chem-UNIFAC parameters for TBP/water pair are calculated and
an unique set of parameters is proposed to describe the TBP/dodecane/water/UO2(NO3)2 system, for a wide
range of TBP/diluent volume proportions (10%, 30%, 50%, 100%) and a wide range of uranyl nitrate
aqueous concentration. Nitric acid and water extraction in TBP/dodecane/water/HNO3 is also calculated and
an improvement is found in the description of the corresponding isotherms.

INTRODUCTION

The present work is the continuation of our previous studies (1) on the application of UNIQUAC and
UNIFAC equations to correlate thermodynamic properties of organic phase in metal solvent extraction.
The two main features of UNIQUAC and UNIFAC equations in estimating thermodynamic properties of
organic phase in metal solvent extraction, are to take into account extractant percentage and diluent
influence, and to use only binary parameters to describe multicomponent systems. The further advantage of
UNIFAC equation lies in group contribution which gives it a more important predictive power.
In the later studies, UNIQUAC interaction parameters, regressed on TBP/diluent (alkane, CCI4, HCCI3)
mixtures, already permitted to calculate both activity coefficients and enthalpies of mixing. UNIFAC, using
group contribution, allowed to represent different TBP/n-alkane mixtures with only two interaction
parameters, but made no distinction between branched alkanes. We used the interaction parameters regressed
on binary system TBP/diluent and TBP/H2O to estimate the solubility of water in TBP/diluent mixtures as a
function of water activity and TBP percentage. For a correct description of TBP/diluent/H2O/LiCl system, it
was necessary, except in case of alkane, to supplement UNIFAC equation by explicitly taking into account
formation of complexes (Chem-UNIFAC). This work allowed to improve the representation of these systems
(2,3,4).
We present here our last results on TBP/dodecane/water/electrolyte systems with uranyl nitrate and nitric
acid. Extraction isotherm of both electrolytes were described with a good precision, for a wide range of
concentration of both species in water and a wide range of TBP/diluent proportions. Furthermore Chem-
UNIFAC parameters a for (TBP, H2O) pair were re-fitted on TBP/dodecane/water/UO2(NO3)2 system, in
order to better take into account the proportion of water extracted as a TBP.H2O complex.

UNIQUAC AND UNIFAC MODELS

For a multicomponent system, the UNIQUAC equation for the molar excess Gibbs energy is composed of
two parts (5,6) : the combinatorial part, essentially due to differences in size and shape of the molecules, and
a residual contribution, essentially due to energetic interactions.

E , A

^combinatorial. _ y . j n Z L +
 z v ~ .. T_ i

RT

RT Ï
4- ^ Eq. 1

RT

where :

gres idu5L = -Zq i x i l n

a we refer here (and afterwards) to the set of interaction parameters (aH2o,TBP ; aTBp,H2o) associated to equilibrium constant
of TBP.H2O complex.
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qi is the area parameter of component i , <j); and 0;are the volume and area fractions of component i,
interaction parameter between molecule i and j

is the

UNIFAC model adopts the same formalism as UNIQUAC model but introduces the group contribution
concept, /. e. molecules are considered as structural group assemblies. The UNIFAC method being based on
the group contribution concept has the advantage that it can be used in the calculation of multicomponent
system with a small number of parameters. The Chem-UNIFAC model explicitly allows for the formation of
A.B complexes considering the equilibrium constant of formation of the later :

KA.B = *ABiAB Eq.2

where the activity coefficients are calculated with the UNIFAC model.

TBP/dodecane/U02(N03)2/water mixtures

Some authors (7,8) were already interested in UNIQUAC and UNIFAC models to evaluate non-ideality of
such organic phases. But none of them took water extraction into consideration or considered it to be
negligible.
In the following, Chem-UNIFAC model is used. Water extraction is explicitly taken into account and the
formation of a TBP.H2O complex and a 2TBP.UO2(NO3)2 complex are considered. Uranyl nitrate and water
activity coefficients are calculated and compared to experimental data (see Figure 1) (9). An unique set of
Chem-UNIFAC parameter (interaction parameter and equilibrium constant : see Table 1) is found to describe
the entire range of TBP/diluent proportion (10% vol., 30% vol., 50% vol., 100% vol.), within an excellent
agreement between experimental and calculated data.
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Figure 1 : TBP and UO2(NO3)2 concentration in TBP/dodecane/UO2(NO3)2/water mixtures
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Table 1 : Chem-UNIFAC parameters for TBP/dodecane/UO2(NO3)2/water system

anm(K)
H20
dodecane
TBP
UO2(NO3)2

H2O
0
1922
532
5e+7

Equilibrium constants :
2TBP + UOï(NOi)2 <>2TBP.UO2

TBP + //2 0 <=> TBP.H2 0 KTm _

dodecane
89.6
0
30
-282

(NO3)2 KTiarwm

= 1.2

TBP
3e+6
40
0
-227

,. = 5 7

UO2(NO3)2

2e+33
-110
-143
0

TBP/dodecane/HNO3/water mixtures

No previous theoretical job was done on this system using UNIQUAC/UNIFAC models but experimental
data were available (10). Chem-UNIFAC model is applied, water extraction is explicitly calculated and taken
into account through the formation of a TBP.H2O complex. TBP.HNO3 and 2TBP.H2O.HNO3 complexes
are considered. Nitric acid and water activity coefficients are calculated and mole fraction of each species are
compared to experimental data (Figure 2 and Table 2 ) (9).

0,20

0,15

- TBP 30% vol

0,00

X HNO3

Experimental (triangles up or down)
Chem-UNIFAC model

6 8 10
m HNO3 (mol/kg HjO)

Figure 2 : TBP and HNO3 concentration in TBP/dodecane/HNOs/water mixtures

Table 2 : Chem-UNIFAC parameters for TBP/dodecane/HNOs/water mixtures

anm(K)
H2O
dodecane
TBP
HNO3

Equilibrium

TBP + H NO

2TBP + HN(

TBP + H20

H2O
0
1922
532
-34

constants :

, o TBP.HNO, KT
3 3 TT8

D3 + H2O o 2TBPJ-

<^>TBP.H20 KTwrH2o

dodecane
89.6
0
30
161

, « , = 0 - 7 4

I2O.HNO3 KT

= 1.2

TBP
3e+6
40
0
-13

= 5.9
P.H2O.NN03

HN03

-259
119
53
0
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DISCUSSION

Chem-UNIFAC parameters for (TBP, H2O) pair b were previously calculated (1) using TBP/water/salting
out agent experimental data. The latter led to mere description of TBP/dodecane/U02(N03)2/water and
TBP/dodecane/HNO3/water experimental data. They were therefore re-fitted on
TBP/dodecane/UO2(NO3)2/water system and the found parameters led to a good description of corresponding
extraction isotherms and to improve afterwards our previous description of TBP/dodecane/HNO3/water
extraction experimental data. This stage allowed to improve our understanding of the proportion of water
extracted in the organic phase through solubilization and the proportion extracted through complexation.
Indeed, no experimental data is available for TBP/water/salting out agent allowing to determine this
proportion. Furthermore, in TBP/dodecane/HNO3/water, the presence of the 2TBP.water.HNO3 complex
makes it very difficult to determine an unique set of parameter corresponding to that repartition. The study of
TBP/dodecane/UO2(NO3)2/water led us to think that the part of water complexed in TBP is greater than we
thought previously (KTTBP.H2o increased from 0.1 to 1.2).
This modification is assigned to two combined features. Distribution coefficient of uranyl nitrate is very
high, which means that a great and increasing part of TBP is complexed with uranyl nitrate along the
isotherm. Since organic phase water concentration strongly decreases at the same time, we think that a great
part of the water is in the complexed form at the beginning of the isotherm. So we think the (TBP, H2O)
Chem-UNIFAC parameters describe at the best the cited proportion of the water solubilized and the
complexed one.
Furthermore, it has been shown (11) that, fitting of UNIFAC/UNIQUAC interaction parameters with liquid-
liquid or liquid-vapour equilibrium experimental data, cannot lead to an unique set of parameters, due to
correlation between parameters. This was also observed during our calculations. The last calculations
allowed to discriminate between several pairs of interaction parameters.

CONCLUSION

TBP/dodecane/UO2(NO3)2/water and TBP/dodecane/HNO3/water extraction isotherms have been
successfully described with Chem-UNIFAC equation. Furthermore an indeterminacy on the proportion of
sulibilized and complexed water in these systems, due to lack of experimental evidence, has been overcome.
This study improved our willingness to look for a microscopic interpretation of the interaction between water
and TBP and its translation to UNIFAC interaction parameters. Therefore, our next step will be to calculate
UNIFAC interaction parameters for TBP/alcane/water system with molecular mechanics methods (11), in
order to have a general view of the application of UNIFAC models to metal ion extraction.
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Validation of the design of small diameter pulsed columns for the process line DRA
Tests reliability compared with the industrial scale

J. LEYBROS
DCC/DRRV/SEMP/LGC - CEA, Valrho Mar coule

INTRODUCTION

As part of the SPIN program related to the management of nuclear wastes, studies has been undertaken to develop
partitioning processes like DIAMEX process. The process line CCBP/DRA in ATALANTE facility forms one of the
main equipment devoted to these studies. The CCBP/DRA purpose is the experimentation of aqueous reprocessing
processes implementing representative equipment of industrial apparatus. To this end the use of pulse columns and
mixers-settlers was adopted.
The implemented apparatus must be miniaturized taking into consideration requirements related to:
- the facility (ATALANTE) : limiting amount of nuclear matter, gaseous waste minimization, safety, geometrical

configuration of the shielded cells;
- the available amount and the costs of the new extradants;
- chemical engineering limiting factors : control of the apparatus working with conditions allowing the scale-up of the

results.
From the experimental background from the CEA/FONTENAY-AUX-ROSES and CEA/MARCOULE laboratories, if
some knowledge of 25 mm in diameter pulsed columns control were obtained (scale-up studies), there is a little basic
studies about 15 mm in diameter pulsed columns working with the system tri-n-butyl phosphate (TBP)- nitric acid -
uranyl nitrate.
The decrease in diameter, required for limiting the amount of nuclear matter to be treated, leads to increase the wall
effects. It was advisable to demonstrate if that questioned the possibility of scaling up the achieved results.

EXPERIMENTAL

The two air pulsed columns (DN15 and DN25) used for the experiment, whose characteristics went from previous
works, were:

a 15 mm in diameter by 4.4 m high stacked with truncated discs of 20% free area spaced 20 mm and 8 mm in
diameter pulse leg.
a 25 mm in diameter by 4.5 m high stacked with truncated discs of 26% free area spaced 25 mm and 14 mm in
diameter pulse leg.

Each column was run in the organic continuous mode (common in industrial plant), for the whole tests.
The test variables were total superficial throughput (aqueous plus organic superficial flow rates - TST), aqueous-to-
organic flow ratio (A/O), direction of mass transfer (dispersed to continuous d—»c or continuous to dispersed c—»d) and
the pulsation intensity (amplitude-frequency product Apf).
Fluids were transferred by gear pumps or by gravity. The flow rates were controlled by weighing with precision scales.
Operation of the system was controlled by a microcomputer.
For the whole test the solvent used was 30 vol.% TBP in hydrogenated tetrapropylene (TPH)
The systems used were 30 vol.% TBP-nitric acid-water and 30 vol.% TBP- nitric acid - uranyl nitrate.
The experiment lasted 6 to 10 hours, depending on total throughput, to reach steady-sate condition. Uranium in the
aqueous and organic phases was analyzed by mean of ICP, and nitric acid by volumetric titration.

RESULTS AND DISCUSSION
The comparison of the two columns is based on three main criteria, which define the pulsed column characteristics:
- pulsation capability : for an air pulsed column, the reachable amplitude-frequency product (Apf) depends on air feed
line geometry and particularly it depend on column packing hydrodynamic characteristics (friction coefficient Kf and
kinetic coefficient Kk );

- superficial throughput : It depends on discs geometry (spacing and fractional free area) and physicochemistry
properties of the two phases;

- mass transfer efficiency: it depends on two opposed criteria, the interfacial area and the driving force to be maintained
as high as possible throughout the column. An increase in interfacial area (by increase in pulsation intensity) lead to
an increase in axial dispersion (as a consequence, the concentration gradient is degraded throughout the column).

Pulsation capability : The pulsation capability of DN25 column is slightly better than the DN15 column as shown in
figure 1. The achieved values confirm the equivalence of the two columns compared with this criterion.
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Figure 1 : Pulsation capability

Superficial throughput : The superficial throughput is related to the dispersed phase hold up. The hold up in this study
is defined as the average per cent of the total volume of column occupied by the dispersed phase at steady state
operation. Aqueous hold up data were obtained at several different continuous-dispersed flow rates and a range of
pulsation intensity (1.5 - 4.5 cm.s"1). Representative results of hold up are shown in figure 2, for 30 vol,% TBP
equilibrated with nitric acid IN. These figures demonstrate that the hold up of DN15 column is always higher, for a
same pulsation intensity, compared with DN25 column. The difference can be related to the wall effects, which are
more intense with DN15 column.
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Figure 2 : Effect of pulsation intensity on hold up - system 30% vol.TBP- HNO3

Mass transfer efficiency : To be compared, all the tests were run with a pulsation intensity such as the mean dispersed
phase hold up (P,n) being similar in each column.
A first set of tests was conducted with the system 30 vol.% TBP-nitric acid-water. Extraction tests were conducted with
an aqueous feed solution consisting of 3.5 or 5.5 M nitric acid. Stripping tests were conducted with an organic feed
solution consisting of 0.65 M nitric acid in 30 vol.% TBP and deionized water as stripping solution. The working
conditions are listed in tables I and II. Results were analyzed in term of axial dispersion coefficients (Ec and Ed) using
the subroutine PAREX, based on diffusion model and of height equivalent to theoretical stage (HETS) using the
McCabe & Thiele method. The calculated values are resumed in figure 3. For the two columns, in similar working
conditions, the HETS vary between 0.39 and 0.63 m. The mean value for the DN15 column is about 0.5 m and for the
DN25 column the mean value is about 0.54 m.
The mean values for axial dispersion coefficients are the following :

- DN15 column Ec = 6.0 cmls"1

- DN25 column E, = 8.0 cnr.s'1
Ed = 17.0 cnrV1

E<| = 20.5 cnr.s'1
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N°
Al

A2

A3

A4

A5

A6

DN
15
25
15
25
15
25
15
25
15
25
15
25

A/O
0,20

0,14

0,25

0,25

0,20

0,25

TST
1,50

1,90

2,00

2,02

2,02

2,04

Apf
3,9
3,7
4,5
3,6
3,5
3,1
3,6
3,1
4,5
3,5
3,0
3,4

Pn.
18,1
14,9
21,5
24,5
12,2
10,9
26,2
19,9
14,6
11.5
15,7
12,0

Table I : Extraction tests working conditions
- system 30 vol.% TBP-nitric acid-water -

d-»c mass transfer - f = 0,63 Hz

N°
SI

S2

S3

S4

S5

S6

DN
15
25
15
25
15
25
15
25
15
25
15
25

A/O
0,20

0,30

0,20

0,20

0,25

0,30

TST
1,42

1,50

1,96

1,96

2.00

2,20

Apf
3,0
3,5
2,9
3,7
3,0
3,2
3,0
3.7
3,9
3.1
3,8
3,1

Pn,
9,0
10,8
15.7
11,8
11,2
10,8
12,6
10.8
12,0
10,8
17,1
16,5

Table II : Stripping tests working conditions
- system 30 vol.% TBP-nitric acid-water -

c-»d mass transfer - f = 0,63 Hz
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figure 3 : values of HETS, Ec and Ed

A second set of tests was conducted with the system 30
vol.% TBP- nitric acid - uranyl nitrate. Extraction tests
were conducted with an aqueous feed solution consisting
of 180 - 195 g.l'1 uranium in 0.7 M (Ul to IB) or 3 M
(U4 & U5) nitric acid. The working conditions are listed
in table III. Results were analyzed in term of axial
dispersion coefficients (Ec and E )̂ using the PAREX
subroutine. The comparison of the uranium concentration
in aqueous raffinate shows that the global efficiency of
DN15 column is better than DN25 column. The efficiency
strongly depends on TST value. The retained values for
axial dispersion coefficients are the following :

- DN15 Ec = 6.5 cmls"1 Ed = 17.0 cmls"1

- DN25 12,. - 1 1.0 cnr.s"' Ed = 22.5 cnr.s"1

These values confirm those previously obtained for the
DN15 column. The value of Ec for DN25 column is
higher.

N°
Ul

U2

U3

U4

U5

DN
15
25
15
25
15
25
15
25
15
25

TST
0,63
0,60
1,25
1,21
2,50
2,45
1,01
1,00
2,52
2,50

Apf
3,36
4,13
2,79
3,26
2,27
2,74
3,62
4,13
2,43
3,00

P-"
15,1
13,9
18,1
14,2
28,6
31,2
26,1
22,5
32,5
31,9

[U]R

9,6
210
0,8
1,9
1,7
1,0

0,03
0,5

0,04
0,17

Ed

17
22,5

17
22,5
60
50
17

22,5
85
90

Ec

6,0
11,0
7,0
10,5
6,5
10,5
7,0
13,5
5,5
13,5

Table III : Extraction tests working conditions
System 30 vol.% TBP- nitric acid - uranyl nitrate

dAc mass transfer - f = 0,63 Hz - [U]R uranium
concentration in aqueous raffinate (mg.l"1)
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The values of Ec and Ed were used to calculate the concentration profiles of tests n°Ul as show in figure 4. The
concentration profiles calculated with the model are in most cases very close to experimental values when using the
mean values of axial dispersion coefficients.
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Figure 4 : Extraction profiles for various columns

These profiles can be compared with other experimental and calculated profiles obtained with largest columns.
Figure 4 show an organic profile obtained with a 75 mm in diameter column working in extraction conditions
(organic continuous mode - Ec = 12.5 cm2.s"' - Ed = 34.0 cmls'1) and with an annular pulsed column, with the same
characteristics of the extraction column of the La Hague reprocessing plant, working in stripping conditions
(aqueous continuous mode - Ec = 10.0 cm2.s"' - Ed = 5.5 ernes'1). The comparison of experimental and calculated
concentration profiles is also satisfactory as demonstrate previously (1).

CONCLUSIONS

It is possible to calculate the concentration profiles of a DN15 column or of an industrial column when the two axial
dispersion coefficients are known.
The overall comparison shows that a pulsed column of 15 mm in diameter can be considered as a representative tool of
research and development. Particularly, the study demonstrates the possibility of scaling up the results.
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Development of a new miniature short-residence-time annular centrifugal solvent extraction
contactor for tests of process flowsheets in hot cells

P. Rivalier and J-Y. Lanoë

DCC/DRRV/SEMP - CEA/Valrhô/Marcoule

Abstract

In the new nuclear fuel reprocessing extraction processes studies, a miniature short-residence-time annular
centrifugal solvent extraction contactor and the assembly of multistage group system suitable for use in hot cells
has been designed and tested for both hydrodynamic performance and mass transfer efficiency.
The liquid hold-up of this unit is 6 to 9 mL and the inside diameter of the rotor is 12 mm.
The superior separating capacities were obtained with rotor speed ranging from 4000 to 5000 rpm ; the total
throughput was then up to 2 L.h"1. Essentially 100% stage efficiency was demonstrated in extraction of nitric
acid in 30% tri-n-butyl phosphate in TPH with total throughputs lower than 1 L.h"1 at 4000 rpm.
A total of 48 units have been built and equip a hot cell in the ATALANTE facility at MARCOULE.

1/ Introduction

Researches undertaken on new nuclear fuel reprocessing extraction processes need tests of process flowsheets in
hot cells. Among the different types of extraction equipment, annular centrifugal extractors have advantages of
low liquid hold-up, high mass transfer efficiency and facility of maintenance in radioactive environment; so,
many types of centrifugal contactors were developed and used in nuclear laboratories, ie. (1,2,3).
Nevertheless, the experience in earlier programs of CEA demonstrated that this type of equipment has been to
be modified according to specific requirements, the CEA has decided to conceive and develop a new miniature
short-residence-time annular centrifugal solvent extraction contactor with :

lowest liquid hold-up,
reproductible mixing and décantation volumes,
centrifugal acceleration équivalent to the industrial units (up to 600 g),
large modularity.

2/ Design and operation

2. I/Principle design

Heavy Phase Weir

Light Phase Weir

Heavy Phase
Collector Ring

Light Phase
Collector Ring

Light
Phase
Intlet

Separating
Zone

Stationary

Cylinder-

Interface

Radial Vanes Rotor Orifice

Rotor

Annular Mixing
Zone

Fig. 1 : Schematic of annular centrifugal contactor

The main features of a single stage contactor are shown
in Fig. 1.

It is composed of an outer stationary cylinder (made of
transparent plexiglas on prototype and of stainless steel
on models for hot cells) and a suspended inner rotating
cylinder of stainless steel; the inside diameter of the
rotor is 12 mm.

Aqueous and organic phases are fed at opposite sides
into the gap between the two cylinders and are mixed
by skin friction as they flow down the annular space;
the gap is 0.2 cm wide and 2.9 cm high.
Four radial vanes in the bottom of the stationary
cylinder inhibit the rotation of the mixture and direct it
through the orifice at the bottom of the rotor.
Into the rotor, the emulsion breaks rapidly under the
centrifugal force (up to 600 g with rotor speed of
10,000 rpm).
The separated phases flow over their weirs and
discharge at the top in their collector rings.

The holdup is 6 to 9 mL, including the liquids in collector rings, inlet and outlet lines
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2.2/Nuclear design

The use in hot cells needed original designs for:

the assembly of a single-stage contactor: every part (motor,
rotor, stationary housing) is, as shown in Fig. 2, simply
inserted on the other one without screws and nuts,

the assembly of multistage group shown in Fig. 3: every stage
is stacking in two rails and an intermediate part (supported on
the two rails) links exit ports and their corresponding inlet
ports. All the parts are pressed and sealed against a terminal
plate with a screw.

Fig. 2 : Assembly of single stage contactor Fig. 3 : Assembly of multistage group

3/ Performance tests

3.1/ Hydrodynamic tests

Hydrodynamic tests with a prototype were conducted using water as the aqueous phase and hydrogenated
tetrapropylene (TPH) as the organic phase, with aqueous to organic (A/O) flow ratio ranging from 0.07 to 14 and
rotor speeds ranging from 2000 to 9000 rpm.
Holdup in the annular mixing zone was estimated by observation with a transparent plexiglas stationary cylinder.
Hydrodynamic performances were considered acceptable only if both exiting streams have less than 1% phase
contamination.

As shown in Fig. 4, holdup increases with the flowrates; so the residence time in the mixing zone does not
follow an inverse relationship with the flowrate.
At 9000 rpm, total throughput exceeds 3 L.h'1 but an important stagnant volume was the observed between the
bottom radial vanes. With rotor speeds from 6000 to 8000 rpm, the phases turn at the entrance of the annular
mixing zone and both overflow to the light phase collector ring. So hydrodynamic performances are considered
the best with speeds ranging from 4000 to 5000 rpm ; the total throughput was then up to 2 L.h"1.
Holdup is also dependent of the A/O flow ratio and the starting mode. Both the phase inversions occurs
difficutly. At constant continuous phase flowrate, when the dispersed phase flowrate creases, the dispersed
holdup becomes high (until 75% before aqueous to organic phase inversion and 85% before organic to aqueous
phase inversion) and the mixture becomes very viscous. This high viscosity inhibits flow into the the rotor inlet
orifice and causes the emulsion to back up in the annular mixing zone. For example, with a total throughput of
300 mL.h"', at 4000 rpm, the hold-up in the annular mixing zone varied from 0.5 to 1.5 mL.
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Fig.4 : Hydrodynamic performances with water/TPH system

3.2 Mass transfer tests

A number of tests were also performed to measure the extraction efficiency of the prototype ; HNO3 was
extracted into 30% tri-n-butyl phosphate (TBP) in TPH from an aqueous feed of 4.5 M HNO3. The runs were
conducted at various A/O ratios (0.2-1-5), total throughputs ranging from 0.1 to 1.5 L.h"1 and rotor speed ranging
from 4000 to 9000 rpm.
All samples were analyzed using potentiometric titration.

Extraction efficiency is defined as the amount of nitric acid actually extracted divided by the amount of nitric
acid that would be extracted if the two phases were in equilibrium.

100% extraction efficiency was achieved with A/O ratios higher than 1 and rotor speed lower than 7000 rpm.
With A/O ratios lower than 1 and rotor speed between 4000 and 5000 rpm, the efficiency exceeded 95% with
total throughputs up to 1 L.h"1 and then slightly decreased (90 % with 1.5 L.h"1).
At 9000 rpm, there is low mixture in the annular mixing zone and the extraction efficiency is lower than 80%.

4/ Conclusion

The tests have demonstrated that the contactor designed by CEA can be used for testing solvent extraction at
various A/O flow ratios with total throughputs up to 1 L.h"1.
These results are compatible with the requirements of the processes tested in hot cells. A total of 48 units, whose
16 in titane, have been built and equip a hot cell in the ATALANTE facility at MARCOULE.

Acknowledgement
The authors wish to thank J. DUHAMET, G. FERLA Y, F. GANDI, M. MASSON for their help in the
development of this equipment.

Reference samples

[1] GJ. BERNSTEIN, D.E. GROSVENOR, J.F. LENC and N.M. LEVITZ, « Development and performance of
a high-speed annular centrifugal contactor », ANL-7969, (1973)

[2] R.A. LEONARD, D.B. CHAMBERLAIN and C. CONNER, « Centrifugal contactors for laboratory scale
solvent extraction tests », Separation Science and Technology.'Ninth Symposium on Separation Science and
Technology for Energy Applications', Gatlinburg, Tennessee, October 22-26 1995 (1995)

[3] H. HIANG-MING, Y. YU-SHUN, Z. QUAN-RONG and L.BIN-REN, « Recent advances of annular
centrifugal extractor for hot test of nuclear waste partitioning process », Nuclear Science and Techniques, 9, 3 ,
p.157-162 (1998)



P2-30 \A FR0104347

Fuels and fission products clean up for molten salt reactor of the incinerator type
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ABSTRACT.
The objective of this paper is to discuss the feasibility of molten salt reactor technology for treatment of

plutonium, minor actinides and fission products, when the reactor and fission product cleanup unit are
planned as an integral system.

This contribution summarizes the reasons which led to selection of the salt compositions for the molten
salt reactor of the TRU incinerator type (MSB). Special characteristics of behavior of TRUs and fission
products during power operation of MSB concepts are presented.

The present paper briefly reviews the processing developments underlying the prior molten salt reactor
(MSR) programs and relates then to the separation requirements for the MSB concept. Status and
development needs in the thermodynamic properties of fluorides and fission product cleanup methods (with
emphasis on actinides-lanthanides separation) are discussed.

INTRODUCTION
The interest to explore molten salts, as a future option in nuclear power both to back end of the fuel cycle

or for its overall simplification, currently is revisited. This interest in the molten salt fueled reactor
technology stems mainly from an increased burn up time in the system, reduced TRU mass flow rate and
relatively low waste stream when purifying and reconstituting the fuel (1,2). It is naturally to expect that in
the future the MSR technology could find a role in symbiosis with standard reactors in the management of
plutonium, minor actinides and thorium utilization.

The advantages of the molten salts as a fuel fluid follow not only from a possibility for its effective
combination with non aqueous technique of fuel processing, which has a prospect to have low cost and
produce a small volumes of wastes, but also from its capability to use fuel of different nuclide compositions.
The MSR concepts have the flexibility to utilize different fissile fuel in continuous operation with no special
modification of the core as it was demonstrated by ORNL during MSRE operation for 233>235u and Pu. The
MSB systems further can tolerate denaturing and dilution of the fuel, as well as contamination by
lanthanides. It is also clear that the MSB flowsheet could differ from prior MSR designs in some important
aspects, including choice of the optimal solvent composition as well as approaches to its behavior control
and cleanup.

CHOICE OF THE FUEL AND RECOVERY SCHEMES
The results of recent studies have demonstrated that a broad range of MSBs operating in critical or

subcritical modes with PuF3 and minor actinides as the fuel is conceptually feasible. At one end of this range
is well thermalized graphite moderated reactor in which fluid fuel consists of a molten mixture of 7Li,Be/F or
Na,Be/F, containing appropriate quantities plutonium and minor actinides as trifluorides. At the other end is
a MSB operating with hardened spectrum without graphite moderator, in which carrier prepared from NaF-
7LiF (and/or other possible constituents, like ZrF4, PbF2, CaF2). This MSB concept can have a concentration
of PuF3 much higher than that of previous one. Phase behavior of some such mixtures appears suitable to
permit use of a high concentration of PuF3 in melts whose freezing point will acceptable for single fluid or
two zones MSBs. U-free fuel matrix, as well as, addition of ThF4 and UF4 in homogeneous solution, are
conceptually feasible for MSB..

In MSRs, from which xenon and krypton are effectively removed, the most important fission products
poisons are among lanthanides which are soluble in the fuel. Also, the trifluoride species of AnF3 and the
rare earth's are known to form solid solutions so, that in effect, all the LnF3 and AnF3 act essentially as a
single element. In combination of all trifluorides, AnF3 solubility in the melt is decreased by lanthanides
accumulation. Since plutonium and minor actinides must be removed from the fuel solvent before rare
earth's fission products the MSR must contain a system that provides for removal of TRUs from the fuel salt
and their reintroduction to the fresh or purified solvent. The molten fluoride chemistry for the 2LiF-BeF2

carrier is established and could be applied to MSB concept with great confidence (1). However, some of its
properties are not near the optimum for MSB application (minimal PuF3 solubility, high enough melting
point etc).

Note, that available thermodynamic data (calculated or measured) for An/Ln trifluorides include
considerable uncertainties and dispersion. For example, our estimations on An-Ln separation ability have
shown the most favourable situation for fluoride melts in comparison with chloride ones (3). The similar

1
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conclusion was obtained in paper (4). On our view, the comparison of thermodynamic potentials given in
paper (5), for actinides and lanthanides both in chloride and fluoride systems for the benefit of chlorides is
not correct enough, as the values of Gibbs energy for fluorides of lanthanides are underestimated. All
mentioned above specify necessity in further measurements of thermodynamic potentials of Ln and An
fluorides by uniform technique (e.g. EMF method with solid fluorine ionconducting diaphragms).

A number of pyrochemical processes (reductive extraction, electrochemical deposition, precipitation by
oxidation and their combinations) for removing the soluble fission products from the fluoride based salt have
been explored in last years. Studies of the full scale MSR fuel salt chemical processing system are not as far
advanced, but small scale experiments lead to optimism, that a practicable system can be developed. Other
possible recovery schemes dealt with LnF3 crystallization by solvent saturation with AnF3 or distillation will
not be considered in this paper.

Reductive extraction
Selective extraction from molten fluoride mixtures into liquid metals have been studied in details for

essentially all pertinent elements (1). This method of processing is optimal in technological aspect. It allows
to realize on-line processing of fuel composition using simple design of extractors. The process capacity is
rather high, and can be easily enlarged by intermixing. Obviosly, use of the metal transfer system essentially
simplify and accelerate the process, but several stages are required to reach desired recovery. Possible
processing flowsheet based on reductive extraction of fuel components and fission products by lithium in
liquid bismuth is given in Fig. 1.
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Fig.l. Rare earth removal unit

Rare earth removal unit based on Bi-Li reductive extraction flowsheet developed in ORNL for LiF-BeF2

solvent system could provide negligible losses of TRU (10~4) by use of several counter current stages.
Note the following draubacks of reductive extraction as applied to MSB:

• less favourable scheme of An and Ln separation due to decreased difference in thermodynamic
potentials of An and Ln (alloys with liquid metal);

• materials of construction of several equipment items pose substantial problems;
• poor separation of thorium from rare earths for fluoride system; it can be made by use of LiCl;
• changes in fuel composition because of the significant amount of lithium required; rare earths are

removed in separate contactors in order to minimize the amount of Li required.

Precipitation of oxides
Although the metal-transfer process appears to give the best fuel salt purification in case of processing

system with relatively short cycle (10-30 days), there are other possibilities for rare earth removal that are
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perhaps worth keeping in mind. If bismuth containing system prove expensive or if unseen engineering
difficulties (e.g. material required) develop, the other methods may be applicable, especially at longer
processing cycle times. If treatment of a MSB fuel on a cycle-time of 100 days or more is practicable, such
an oxide precipitation might be used for periodic removal of rare-earths (Fig.2). In experiments (6) a
successful attempt was made to precipitate mixed uranium, plutonium, minor actinides and rare earths from
LiF-NaF molten salt solution by fluor-oxide exchange with other oxides (for example CaO, A12O3 etc) at
temperatures 700-800°C. The rare earths concentration in the molten salt solution was about 5-10 mole %. It
was found the following order of precipitation in the system: U-Pu-Am-Ln-Ca. Essentially all U and TRU
were recovered from the molten salt till to rest concentration 5xlO"4 %, when rare earths still concentrated in
solution.

Main advantage of a method of processing of fuel composition by a sequential sedimentation of its
components by oxides, nonsoluble in fluoride melts, is the simplicity of the equipment for processing unit
and more acceptable corrossion of structural materials in comparison with reductive extraction. Our
estimations has shown that precipitation is less preferable from thermodynamic point of view, than
electrochemical one. Also, recovery of oxide precipitates from a molten salt need further development.
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Fig 2. Conceptual flow sheet of MSR fuel treatment

Electrochemistry.
Main advantage of electrochemical methods is a possibility for the fuel clean up without introduction to

the melt of additional reagents, which could change salt composition and influence its chemical behavior and
properties. Some processing flowsheets with electrochemical deposition on solid electrodes, at first of all
TRU elements, and after that the fission products, by the same way, or as alternative, for example, by oxides
precipitation are possible. The resetting TRU in salt could be carried out electrochemically, or by simple
dissolution, for example, with HF use (see Fig. 3).

In principle, An / Ln separation on solid electrodes could be more attractive in comparison with liquid
electrodes. For the first case the overall reaction like as:
Ln + AnF3 = An + LnF3

and the later:
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Bi(Ln) + AnF3 = Bi(An) + LnF3

In first case equilibrium in the separating process is carried out at the maximum value of a difference of
thermodynamic potentials for actinides and lanthanides.

Regarding technological aspect the electrochemical method has the important advantage consisting in
possibility of a continuous quantitative control of the process. The process rate and also depth of fuel
processing are set and controlled by the value of a potential on electrodes of an electrolytic bath, during
realization of the process.

Note the following drawbacks of this method:
• Space limitation on processes area (bath electrodes), decreased capacity of units as contrasted to

chemical processes in volume, especially for the end phase of the process;
• Necessity of dendrites control when use solid electrodes.
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Fig 3. Conceptual flow sheet of MSB fuel treatment.

This paper prepared in the framework of the ISTC Task # 1606.
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ABSTRACT

Inductive proximity detectors are used extensively in
nuclear facilities to provide status information on
moving machinery. Most standard proximity detectors
are sensitive to the damaging effects of ionising
radiation, often failing at relatively low and variable
total doses. AEA Technology has developed a range of
detectors qualified for operation in the radiation
environments found in nuclear fuel-handling plants and
around nuclear reactors. The development steps and
resulting range of detectors are described, together with
examples of applications using the detectors at BNFL's
Sellafield site. These products give plant operators
greater confidence in the data received and improve the
margins of safety associated with their operations.

Le détecteur inductif de proximité est un transducteur
très répandu dans les facilités nucléaires. Il est utilisé
de transmettre des informations, en particulier sur l'état
des équipements mobiles. Les versions standards de
détecteur sont sensibles aux effets nuisibles des
rayonnements ionisantes, souvent devenant inutiles aux
doses relativement basses et variables. AEA
Technology a développé une gamme de détecteurs qui
sont qualifiés pour l'utilisation dans les
environnements radioactifs trouvés dans les
installations pour traiter les combustibles nucléaires et
associés avec les centrales nucléaires. Les étapes du
développement et la sélection résultante de détecteurs
sont décrites, avec l'aide de quelques exemples des
applications qui emploient ces détecteurs à BNFL,
Sellafield. Ces produits donnent aux opérateurs des
installations une confiance améliorée dans les données
reçues et augmentent les marges de sécurité pour leurs
opérations.

INTRODUCTION

In order to provide plant operators with status
information on remote operations, many moving items
are fitted with sensors to indicate their position. One of
the most common sensors is the inductive proximity
detector. This is a non-contact device, using an
electronic circuit to project a magnetic field and
measure the change in that field due to the near-by
presence of magnetic materials. The industrial standard
inductive proximity detector is a mature sensor, with
the basic design dating back several decades. Many
millions of these sensors are in use around the world.

One disadvantage of the conventional inductive
proximity detector is that the operation of the circuit
can be affected by relatively low doses of radiation,
leading to inaccurate sensing and false data being
presented to the control system. When used in

radioactive environments, plant operators must plan the
replacement of detectors at regular intervals, timed so
that the majority of the detector's lifetime is used but
also minimising the downtime associated with failures
on-plant. The inherent variability in the radiation
tolerance of a product not designed for use in radiation
areas complicates this task enormously. The
development of radiation tolerant detectors provides
plant operators with much greater confidence in the
reliability of the data received, ensuring higher margins
of safety and greater efficiency.

WHAT IS AN INDUCTIVE PROXIMITY
DETECTOR?

Proximity detectors are non-contact sensors and so
are not subject to mechanical wear. They are used for
registering motions of drives and machines and are
usually employed as limit switches. However, due to
their ruggedness (being completely encapsulated) and
high permitted switching frequency, they can be used
for many other tasks, such as pulse generators for
registering rotational speed. Several forms of proximity
detector exist, the commonest being capacitive and
inductive. Capacitive detectors are normally used for
detecting non-metallic materials that have dielectric
properties. Sensing ranges can be affected significantly
by external factors and capacitive types are not used
extensively in the nuclear power industry.

Inductive proximity detectors function only with
magnetic materials and are particularly effective with
mild steel, although can be used with other metals
including brass, aluminium, copper and stainless steel
(1). They are normally used in applications demanding
high switching frequency, high actuation speed,
switching point accuracy and high reliability.

Inductive proximity switch

Fig. 1: Block diagram of an inductive proximity
detector.

Figure 1 illustrates the main components of a basic
inductive proximity detector in block form. The
detector comprises an oscillator, O, with resonant
circuit, S, a rectifier, G, and an output amplifier, V.
The coil of the resonant circuit is wound on a ferrite
core that is open at one end. The open end serves as the
"active surface" of the proximity detector. The
oscillator produces a high frequency electromagnetic
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field, Z, which emanates from the open end of the
ferrite core. If a piece of metal, B, is inserted into this
field, eddy currents will be induced in the metal and
energy will be absorbed from the resonant circuit. This
means that a piece of metal coming close enough to the
active face of the sensor will stop the oscillations. As a
result, the voltage after the rectifier drops to zero and
the amplifier alters the switching condition of the
output, A. Internal feedback results in hysteresis and a
"flip-flop" characteristic of the switching operation is
produced.

Detectors vary in size and switching distance. The
smallest are no more than 4 mm in diameter with a
switching distance of 0.8 and 1 mm. At the other end
of the scale, switching distances of up to 80 mm are
possible. Detectors are generally available with flying
leads or a range of connector possibilities, with or
without LED indication and different mounting
arrangements to suit a variety of applications.

RADIATION EFFECTS ON PROXIMITY
DETECTORS

Test data

The Radiation Testing Service of AEA Technology
has carried out tests on a wide selection of inductive
proximity detectors over a period of more than 10
years. Patterns have emerged from these data and
indicate that most types of detector tend to respond to
radiation in a similar manner.

It is important to measure the radiation-induced
changes in performance in a consistent and repeatable
manner. We have developed a test method that
conforms to the various international standards for
testing these transducers. BS 5271: 1988 (EN 50010:
1987) (2) identifies appropriate methods for measuring
the relevant parameters. Our test method enables the
switching distance and supply current to be measured
before irradiation and after each of a number of stages
of irradiation, at increasing values of total integrated
dose, in order to obtain a plot of the change in the
parameters with increasing exposure to radiation. At
each irradiation stage, it is critical to ensure that the
detector is mounted in a consistent manner and that
there is no interference from magnetic materials near
the active face.

Commonly-observed radiation-induced changes
include an increase in switching distance and a fall in
current consumption. The first effect progresses with
total dose, finally reaching a point at which the output
is latched in one state and cannot be changed. The
second leads to a movement of the operating point as
interpreted by the external control amplifier and
therefore false distance readings.

Figure 2 illustrates the change in switching distance
observed for a typical, standard, inductive proximity
detector. The switching distance can be seen to rise
after a total integrated dose of 0.1 kGy until above 0.3
kGy, where the outputs become latched in one state.

o.i

Total Dose (kGy)

Fig. 2: Change in switching distance with total dose for
a typical standard proximity detector.

Electronic circuit analysis

Consideration of the type of electronic circuit used
for most types of inductive proximity detector shows
that the operation of the detector is dependent on the
electrical characteristics of bipolar transistors. If the
transistor characteristics are changed, for example by
radiation, then this leads to a change in the sensitivity
of the detector, resulting in false distance readings and
eventual failure to switch. It is well known that
radiation has a detrimental effect on the characteristics
of transistors (3, 4) and this can result in failure of the
proximity detector during use in a radiation
environment.

Careful selection of the type of transistor and
modification of the circuit help to minimise the
radiation-induced change in critical parameters. This
requires knowledge of the effect of radiation on the
basic parameters of transistors, together with an
understanding of the way in which changes in device
parameters translate into performance changes for the
detector as a whole. Computer modelling of the circuit
can be an effective tool for experimenting with
different devices and circuit configurations.

THE RADIATION TOLERANCE DESIGN
PROCESS

Requirements of a radiation tolerant proximity detector

For a proximity detector to offer benefits to the
nuclear power industry over and above current
standard designs, it must meet certain requirements.
Firstly, it must continue to operate after a total
integrated dose of at least 0.1 MGy and preferably 1
MGy. This translates into a lifetime of months to years
in most plant. Standard types, failing after 0.1 kGy, can
cease to function after as little as a few hours in some
operations. Secondly, it must survive mechanically for
a similar period of time, requiring specially selected
materials for the cable and other structural components.
Thirdly, all the electrical specifications accepted as
standard within industry in general must be carried
over to the radiation tolerant design, especially EMC,
RFI protection and, in some cases, intrinsically safe
operation. In order to meet all of these requirements, a
thorough redesign of the detector is usually required.
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Electronic circuit design

Computer modelling of the detector circuit, as
described above, enables a variety of components and
configurations to be trialled without the expense of
radiation testing each design. Once a working design
has been modelled, then a prototype circuit can be built
and tested to prove its total dose radiation tolerance
capability. Depending on the capability of the models
used, this may take more than one iteration until a
successful circuit design has been developed.

Materials selection

In order for a detector design to work fully, several
non-metallic components are required and each must
be selected to be able to survive the required total dose.
Metals are not affected by the magnitude of total dose
concerned here. The principle items of concern are the
cable leading from the detector, the former on which
the coil is wound and the cover over the coil, i.e. the
active face of the detector. The choice of suitable
materials is relatively straightforward, based on data
published in the literature (3). As always, it is
necessary to bear in mind not only the total dose likely
to be seen in operation but also the other factors that
affect the radiation tolerance of materials, i.e. dose rate,
temperature and humidity.

Integration of a prototype detector

Once the electronic and mechanical designs are
complete, a prototype detector can be built and
subjected to radiation testing. This is essentially the
final, pre-production design and the test results will
form the basis of the initial product certification. EMC
and other mandatory testing are also carried out at this
stage. Assuming the results are acceptable, this then
becomes the final product design.

On-going quality assurance

The radiation tolerance of electronic components and
even polymeric materials can vary from one
manufacturers' batch to another. It is important to
monitor the radiation tolerance of each new batch used
for production. Hence, batch testing of components and
finished detectors is an integral part of the quality
assurance process. AEA Technology meets this
requirement by radiation testing a random selection of
transistors from each new batch used in production and
then also testing a set often detectors in confirmation.
This provides the confidence for issuing certification to
guarantee the radiation tolerance of the detectors
delivered to customers. A more detailed description of
the radiation tolerant design process is given in (5).

TEST RESULTS

Two-wire DC detectors

The basic type of inductive proximity detector is a
two-wire, dc detector. The current consumption of this
type of detector changes from a high to a low level to
reflect the sensing state. Detectors are available in
normally-open or normally-closed configuration and

some interface amplifiers allow remote selection of this
function for a given detector.

In conjunction with Klaschka GmbH & Co of
Stuttgart, Germany, the first type of radiation tolerant
detector developed by AEA Technology was a 2-wire
dc type with a switching distance of 5 mm. This is an
18 mm diameter, cylindrical body detector, illustrated
on the left-hand side in figure 3 and designated 11.26-
25R (6). The radiation tolerance design process
described above was followed and enabled a guarantee
of 1 MGy to be offered for this type.

Fig. 3: I I.26-25R radiation tolerant proximity detector.

Test results on this type of detector indicate that the
switching distance changes only slightly with total
dose, even at 1 MGy, as shown in figure 4. The
movement in switching distance is within the
acceptable limits and is repeatable across different
production batches. All the mechanical components
have been qualified for use in the environmental
conditions associated with nuclear power industry plant
and a special polyurethane/polyimide cable is fitted in
place of the standard PVC version.
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Fig. 4: Radiation test data for the 11.26-25R detector

We are now working to introduce longer range
versions of this type of detector. A 10 mm detector is
already available with a guarantee of 0.1 MGy (11.26-
26R). This will shortly be upgraded to 1 MGy. An even
longer range version with a switching distance of 20
mm is in development.
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Intrinsically safe detectors

The operation of electrical equipment in some
environments, for example where high concentrations
of hydrogen may be present, calls for the use of
intrinsically safe qualified items. These are items that
are certified to be safe for use in potentially explosive
atmospheres. The usual standard applied to proximity
detectors for these conditions is the NAMUR
designation, according to EN 50014, EN 50020 and EN
50227 (7 - 9).

Again in conjunction with Klaschka GmbH, we have
developed a radiation tolerant, intrinsically safe
detector. Mechanically, this detector is similar to the
11.26-25R, being 18 mm in diameter and with a
switching distance of 5 mm. The same radiation
tolerant materials are used and the same test procedures
applied. This detector is offered with a guaranteed
radiation tolerance of 0.1 MGy. In practice, the test
results have been consistently better than this and we
hope to be able to increase the guarantee to 1 MGy in
the near future. Fully compatible, intrinsically safe
interface amplifiers are also available.

APPLICATIONS FOR RADIATION TOLERANT
PROXIMITY DETECTORS

Intermediate level waste (ILW) plant

Four facilities are currently under design and
construction at Sell afield for the handling and
processing of intermediate level waste. The radiation
tolerant proximity detectors described above have been
specified for use on these plants and a large number
have been supplied for the first, the Sellafield Dry-Pac
(SDP) project. This plant is the nearest completion of
the four and commissioning is taking place over the
next year or so. Both 5 mm and 10 mm switching
distance versions have been supplied, together with
interface electronics to link the detectors to the plant
control system.

THORP

The THermal Oxide Reprocessing Plant is one of the
most modern and efficient plants at Sellafield. Oxide
fuel is received, dismantled and reprocessed, with
various product streams passing through different
facilities. A large number of inductive proximity
detectors is used throughout the plant, comprising a
variety of types and suppliers. A number of 5 mm
switching distance detectors has been supplied to
THORP for trials to ensure their reliable operation in
the plant. Initial results look promising and, if
successful, more detectors will be supplied for other
parts of the building.

SUMMARY

This paper has described the requirement for
inductive proximity detectors in the nuclear power
industry and shown how a standard design can be
modified to give a radiation tolerant version. Examples
of this process being applied and yielding proven,
radiation tolerant detectors have been given and
applications already using these detectors described.

The authors would like to acknowledge the co-
operation and support of the staff at Klaschka GmbH
and Klaschka (UK) Ltd received during these
developments and the help of British Nuclear Fuels pic
in providing the applications information.
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ABSTRACT

BNFL considers that reprocessing discharged nuclear fuel, and subsequently recycling uranium and plutonium, are
essential to long-term energy supply and will help to reduce the environmental impact of nuclear power. This recycling
strategy must address concerns about weapon proliferation and the management of residual wastes.

Although current waste forms and intentions for disposal are believed to be safe, public concerns may call for different
practices, possibly including a reduction in potential toxicity that might be achieved through some degree of partitioning
and transmutation (P&T). The technology might also help a closed fuel cycle to meet proliferation concerns by
managing the quantity and forms of fissile material available.

P&T processes represent a major extension of recycling practice that can be industrially justified only if (a) it can be
achieved without unduly increasing secondary waste generation, process or radiation exposure hazards, or costs, and (b)
it promises a real and significant abatement of the problems that it is intended to address.

Recent developments in partitioning chemistry appear to offer a simplification of earlier schemes, although major
challenges remain to develop the process and engineer the technology. Continued development work on P&T is
justified to demonstrate the willingness of the nuclear industry to meet legitimate concerns, determine the capability of
the relevant technology to achieve that end, and evaluate realistically its potential for industrialisation. However, it is
important for the future of the industry that this evaluation should be truly objective and that the challenges to viability
of an industrialised P&T-based fuel cycle are not underestimated.

INTRODUCTION

Once-through management of nuclear fuel limits energy production per tonne to some 1% of that
theoretically possible, and cannot be sustained in the long term. Unless other sources free from
adverse environmental effects prove much more capable of replacing nuclear power than appears
likely, better utilisation will be essential within about a century, and since mining the ore is the most
damaging part of the nuclear fuel cycle, is desirable in any case to limit the damage per unit of
generation. Utilisation can be improved substantially only by reprocessing and recycling the fissile
and fertile materials still present in discharged fuel. On the other hand there are legitimate concerns
about the proliferation and waste-management risks of so doing, although direct disposal is also
recognised to involve a measure of such risks.

Partitioning of elements present in spent nuclear fuel is being considered as a way of separating
long-lived isotopes with a view to transmuting them into shorter-lived isotopes and hence reducing
the long-term risks associated with migration from or intrusion into a spent fuel or waste repository
site. Repository risk assessments performed solely on a basis of radiotoxicity have emphasised the
importance of the actinides at the expense of the generally more mobile long-lived fission products,
which must also be included in any scheme to reduce long-term risk by transmutation. Separation of
all elements having an impact on the small, long-term risk associated with repository sites is a very
significant challenge and in any case will not help in those instances where the relevant isotopes
have neutron absorption cross-sections too small to allow their effective transmutation. It would
mean a major change or extension to existing reprocessing practice, and imply a significant increase
in occupational radiation doses arguably outweighing any reduction in risk to the general population
especially as the supposed problem would only be diminished, but not eliminated.

WHY P&T?

Apart from uranium and plutonium, current reprocessing practice directs long-lived radionuclides to
high-level waste, which after a relatively short period of above ground storage in order for a large
proportion of the heat-generating isotopes to decay is intended to be buried in a suitable repository.
Some of the longer-lived radionuclides present in irradiated fuel and destined for a repository,
irrespective of whether the fuel is reprocessed or disposed of directly, have half-lives greater than
the lifetime of any human structure, in some significant instances comparable with geological ages,
and therefore indefinite containment cannot be guaranteed. A repository thus constitutes a potential

1
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risk in the very long-term both from ground water seeping into the repository, dissolving the
contents so allowing them to migrate into the human environment, and from drilling operations or
other accidental intrusion which might penetrate a repository of which the nature and location had
been forgotten.

The first mechanism would lead to an increase in radiation levels by only a small fraction of the
background level although relatively widespread and therefore applying to large numbers of people.
Under the "linear no-threshold" (LNT) hypothesis of cancer induction this leads to impressive-
looking numbers of casualties. LNT is disputed, as it involves a long extrapolation from the only
observable data which are themselves scattered; no direct evidence can thus exist for it, there is
claimed to be some against; while it is inherently improbable in ignoring natural repair mechanisms
and the effects of dose rate as distinct from cumulative magnitude. On the other hand it is the only
hypothesis capable of providing any figures at all without invoking still less substantiable
suppositions about the distribution of dose among the hypothetically exposed population, and
nothing more quantitatively convincing has yet appeared. Consequently an LNT prediction is
usually taken as a probable upper limit of low-level effects, and on present knowledge any value
from that down to zero might be correct.

Intrusion, in a worst case, could result in anyone handling the drillings suffering from acute
radiation exposure with serious effects up to a million years in the future, with some danger to local
populations. (1) The actual likelihood of accidental intrusion is presumably low in any one
generation, but how low is increasingly unpredictable as the perspective lengthens, and over say
30,000 generations might become significant. The extent of precautions that we ought to take
against it is not readily obvious. A reasonable stance might be to insist on placing repositories in
areas free of foreseeable scientific or technological interest, at a depth unlikely to be approached by
processes of erosion, but this could be deemed to be inadequate. One proposed solution is to bury
long-lived wastes in geological subduction zones to be carried eventually far below the depth at
which they could pose any risk. The movement is too slow (at most a few inches per year) to offer
much improvement in say the first ten thousand years when the possible consequences of intrusion
are gravest, but the probable submarine location of the site would add a further substantial measure
of security against disturbance.

What is perhaps easier to judge than the absolute risk is the relative importance of the various
radionuclides in the event of disturbance, or in case of gradual leaching by groundwater and gradual
dispersion by way of aquifers into the human environment. This is most readily if partially done in
terms of radiotoxicity, as measured by the volume of water in which the supposed quantity would
have to be diluted to reach levels permitted for drinking. Charts showing the evolution in time of the
overall radiotoxicity and its various components in a given fuel or waste consignment are
commonly given as in figure 1.

The resulting value depends on current regulatory judgements and so is subject to occasional
adjustment; more seriously, it is a measure only of the potential risk, and any estimate of danger to
populations must take account of solubilities, interactions with other species in solution or along the
path to man, and physiological behaviour. Unlike radiotoxicity these factors cannot be given a
simple numerical value and in part are specific to the site, but are equally important. Disregarding
them puts a disproportionate emphasis on alpha-emitting nuclides (in this case, the actinides) since
although the fission products have radiotoxicities orders of magnitude lower than the actinides, in
being generally more mobile they present comparable risks overall. Accordingly they have
gradually been recognised as deserving similar attention.

However, noting these reservations, it is apparent from figure 1 and similar charts for other fuels
that the greatest single contribution to the radiotoxicity of spent fuel, by an order of magnitude or
more, is from plutonium and its decay products. Separating it from the bulk of fission products and
using it as fuel (in a fast-neutron spectrum, since otherwise the even-numbered isotopes would
remain) would substantially reduce the risk. It is also the only way to ensure that plutonium could
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Fig. 1. Contributions to the radioactivity of discharged MOX fuel (2)

not in future be recovered for the
purpose of weapon production.
However, plutonium in a neutron
flux does not always undergo
fission; some proportion,
increasing as the neutron energy
is reduced, is converted to
americium, neptunium, curium
or higher elements. Moreover,
neptunium-237 has a half-life of
2.14 M years, and in the
pentavalent state could be
relatively mobile in
groundwater. Since the late
1980s there has been much
interest in "incinerating" these
elements by conversion to
shorter-lived or stable species.

More recently the interest has
been extended to long-lived fission products such as technetium-99, tin-126 and iodine-129 which,
as mentioned above, could represent a comparable or greater hazard from seepage if not on
intrusion. These other elements, unlike plutonium, are not currently separated in routine
reprocessing operations and therefore effective separation processes for elements of interest must be
developed since the transmutation of these and other long-lived isotopes is dependent upon the prior
separation of neutron-absorbing fission products, notably the lanthanides, that would otherwise
gravely interfere with the transmutation process.

Both Japanese and Russian groups propose a four-group separation, dividing high-level waste
nuclides into (a) heat-releasing, (b) long-lived, (c) technically valuable, and (d) the rest. (3) Thus
the heat-releasing nuclides, principally caesium and strontium, could be kept in a suitably ventilated
store for the few centuries needed for virtually complete decay; those of long life such as
technetium and iodine-129 could be transmuted; the platinum metals etc. could form a substantial
supplement to natural supplies (although in view of public attitudes, supposing fission-derived
materials to be acceptable on the market may appear unduly optimistic); and the remainder could be
disposed in compact form under relatively undemanding conditions.

Much of the research conducted to date on partitioning has been based on two-stage aqueous
processes developed originally to clean up relatively low-active wastes from the US military
programme, first separating the chemically similar actinides and lanthanides together from most
other constituents of the waste, then from each other. (4) The recent development of complexing
extractants specifically tailored to the actinides offers a prospect of simplifying the actinide-
lanthanide split, possibly to the extent of dispensing with the preliminary partial separation. (5) It
would still be a substantial task added on to conventional reprocessing. However, aqueous
processes could be overtaken by pyrochemical methods in which the minor actinides tend naturally
to follow plutonium with a distinction from lanthanides possibly adequate for subsequent irradiation
in a fast neutron flux, (6) which is desirable in any case to maximise fission at the expense of
conversion to higher nuclides.

As for the long-lived fission products, iodine is already separated before solvent extraction in
current reprocessing procedures, and the question is of finding a target material sufficiently stable to
irradiation given that the element is volatile and the transmutation product (xenon) gaseous.
Technetium could be separated, and the metal forms a suitable target. Both Tc-99 and 1-129 have
only moderate absorption cross-sections at thermal energies, but sharp resonances in the epithermal
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range that would allow tolerably fast transmutation if they could be hit reliably, hence the interest in
a lead matrix to reduce an initially high neutron energy very gradually. (7)

Caesium and strontium might be separated by methods developed primarily to segregate the main
heat sources from the other fission products, e.g. solvent extraction by macrocyclic complexing
extractants or dicarbollides.(8, 9) Caesium-135, the long-lived isotope, however presents the
difficulty that without a preliminary isotopic separation, it would be formed more rapidly than it
could be destroyed by transmutation. It would therefore be necessary to destroy stable caesium-133,
which is present at approximately the same concentration as the long-lived radioisotopes in
irradiated fuel, by successive neutron absorption leading eventually to the short-lived caesium-136
isotope which decays to stable barium.

Little thought seems to have been given to separating tin-126, identified as one of the principal
hazards in the "seepage" scenario,(l) but in any case it has too low a cross-section to be transmuted.
The same may apply to selenium-79 although both are formed at relatively low fission yields.

Whatever separatory process might be envisaged, it would mean a major change or extension to
existing reprocessing practice, sufficient for regulators to regard the possibility as an unwelcome
complication in an already difficult situation, and to imply a significant increase in occupational
radiation doses arguably outweighing any reduction in risk to the general population. Even then, the
overall process would leave the more intractable nuclides in existence, together with a proportion of
the others depending on the efficiency of separation and transmutation. There would inevitably be a
substantial increase in secondary wastes, even if only lightly contaminated, and the supposed
problem would at best be diminished, but not eliminated. Public opinion may object to current
proposals for waste management, but it takes no account of magnitude in risks, and claims that P&T
would reduce opposition to nuclear waste disposal therefore seem to be wishful thinking. The
balance between advantages and drawbacks is not obviously in favour of proceeding with it, and
requires a very careful and dispassionate assessment before any commitment.

CONCLUSION

The UK view is that P&T does not appear to be justified, least of all by any risk of seepage from a
repository since the range of estimated dose increments is well below natural background where any
detriment would be undetectably small and quite possibly non-existent. A problem may remain with
respect to accidental intrusion, since the aggregate dose would be larger and its distribution more
uneven; there could be a case for putting nuclear wastes further from any likelihood of disturbance
than has so far been thought necessary.
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ABSTRACT

As part of SESAME developments, a continuous electrochemical reactor has been tested for the in-
line oxidation of various species as americium, ruthenium or cerium. The cerium(III) case has been
chosen as a model to develop a predictive kinetic modeling of the reactor performances for oxidations.
The optimal effect of an oxidation mediator may be described and the importance of some parameters
was pointed out like the residence time, the anode material and the concentrations ratio between the
substrate to oxidize and the mediator. This modeling will be extrapolated to the optimal electrolyzer
design for the americium oxidation in the presence of lacunary heteropolyanions.

INTRODUCTION

The SESAME process is devoted to the americium separation from different solutions encountered in
spent fuel reprocessing process [1]. It involves successive steps of electrolytic oxidation and liquid-
liquid extraction. To demonstrate the scientific and technique feasibility of such a process, studies on
the design of electrolysers were undertaken. This equipment must allow to perform oxidation with
optimized efficiency and selectivity. A concept of an in-line continuous electrolyser has been
considered to be easily coupled with centrifugal extractor and minimize the time-out between
oxidation and extraction operations. Actually, this choice results from the observation of the low-
stability of some oxidizing elements after the oxidation which causes lower performance in the
extraction step.

An electrolyser of filter press type was used to test the oxidation efficiency on cerium solutions. The
relationship between conversion rate and residence time has been explored and mathematically
represented for the case of Ce(III)/Ce(IV) conversion in presence or not of an oxidation mediator as
silver(II).

EXPERIMENTAL

The FM01-LC (ICI®) filter press reactor was configured with a ICI® platinized titanium DSA®. A
teflon mesh turbulence promoter was inserted in anolyte compartment to improve mass transport at
electrode surface. A Nafion® 350 separator and a stainless cathode were used. The anode
compartment volume was 32 mL and the active electrode surface area was 0.0128 m2. Each
compartment was supplied by a pump in 0.15-2 1/h flowrate scale. Electrolysis were performed with a
constant applied intensity of 5 A. The nitric acid concentration of anolyte solutions is chosen constant
at 5 M. The conversion rate of Ce(III) and Ag(I) respectively into Ce(IV) and Ag(II) was determined
by a potentiometric titration method with Fe(II).

Kinetic interpretations have been made with some simplifying assumptions concerning the
hydrodynamic behavior of the electrochemical anodic compartment. Others studies represent FM0I
cell as a plug flow reactor [2] in high flowrate scales. In our conditions at lower flowrates, convection
part of the internal flow resulting of the supply is less important than the diffusion one intensified by
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electrogenerated bubbles. Residence Time Distribution determinations performed with constant
electric supply have confirmed system responses near the classic perfect stirred reactor one. With the
assumption of a perfect stirred tank behavior for an electrochemical reactor functioning under mass
transfer control, the conversion of Ce(III) may be described by the following expression :

= S ( 1 )
k S

d-Ce Q

where [Ce(III)]jn and [Ce(IV)]out are respectively concentrations of Ce(III) in the inlet and converted
Ce(IV) in the oulet, S the anode surface, Q the anolyte flowrate and kdCe the mass transfer coefficient
of cerium(III) at anode-solution interface.

RESULTS AND DISCUSSION

Experiments of Ce(III) electrochemical oxidation at 0.035 M in nitric acid as anolyte supply show a
great dependence of conversion rate which strongly decreases with increasing flowrate (Figure 1). The
relation (1) shows the mass transfer coefficient may be deduced by the slope of the straight line
representing Xce(iu/(1-Xce(iii)) as a function of the residence time r — V/Q where V is the anolyte
compartment volume (Figure 2) :

kdtCe =2.2x10"5m/s (2)

The relative good agreement of the straight line with experimental results shows that the mass transfer
is not dependent on the supply flowrate and confirms that the molecular diffusivity and the interfacial
mixing caused by bubbles almost govern the mass transfer.

Nevertheless, these results of cerium(III) conversion may be improved by an addition of a small
quantity of silver nitrate in the anolyte. The example of the effect of silver(I) at 0.005 M concentration
on cerium conversion is given (Figure 1). Silver acts as an electrochemical mediator as it's well-known
because of its rapid electronic exchange rate with varied substrates and its specific high diffusivity in
nitric acid. It remains important to optimize the better quantity of silver(I) to add in order to minimize
its quantity into refined solution. The modeling of the silver catalytic effect consists in taking into
account the oxidation of silver(I) into silver(II) with a law rAg which is typical of a mass transfer
controlled process and a first order law rt representing the Ag(II)/Ce(III) reaction in the bulk :

where kd A is the silver mass transfer coefficient.

rx=k\Ag{II)][Ce{lII)\ (4)

The k| value is very high (1.4xlO3 M'Y1) which indicates a very fast reaction between Ag(II) and
Ce(III). So the assumption of the quasi-stationary state for Ag(II) may be done and expression of
cerium(III) conversion becomes :

Ry.kdCe
y a,ce /n

•* Ce(lll) with mediator effect ~ \ O
1 | X —

where R is the ratio between Ce(III) and Ag(I) inlet concentrations.
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The fitting of expression (5) with experimental values gives an unexpected value of kdiAg about
3.0x10"5 m/s (Figure 3) but which agrees with the relative low effect of silver observed in Figure 1.
Other electrochemical studies indicate a typical silver mass transfer coefficient about 3.5 higher than
the cerium one in concentrated nitric acid. This kinetic interpretation shows evidence of a relative
difficulty to generate silver(II) in the electrochemical reactor. Further investigations had shown that
the anode material is not appropriated to have a sufficient oxygen overpotential and activate the
silver(II) generation. In this case, the relation (3) hasn't to be used. We have confirmed with an
platinum anode in a similar continuous electrochemical reactor that mediator effect may be improved.

In future developments, same modeling approach may be applied to the americium oxidation.
Preliminary basic studies [3] have allowed to determine the kinetic coefficients k-, of the bulk reactions
related to silver(II) and americium species. These values are less high than in cerium case and the
silver(II) stationary state is not valid any more. This new modeling in progress with parallel hot
experiments will allow to predict the more relevant parameters and to optimize the silver concentration
for future SESAME process flow-sheet.
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Figure 1 : cerium conversion rate in a continuous electrochemical cell (FM01 ICI®) as a function of
supply flowrate ( [HN03] = 5 M ; I = 5 A ; Sanode = 128 cm2)
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Figure 3 : Modeled and experimental cerium conversion rate Xce(iu) versus residence time in the case
of silver catalytic effect ([Ce(III)] = 0.035 M, [Ag+] = 0.005 M, [HNO3] = 5 M) - modeled curve is

given by the expression (5)
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Summary

This poster presents molecular dynamics simulations performed to study terpyridine and bis-
triazinyl-pyridine with lanthanide cations for the gas phase and for water solution. Different
counter-ions have been tested in order to assess their influence on complexes structures and
stabilities in both phases. For stable complexes, Gibbs free energy calculations have been achieved
to estimate the selectivity of these complexes towards the lanthanide cations. Finally, some tests
have been done adding a polarization term in the potential energy in order to have a more precise
description of interaction energies.

Introduction

The search for ligands which specifically separate actinides(III) from lanthanides(III) using liquid-
liquid extraction has motivated lots of researches, especially for the nuclear fuel recycling. Ligands
with soft donor atoms (N,S) that are likely to perform this separation have already been studied and
researches are currently carried out to improve their performances for high acidic feeds. Theoretical
chemistry researches are achieved in our laboratory in order to help the understanding of
complexation and extraction of these cations with such ligands. Theoretical studies have been done
first for the terpyridine (TPY) and the bis-triazinyl-pyridine (BTP) ligands that present quite good
ability for separation and extraction of actinide(III) from lanthanide(III) ions.

Molecular dynamics simulations have been performed on terpyridine and bis-triazinyl-pyridine
complexes with three lanthanide cations (La3+, Eu3+ and Lu3+) in vacuum or for water solutions.
These calculations were carried out without counterions, with three nitrate ions, or, in the case of
terpyridine, with three a-bromo-caprate anions that are likely to be used experimentally as
synergistic agents for the separation and extraction of An(III) from Ln(III).

1. MD Simulations in the gas phase

First, molecular dynamics simulations have been performed in vacuum to evaluate distances
between nitrogen and lanthanide atoms (Ln3+,N) and intrinsic interaction energies to the
polynitrogenous ligands with or without NO3" ions, and for both ligands. The (Ln3+,N) distances
decrease and the cation/ligand interaction energies increase along the La3+, Eu3+, Lu3+ series,
according to the decreasing of Ln(III) ion radii. The introduction of nitrate counter-ions make the
(Ln3+,N) distances slightly higher, and the TPY/Ln3+ and BTP/Ln3+ interaction energies lower,
compared to complexes without NO3". In contrast, with a-bromo-caprate anions, the TPY/Ln3+

interaction energy is the highest for Eu + (and not Lu +) owing to the strong interaction of the
counter-ions with the smallest Ln3+ cation.
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TPY

BTP

Figure 1 : Snapshots of the complexes of Ln3+ cations with TPY (top) and BTP (bottom) and three
nitrate ions after 300 ps of molecular dynamics simulation in the gas phase.

The calculation of Gibbs free energy differences (ÀÀG) may be achieved within molecular
dynamics simulations using the free energy perturbation theory. These calculations allow to take in
account entropy and have been done for the vacuum phase first to assess the selectivity of TPY and
BTP with respect to the lanthanide(III) cations, and then to assess the selectivity of each cation
towards the two ligands. With or without nitrate counter-ions, both ligands are selective for the
smaller Lu3+ cation. Without NO3" anions, every Ln3+ cation is selective towards BTP versus TPY,
whereas with nitrate ions, the ÀÀG differences are closed to zero.

2. MD Simulations in the water phase

For the water phase, the Ln3+ complexes with TPY and with BTP including NO3" ions or without
counter-ions, dissociate after few picoseconds of molecular dynamics simulations. The only
complexes that do not dissociate are those with La3+ or Eu3+, terpyridine, and three a-bromo-caprate
anions. For these two complexes, one water molecule is bound to the cation, which is consistent
with recent Time-Resolved Laser-Induced Fluorescence results. The Gibbs free energy difference
between these two complexes in water solution displays a small preference for Eu3+, emphasizing
the future difficulty to calculate separation of lanthanide(III) from actinide(III) cations.

TPY

Figure 2: Snapshots of the TPY/Eu3+/3NO3" (left) and BTP/Eu3+/3NO3" (right) complexes after
some picoseconds of molecular dynamics in a water box.

La3+ Eu3+



P3-05

Figure 3: Snapshots of the TPY/La3+/3aBrC (left) and TPY/Eu3+/3aBrC" (right) complexes after
300 picoseconds of molecular dynamics in a water box.

3. Polarization

At last, calculations have been performed in the gas phase adding a polarization energy term in the
potential energy formula in order to assess the importance of polarization in such complexes, and to
test the effect of this term on the geometry and interaction energies of these complexes. These
calculations show the polarization of organic ligands such as TPY or BTP by lanthanide(III) cations
is quite large, and that the use of such potential energy would require an adjustment of Lennard-
Jones (van der Waals) parameters.

Conclusions

Molecular dynamics simulations have been performed on terpyridine and bis-triazinyl-pyridine
complexes with lanthanide ions, with or without counter-ions, for the gas phase and for water. This
study demonstrates that the solvent and the counter-ions may play a crucial role on the ligand
conformation and the M3+ extraction mechanism(s). It is also emphasized that small enthalpy
differences may be verified with Gibbs free energy calculations in order to take in account entropy.

The present work call for further investigations concerning for example, (i) the effect of an
organic solvent on terpyridines free and complexed, (ii) the description of the interaction potential,
especially concerning the inclusion of a polarization energy term or (iii) the competition between
M3+ ions and the protons for polypyridine complexation sites.
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Summary

The structures and interaction energies of Ln3+(NO3")n complexes have been studied using ab initio
Hartree-Fock method for La3+, Eu3+ and Lu3+ cations with one to three nitrates in gas phase. The
interaction energy between one cation and one bidentate nitrate is 20 to 30 kcal/mol greater than
that with one monodentate nitrate. This value is quite lower than the interaction between a cation
and one water molecule (about 90 kcal/mol), which could come and complete the hydration sphere
of the cation when nitrate's coordination-type moves from bidentate to monodentate. The first
studies on these systems with five water molecules in the hydration sphere show changes in the
coordination type of nitrates or moves of water molecules in the second sphere.

Introduction and methods

To date, although experimental data give very good measures of bonding distances and cation's
coordination number in trivalent lanthanide cations nitrate salts in solid phase, it is difficult to
establish the chemical bonding nature (monodentate or bidentate) of nitrate counter-ions in liquid
phase. Moreover, in aqueous solution, it is important to assess the competition between trivalent
cations and nitrate and between trivalent cations and solvent molecules. Our poster presents a
theoretical study on the characterization of Lnm(NO3~) complexes using quantum mechanics
methods, in order to give some new information about these questions.

Ab initio calculations were done using Gaussian 98 program's Hartree-Fock method. Two kinds of
gaussian functions basis sets were used to describe atoms H, N and O. Geometry optimizations
were done using 6-31G* basis sets. Interaction energies were calculated using 6-31+G* basis sets.
The 46+4f core electrons of the lanthanide cations were described by a quasi-relativistic effective
core potential (ECP) of Dolg et al. and the valence electrons by a (7s,6p,5d)/[5s,4p,3d] gaussian
functions basis set.

1. Lnin(NO3')n complexes in gas phase

In the following, we first discuss the interaction energies and structural features of the Lnin(NO3")n

complexes in gas phase, for cations La3+, Eu3+ and Lu3+, and for 1 to 3 nitrates.

1:1 nitrate complexes present two possible geometries. The nitrate can be monodentate or
bidentate to the cation. The Ln3+—O distance between cation and nitrate's coordinated oxygen is
0,25 À greater in the case of the bidentate complex (La3+ —O = 2,30 Â). Interaction energy of
monodentate cation / nitrate is also roughly 30 kcal/mol greater than that of the bidentate complex
(-426 kcal/mol pour La3+).
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Géométrie Distance Q(Ln3+) Ejnt.
Ln3+- O (kcal/mol)

ŒtiZ 1

4&\ La3+

•— T ^ +

Essai Eu3+

^ ^ Lu3+

2.04
1.95
1.86
2.30
2.20
2.10

2.84
2.86
2.73
2.82
2.81
2.71

-397
-420
-445
-426
-452
-480

Table 1 : Ln3+/NC>3~ 1:1 complexes. Ln3+—O : distance between cation and nitrate's binding oxygen,
Q(Ln3+) : partial charge of the Ln3+ cation, and E;nt : interaction energy of the complex (kcal/mol)

Concerning 2:1 nitrate complexes, there are for each cation three possible complexation geometry
types, monodentate-monodentate, monodentate-bidentate or bidentate-bidentate. The evolution
from monodentate to bidentate type increases the interaction energy by 25 kcal/mol and also the
Ln3 +-0 distance by 0,1 to 0,2 Â.

With three nitrates, there are four possible complexation geometry types, according to the nitrate
coordination. For the three-bidentate type complex (coordination number CN = 6), Ln +—O
distances are 0,1 Â shorter than X-Ray diffraction data (La3+: 2,6 - 2,7 À; Lu3+: 2,4 - 2,5 Â). The
passage from monodentate to bidentate type increases the Ln3+—O distances by 0,2 to 0,3 Â.
Increase of interaction energy (20 kcal/mol) is lower than in the case of one and two nitrate
complexes. This increase is much smaller than the interaction energy between a trivalent cation and
a water molecule (~ 90 kcal/mol). That means, for a constant coordination number, a "bidentate
nitrate / cation" complex is less favorable, according to energy, than a "monodentate nitrate / 1
water molecule / cation".

For all coordination type complexes, from La3+ to Lu3+, the Ln3+—O distances decreases according
to the lanthanide contraction. The cation's electronic charge decreases (that means the charge
transfer increases), and interaction energy increases. These variations increase with the
augmentation of the cation's coordination number CN.

2. First hydration sphere of Lnni(NO3")n complexes in gas phase

In a second step, in the case of three nitrate La3+ and Lu3+ complexes, cation's coordination sphere
was filled with five water molecules. Thus, the starting values of CN are lower (8) or upper (11)
than experimental values (9 to 10 according to the cation). When the starting CN value is lower, the
optimized geometry get it increased to 9 for both cations. When the starting value is 11, it becomes
10 for La3+ and 9 for Lu3+ (nitrate's coordination type is modified). In this last case, in the Lu3+

complex, a water molecule is transferred to the second coordination sphere of the cation.
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3+ T , ,3+Start: 3 monodentate NO3~ + 5 H2O. La , Lu . CN = 8

3+ T ..3+
La3+, Lu3+. CN = 9

Start: 3 bidentate NO3' + 5 H2O. La , LuJ+. CN = 11

an
a3+

La ,CN=10

Lu3+, CN = 9
Table 2: Geometry optimization of the first hydration sphere of La3+ and Lu3+ complexes with
nitrate ions. Starting (left) and final (right) structures of the complexes.

Conclusions

This quantum chemical study shows new results both in energetic and geometric investigations of
such Ln3+(NO3~)n complexes in the gas phase. The differences of interaction energy, due to the
change from monodentate to bidentate coordination of nitrate ions in these complexes, are much
less than the interaction energy value between the trivalent cations and a water molecule. The
geometry conformation "1 monodentate nitrate / 1 water molecule / 1 cation" should be to the
advantage of " 1 bidentate nitrate / 1 cation" complex configuration in aqueous solution. The first
studies in the complete coordination sphere of the cations, fulfilled with water molecules, show the
two kinds mono- and bidentate coordination type for nitrates in the same complex.

The continuation of this study will concern a precise characterization of Ln3+(NO3")3(H2O)n

complexes in the gas phase (using quantum chemical calculations) or on the Ln3+(NC>3~)3 complexes
in the aqueous solution (using molecular dynamics calculations).
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ABSTRACT: New analytical techniques allowing to perform speciation in the framework of the nuclear fuel
cycle are more and more needed. They have to be selective (since matrix encountered are very complex),
sensitive (in order to work at representative concentration and below solubility limit), as well as non
intrusive (in order to keep the image of the real solution). Among them, laser-based analytical techniques
present these advantages together with the possibility to perform remote measurements via fiber optics.
Hence, Time-Resolved Laser-Induced Fluorescence (TRLIF) has been used for actinides/lanthanides
interaction and speciation studies in inorganic and organic matrices from the reprocessing to waste storage.

Moreover, new ion detection methods such as ElectroSpray - Mass Spectrometry (ES-MS) seems
promising for speciation studies. Hence, it is the first time that it is possible to directly couple a liquid at
atmospheric pressure to a mass detection working at reduced pressure with a soft mode of ionisation that
should allow to give informations on chemical species present.

Principle, advantages and limitations as well as results obtained with the use of TRLIF and ES-MS on
different systems of interest including actinides, lanthanides, fission products in interaction with simple
organic molecules to very complex structure will be presented and discussed.

INTRODUCTION :In the framework of speciation studies, the search for analytical techniques that are
more sensitive in order to detect very low level of radionuclides, more selective in order to be able to deal
with very complex solutions of interest and non intrusive is always of great concern in the nuclear industry.
TRLIF first started in the CEA in the beginning of the 80s by a PhD thesis1 on the use of a pulsed UV laser
compared to classical UV lamp for a better detection of uranium. Then, the technique was adapted in gloves
box (1984) and extended to the determination of lanthanides, americium and curium in very complex
matrices2"6. In 1986, TRLIF was adapted in shielded cell with fiber optics and optode7 at CEA-Marcoule for
analysis in highly radioactive solutions. Finally, a commercial apparatus (under CEA licence), the FLUO
20018 (DILOR company) was constructed (1988) where the classical photomultiplier was replaced by a
multichannel photodiodes array. During all these years of TRLIF developments and analysis, the LOD for
uranium has improved from 20 ng/1 to 0.1 ng/19 and more than hundred different matrices have been studied
from sodium to grass going through organic solvents or highly radioactive samples10"12 From that point
(1989) and till now, TRLIF has been used for interaction and speciation studies beneficying of the very good
limit of detection obtained for classical analysis.

ES-MS was directly implemented in the 1996 in the CEA for speciation purposes. This rather new
technique, the principle has been quoted in the mid 80s by Fenn and Yamashita and the first commercial
apparatus was put together in 1992. This technique seems very promising since, it is the first time that it is
possible to directly couple a liquid at atmospheric pressure to a mass detection working at reduced pressure
with a soft mode of ionisation that should allow to give informations on chemical species present. A lot of
work has been carried out in the beginning of the 90s on metal speciation but they were more directed
towards mass spectrometry.

EXPERIMENTAL : Time-resolved laser-induced fluorescence: A laser (Nd-YAG, dye, OPO or microchip)
is used as the excitation source, wavelengths varies from UV (266 nm) to visible depending on the element
under study, frequency ranged from 10 Hz to 5 kHz and energy from few mJ to few |ij. The beam is directly
directed into a quartz cell or in a fiber optics (case of remote sensing). The radiation coming from the cell is
focused on the entrance slit of the polychromator. The detection is performed by an intensified photodiodes
array cooled by Peltier effect and positioned at the polychromator exit.

MS Apparatus and Conditions: Electrospray ionization mass spectrometric detection was performed on
the mass spectrometer Quattro II. The sample is introduced into the spectrometer chamber with a syringe
pump. Initial gas flow rate is 250 1/h and source temperature 80°C. For most experiments, the cone voltage
was set to 25 V and the sample solution flow rate set to 10 ul/min.
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RESULTS AND DISCUSSION : In the framework of this presentation, it seemed important to only highlight
the main performances and results obtained with the previously quoted techniques. It should also be emphasis on
the fact that these studies have been made possible thanks to collaboration with other teams from the CEA, and
partners COGEMA, ANDRA as well as European (in the framework of EU contracts) and international
(Acknowledgements).

Concerning TRLIF, table 1 list the figure of merits in terms of LOD for both analysis and speciation, in
analysis you "dominate" the medium by the addition of a suitable complexing reagent such as phosphoric
acid for uranium determination, in speciation you have to stick with the matrix and therefore, speciation
limits are much higher (roughly 3 to 4 order of magnitude).

Table 1 : Limit of detection and speciation limit for the main element of interest by TRLIF

Elements
Uranium
Curium

Americium
Europium

Limit of Detection (M)
5.10-13

5.10"13

io-9

5.10-12

Speciation limit (M)
io-9

io-8

1 0-6

10"8

Figure 1 presents, the fluorescence spectra of the uranium hydroxo complexes together with their
lifetime that were obtained both by varying pH and uranium concentration. It can be seen important changes
both on spectra and lifetime.

(UO2)3(OH)g

= 23 us

Figure 1: TRLIF spectra and lifetime of uranium-hydroxo complexes together with free uranium

A complete spectral data base has been obtained for hydroxo13"14 but also nitrate15, phosphate16,
citrate, .... By the same token, it is possible to perform speciation studies on the other fluorescent actinides
such as americium and curium but also on lanthanides such as europium17. Figure 2 presents the evolution of
the europium fluorescence spectra from free species (Eu3+) to the one obtained in presence of carbonate and
humic substances with the possible presence of mixed europium-carbonate humic substances complexes. It is
interesting to note the spectral modifications where a symmetrical spectrum is obtained for free europium
surrounded by 9 water molecules and europium - humic substances which seems to be an outer complex
since the water molecules are still present (same lifetime).
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Figure 2 : TRLIF spectra and lifetimes of europium carbonate and humic complexes in synthetic waters.

Aside this speciation capability, it is also possible to obtain interaction constant by spectral
titration18"19 where the principle consists in the study of fluorescence in a non complexing medium, then
progressive addition of complexant (humic acids, micelles, ...), increase or decrease of the fluorescence
signal until saturation, determination of the complexing capacity (intersection of the two slopes) and the
interaction constant (3 by non linear regression. It has been among other results that the interaction constant
varies with metal concentration.

Concerning ES-MS, this technique has allowed to perform speciation on calixarene - cesium
complexes20"21 as shown on figure 3.
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Figure 3 : ES-MS spectra of Cs-calixarene complexes :
a/ twice less cesium than calixarene, b) twice more ceisum than calixarene
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UO 2 signal

pH6.5-

(UO2)3(OH)

Figure 4 : EiTMS of uranium hydroxo complexes

Hence, when there is twice less cesium than calixarene, it is possible to visualise the complex with
one cesium at 961 amu and when there is an twice more cesium than calixarene, the complex (doubly
charged) with two cesium at 547 amu is observed, together with the monocharged and free cesium. It has
also been possible to perform uranium speciation22 as shown in figure 4 where free uranium and the first
hydroxo complexes have been perfectly identified (adducts) as well as one of the polymeric uranium species.
Results obtained have been corroborated by TRLIF studies.

CONCLUSIONS AND TRENDS :These two techniques are very powerful for speciation studies with
advantages and drawbacks and are complementary. As spectroscopic technique, they all lead to spectral data
banks that are very useful when one starts from simple to complex matrices. Concerning trends, for TRLIF,
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aside more complex studies with the use of spectral databank the evolution is toward in situ speciation with
miniaturised system23, for ES-MS to a better understanding of the mechanisms taking place in the source as
well as its evolution. Finally, great care should be taken in terms of sample preparation as well as results
interpretation. Intercomparison studies are needed for a better use of these techniques as well as the use of
thermodynamical data base and molecular modelling. Works are under progress on europium, zirconium,
thorium in interaction with organic molecules such as glycolic acid (environment), DTPA (toxicology) and
BTP (reprocessing).
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ABSTRACT
A numerical simulation code was developed in order to find the optimum condition for separation and

the recovery of TRU (TRansUranium) elements in the octyl(phenyl)-N,N-diisobutylcarbamoylrnetylphosphine
oxide (CMPO) - tri-butyl phosphate (TBP) - HNO3 solvent extraction system. This code is able to predict the
extraction behavior of americium and europium in the system containing many components. Calculations of
concentration profiles of americium and lanthanides were carried out for a counter current experiment with
laboratory scale mixer-settlers. The calculated profiles were in agreement with the experimental ones. The effect
of oxalic acid was also included in the calculation and was discussed.

INTRODUCTION
Special attention has been paid to the separation and the recovery of TRU (TRansUranium) elements

from HLLW (High Level Liquid Waste) of the Purex (Plutonium Uranium Reduction Extraction) process. It is
favorable to recover TRU elements from PUREX liquid waste and be transmuted to reduce radiotoxicity of
wastes.

The TRUEX (TRansUranium Extraction) process which was developed by Horwitz et al.(1,2) is one of
the system for separation and recovery of the TRU elements. They showed high decontamination of alpha
nuclides by means of the process(l). In the TRUEX process, the mixture of CMPO (octyl(phenyl)-N,N-
diisobutylçarbamoylmetylphosphine oxide) and TBP (tri-butyl phosphate) diluted by «-dodecane is used as a
solvent. CMPO is a bifunctional organophosphorus extractant. It has an ability to extract trivalent actinides from
nitric acid of high concentrations and a phase compatibility with wide variety of diluents when mixed with TBP
(3).

JNC (Japan Nuclear Cycle Development Institute) initiated various studies on the TRUEX process in
order to separate americium and other actinides from HLLW, as a part of efforts to increase the fuel utilization
efficiency and to widen the options for future waste management(4). Various batch and counter current
experiments had been carried out in order to verify the process applicability(4). An attempt has been also made to
provide a flow sheet of the partitioning process by using the experimental results in JNC. It is, however, difficult
to establish the optimum process flow sheet through only the experiments. Numerical simulation is useful for
finding the optimum conditions. A numerical simulation code of the extraction behavior in the TRUEX process
was developed in the previous report(5,6). This code was able to give the concentration profiles of americium,
some lanthanides and nitric acid.

In the TRUEX process, oxalic acid is usually employed because of preventing the solvent from
extracting FP (Fission Product) such as zirconium. Until now, the effect of oxalic acid on the extraction of
americium and lanthanides was neglected in the developed code(5,6), because it was considered that its
concentration was low enough to vary the extraction behavior of americium and lanthanides(4). There may be,
however, some cases that oxalic acid has an effect on the distribution ratio of americium and lanthanides when the
process condition is varied in order to determine the optimum one.

The purpose of this study was to calculate the concentration profiles of americium and lanthanides in
consideration of the effect of oxalic acid. In this study, the comparison between the calculated concentration
profiles in the counter current experiment with and without oxalic acid was made and discussed on that effect.

NUMERICAL SIMULATION
Development of the numerical simulation code for the TRUEX process was described in the previous

report(5,6). In this code, the followings were neglected because they were trivial in bench-scale counter current
extractors: i) the variation of the volumetric flow rate caused by the mass transfer on the extraction; ii) the amount
of the entrainment of another phase. It was also assumed that the concentrations in each stage were equal to those
in the outlet stream from the stage. The code gives the concentration profiles at steady state of the process. Since
the stage efficiency is taken into account, the code can be applied to the mixer-settlers and the centrifugal
extractors when the appropriate value is set.

In this code, the concentration in the outlet stream of each stage is obtained from the material balance
and the distribution ratio. The distribution ratio was obtained by the equation derived from the extraction models.
The extraction models of americium, lanthanides, and nitric acid were established on the basis of the experimental
extraction equilibria(5-8). In this study, complexing reactions of americium and lanthanides with oxalate ions
were considered. These reactions have been already reported as follows(l):

1
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(Eq.l)

(Eq.2)

M(C2O4)2" ( E q 3 )

where M is americium or
trivalent lanthanide ion and /?„

• M ( C 2 ° 4 ) 3 ( n = 1, 2, and 3) are the
stability constants. The

stability constants of americium and lanthanide complexes were reported in reference 1. In this calculation,
concentrations of produced americium or lanthanide complexes were estimated as a sum of the equilibrium
concentrations in Eq. 1, 2, and 3. It was assumed that the americium or lanthanide-oxalate complexes were not
extracted by CMPO/TBP/«-dodecane mixed solvent and were transported to the aqueous waste stream in the
counter current extraction system.

The simulation code we developed gives the calculated concentrations by the following procedures(5).
An initial concentration of each component in the aqueous outlet stream was given first. Then, the distribution
ratio of each component in each stage was calculated by using the initial value. Next, using these calculated
values and an equation of the material balance around each stage, a concentration of each component in the stream
was calculated. Lastly, the calculated value was compared with the initial one. Until the two values became
equal, iterating calculation was carried out. The concentration of each stage at steady state was obtained when the
difference between the calculated and the initial value became 0.1% or less.

RESULTS AND DISCUSSION
Figure 1 shows the flow sheet of the

experiment carried out in JNC(4). Mixer-settlers
23mL. The mixture composed of 0.2M CMPO
and 1.0M TBP in «-dodecane was employed as a
solvent and fed into the process from stage 1.
The feed solution was supplied to stage 8 and
contained 1.9xlO7 Bq/mL-Am and 3.0xl06

Bq/mL-154Eu. Scrub solutions were supplied to
stage 14 and 19 in order to enhance the
decontamination factor of ruthenium(4). Oxalic
acid was added in the feed solution at stage 8
and the scrub solution at stage 14.

Figure 2 shows a comparison between
the calculated and the experimental
concentration profiles of americium. As shown
in this figure, the calculated profiles are in good
agreement with the experimental ones. In the
extraction section, the calculated concentration
profile in the aqueous phase varied with the
effect of oxalic acid. The calculated
concentration of americium without oxalic acid
in the aqueous phase (thin solid line) linearly
decreased with decrease of stage number. On
the other hand, decrease of the calculated
concentration with oxalic acid in the aqueous
phase (thick solid line) was not linear in the
extraction section. This reason was to produce
americium-oxalate complex. This complex was
not extracted and was transported to the waste
stream (aqueous outlet stream of stage 1). Under
the experimental condition, the calculation
results indicate about 0.05% of americium fed
into the process was involved in the produced
oxalate-complex. Since the amount of oxalate-
complex was small, the concentration profile in
the organic phase was not varied in this
calculation.

extraction and scrub sections in a TRUEX counter current
were employed and had 19 stages. Volume of one stage was

Solvent
0.2MCMPO

1.0MTBP
n-dodecane

119mL/h

Feed

4.5MHNO3

0.03MH2C2O4

Am, Eu,...
196ml/h

r*

s

!
|

I

S<rubl

7.7MHNO3

0.03MH2C2O4

12mL/h

Scrub2

0.3MHNO3

16mlA

14 19

Fig. 1. Experimental flow sheet

Ift7

I»6

I»5

1(>4

l f t ?

102

lft1

E

Inn

=

=-

2

T--

~ (

J

If
r

_

r

?

r

i

,rfr
'V
( /•

1 1
-&-

-4t—

- - - ;

" ^

• aq(esp.)

O org.(es-x

" QCg.fCcL
i

-

vr.-;:aala:;:al:.) !

1 =

\ i
".MO*;. \ _:

c.,M0
. 1

\ ^
> <. =, , , i , ,**

-, 10 '

^ 10 '

1
»

1

n-ll
10 -"• -3

5

S 12 16

Stage Number

10-12

Fig. 2. Concentration profiles of americium
(*NO : no oxalic acid)



P3-10
Figure 3 shows a comparison between

the calculated and the experimental concentration
profiles of europium-154. In this figure, the
calculated profiles are also in good agreement
with the experimental ones. The tendency of
europium concentration profiles is similar to the
concentration profiles of americium because of
producing unextractable oxalate-complex. Under
the experimental condition, about 0.04% of
europium fed into the process was transported to
the aqueous waste stream.

The concentration profiles of oxalate-
complex were also shown in these two figures.
The slope of the profiles became steep at around
the feed stages of oxalic acid (stages 8 and 14).
This result indicates that most of americium-
oxalate complexes were produced around the
stages (Figure 4). Figure 4 shows each
concentration of three forms of americium-
oxalate complexes at each stage. The
concentration of 1:1 complex was highest and
was very near to the total concentration of all
complexes. It is, therefore, considered that 1:1
complex has the greatest influence on the
concentration of produced oxalate-complex.

The addition of oxalic acid is necessary
because it is considered that most of zirconium
fed in the process can be extracted when oxalic
acid is not supplied. In this calculation,
concentration of oxalate which could complex
with metal ions might be estimated higher than
that of the actual process because the effect of
other metal elements such as molybdenum and
iron was taken no account. It could be, therefore,
considered that the concentrations of americium-
and europium-oxalate-complexes were lower than
the results of this calculation. Although the
amount of americium and europium transported
to the waste stream were substantially small in
this experiment, the concentration profiles of
them in the extraction section were varied by the
addition of oxalic acid. Therefore, the oxalic acid
concentration in the feed and scrub solutions
should be minimized.
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CONCLUSION
In this study, we improved the simulation code and calculated the concentration profiles of americium

and europium in the TRUEX process, considering the effect of oxalic acid. Although oxalic acid is useful to
prevent zirconium from extracting by the solvent, an excess oxalic acid can make the americium and europium-
oxalate complexes. Since these complexes were not extracted, the concentration profiles of americium and
europium were varied in the extraction section. The calculated results indicated that about 0.05% of americium
and about 0.04% of europium was transported into the aqueous waste stream in the experiment of JNC.
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PREPARATION OF Am-MOX FOR IRRADIATION TESTS
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ABSTRACT
The main purpose of the development of the advanced nuclear fuel cycle is to reduce the
environment risk by the minor actinides, such as Np, Am and Cm. The level of the minor
actinides must be held down as low as possible by means of burning and annihilating in the
fast reactor and so on. A fuel irradiation test for MOX fuel containing 1% Am is being
performed experimentally in the fast test reactor JOYO of JNC. Moreover, irradiation tests of
MOX fuels containing up to 5% Am (Am-MOX fuels) are planned in JNC. Therefore, raw
material for these fuels was prepared. Am-241 is generated from a disintegration of Pu-241
and gradually accumulated in MOX fuel. Am-241 was extracted from MOX scraps by a
PUREX method and a TRUEX method using CMPO/TBP/n-dodecane solvent. The raw
material of Am-MOX fuels was prepared from about 12g of collected Am by the TRUEX
method and equal quantities of Pu and U. It was confirmed that the extraction behavior of Am
by a calculation code for the TRUEX method agreed with the experimental data in extraction
area.

INTRODUCTION
The minor actinides, such as Np, Am and Cm are contained in the high level radioactive
waste for the nuclear fuel cycle. It is necessary to keep the accumulation of the actinides as
low as possible in order to minimize the environmental risks. A light water reactor, which
uses UO2 and thermal neutrons, generates the minor actinides more than the fast reactor does.
Furthermore, a MOX fuel in the light water reactor increases the generation of them even
more. Even in the fast reactor, the minor actinides are generated, burned and transmuted
simultaneously, however the fast reactor reduces the minor actinides totally.
The main purpose of the development of the advanced nuclear fuel cycle is to reduce the
environment risk by the minor actinides and to forward recovering the minor actinides and
loading them into a fast reactor in the form of MOX fuel so as to be burned and transmuted. A
fuel irradiation test for MOX fuels containing 1% Am is being performed in the experimented
fast reactor JOYO of Japan Nuclear Cycle Development Institute (JNC). Moreover irradiation
tests for MOX fuels containing up to 5% Am (Am-MOX fuels) are planned by JNC. The
purpose of these irradiation tests is to confirm the integrity of fuel pins and the transmutation
characteristics of Am-MOX fuels.
An objective of this study was to prepare a raw material for test fuels. Two kinds of Am
sources may be considered, one is the high level radioactive waste from the reprocessing plant,
and the other is the MOX scrap which accumulates the generated Am-241 from a
disintegration of Pu-241 for long term storage. In order to extract Am, TRUEX extraction is a
promising method1"6^ and the effect on such an extraction by many kinds of fission products
which are contained in the high level radioactive waste has been studied. Am extraction using
the TRUEX method from the former source leaves more problems which should be solved
than the latter source does. Preparation of Am-MOX for irradiation tests required a low
contamination process. Therefore, MOX scraps was used as an Am source and a raffmate
containing Am was separated from solutions dissolving various MOX scraps in nitric acid
using the PUREX method, and then Am was extracted using a TRUEX method in this study.
The Am distribution ratio between CMPO and nitric acid was reported by several authors2"6'1

(Fig. 1) but there was little reported on the work of recovering a gram order amount of Am by
the TRUEX method using CMPO/TBP/n-dodecane solvent and a continuous countercurrent
mixer-settler extractor. Based on the above data of Am distribution, an extraction study of Am
using TRUEX method was performed. Results were compared with the extraction behavior
by Am by a calculation code1-1 for the TRUEX method
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Experiment
Two kinds of raffinâtes which were separated from solutions dissolving various MOX scraps
in nitric acid using PUREX extractions were used as the TRUEX extraction feed solutions
(shown in Table I)...Elements except Am, Pu, and U listed in the table were estimated from the
impurities of MOX scraps.
A couple of continuous countercurrent mixer-settler extractors for the TRUEX extraction

process had 24 stages constructed of 50. of a mixer and 250. of a settler for each stage. These
extractors consisted of an extraction and a back-extraction parts.
A chemical flow for the TRUEX extraction tests is shown in Fig.2...For the TRUEX
extraction the extractant solvent was a mixture of 0.2M of CMPO (octyl(phenyl)-N,N-
diisobutyl calbamoyl methyl phosphine oxide) and 1M of TBP (tributyl phosphate) in a diluent
of n-dodecane...The extractant solvent was repeatedly washed in 10g/.of sodium carbonate
solution and 0.02M of nitric acid by turns to remove some impurities before using it...This
solvent was fed into the 1st stage of the mixer-settler extractor at 0.5./hr...A feed solution
containing Am was flowed from the 8th to the 1st stage at l./hr...The solvent could extract
elements, such as Am, Pu and U, in turn anywhere between the 8th stage and the 1st stage, the
extraction area...After feeding about 8. of the feed solution, 3M of HNO3 was continuously fed
into the solvent for flushing the extracted elements...The stages between the 9th and the 14th
were the scrub area. The scrubs used were 0.3M and 0.2M of nitric acid in TRUEX extraction
test 1 and test 2 respectively...The back-extraction area for Am was between the 15th and the
22nd stage and 0.01M of nitric acid was fed into the 22nd stage...In order to confirm the Am
extraction behavior Am and NO3' concentration in the solvent and the aqueous solution were
periodically analyzed by .spectroscopy and chemical titration...
Am nitrate solution which was recovered by the TRUEX extraction tests, was mixed with Pu
and U nitrate solution and 1M oxalic acid solution was added into this mixture to precipitate
simultaneously as Am, Pu and U mixed oxalatc.The oxalate sediment was filtrated and
dehydrated by a centrifugal separator using a filter with a 10.m screen size and was converted
to Am, Pu and U mixed oxide (Am-MOX) by drying at 100. for 4hr, calcining at 850. for 2hr,
and reducing at 700. for 4hr in 5%H2/N2...

RESULTS
For the TRUEX extraction tests the extracted nitric acid concentrations in the solvents in each
stage are shown in Fig.3...The NO3" concentration was kept constant in about 0.7M of NO3" for
solvent and in about 2.3M of HNO3 for solution between the 1st stage and the 8th stage...In
stages over the 15th, back extraction area, the NO3" concentrations were kept in 0.01-0.1 M of
HNO3 for both solvent and solution...Considering the small fluctuation of NO3" concentrations
in the extraction and scrub areas, acid equilibrium would be established in these areas. The
NO3" concentration had agreed with the calculated results by the HNO3 distribution ratio in
these areas. .But it was higher than the calculation in the back extraction area...
Am concentrations in solvent at each stage are shown graphically in Fig.4...The amount of
extracted Am in the solvent was small between the 5th stage and the 1st stage...It showed that
3 stages, between the 8th and the 6th, were sufficient to extract Am under the operating
conditions in this test...For the back-extraction, Am concentrations in the solvent decreased
sufficiently until the 22nd stage...It showed that the stripping of extracted Am had almost
finished there...But after the 15th stage, concentrations of extracted Am were unstable with the
time...A cause of this unstable behavior seems that washing the recycled solvent fed at the
15th stage had some effects on the solvent, which affected the characteristics of the Am
extraction.
A TRUEX calculation code for Am extraction behavior can compute the Am distribution ratio
curve!) based on the reference data2"6^ (Fig. 1) for the solvent with CMPO...Am extraction
behavior calculated by this code had a good agreement with the observations of Am extraction
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in the extraction and the scrub areas, but Am concentrations in the back-extraction area were
several times higher than the calculated one...There would be at least three causes for this
difference...One cause may be the under estimation of the Am distribution ratio for nitric acid
concentrations lower than 0.1M (Fig.l)...A second cause may result from not being able to
keep a low enough concentration of nitric acid in the back-extraction area (Fig.3)...A third
cause may be an effect on the recycling solvent.
12.71 g of Am was recovered from MOX scraps by the PUREX and the TRUEX extractions

(Table II)...The difference of yields between Pu and U in test land in test 2 is still under
investigation, however one cause is possibly the difference of the nitric acid concentration of
the scrubs, 0.3M and 0.2M of nitric acid for test 1 and test 2 respectively.
The mixed solution which was recovered contained 12.71g of Am, 11.45g of Pu and 1.66g of

U and was coprecipitated by 1M oxalic acid solution...This sediment was filtrated and
dehydrated by a centrifugal separator and was 76.16g of a pinkish gray deposit. .After drying
at 100., the deposit was calcined at 850. and reduced at 700. in 5%-H2/N2 and was converted
to a light brown oxide powder, of 25.25g, which is comprised of the ratio Am : Pu : U = 4.87 :
4.04 : 0.37 and is called a Am-MOX (Table III)...At the conversion from the mixed solution to
Am-MOX compound, the yield of U was low compared with other elements. This would be
attributed to the difference of solubility of Am and Pu oxalate, and U oxalate.
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CONCLUSION
The raw material of Am-MOX fuels for the irradiation experimental fast reactor JOYO tests
was prepared from MOX scraps by the PUREX and the TRUEX extractions and the oxalic
acid precipitation. About 12g of Am was collected by the TRUEX extraction using a
CMPO/TBP/n-dodecane solvent with the continuous countercurrent mixer-settler extractor.
The observed Am distribution ratio between the nitric acid solution and the CMPO/TBP/n-
dodecane solvent agreed with the reference data " ; for nitric acid concentrations higher than
0.1M, but was several times higher than them for nitric acid concentrations lower than
0.1M...Reliable Am distribution ratio data for low nitric acid concentrations will be required to
predict Am extraction behavior by the TRUEX extraction using CMPO/TBP/n-dodecane.
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ABSTRACT
Several countries had stopped developing fluoride volatility reprocessing method in the 1970's due to difficulties
in recovering pure Pu. Although, nuclear societies recently favor dirty Pu (MOX) which has high proliferation
resistance and needs remote fuel fabrication technologies. This situation reminded the authors to re-evaluate the
fluoride volatility process. Preliminary investigation clarified that conventional fluoride volatility process could
be simplified to recover dirty MOX and pure U from spent LWR fuels. Pure U is suitable to transfer it to re-
enrichment (LWR cycle again), to storage certain period for future FBRs, and to dispose with relatively simple
barrier. The improved process also enables to prepare directly the dirty MOX particles which are suitable for
remote fuel fabrication (vibration packing). This paper describes the system of improved fluoride volatility
reprocessing, and compatibility of each elemental process such as thermal decladding, two stage fluorination of U
and U+Pu, U purification, direct conversion of mixed fluoride into oxide particles and vibration packing fuel
fabrication.

INTRODUCTION
The future nuclear fuel cycle system requires reduction of recycling cost, reduction of waste generation,
minimization of environmental influence, much safety and assurance of Pu non-proliferation (Suzuki, 1999).
Various recycle systems, such as advanced aqueous processes and dry pyrochemical methods with molten salt, are
under development in Japan to meet these requirements (Asanuma, 1999; Asou, 1997; Inoue, 1999; Ion, 1999;
Ueda et al., 1997; Mineo, 1999; Ojima, 1997; Wei, 1999). In these systems, several simplifications are made, for
example, the elimination of purification process can decrease the capital and operation costs, and reduce the waste
generation and radioactivity release to the environment, and the dirty products (U and Pu) are much more suitable
for non-proliferation. But dirty U recovered is difficult to be handled in LWR fuel cycle (ex. re-enrichment) or in
interim storage system for FBR fuel cycle or final disposal.
This paper describes the concept of the Hybrid Recycle System (HRS), which is developed with improved
fluoride volatility reprocessing technology and vibration packing technology for fuel pin production. In this
system, uranium is recovered with high purity and non-proliferation is assured since DF of plutonium (MOX)
products is relatively low.

CONVENTIONAL AND IMPROVED FLUORIDE VOLATILITY PROCESS
Fluoride volatility reprocessing methods were developed in several countries from 1950s to 1980s as
summarized in Table 1. Argonne, Brookhaven and Oak Ridge National Laboratories in United States started the
research by using halogen fluoride (BrF5 and C1F3) as fluorination reagents and carried out hot pilot scale tests
with the capacity of 2-10kg/batch and 40kg/batch tests were done by using fiuidized bed reactors with actual spent
fuels or scaled up capacity . Oak Ridge Gaseous Diffusion Plant designed the 300t/y (lt/d) scale fluoride volatility
reprocessing facility. French Fontenay-aux-Roses laboratory also studied the process and constructed lOkg/batch
facility for actual spent fuel reprocessing. Belgian status was similar to that in France. Japan Atomic Energy
Research Institute had studied the process for 15 years and did tests with 5kg/batch U and bench scale Pu. Russian
group, All Russian Institute of Chemical Technology, State Scientific Centre Research Institute of Atomic
Reactors, RRC Kurchatov Institute and Nuclear Research Institute Rez pic (Czech) had a unique research program
by using flame reactors for fluorination and curried out hot pilot scale tests with the capacity of l-3kg/h and
continued the research until 1988.
All these institutes except Russian group adopted fiuidized bed reactors, and finished the research late 1960's or
early 1970s. The reason of their research termination was that the nuclear society needed not only pure uranium
but also pure plutonium at that time and fluoride volatility reprocessing was difficult to get pure plutonium due to
the unstable property of PUFÔ. SO nuclear society had chosen the PUREX system for fuel reprocessing. But
nowadays, the society requires dirty plutonium for non-proliferation and low cost system is required for future
nuclear fuel cycle.



Table 1 Development history for fluoride volatility reprocessing
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ANL: Argonne National Laboratory, BNL: Brookhaven National Laboratory, ORNL: Oak Ridge National Laboratory,
ORGDP: Oak Ridge Gaseous Diffusion Plant, FAR: Fontenay-aux-Roses lab., Mol: Centre de l'Energie Nucléaire, Mol,
JAERI: Japan Atomic Energy Research Institute, Russian Group: (RRC Kurchatov Institute, RICT, RIAR, NRI),
RICT: All-Russian Research Institute of Chemical Technology, RIAR: State Scientific Centre Research Institute of
Atomic Reactors, Russia, NRI: Nuclear Research Institute Rez pic, Czech

A new concept called Hybrid Recycle System (HRS) was then proposed to recycle pure uranium and dirty
plutonium (MOX) in the next generation fuel cycle. HRS consists of improved fluoride volatility reprocessing,
direct oxide fuel particles production from mixed fluoride gas and vibration packing of the particle fuels.
Figure 1 shows the block flow diagrams of the conventional and improved fluoride volatility reprocessing process.
In improved process, Pu is not isolated but recovered with U as MOX and the purification step of the mixture of
UF6 and PuF6 is eliminated.
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Fig. 1 Block flow of conventional and improved fluoride volatility reprocessing process



Figure 2 shows the conceptual flow diagram of HRS. Spent fuel is disassembled and fuel pins are chopped into
short pieces. The fuel is pulverized and separated from cladding by cyclic oxidation and reduction of UO2 in the
thermal decladding reactor.
The oxide powder is loaded onto a fluidized bed type fluorination reactor with almost the same quantity of AI2O3.
Fluorine gas is introduced into the fluidized bed and a part of the U is volatilized as UF6. Aluminum oxide acts as
the medium for homogeneous contact of fuel powder and F2 gas and for heat removal from the fluorination
reaction. Using diluted F2 of about 20% results in the selective fluorination of U, leaving Pu in the bed. The
fluorination reagent supply is stopped when the ratio of Pu and residual U is that desired for MOX fuel. Then,
concentrated F2 gas is introduced into the bed for the co-fluorination of U and Pu.
Some FPs such as Nb, Mo, Tc and Ru are also fluorinated to form NbF5, MoF6, TCFÔ and RuF6 respectively.
These species are volatilized along with UFÔ and PuFg (Levitz, 1969). The U volatilized in the first fluorination
step is purified by chemisorption using fluoride adsorbent such as NaF and MgF2. The DF value can be expected
to be about 105-107. In the fluoride volatility reprocessing, U can easily be purified by a simple procedure because
of the marked difference in chemical properties of the fluorides of U and the FPs.
Purified UF6 is sent to the re-enrichment process or the de-fluorination process, where UFg is converted to UO2
for storage or disposal. Another product, a mixed fluoride of Pu and U, is converted to the corresponding mixed
oxide.
For conversion of fluoride to oxide, a pyrohydrolysis process is adopted because of simplification of the
conversion and suitability for the vibratory packing in fuel fabrication process. The reaction of hexafluoride (MF6)
with H2O and H2 at high temperature yields spheroidal or spherical grains of dioxide (MO2) by the following
reaction (Knudsen et al, 1964).

MF6(g) + 2H2O(g) + H2(g) . MO2(s) + 6HF(g) (M = U, Pu) (1 )
The grains are sintered to increase their density and to remove fluorine impurity if necessary. The grain size can
be controlled by the reaction conditions such as gas feed rate, reaction temperature and time.
The resulting grains are vibratory-packed into fuel pins and the pins are sent to the fuel assembling process. The
pyrohydrolytic method for converting fluorides to oxides can also be applied to de-fluorination of excess U.
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Fig.2 Conceptual flow diagram of HRS

FEATURES OF HRS
The HRS has the following features.
(1) Simple reprocessing and fuel fabrication
In the improved fluoride volatility reprocessing, U can be purified easily by the chemisorption methods even if the
U quantity is large. Since Pu can be recycled with a low DF in the FBR cycle, its purification step is eliminated.
The Pu and U ratio in the MOX fuel is controlled during the fluorination step. Hence, a step for adjusting Pu
content is eliminated.
The MOX grains can be obtained directly from gas of UF6 and PuF6. The grains are vibratory packed into fuel
pins. Thus, the fuel fabrication process becomes relatively simple.
(2) Compact and simple facility
Spent fuel is not dissolved, but dispersed in AI2O3 in the improved fluoride volatility process. Since the ratio of
A12O3 and fuel is about 1:1, the process equipment size can be relatively reduced.



(3) Low probability of Pu proliferation
Plutonium is recycled with a low DF. Eliminating the Pu purification step suppress its loss into the waste stream.
These ensure non-proliferation of Pu.
(4) Simple waste management and disposal
Storage and disposal of a large amount of excess U from LWR are simplified, since the U is highly
decontaminated. The quantity of the absorbent for the U purification is small and leads to an insignificant increase
of waste volume.
The FPs, I29I and 99Tc, are long-lived nuclides and mobile in a deep ground environment. In the improved fluoride
volatility reprocessing, I29I is volatilized in the de-cladding step by cyclic thermal treatment and concentrated in
iodine absorbent. 99Tc is fluorinated and volatilized with actinide hexafluoride. Thus, the long-lived nuclides can
be recovered in the fluoride volatility reprocessing. Therefore, high level waste contains no I and Tc.
Nickel is used as material for the equipment in contact with fluoride and F2. Because the temperature of
fluorination reaction is as high as 500., only limited corrosion occurs. Hence, the wastes generated with
maintenance are expected to be relatively small.
(5) Low cost for R&D
The techniques for the improved fluoride volatility reprocessing and pyrohydrolytic conversion processsing are
similar to those for U enrichment and conversion upstream in the present fuel cycle. The experience from the
present fuel cycle can be applied to development of the HRS.

CONCLUSIONS
As an advanced nuclear fuel cycle system, the Hybrid Recycle System (HRS) was proposed. The HRS includes
the improved fluoride volatility reprocessing and the vibration packing MOX fuel fabrication process. In this
system, U is purified to a high DF and Pu is recycled with a low DF.
A simple process and compact facility for the nuclear fuel recycle can be realized by adopting the HRS. Waste
management is rather simplified because excess U is highly decontaminated. Since Pu is recycled with a low DF,
non-proliferation is ensured. The HRS satisfies various requirements of future fuel cycle systems.
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The report will cover a radically new approach to the problem of rhodium recovery from HLLW after the
transformation of kinetically inert poly-aqua cation of trivalent rhodium (which is not recoverable by the majority known
extractants) to Rh (IV) form by chemical methods. Presented are the research results of Rh (IV) extraction from nitric acid
solutions by several extractants that are of considerable current use in noble metals and radiochemical industries (tri-n-butyl
phosphate, dioctylsulphide, tri-n-octylamine, quaternary ammonium bases). High level of rhodium extraction has been
found for the above extractants: for several systems, for example, tri-n-octylamine - diethylbenzene, rhodium distribution
coefficient achieves high values (10-plus), as well as the sufficient extraction kinetics. Rhodium extraction increases with a
decrease of the acidity, a rise in phase mixing time and in the following series: tri-n-butyl phosphate -> dioctylsulphide ->
quaternary ammonium bases —> tri-n-octylamine. Rh (IV) can be easily reduced to non-extractable Rh (III) by such
reductants as Fe (II), HCOOH, C6H8O6, NH2OH, N2H4 et al, that may be applied for the re-extraction process.

Rhodium - the most valuable fission platinoid - accumulates in the spent fuel from NPP in
considerable amounts and is concentrated mainly in nitrate high level liquid wastes (HLLW), resulted
from fuel extraction reprocessing. It is expected that rhodium exists in these solutions in the state of
kinetically inert poly-aqua cation of trivalent rhodium which is not recoverable by the most known
extractants, including tributylphosphate.

Ligand exchange inertness in a major coordination sphere of Rh(III) aqua-cations is a cause of
failures in rhodium extraction recovery from moderately acid nitrate aqueous solutions by such
extractants as di-alkyl sulphides, di-alkyl sulphoxides, tertiary and quaternary alkylamines, neutral
alkylphosphates. Sulphur-containing extractants (di-alkylsulphides, organic sulphoxides) are quite
interest for rhodium(III) extraction. The advantages of these extractants are connected with their
potential ability to recover all platinum metals from HLLW, at least those the most valuable - rhodium
and palladium. It makes it possible to produce platinum metal co-concentrate by extraction method.
However, these extractants are characterized by very slow reaching the equilibrium (under the
extraction by rhodium(III) di-octyl sulphide a distribution factor achieves a value of 1,7 during 30
minutes of mixing and temperature of 100°C) [1] that exclude their application in counter-current
mixer-settlers equipment. Moreover, re-extraction is of a problem.

Extraction of Rh(III) nitrite complexes proceeds effectively by tri-octylamine (a distribution
factor is up to 25), but to achieve the adequate extraction the solution is to be neutralized up to pH>2
[2]. It is rather difficult to ensure such conditions for HLLW. Moreover, solution nitration (to convert
rhodium(III) in a form of nitro-complexes) results in the chemical destruction of the extractant. During
extraction of Rh(III) nitrite complexes in 50% di-isoamyl-phosphonate in the presence of 1.6 M
A1(NO3)3 and 1M NH4NO3 the distribution coefficient of 1.3 [3] is achieved, but introduction of
salting-out agents is undesirable, since this will result in an increase of volumes of radioactive salt
wastes.

One may assume that change rate of platinum metals is connected with d-electron
configuration. It has been known [4] that d6-configuration is the less labile one and is typical for
trivalent rhodium. On the other hand, it is well known (for the other d-metals) that d5-configuration is
much more labile. This is precisely the configuration which tetravalent rhodium ion possesses, that
makes it possible to hope a priori for more high rhodium lability in this state. If this is the case (there is
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no information on this matter in the literature), then the extractability of Rh(IV) should be higher than
thatofRh(III).

It should be noted that such differences in the ligand exchange rate of iridium (rhodium
analogue in the platinum group metals) have been already applied in the refining technologies of
natural noble metals. Trivalent iridium (d6 configuration) is not extracted by typical extractants.
Oxidation of the given form by gaseous chlorine in acid medium results in tetravalent iridium (d5

configuration), which is extracted by various extractants [4].
Our results show that high level of rhodium recovery from nitric acid medium may be achieved

by rhodium(III) -to-rhodium(IV) oxidation. As this takes place tetravalent rhodium may be practically
quantitatively and quickly recovered by organic extractants from nitric acid medium [5].

The attack of Rh(III) solutions by strong oxidizers having the oxidation potential higher than
1.8 V and electrolysis result in blue-violet solutions near anode with maximum absorption in the range
of 550-570 nm [6-10]. It has been shown [11-13] using EPR-method that this absorption spectrum
belongs to tetravalent rhodium. Rhodium oxidation state in the oxidized solution has been also verified
by ourselves earlier [14] using spectrophotometric titration by tetravalent uranium.

In the acid medium with the acid concentration (H2SO4, HNO3, HCIO4) of 0,1^-20 M tetravalent
rhodium is presented in two forms being in equilibrium - [Rh(H2O)2(OH)4]° H [Rh(H2O)3(OH)3]+, and
Rh(IV) in the molecular form exists only if acidity is lower than 1 M [3]. Taking into account that
[Rh(H2O)2(OH)4]° has zero charge less amount of H2O groups in the inner coordination sphere, one
may expect that this compound will be recovered in the organic phase better than [Rh(H2O)3(OH)3]+.
Hence, it more logically to look for conditions to recover rhodium in the form of the neutral molecule
at the acidity less than 1 M.

The stock solution of rhodium(III) nitrate was prepared from rhodium ("pure") tetrahydrate tri-
chloride according to the procedure described in the patent [15], involving rhodium tri-iodide
precipitation (under the action of KJ), dissolution of RJ1J3 black precipitate in the mixture of
concentrated nitric acid and hydrogen peroxide. The spectrum of the resultant bright yellow solution
was chracterized by the maximum at 400 nm and the extinction coefficient of 53 1/mole.cm. The
resultant rhodium(III) nitrate solution was oxidized by solid sodium bismuthate during 10-15 minutes
at 25°C. The absorption spectra of stock Rh(III) solution and the resultant Rh(IV) solution are
presented on the Fig. 1 below.

The research on the kinetics of Rh(IV)
self-reduction in nitric acid performed using
spectrophotometric method by observing
Rh(IV) own absorption band at 550 nm
showed that at [HNO3] < 1 M the rate of this
reaction is subject to the second order equation
relative to rhodium ions and is slightly
retarded by hydrogen ions as follows:

500 —.

400 —1

o

- 300

d[Rh(IV)] u [Rh(IV)]

dt
= k22 (Eq.l)

where k2 = 2,5 + 0,5 1 °'4/mole °'Vin at 20 ° C.
In the range of [HNO3] = 1 -*• 3 M the reaction
rate is subject to the first order equation
relative to rhodium ions and is accelerated
with the acidity increase.

In this case the reaction rate equation
may be presented as follows:

200 —

100 —

0 ~\ ,

300 400 500
Wave length, nm

600 700
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d[Rh(IV)]
dt

= k,[Rh(IV)][H + i0.2 (Eq.2) Fig.l. Absorption spectra of Rh(III) (1) and Rh(IV) (2)
solutions in 0.5 M nitric acid at 25°C.

where ki= 3,52T0"31 °'2/mole 0|2min at 20°C.
About 20% of Rh(IV) is reduced within 1 hour in nitric acid. Time of Rh(IV) semi-reduction at

20°C derived from the expressions (Eq.l) and (Eq.2) is given below (for [Rh(IV)]0= HO"3 M):
[HNO3], M 0,5 1,0 2,0 3,0
X1/2, hour 4,4 6,7 2,8 2,6

Rh(IV) reduction in perchloric acid proceeds more slowly.
The most probable reason of Rh(IV) reduction is its disproportionation that results in Rh(III)

and more higher oxidation state of Rh, for example, Rh(VI) [7,8], i.e.:
3 Rh(OH)3

++ H + = 2Rh3 ++ RhO4
2" + 5H2O (Eq.3)

The feasibility of these reactions is thermodynamically justified by the proximity of the potentials of
rhodium ion couples, for example, couple potential Rh(IV)/Rh(III) (1.40V) and Rh(IV)/Rh(VI)
(1.46V). Since in the experiment we observe only Rh(IV)-Rh(III) transition, then there is reason to
believe that Rh(VI) resulted from reaction (Eq.3) is quickly reduced by water, for example, according
to the following reaction:
2 RhO4

2' + 2 H2O + 6H+ = 2Rh(OH)3
+ + O2 + 2H2O (Eq.4)

Such a reaction is thermodynamically feasible, since couple potential H2O/O2 (E =1,229 V) is less
positive than that of Rh(VI)/Rh(IV).

Summing up the reactions (Eq.3) and (Eq.4) we may derive the stoichiometric equation for the
overall reduction reaction of Rh(IV):
4Rh(OH)3

+ + 8H+ = 4 Rh3+ + O2 + 10H2O (Eq.5)
The direct Rh(IV) reduction reaction by water is also feasible.

Having regard to Rh(IV) relative instability the extraction was carried out in the presence of an
oxidizer - solid NaBiO3. The extractant was preliminary treated by NaBiO3 to avoid Rh(IV) reduction
by the extractant or its impurities. Various extractants were used for extraction: 100% tri-
butylphosphate (TBP), 50% di-n-octyl sulphide (DOS) in the mixture of tri-ethyl benzene (TEB)
isomers, 40% tri-n-octylamine (TOA) in the mixture of di-ethyl benzene (DEB) isomers, 10%
tetraoctylammonium nitrate (QAB) in TEB from 0.5 M HNO3 at 25°C, phase ratio O:A=1:1 and phase
mixing time of 1 and 10 minutes. The results are given in the Table 1 below.

Table 1. Rhodium extraction from nitric acid and perchloric acid solutions of Rh(IV) at
[HNO3]=0,5 M and [HClO4]=0,5M, t = 25°C, O:A=1:1, [Rh(IV)]0= 1,5*1,75.103M

Extractant and
diluent

100% TBP

50% DOS in TEB

40% TOA in
DEB

10% QAB in
TEB

Distribution factor

Rh(IV) Rh(IV)+Rh(III) Rh(IV) Rh(IV)+Rh(III)

Phase mixing time (min)
1 10 1 10

Nitric acid solution
0,88

1,2

2

1,0

2,7

11

48

19

0,44

0,5

0,76

0,5

1,2

2,7

31

9,8

1 10 1 10
Perchloric acid solution

1,2

0,8

1,5

1,3

1,7

2,9

3,3

1,8

0,34

0,76

0,76

0,2

1,4

2,1

1,7

0,5
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Acidity decrease and phase mixing time increase result in the rise in Rh(IV) distribution factor
in these systems. As evident from the tabulated data Rh distribution factor rises in the range of
TBP<DOS<QAB<TOA and achieves the values of 10 and 31 correspondingly (as for total rhodium)
for QAB and TOA during 10-minute contact.

The discrepancy in the distribution factors for Rh(IV) and for total rhodium (Rh(III) + Rh(IV))
may be probably explained by the reason that during the period of standing of Rh(IV) stock solution
after its preparation up to extraction (normally 1-2 hours), a portion of Rh(IV) has been reduced to
Rh(III) which distribution factor is much lesser than that of Rh(IV). This fact is very important in case
of using nitric acid solutions and is to be considered for the development of conditions for Rh(III)
oxidation and Rh(IV) post-extraction.

With regard to higher resistance of Rh(IV) in perchloric acid in comparison with nitric acid that
we have arrived earlier, it would be of much interest to compare Rh(IV) extraction from these acids
under the same conditions. Comparing data on Rh(IV) extraction from HNO3 and HCIO4 (see Table 1),
we can see that on the whole the distribution factors are closer to each other, except Rh(IV) extraction
in QAB and TOA during 10-minute mixing where recovery from HNO3 is much more higher.

Rhodium re-extraction may be performed to an aqueous solution by reductants able to restore
Rh(IV) quickly to Rh (III) that is non-extractable by these extractants, for example, ferrous iron,
hydrogen peroxide, tetravalent uranium, hydrazine, hydroxylamine etc. The kinetics of Rh(IV)
reaction with these reductants has been investigated in our work earlier [14, 16-20].

Thus, rhodium extraction in a form of Rh(IV) is supposed to be promising line of inquiry in the
field of searching for a system to recover rhodium form nitric acid media. In so doing we achieve the
following conditions:

more higher rhodium recovery at the same phase mixing time;
a decrease in phase mixing time in comparison, for example, with extraction of rhodium by
alkylsulphides;
less salinization of radioactive liquid wastes;
less danger of extractant destruction;
more simple re-extraction conditions.
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EXAFS studies of coprecipitation and adsorption reactions of Tc

D J Bunker3'*. M J Jones3, J M Charnockc, F R Livens3, R A D Pattrickb, D Collison2

"Department of Chemistry, bDepartment of Earth Sciences, University of Manchester, Oxford Road, Manchester M13
9PL,c CLRC Daresbury Laboratory, Warrington Cheshire WA4 4AD.
ABSTRACT
Adsorption and coprecipitation reactions may be a simple way of removing [TcO4]" from aqueous solution. The
effectiveness of a range of potential adsorbents and précipitants has been evaluated and some are capable of near-
quantitative (>98%) removal of [TcO4]" from solution. X-ray absorption near edge structure (XANES) has been used to
determine Tc oxidation states and extended X-ray absorption fine structure spectroscopy (EXAFS) has been used to
identify the local environment of Tc. The absorption edge position has been determined, using [PPh4][Tc04], TcS2 and
Tc2S7 as model compounds, and is diagnostic of Tc oxidation state. In a series of experiments investigating FeS
coprecipitation (1), Tc was reduced to oxidation state (IV) and its local environment resembled that in TcO2 (6 0 atoms
at approximately 2.0Â).
INTRODUCTION
99Tc, is a high yield (~ 6%) fission product with a half-life of 2.13 x 105 years, and it decays by the emission of 3"
particles with Emax 300 keV. It is present in the environment as a result of nuclear weapons testing and low- and
intermediate-level waste disposal, and is becoming an increasingly important component of high level wastes (2). In the
environment, Tc exists in two stable oxidation states depending on the redox conditions; Tc4+ in strongly reducing
environments and in more oxidising conditions, Tc(VII), which forms the pertechnate anion, [TcO4]\ The pertechnate
anion only interacts weakly with mineral surfaces (3), with Kd ~ 1 ml/g, making it amongst the most mobile of all
radionuclides in the environment (4), whereas Tc(IV) species are expected to be strongly retained (5), with Kd ~ 1000
ml/g. In spite of their potential for controlling Tc mobility, the mechanisms of interaction between Tc species and
mineral phases, particularly reduced iron minerals, are not clearly understood. The effectiveness of a range of
adsorbents and précipitants have been evaluated, including:
Mackinawite (tetragonal FeS) - environmentally, this is the first sulphide phase formed following the onset of reducing
conditions. It is commonly found in anoxic horizons and is believed to play an important role in controlling metal
speciation in such systems (6).
"Green rusts" - these are mixed Fe(II)/Fe(III) hydroxides which contain interlayer anions such as carbonate or sulphate.
Although these compounds first appeared in the literature over 40 years ago, due to their extreme sensitivity to
oxidation, there has been little work carried out with them until fairly recently.
METHOD
1 .Coprecipitation of Tc with mackinawite - Experimental details are given elsewhere (1).
2. Sorption of Tc on mackinawite - Mackinawite was prepared using a method based on that of (7). Aliquots of [TcO4]'
were added to centrifuge tubes containing 150 mg of mackinawite / 20 ml DI water. After 24 hours, the tubes were
centrifuged and supernatant decanted. The spiked mackinawite precipitate was transferred to an EXAFS cell. An inert
atmosphere was maintained throughout.
3. Sorption of Tc on green rusts - Sulphate green rust was prepared using a method based on that of (8). Aliquots of
[TcO4]" were added to centrifuge tubes containing approximately 150 mg of damp green rust / 20 ml DI water. After 24
hours, the tubes were centrifuged and the supernatant decanted. The spiked green rust precipitate was transferred to an
EXAFS cell. An inert atmosphere was maintained throughout.
4. Synthesis of model compounds - [PPh4][Tc04]; TcO2; Tc2S7; TcS2 - Experimental details are given elsewhere (1,9).
5. X-ray absorption spectroscopy -All samples were contained in Ar-filled, doubly-contained cells, fabricated from
Perspex to minimise Bremsstrahlung production. These were heat-sealed into two Ar-filled polythene bags to provide a
third and fourth level of containment.
Technetium K-edge X-ray absorption spectra were collected on Station 16.5 at the CLRC Daresbury Synchrotron
Radiation Source, operating at 2 GeV with a typical beam current of 150 mA. A double crystal Si(311) monochromator
was used, detuned to 50% of maximum intensity for harmonic rejection. Spectra for the samples were recorded in
fluorescence mode, using a 30-element Ge detector. A minimum of 4 scans per sample were collected at ambient
temperature to improve data quality. The spectral data were calibrated and background subtracted using the Daresbury
Laboratory programs EXCALIB and EXBACK. The isolated EXAFS data were analysed using EXCURV98 (10)
employing Rehr-Albers theory (11) and using single scattering.
RESULTS AND DISCUSSION
Results of the EXAFS data fitting are given in Table I. Figs 1 and 2 show the Tc K-edge EXAFS and associated Fourier
transform for FeS / [TcO4]" sorption and green rust / [TcO4]" sorption respectively.
FeS/[TcO4]~ coprecipitate; The Tc-S distance is within error of the mean Tc-S distance in TcS2, implying that during
coprecipitation, Tc(VII) is reduced to Tc(IV) and forms a TcS2-like phase. The absence of metal shells could be an
indication of a disordered structure (1).
FeS/[TcO4]" sorption; The Tc-S distances and the Tc-Tc distance are in good agreement with the TcS2 data, indicating
that during sorption, Tc(VII) is reduced to Tc(IV) and forms a TcS2-like phase.
Green rust/[TcO4]~ sorption; The Tc-0 distance is within error of the Tc-0 distance in TcO2, indicating that during
sorption, Tc(VII) is reduced to Tc(IV) and forms a TcO2-like phase.
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Figure 1. (a) Tc K-edge EXAFS and (b) associated Fourier transform for FeS / [TcCy sorption. Solid lines are
experimental data, broken lines are best fit.

CONCLUSIONS
In coprecipitation / sorption with FeS and sorption on to green rust, [TcOJ" was scavenged from solution and reduced
to Tc(IV), thereby restricting its mobility. It seemed that sorption on to FeS formed a more ordered TcS2-like structure
than coprecipitation, but it is not possible to confirm if Tc is incorporated into either mineral or is present as a discrete
phase. Rates of reaction and mechanisms will require further study.
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Figure 2. (a) Tc K-edge EXAFS and (b) associated Fourier transform for "green rust" / [TcO4]~ sorption. Solid lines are
experimental data, broken lines are best fit.
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Table I. Results of EXAFS data fitting. Interatomic distances in Â, Debye-Waller factors (2<J>2) in Â2. R-values are a
measure of overall goodness of fit. Uncertainties in coordination numbers are ±1 and in distances are ±0.02Â. For each
shell, coordination numbers were fixed at the integral values that gave the best fit, then distances and Debye-Waller
factors refined.

SAMPLE

[PPh4][Tc04] (1)

TcO2 (9)

Tc2S7(l)

TcS2(l)

FeS/[TcO4]-
coprecipitate (1)
FeS/[TcO4]" sorption

GR/[TcO4]~ sorption

SHELL

1

1

2

3

4

5

1

2

1

2

3

1

1

2

3

1

2

3

4

C.N.

4

6

1

1

4

4

4

2

3

3

1

6

3

3

1

4

1

1

1

TYPE

0

0

Tc

Tc

Tc

Tc

S

Tc

S

S

Tc

S

S

S

Tc

0

Cl

Fe

Fe

DISTANCE

1.72

1.98

2.61

3.10

3.64

3.67

2.39

2.78

2.36

2.41

2.77

2.42

2.35

2.48

2.82

1.99

2.21

3.08

3.55

0.007

0.0076

0.0076

0.0070

0.0080

0.0080

0.012

0.014

0.014

0.038

0.008

0.020

0.009

0.012

0.013

0.010

0.013

0.014

0.005

R

22.9

30.9

30.9

34.7

33.9

23.7
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Contribution of the "Simple Solutions" Concept to Estimate Density 01 Actinides
Concentrated Solutions.

C. Sorel, Ph. Moisy, B. Dinh and P. Blanc
CEA Valrhô, DCC/DRRV/SEMP, Fiance

Abstract

In order to calculate criticality parameters of nuclear fuel solution systems, number density of nuclides are needed and
they are generally estimated from density equations (1). Most of the relations allowing the calculation of the density of
aqueous solutions containing the electrolytes HNO3-UO2(NO3)2-Pu(NO3)4, usually called "nitrate dilution laws" are
strictly empirical. They are obtained from a fit of assumed polynomial expressions on experimental density data. Out of
their interpolation range, such mathematical expressions show discrepancies between calculated and experimental data
appearing in the high concentrations range.

In this study, a physico-chemical approach based on the isopiestic mixtures rule is suggested. The behaviour followed
by these mixtures was first observed in 1936 by Zdanovskii (2) and expressed as: "Binary solutions (i.e. one electrolyte
in water) having a same water activity are mixed without variation of this water activity value".

With regards to this behaviour, a set of basic thermodynamic expressions has been pointed out by Ryazanov and
Vdovenko (3) in 1965 concerning enthalpy, entropy, volume of mixtures, activity and osmotic coefficient of the
components. In particular, a very simple relation for the density is obtained from the volume mixture expression
depending on only two physico-chemical variables: i) concentration of each component in the mixture and in their
respectively binary solutions having the same water activity as the mixture and ii), density of each component
respectively in the binary solution having the same water activity as the mixture.

Therefore, the calculation needs the knowledge of binary data (water activity, density and concentration) of each
component at the same temperature as the mixture. Such experimental data are largely published in the literature and are
available for nitric acid and uranyl nitrate. Nevertheless, nitric acid binary data show large discrepancies between the
authors and need to be revised (4). In the field of this work, density data of uranyl nitrate binary solutions have been
tabulated by incorporating recent experimental data to older published tables (5). Due to irreversible formation of
colloidal or polymeric species leading to precipitation, plutonium(IV) nitrate binary solution does not exist.
Nevertheless, binary data of "fictive" binary solution have be determined by Charrin (6).

The performance of this relation has been checked (5) on experimental density data of ternary solutions HNO3-
UC>2(NO3)2-H2O available in the literature (7-10). The Ryazanov-Vdovenko relation has been also validated on new
density data of quaternary mixtures HNO3-UO2(NO3)2-Pu(NO3)4-H2O (11).The deviation between experimental and
estimated values is always lower than 0.4 percent compared to the mean deviation of 0.6 per cent reached with Sakuraï-
Tachimori (12) mathematical relation.

Theory

Considering the experimental comportment of isopiestic solutions of electrolytes, the Zdanovskii's rule was
postulated in 1936 (2). This empirical rule was expressed as,
"Binary solutions (i.e. one electrolyte in water) having the same water activity are mixed without any variation of this
water activity value"
The linear relation (1) is the mathematical expression of empirical Zdanovskii's rule:

In 1965, Ryazanov and Vdovenko (3) demonstrated that the calculation of thermodynamic properties of mixtures is
solved most simply when Zdanovskii's rule holds. For example, the volume of a mixture obtained from two binary
solutions can be expressed as the additive relation (Eq. 2) involving binary thermodynamic properties of the mixture's
components:

C bi
1

(Eq.2)

This additive relation means that the mixture exhibits no excess volume. It has similarly been demonstrated that excess
enthalpy of isopiestic mixtures following Zdanovskii's rule is null. Therefore, thermodynamic properties of such
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systems also called "simple systems" are similar to those of "ideal systems" apart from the fact that isopiestic binary
mixtures instead of pure components mixtures are here taken into account.

Relation (2) has been reformulated by Ryazanov and coll. to expressed density of a mixture of i electrolytes as:

p = -
i (lOOO +

{
(Eq. 3)

Equation (3) is thermodynamically rigorous on condition that Zdanovskii's experimental comportment holds. This
behaviour is followed by many nitrate salts mixtures (13, 14). It must be pointed out that, at the opposite of empirical
dilution laws, Ryazanov-Vdovenko (RV) relation doesn't need any density measurement for mixtures. By keeping the
same form whatever the nature and the number of the mixture's electrolytes are, this concept is widespread.

Calculation

In the field of the present study, the application of (Eq. 3) only need the knowledge of the following
physicochemical data;

- concentration of nitric acid and actinide nitrate in the mixture (CH, CAn),

- concentrations and densities of the nitric acid and actinide nitrate binary solutions having the same water activity

as the mixture respectively noted as ( CH
l, pH' ) and ( CA'n, p A'n ).

The physicochemical data of binary solutions also called "binary data" are constituted of the triplet (aw, Cj, pj).
Therefore, these binary data are characteristics of an electrolyte at a given temperature. Such binary data have been
tabulated by the National Bureau of Standards (NBS) for a lot of electrolytes and most often at the unique temperature
of25°C.

After having computed these data in electronic files, the density of electrolyte mixtures is calculated according to the
following steps;

- water activity of the mixture is estimating by solving (Eq. 1) according to an iterative procedure,

- the knowledge of the water activity enables us to estimate the couples of data ( CH ', pH' ) and ( CArl , p A'n ) by

interpolating the binary data files of nitric acid and actinide nitrate.

Critical Analysis of Binary Data

An extensive study has been carried out to check binary data of nitric acid and actinide (U(VI) or Pu(IV)) nitrate
solutions. This preliminary work is required to ensure that validation test of Ryazanov-Vdovenko relation can not be
perturbed by eventual inaccuracy of the electrolytes binary data.

Nitric acid binary data (aw, mH) tabulated by Davis and coll. (15), Redlich (16) and later by Hamer and coll. (17)
at 25°C, exhibit large discrepancies. For this reason, Charrin (4) has proposed revised values by adopting a new
methodology and taking into account recent experimental results. Density data tabulated in the International Critical
Tables (ITC) at 25°C (18) have been successfully checked and has therefore been retained.

The physicochemical data available for uranyl nitrate binary solutions were exhaustively collected by Goldberg
(19) for the NBS. Water activities were evaluated after a rigorous critical review of experimental data and thus have
been chosen. At the opposite, the density data compiled in the ITC are inaccurate and need to be updated. More recent
empirical relations were proposed by Sôhnel (20) to describe concentration and temperature dependences of electrolyte
solutions densities. Accuracy of such relations to estimate density of uranyl nitrate binary solutions at the unique
temperature of 25°C is altered by the multi-temperature interpolation.
To overcome these discrepancies, the experimental densities data available for uranyl nitrate solutions at 25°C have
been inventoried and interpolated with assumed polynomial expressions. Four new studies (7, 8, 21, 22) have been
taken into account in addition to the two sources of Grant (23) and Kaputinskii (24) already exploited by Sôhnel (20).
Among the four references, the numerous data measured by Davis during liquid-liquid extraction with TBP have been
ignored because of the solubility of the extractant in aqueous solutions. Experimental data have been interpolated as
followed:
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Figure 1: Density Data of Uranyl Nitrate Solution at 25°C

Plutonium (IV) nitrate dissolution in water results in the irreversible formation of colloidal or polymeric species leading
to plutonium precipitation. Thus, preparation of plutonium (IV) nitrate binary solution is impossible. Such
experimental limitation can nevertheless be overcome by applying the simple solutions concept to ternary mixtures
Pu(NO3)4/HNO3/H2O (6). Finally, binary data (C;bi, aw, pibi) obtained refer to a "fictive" binary solution.

Validation of Ryazanov-Vdovenko Relation

The performance of this relation has been checked on experimental density data of ternary solutions HNO3-
UO2(NO3)2-H2O available in the literature (7-10) as shown on Figure 2. The Ryazanov-Vdovenko relation has been also
validated on new density data of quaternary mixtures HNO3-UO2(NO3)2-Pu(NO3)4-H2O (11). The mean deviation
between experimental and estimated values is always lower than 0.2 percent. This behaviour is greatly better than the
one obtained by applying Sakurai mathematical relation which is currently considered to be the most accurate available
model for such fissile mixtures.
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Fig. 2: Comparison between experimental and calculated densities of solutions HNO3-UO2(NO3)2-H2O
and HNO3-UO2(NO3)2-Pu(NO3)4-H2O mixtures at 25°C

Conclusions

The "Simple Solutions" concept has already shown its ability to quantify liquid-liquid extraction equilibrium (25),
redox kinetics (26) and thermodynamic behavior of electrolytes (6) in highly concentrated media. This study
demonstrates its performance in a new application field and confirms, once again, its ability to overcome the difficulties
inherent to aqueous concentrated solutions. By avoiding the use of empirical parameters, such physicochemical
approach is an attractive alternative to mathematical models.

Footnotes

aw

Ci

: Water activity

: Molarity of component i in the mixture (mol.L"1)

: Molality of component i in the mixture (mol.kg"1)



V

y.

bi

bi
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Molarity of component i in the binary solution at the same aw as the mixture (mol.L"1)

Mixture volume

Volume of the binary solution at the same aw as the mixture

Mixture density (g.cm"3)p

Density of the binary solution at the same aw as the mixture (g.cm )

Molecular weight of component i (g.mol"1)
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Abstract
Electrospray ionization mass spectrometry (ESI-MS) has quickly become a versatile method of qualitative
analysis of a wide variety of species in solution. This technique (with positive and negative ionization modes) is
used to analyze organic solutions in the frame of the DIAMEX process. Degraded solvent had been studied
without any preliminary sample treatment (separation or derivation) and neutral complexes 'uranyle nitrate -
malonamide' had been observed.

I. Introduction
Electrospray ionization mass spectrometry (ESI-MS) was introduced by Yamaita and Fenn in 1984 '•2 and its
development has established it as a method of outstanding importance and particularly so for biochemical
applications. The ESI-MS has been widely used for the measurement of molecular masses of non volatile and
thermally unstable compounds because the ionization occurs under very mild conditions. More recently
electrospray ionization mass spectrometry has been used for the study of metal-ligand complexes 3'4l 5. Colton
and al5 showed that there is complete correlation between the observed ions and the species known to be present
in solution.
This paper deals with the apply of the ESI-SM technique to analyze organic solutions in the frame of the nuclear
fuel reprocessing, particularly in the DIAMEX process. DIAMEX process concerns the first step of the SPIN
program launched by CEA, which the objective is to separate minor actinides from high level liquid waste, and it
consists in extracting trivalent minor actinides and lanthanides with a malonamide molecule.
The objectives for these studies were to establish potentiality offered by the use of direct infusion electrospray
mass spectrometry:

to the qualitative analysis of a degraded solution of malonamide,
to the qualitative analysis of cation-malonamide complexes in solution.

II. The electrospray ionization technique
The process of electrospray ionization can be summarized in four steps: formation of ions, nebulization,
desolvation and ion evaporation.
A sample dissolved in the appropriate solvent is injected as a fine spray at a low flow rate from a capillary held
at a high voltage (e.g. 3500-4000V) into a chamber at atmospheric pressure. The nebulization begins when the
sample solution enters into the spray chamber. The combination of strong shear force generated by the
nebulizing gas and the strong electrostatic field in the spray chamber draw out the sample solution and break it
into droplets. As the droplets disperse, ions of one polarity are preferentially attracted to the droplet surface by
the electrostatic field. As a result, the sample is simultaneously charged and dispersed into a fine spray of
charged droplets. Before the ions can be mass analyzed, solvent must be removed. A counter flow of neutral,
heated drying gas (nitrogen) evaporates the solvent, decreasing the droplet diameter. When the force of the
coulomb repulsion equals that of the surface tension of the droplet (the Rayleigh limit) the droplet explodes,
producing charged daughter droplets that are subject to further evaporation. This process repeats itself, and
droplets with a high surface-charge density are formed and ion evaporation occurs. The process of ion formation
has been the subject of many scientific investigations, yet differences of opinion still exist regarding the specific
physical process. The dessolvated ions are pushed into the low pressure region of the source through a sampling
orifice (glass capillary). Skimmers, an ion guide, and exit lens transfer ions into the mass analyser. The
ionization depend on nature of the species present in solution.

Apparatus: Analysis were performed using an ion trap instrument model Esquire-LC (Bruker) spectrometer.
Electrospray was used in positive and negative mode. The sample was introduce into the source at a rate of about
100 mL/h with a syringe pump. The nitrogen gas was usually set at 6 psi, 6 L.min"1 and 170°C. Standard

1 M. Yamashita, J.B. Fenn, J. Phys. Chem. 88 4451-4459 (1984)
2 M. Yamashita, J.B. Fenn, J. Phys. Chem. 88 4671-4675 (1984)
3 R.B. Cole, Electrospray ionization mass spectrometry : fundamentals, instrumentation and applications, Ed
Wiley, New york (1997)
4 W. Henderson, B.K. Nicholson, LJ. McCaffey, Polyhedron 17 (25, 26) 4291-4313 (1998)
5 R. Colton, A. D'Agostino, J.C. Trager, Mass Spectrometry Review 14 79-106 (1995)
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electrospray ionization conditions were as follows: capillary: 4000V, endplate: 3500V, capillary exit: 90 V,
skimmer 1: 30V, skimmer 2: 10V.

III. Applications
Malonamide degradation studies
The hydrolytic and radiolytic degradation of the DMDOHEMA {N,N '-dimethyl yVyV'-dioctyl hexyloxyethyl
malonamide), which is the current reference molecule 6| 7 for the DIAMEX Process, has been studied to be able
to propose a treatment suitable for the elimination of the degradation products. Then, a degradation pathway in
presence of nitric acid aqueous phase had been proposed s and the figure 1 present the hydrolytic degradation
pathway of DMDOHEMA.

O O O O

C S H 17 -

I I I
CH3 C2H4 CH3
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Figure 1. Simplified hydrolytic degradation pathway of DMDOHEMA

These qualitative studies were carried out using GC-FTIR or GC-MS to identify the degradation products.
Because of the decomposition of MOCHOBA (amide-acid) during the analysis, a previous derivation by
methylation is required. Moreover, the amine is not detected by GC because in acidic media the protoned form
of the amine (MOA) is probably not volatile. Its presence has been detected by potentiometric titrations.
We test electrospray mass spectrometry to analyze degraded DMDOHEMA solutions. The aim is to optimize
analytical conditions to study this kind of solutions. This technique is already used in nuclear fuel reprocessing
to analyze quantitatively degradation product of tributylphosphate9.

Optimisation of electrospray conditions
The optimisation of the electrospray conditions is realised with the non degraded DMDOHEMA. The positive
and negative ionization mode are used.
The amide extractant are weak base and can be easily protonated using positive mode. The solvent will be
chosen in order to obtain the best sensitivity. Several solvent are tested: MeCN, MeOH and mixture of them with
H2O. It was observed that a change in the organic solvent (MeCN or MeOH) had no important effect. Most
significant improvements in sensitivity were obtained by adding 1 % of formic acid and lead to LH+ ion while
showing few sodium adducts. The chosen solvent was methanol-H2O (75/25) with 1% of formic acid.
The negative ionization mode was also tested and the best sensibility of (L-H)' is obtained with CH3OH-H2O
(75/25) containing 1 % of a base (TMAOH).

Degraded DMDOHEMA solution

6 M.C. Charbonnel, C. Nicol, L. Berthon, P. Baron, Proceedings of the International Conference GLOBAL'97,
Yokohama, Japan, October 5-10 (1997).
7 I. Bisel, C. Nicol, M. C. Charbonnel, P. Blanc, P. Baron, F. Belnet, Proceedings of the Fifth Information
Exchange Meeting on Actinides and Fission Products Partitioning and Transmutation, Mol, Belgium, November
25-27(1998).
8 L. Berthon, J. M. Morel, N. Zorz, C. Nicol, H. Virelizier, C. Madic, accepted in Sep. Scie, and Technol. (2000)
9 C. Lamouroux, H. Virelizier, C. Moulin, J.C. Tabet, C. K. Jankowski, Anal. Chem., 72, 1186-1191(2000)
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Organic hydrolysed DMDOHEMA solution were analyzed using positive ionization mode (by dilution in
CH3OH-H2O (75/25) with 1% of formic acid solvent) and using negative ionization mode (by dilution in
CH3OH-H2O (75/25) with 1% of TMAOH solvent). The figure 2 presents an example of spectra and the table 1
summarizes the attribution of the different peaks in positive and negative mode and compares the result with the
GC/MS analysis.
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Figure 2. ESI mass spectra of degraded DMDOHEMA solution in TPH in contact with nitric acid solution
(HNO3 3 mol/L) after 2 months at 45°C. [DMDOHEMA]inital = 0.65 mol/L.
a: positive ionization (dilution: 1/10000e in CH3OH/H2O (75/25 %vol) +1% formic acid
b: negative ionization (dilution: l/100e in CH3OH/H2O (75/25 %vol) +1% TMAOH.

Table 1 . Comparison between ESI-MS and GC-MS analysis. Assignment of the different peaks observed in ESI
spectra.

Assignment of different peaks

QH13COOH
MOA

MONA
C6H13OC3H6COOH

?
MOHOBA
DMDOMA
MOHOCBA

Protoned adduct of MOA+MOHOBA
DMDOHEMA

Sodium adduct of DMDOHEMA
Protoned adduct of MOA+DMDOHEMA

Sodium adduct of (DMDOHEMA)2

GC-MS

*
*
*
*

*
*
*

*

ESI-MS
ESI (+)

144.2
173.2

314.3
355.6
358.3
457.4
483.6
505.5
626.6
988.8

(m/z)
ESI (-)
129.4

187.4
238.6
312.7

356.3

481.8

The positive ionization mode allowed to analyze basic molecule with amide and amine function and negative
ionization mode is adapted to acidic molecule like carboxylic acid. In positive ionization mode, several clusters
are detected [MOA+MOHOBA+H+ and MOA+DMDOHEMA+H+] and their stability are dependant of the
skimmers voltage value. An increase of the voltage leads to a decrease of the intensity of these adducts.
The advantage of ESI-MS compared by GC techniques is the sample preparation: ESI-MS do not require any
previous treatment except dilution. It allowed to analyze non volatile species (protoned salt of amine) and
thermally unstable compound (amide-acid). Moreover, the use of ESI-MS with direct infusion is a relatively
quick method and the structural identification of the species can be performed tanks to the ion trap analyser.

Uranyl complexes with malonamides
ESI-SM was also used for direct measurement of cations in solutions. Several studies have been carried out on
the speciation of metal by ESI-MS such as alkali cations , lanthanides , uranium ' and zirconium as well

10 F. Allain, H. Virelizier, C. Moulin, C.K. Jankowski, J.F. Dozol, J.C. Tabet, Spectroscopy 14,137-139 (2000)
11 1.1. Stewart, G. Horlick, Anal. Chem. 66 3983-3993(1994)
12 G. R. Agnes, G. Horlick, Appl. Spectrosc. 46 (3) 401-406 (1992)
13 C. Moulin, N. Charron, G. Plancque, H. Virelizier, Appl. Spectrosc. 54 (6) 843-848 (2000)
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as very interesting reviews showing the potentiality of the technique but also the limitation and cares that should
be taken in interpreting the data3'5.
The purpose of this part is the qualitative study of metal-ligand complexe by ESI-SM. Solid complexes already
studied by X-ray crystallography have been chosen, the formula of the complexes in solid state is LUO2(NO3)2

(L represent the ligand malonamide). The solids are dissolved in methanol-water (75-25) solution. Several
malonamides were studied: DMDBMA (N,N'-dimethyl JV,W-dibutyl malonamide), TEMA (N,N,N',N'-tetvaeXhy\
malonamide), TEEEMA (7V,vV,7V',./V'-tetraethyl ethyloxyethyl malonamide).
The positive and negative ionization modes are used and exhibit the species: UO2L2

2+, UO2L3
2+, UO2L2(NO3)

+

with ESI(+) mode and UO2(NC>3)3~ with ESI(-) mode. The figure 3 presents a spectra obtained with the TEEMA-
UO2(NO3)2 complexes.

Figure 3. ESI-MS spectra of TEEMA- UO2(NO3)21CT mol/L in CH3OH/H2O (75/25) solvent.
a: ESI (+) b: ESI (-)

CH3CN was also tested but no significant effect had been observed. The formation of these ionic species can be
explain by a partial dissociation of the complex in solution and the occurrence of chemical reaction between
different species during electrospray ionization. It had been shown that chemical reaction exist under ESI
conditions and convert a neutral species to a cationic one 5. Then, the displacement of an anionic ligand (NO3~)
by a neutral ligand (malonamide) convert a neutral complex UO2(NO3)2L to a cationic one UO2(NO3)L2

+, A
second exchange reaction lead to a formation of UO2L3

+. These species are detected in positive ionization mode.
The displacement of a neutral ligand (malonamide) by an anionic one (NO3~) converts the neutral complex
UO2(NO3)2L to UO2(NO3)3" which is observed in negative ionization mode.
The intensity of the ions UO2L2 and UO2L3 were found to be highly dependent on the cone voltage of
electrospray ion source. The increase of the voltage (skimmer 1: 10 V to 40V) leads to an increase of the
intensity of the species UO2L2

2+, and the decrease of the intensity of the species UO2L3
2+. These can be attribute

to the dissociation of UO2L3
2+ leading to UO2L2

2+. This was confirmed by MS/MS experiments.

IV. Conclusion
These initial studies showed the use of ESI/MS to the qualitative analysis of degraded malonamide solution and
complex formed between uranyl nitrate and malonamide ligand.
Analytical conditions have been optimize to studied degraded solutions: the positive ionization mode allowed to
analyze basic molecule with amide or amine function and negative ionization mode is adapted to acidic molecule
like carboxylic acid. The advantage of ESI-MS compared by GC techniques is the sample preparation: ESI-MS
do not requires any previous treatment except dilution.
The qualitative analysis of neutral complexes shows that neutral species can be observed by ESI/MS tanks to
chemical reactions between molecules. The observed species are closely related complex.
The investigation of other cation-ligand complexes will be carried out, and an estimation of the stability constant
of complexe will be undertaken.
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ABSTRACT

The CEA has undertaken the development of the DIAMEX process as the first step in the strategy aiming at recovering
minor actinides which could then be transmuted or separately conditioned (1,2).
The scientific feasibility of this process was demonstrated during counter current hot tests operated in 1993 (3). Then
experimental works were conducted, on one hand to optimise the extradant formula, on the other hand to improve the
flowsheet. Reference extractant and flowsheet were then chosen, respectively in 1995 and 1996 (4, 5).
The next step, still in progress, is the demonstration of the DIAMEX technical feasibility (in 2002) ; this means that the
flowsheet should include solvent regeneration treatments. In this aim, degradation studies were performed to quantify
main degradation products, and identify those which could be disturbing in the process.
This paper deals with experimental studies performed with intend to propose a regeneration treatment, included in the
flowsheet, so that the solvent could be recycled. It comprises :
• Quantification of the main degradation products issued from radiolysis or hydrolysis, which are methyl octyl amine

(MOA) and carboxylic acids,
• Effects of these products on extracting and hydrodynamics performances of the process,
• Study of methods able to remove mainly disturbing degradation products. Acidic scrubbing, which are performed

in the scrubbing and stripping sections of the DIAMEX process, should allow the quantitative removal of methyl
octyl amine. Then basic scrubbings, which were more especially studied, should eliminate at least 80% of
carboxylic acids, and part of the cations remaining in the solvent.

INTRODUCTION

As part of the SPIN program, the CEA has undertaken the development of the DIAMEX process, which is the first step
in the reference strategy aiming to separate minor actinides from fission products in high liquid wastes. It consists in
coextracting actinides(III) and lanthanides(III) by the use of a diamide extractant.
Preliminary counter current hot test, conducted at laboratory scale in the CYRANO hot cell in 1993, has demonstrated
the feasibility of the concept (3) : quantitative extraction and stripping of actinides(III) (>99%). Then the formula of the
extractant was optimised to improve solvent affinity for actinides(III) and solubility of metallic extracted complexes in
the diluent (hydrogenated tetrapropylene). A reference extractant was then chosen : the dimethyl dioctyl hexylethoxy
malonamide, symbolised by DMDOHEMA (4). Oxalic scrubbings were developed to improve the flowsheet ; they lead
to inhibit some fission products extraction such as Zr, Mo and Fe (5).
The last main aspect lacking for the technical feasibility demonstration was then the solvent clean up. Batch studies
were started in this field in late 1998. The objective is to define a treatment able to restore the solvent properties.
To highlight the work performed, three majors aspects are presented here :
• Characterisation of the radiolysed or hydrolysed solvent by quantification of the main degradation products and

effect on its properties
• Various scrubbing studies to remove main disturbing products
• Effect of the most efficient scrubbing on cations remaining in the solvent (after stripping).

CHARACTERISATION OF RADIOLYSED OR HYDROLYSED SOLVENT

Degradation products issued from radiolysis and/or hydrolysis were identified using gas chromatography (GC) coupled
to Fourier Transform InfraRed Spectroscopy (FTIR) or Mass Spectrometry (MS) (6). Main solutes were quantified
using potentiometric titrations and gas chromatography (with flame ionisation detector) (Fig. 1). These are :
• Carboxylic acids,
• Light amides,
• Methyl octyl amine,
• N-methyl N-octyl hexyl oxybutanamide,
• 2-(methyl(octyl)carbamoyl) 4-hexyl oxy butanoic acid, which is a bifunctional compound subsequently symbolised

as acidic amide or AA,
• secondary diamides (loss of methyl or octyl chain on the nitrogen of one amide function).
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Degradation conditions : [DMDOHEMA] 0.65 mol/L in HTP, [HNO3] 3 mol/L, Vorg=Vaq

A simplified degradation scheme for diamide radiolysis and hydrolysis was proposed (6). The first rupture is the
breaking of one amide function which leads to :
• Methyl octyl amine, which has a basic character (pK ~ 9.8) and is symbolised by MOA
• 2-(methyl(octyl)carbamoyl) 4-hexyl oxy butanoic acid, which has an acidic character and is symbolised by AA.

Hydrolysis or radiolysed solutions show a decrease of actinides(III) and lanthanides(III) distribution ratios. This
decrease in solvent extraction properties can be explained by the decrease of the diamide concentration and by the
presence of the main degradation products. So various scrubbings, respectively acidic and basic have been studied to
remove respectively MOA (basic species) and AA (acidic species).

ACIDIC SCRUBBING EFFICIENCY

Species removed by acidic scrubbing (nitric acid 0.1 mol/L), which simulates stripping step in DIAMEX flowsheet,
were analysed.
In the case of hydrolysed solvent, basic species - which pK is close to 9.8 in the titration media (water/ethanol 50/50) is
quantitatively eliminated (Fig. 2).
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Figure 2 : Percentage of species with pK about 9.8 (mainly methyloctylamine) removed by scrubbing with nitric acid
0.1 mol/L, in function of hydrolysis time at 45°C (other conditions : see Fig. 1)

In the case of radiolysed solvent, large fraction of basic species is removed (from 60% to 100%, depending on samples).
This dispersion could be due to :
• Concentration next to detection limit, for low irradiated samples,



P3-22

• Samples from various sources,
• Presence of other species with pK close to 9.8 which are not distinguishable by potentiometry.
It has been checked on synthetic organic solutions, doped with MOA, that this species is totally removed by 0.1 mol/L
nitric acid scrubbing.

BASIC SCRUBBINGS IMPLEMENTATION

Various basic scrubbings (with sodium hydroxyde or carbonate, ammonium carbonate and tetramethylammonium
hydroxyde) with concentration between 0.1 mol/L to 1 mol/L were studied in function of irradiation dose or hydrolysis
time to remove carboxylic acids, including acidic amide (AA).
Experimental conditions are mentioned in figure 3. It must be noticed that basic scrubbing settling is difficult ; it is
necessary to centrifuge the phases after mixing to get good separation. Settling seems more favourable when
organic/aqueous volume ratio > 1.

BASIC SCRUBBINGS EFFICIENCY VERSUS ORGANIC SPECIES
INFLUENCE ON CARBOXYLIC ACIDS

Neither the nature of the base nor its concentration seem to influence the basic scrubbing efficiency which varies from
70% (for radiolysis) to 90% (for hydrolysis) as it can be seen figure 3. Concerning the acidic amide, efficiency is most
often about 80%. It can be specified that only the first basicity is efficient (in the case of carbonates).
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Figure 3 : Percentage of acidic amide removed in function of the base and its concentration for diamide hydrolysed
solutions (other conditions see fig. 1).
[AA]ini= 0.025 mol/L (after 1 month) ; 0.01 mol/L (after 2 months)

The efficiency of a second basic scrubbing was tested : it seems much less efficient (about 20%). An hypothesis to
explain this phenomena is that a little part of carboxylic acids is very difficult to strip with such basic scrubbing, so that
a small fraction of acids remains in the solvent.

INFLUENCE ON SOLVENT PROPERTIES

Basic scrubbing effects on solvent properties were observed in terms of hydrodynamics and extracting properties. For
example, after two successive scrubbings with sodium carbonate 0.3 mol/L :
• Hydrodynamics properties are partially restored : settling time is shorter, but is not as fast as with no degradated

solvent.
• Extracting properties are slightly improved in the case of radiolysed samples, so that the fall in the distribution

ratios can be explained by the diamide concentration decrease. But in the case of hydrolysed samples, the drop in
the distribution ratios cannot be completely explained by diamide concentration lowering. An hypothesis is that in
those samples, rather high monoamide concentration (removed neither by acidic nor by basic scrubbings) inhibits
partially cations extraction. Anyway, if monoamide is issued from acidic amide, we can expect its formation will be
very limited if acidic amide is quickly enough removed.

BASIC SCRUBBINGS EFFICIENCY VERSUS CATIONS

Hot test performed in TUI (Trans Uranium Institute), in 1998, in the frame of an European contract, showed that
ruthenium and palladium were partially remaining in the solvent, even after stripping. To prevent from solvent
saturation during successive recycling, it is necessary to remove these cations. It is the reason why basic scrubbings
efficiency versus these cations was determined.
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The best reagent for palladium is ammonium carbonate, which allows to removed about 70% of Pd, while about 20% of
Pd removed is got with other bases.
For ruthenium, the efficiency of the various bases is similar, except with ammonium carbonate in the case of degradated
samples. In comparison, 20 to 30% of Ru is removed instead of 70% with the other reagents (Fig. 4).
A second scrubbing is little efficient. This phenomena could be imputed to no strippable palladium and ruthenium
species.
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Figure 4 : Proportion of Pd and Ru in aqueous basic phases after each scrubbing by the 4 bases
(other conditions : see figure 1)

CONCLUSION

Among main degradation products of DIAMEX reference solvent (dimethyl dioctyl hexylethoxy malonamide 0.65
mol/L in hydrogenated tetrapropylene), batch experiments incline to think that methyl octyl amine will be quantitatively
removed in the stripping section of the flowsheet (by nitric acid scrubbings), while carboxylic acids (especially acidic
amide) will be eliminated by basic scrubbing. It can be expected that if clean up is continuously performed, neutral
degradation products, such as monoamide, will not be formed and accumulate.
Some disturbing fission products (Pd and Ru) which are partially remaining in the solvent after stripping, are not totally
removed by basic scrubbings. It will be useful to test complexing reagents, such as citric acid, to remove quantitatively
these two cations.
Then a complete flowsheet, including solvent clean up will be elaborated and tested.
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Modelling and achievement of a SANEX process flowsheet for trivalent actinides/lanthanides separation using
BTP extractant (bis-l,2,4-triazinyl-pyridine).

Béatrice Rat, Xavier Hérès (DCC/DRRV/SEMP- CEA VALRHO-MarcouZe)

Abstract
A test was carried out in the ATALANTE facility at Marcoule using a BisTriazinylPyridine extractant to separate
actinides(III) from lanthanides(III) out of a synthetic aqueous feed solution simulating a DIAMEX process stripping
solution. This extractant molecule was proposed by Z. Kolarik(2) in the framework of the European contract
"NEWPART"(1), coordinated by the CEA. The first CEA studies on BTP in 1998, showed that this extractant was very
efficient to separate actinides(ÏÏI) from a highly concentrated nitric medium.
Preliminary studies allowed to design a first flowsheet with the following sections: an extraction section, a scrubbing
section to back-extract the part of lanthanides(III) that follows the actinides(III) in the solvent, a back-extraction section
to recover actinides(III) with an organic scrubbing to remove the palladium(II) well extracted by BTP. Preliminary
experiments alsp showed that extraction kinetics were slow, which must be taken into account in the flowsheet design.
The PAREX code, with specific models for metal nitrate distribution phenomena and extraction kinetics, was used to
elaborate precisely the SANEX/BTP process flowsheet (stage number of each section and flow rates). The test was
carried out using 2 batteries of 8 mixers-settlers with a volume of 25 mL for each stage. The radioactive feed solution
was a synthetic solution containing every element, at nominal concentration, which could be found in a DIAMEX back
extraction solution. This first test showeds that the mean objectives have been reached. More than 99.8% of
actinides(III) were extracted and 98% of americium(III) and 90% of curium(III) were recovered. Less than 2.3% (in
mass) of lanthanides(III) were back extracted along with actinides, in spite of a bad aqueous scrubbing efficiency.
Furthermore, only 1% (in mass) of palladium(II) was measured in the actinides(III) stripping solution. Ruthenium was
slightly extracted, so the separation of that element is easy by this process. A part of iron has made insoluble complexes
with BTP solvent which damages stainless steel.

Experimental concentration profiles of metallic species were correctly reproduced by calculation for extraction sections.
The comparison of experimental and calculated concentration profiles led to believe that kinetics are slower for back-
extraction than for extraction. This comparison gives an interesting feedback for orientation of future developments.

INTRODUCTION
The currently retained strategy for the minor actinides separation is based on a process in several steps. The first two
steps are the following one: coextraction of actinides(III) and lanthanides(III) from a PUREX raffinate with the
DIAMEX process, then selective extraction of actinides(III) from the back-extraction DIAMEX solution. In the
framework of the European contract "NEWPART"(1), coordinated by the CEA, Z. Kolarik (2, 3) proposed a new group
of extractant molecules, the 2,6-bis-(l,2,4-triazin-3-yl)-pyridines (BTP). The results of the preliminary studies, achieved
in Marcoule, confirmed the potential interest of these molecules and the decision was made to establish the scientific
feasibility of a separation process based on this kind of extractant. A test with a synthetic radioactive solution was
carried out in the C17 laboratory of Atalante in mixers-settlers (MS) batteries. The results of this test was presented at
the GLOBAL'99 conference(4), the modelling aspect is particularly developed in the present paper.

RESULTS ET DISCUSSION

Process flowsheet design
The aim of the test was to separate actinides(III) from a solution mostly containing lanthanides(III) and palladium(II).
Preliminary experiments showed that actinides are about 100 times more extractable than lanthanides(III) by the 2,6-
bis-(5,6-di-M-propyl-l,2,4-triazin-3-yl)-pyridine (nPr-BT¥) extractant chosen for the test. They have also shown that
palladium(II) is more extractable than actinides(III) and contributes to saturate the solvent. So the extractant
concentration must be optimised and a "palladium scrubbing" section must be included within the back-extraction
section. So the process flowsheet includes the following sections: extraction of actinides(III) ; aqueous scrubbing to
back-extract the small part of lanthanides(III) extracted in the solvent ; back-extraction of actinides(III) ; organic
scrubbing to extract palladium(II) back-extracted with actinides(III). Preliminary experiments to the test showed slow
extraction kinetics to be taken into account in the flowsheet design. The PAREX code (5) was used to design precisely
the flowsheet, i. e. the stage number of each section (extraction, scrubbings, back-extraction) and the flow rates of liquid
(feed, solvent...). The distribution phenomena of solutes were modelled and included in the code just as the extraction
kinetics.
Distribution ratio model
The model concerns the distribution of the principal species in the processed solution: actinides(III) (americium(III),
curium(III)), lanthanides(III) (in particular europium(III), the most extractable by the «Pr-BTP) and palladium(II). It
aims to reproduce, with the available experimental data, the influence of nitrate ions concentration and free «Pr-BTP
concentrations on distribution ratios of species. The usually admitted equilibrium for actinides and lanthanides
extraction by BTP is the following one:
M3++3 NO3" + n BTP <=> M(NO3)3,BTPn (Eq. 1 )
The actinides(III) and the lanthanides(III) extraction requires three BTP molecules, and two in the palladium(II) case
which is also associated with only two nitrate ions, as shown by the experimental data of change in distribution ratios of



P3-24

americium(III), europium(III) and palladium(II) with the BTP concentration. The treatment of experimental results led
to suggest the following expression to model the distribution ratios of metallic cations:

(Eq. 2)
[M]aq

Table I presents the parameters of the model for the distribution ratios. The nitric acid concentration that defines two
areas for the model, was chosen in order to have continuous distribution ratios when the nitric acid concentration varies.

Table I: Parameters for distribution ratios (DM) model

Metallic ion
Am(III)
Cm(III)
Pd(II)
Eu(III)

[HNO3I < 0.45 moLU1

kM

2.1 105

3.15 105

4.3 105

1600

X

1.8
1.8
1.1
1.7

y
2.5
2.5
2

2.5

[HNO3I >0.45 mol.L"1

kM

5.3 104

7.95 104

1.6 105

448

X

0
0
0
0

y
2.5
2.5
2

2.5

Figure 1 presents the comparison between calculated and experimental distribution ratios in different experimental
conditions («Pr-BTP concentration, nitric acid concentration).
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Fig. 1: Change in distribution ratios of metallic species with nitric acid concentration

Transfer efficiency
An extraction kinetic study was performed in test tube using the same blade propeller as those used in the mixers-
settlers. Considering that diffusional resistance is negligible in the mixer, transfer resistance to metal nitrate extraction
was attributed to interfacial reactions. The change in concentration with time was reproduced (Figure 2) fitting
interfacial transfer coefficient (Table II) for each species.
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Fig. 2: Modelling of americium(HI) extraction kinetic (dots: experience, lines: calculation)

Table II: Interfacial transfer coefficients (ke)

Metallic ion
Am
Eu
Pd

ke (m.s"1)
1.5 10"6

9 10"8

3 10"6

During this test, change in palladium concentration with time was not measured, however, it appeared that to represent
correctly the extraction kinetic of europium(III) it is necessary to model a sufficiently quick transfer of palladium(II).
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Final process flowsheet design
The feed to process simulates a DIAMEX production flow from an UOX fuel (irradiated to 45GWj/t) HLLW treatment.
The specified performances were to recover more than 99.9% of actinides(III) with less than 5% of lanthanides(III) (in
mass) and less than 1% of palladium(II) (in mass). The selected solvent is composed of «Pr-BTP 0.04 mol.L"1 in
TPH/octanol 70/30%voi. The highest possible extractant concentration was chosen to increase extraction performances
and to limit the necessary organic volume, respecting the extractant solubility with a reasonable margin. The process
flowsheet, presented on the Figure 3, was designed using the PAREX code.

Solvent
BTP 0.04mol.L> in
TPH/octanol 70/30
Q=60mL.h '

I
||_

r

1 5

Extraction

| O/A 0.S4

Ln(lll)

/

8

Scrubbing

A/0 0.2

Feed
Anllll)
Ln(lll)
Pd(ll)
HNO3=1 mol.L'
Q=100mL.h>

Ln scrubbing
HN03 = 0.1mc
Q = 1 2 m L . h '

.L '

Pd scrubbing
BTP 0.04 mol.L' in
TPH/octanol 70/30
Q=15mL.h'

[

1 3

Scrubbing

| O/A 0.2

Anilll)

8

Stripping

A/0 0.1

Back extraction
HNO3 = 0.05mol.L'
Q = 75mL.h'

Fig. 3: Flowsheet of the BTP test

In the first battery of mixers-settlers, the extraction-scrubbing section, five stages are devoted to actinides(III)
extraction. Then, lanthanides(III), (slightly) extracted, are back-extracted on three stages ("lanthanides scrubbing"
section). The second battery is used to back-extract actinides(III) on five stages. This battery also contains a "palladium
scrubbing" section of three stages. According to the calculation, with these operating conditions, the expected recovery
rate of actinides is equal to 99.5% with a residual contamination of 0.02% in mass of lanthanides(III) and 1% in mass of
palladium(II).
Starting conditions optimisation of the test
The PAREX code also allows to make transient calculations and then to estimate the needed time to achieve
equilibrium. For this test, initial conditions were optimised to reduce this time, which permitted to minimise the amount
of extractant and effluent. The choice of the starting aqueous composition in the extraction and scrubbing stages allows
to reduce the needed time to achieve equilibrium from 14 hours to 10 hours.

Sequence of the test

All elements that might be in a production flow to process, were introduced in the synthetic feed prepared for the test
(Table III). Concentrations are nominal, even a bit higher than the reality to simulate an extreme case (case of palladium
and ruthenium).
To reduce the time needed to achieve equilibrium, the stages of the mixers-settlers batteries were filled with solutions
containing either americium(III) and curium(III) or lanthanides(III) or nitric acid.

Table III: Composition of the synthetic aqueous feed used for the SANEX/BTP process test

Element

Am
Cm
Y
La
Ce
Pr
Nd
Sm
Eu
Eu
Gd
Ru
Ru
Pd
Fe

Nuclides
241Am
244Cm
natural
natural
natural
natural
natural
natural
natural

l52Eu
natural
natural

103Ru
natural

59Fe

Concentration (mg.L"1)

126
0.98
280
315
598
285
980
190
42

56
62

392

Activity (MBq.L'1)

1.6 104

2.9 103

—
—
—
—
—
—
—
94
—
—
9

—
6

During the test the flow rates were measured by weighing. At the end of the test, balances of outflow solutions volumes
allow to confirm flow rates (except for the aqueous scrubbing). Hydrodynamic behaviour of the system was
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satisfactory. No mixing of organic and aqueous phases in settling chambers have been noticed. After about six hours,
some little solid particles were observed in the extraction section of the first battery. This phenomenon did not modify
the hydrodynamics. Regularly sampling the outlets allowed to check the attainment of the steady sate (Figure 4).
Analyses of Am, Cm, Eu, Ru and Fe were carried out thanks to gamma spectrometry (152Eu, l03Ru, 59Fe and 24 lAm),
alpha counting (244Cm + 241Am), alpha spectrometry (244Cm and 241Am) and ICP-MS for lanthanides, palladium and
ruthenium. Since solvent could not be analysed by the last method, organic phases were contacted with a solution
containing citric acid 1 mol.L"', at pH 3 to back-extract in aqueous phase the elements to be analysed. Table IV
summarises the results obtained for the outflows (including radioactive and ICP-MS analyses).

Table IV: Mass balance and decontamination factors

Element

Am
Cm
Y
La
Ce
Pr
Nd
Sm
Eu

l52Eu
Gd
Ru

103Ru
Pd

59Fe

Mass balance

99.4%
97.6%
114%
114%
114%
114%
114%
113%
111%
119%
108%
95%
113%
74%
70%

% in raffmate

0.11%
0.15%
112%
114%
114%
114%
114%
113%
109%
117%
105%
94%
112%

0.09%
6.3%

% in An stripping

97.6%
89.4%
1.8%

< 0.05%
< 0.03%
< 0.05%
< 0.02%

0.4%
2.3%
2.4%
3.0%
0.7%

1.0%
< 1 . 3 %

% in solvent

1.7%
8.1%

< 0.11%

<0 .10%
< 0.05%
< 0.11%
< 0.03%
<0.16%
< 0.7%

0%
< 0.55%
< 8.3%
0.63%
72%
62%

Decontamination factor
(strip/feed)

56
>2100
>4000
> 1900
>6500

248
43
41
33
152

>2400
102

>79

The principal result of this test is that the major aims were more or less reached, in particular:
- More than 99.8% of americium and curium are extracted in 5 stages,
- 98% of americium and 90% of curium are recovered (objective 99.9%) despite a back-extraction in 5 stages, not

so much efficient,
- Contamination of actinides by lanthanides is less than 2.3% in mass (objective <5%), despite a very bad

efficiency of the 3 scrubbing stages (due to very slow transfer kinetic, perhaps exacerbated by a default of
scrubbing flow rate still not explained),

- Despite their coextraction in the first section, palladium and iron are well separated from actinides,
- Ruthenium proved to be very little extractable by this solvent, unlike by extractants containing pyridinic motif.

Even though they proved to be lower than those expected, the decontamination factors are very high. This shows that
this solvent thanks to its good performances can reach the defined objectives. However, the actinides back-extraction
proved to be not quantitative, probably because of slow kinetics. Moreover, the analysis of the particles that appeared
during the test, exhibits a high iron content probably resulting from the damage of stainless steel of the batteries by the
BTP extractant.

Comparison between experimental and calculated concentration profiles

Figure 4 presents experimental and calculated (PAREX code) concentration profiles and transient-state americium(III)
concentration in the stripping solution.

1E + O4

1E + 03

1E + O2|

_ 1E + O1

|> 1E + OO

3 1E-O1 '

1E-02

1E-O3

1E-O4

Extraction

o ^

- *

Eu aq cal
Q Eu aq exp

A m aq cal
~' A m aq exp

LnScrubbïng

0

N. 0

\

PdScrubbing

o o °

Back-extraction
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Fig. 4: Results of the test: concentration profiles of americium(III) and europium(III) / transient-state
americium(III) concentration in the stripping solution (dots: experience, lines: calculation)
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Experimental concentration profiles of metallic species in the extraction sections are correctly reproduced by the
calculation. Comparison between experimental and calculated profiles led us to think that back-extraction kinetics were
slower than extraction kinetics. Results of this test and the comparison between experimental and calculated profiles
allow to direct the coming research. In particular, it would be desirable to study chemistry of extraction reaction to
explain and to model the kinetic differences observed during the extraction and the back-extraction. Concerning the
distribution of metallic species, additional data of distribution ratios at low nitric acid concentration could be performed
if we want to favour back-extraction operating at lower acidity.

CONCLUSION

This test of a SANEX/BTP process allowed to confirm the validity of the americium(III) and curium(III) selective
extraction by a solvent containing a BisTriazinylPyridine extractant, although the molecule used for his test proved to
be not so much stable. Research will be necessary to find a more stable molecule. Several phenomena exhibit the
necessity to improve the knowledge of the system, in particular concerning the back-extraction kinetics of actinides(III).
At each phase
of the flowsheet development, the PAREX code proved to be a very useful tool including results of experimental data
in test tube (distribution ratios, kinetics extraction) and allowing to design the flowsheet and to optimise starting
conditions of the test.
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The R&D on spent nuclear fuel led in ATALANTE facility produces various high-level liquid

waste (HLLW) containing radionuclides (fission products and actinides). Extraction chromatography

on "modular" functionalized silica's seems then to be a relevant technique to treat them (separation or

confinement).

New hybrid organosilicon materials exhibiting extraction properties are being investigated for the

decontamination of high-level liquid waste (HLLW). These materials are prepared by sol-gel

techniques from tetraalkoxysilane compounds and organosiliconalkoxy molecules fonctionnalized

using an organic entity L with complexing properties. The modularity of the organic fraction L and the

control of this type of structure at a molecular level are important for fine tuning of properties such as

selectivity.

Silicas are obtained as co-gels of malonamide or polyamine derivatives diluted in tetraethyl-

orthosilicate.

The objectives of this work include developing a process for easily synthesizing a wide variety of

organosilicon precursor LSi (OR)3 to obtain the corresponding gel rapidly, as well as to explore the

potential for extraction of actinides, lanthanides and d-transition metals and determine the

structure/extraction relation in order to optimize certain properties such as the extraction selectivity.

This paper describes the results obtained with materials of this type for solide-liquid extraction of

actinides and lanthanides. The extraction coefficients and structure-related properties are discussed, as

applications of these materials to HLLW decontamination.

Catalysis, hydrolysis and condensation conditions, as well as the dilution factor, are as many

parameters that can be adjusted to modify the properties of the silicas.
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Template effects were also studied in order to increase the selectivity between Ln(III) and

Am(III) (a prior complexation of the precursors by either an actinide or a lanthanide led to imprinted

materials). The first results exhibit in all the cases an increase of the distribution coefficients.

Relations between specific surface area of the synthetized gels and their extraction properties

were then established for Lathanides(III), Am(III) and Pu(IV).
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SANEX-BTP PROCESS DEVELOPMENT STUDIES U'
C. Hill , D. Guillaneux, X. Hérès, N. Boubals and L. Ramain

ABSTRACT

Among the different e/s-triazinyl-pyridine molecules studied at CEA-Marcoule, the 2,6-bis(5,6-«-
propyl-l,2,4-triazin-3-yl)-pyridine («Pr-BTP) was chosen to carry out a counter-current SANEXa

test, the feed solution of which was a genuine back-extraction solution issued from a DIAMEX
process. Although the observed performances were very satisfactory for the separation of
actinides(III) from lanthanides(III), the extraction and back-extraction yields of americium and
curium were lower than expected from calculation. The hot test actually pointed out the strong
sensitivity of «Pr-BTP towards air oxidation and acidic hydrolysis. Further investigations will thus
be devoted to the strengthening of the molecule towards hydrolysis and hopefully lead to the
formulation of a new solvent, which would be tested during year 2001 in the Atalante facility.

INTRODUCTION

The separation of minor actinides (i.e.: neptunium (Np), americium (Am) and curium (Cm)) from
the wastes issuing the reprocessing of nuclear spent fuels should allow the long-term radiotoxic
inventories of the waste packages to be substantially reduced, if these nuclides are removed from
the waste before conditioning and subsequently transmuted into short-lived fission products by
nuclear reactions (1). However, this separation is very difficult, particularly for the trivalent
actinides (An(III) = Am(III) and Cm(III)), which exhibit very similar chemical properties to the
trivalent lanthanides (Ln(III)), accounting for about one third of the total amount of fission
products. The separation of An(III) from Ln(III) by liquid-liquid extraction using specific
extractants (e.g.: synergistic mixtures based on nitrogen containing ligands and carboxylic acids,
dithiophosphinic acids) has been studied for the last two decades in France. Recently, a new family
of extractants, the è/s-triazinyl-pyridines (BTP, Fig. 1), was developed by Dr. Z. Kolarik (2) in the
framework of a European collaboration led by CEA-Marcoule. These BTP molecules are very
efficient extracting agents and remain selective towards An(III) in highly acidic conditions ([HNO3]
> 2 mol/L).

with Ri = H, Methyl, w-Propyl, z'-Propyl, «-Butyl, î-Butyl
and R2 = H, z'-Nonyl

Fig. 1: General formula of BTP.y

Various BTPs have been studied at CEA-Marcoule. Among them, the 2,6-bis(5,6-«-propyl-1,2,4-
triazin-3-yl)-pyridine (Fig. 1: Ri = n-Propyl and R2 = H, hereafter named nPr-BTP) was chosen to
perform a counter-current test in 1999 on a genuine highly active effluent issued from the DIAMEX
process. Preliminary to the hot test, numerous series of experiments were carried out in micro-tubes
on synthetic aqueous solutions simulating DIAMEX back-extraction solutions. The influence of the

1 SANEX : Separation of ActiNides(III) from lanthanides(III) by Extraction

1
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composition of the organic solvent (concentration of «Pr-BTP, TPHb or /-z-octanol volume ratios) on
the extraction yields and extraction kinetics of An(III) was assessed.

RESULTS AND DISCUSSION

Preparation of the hot test: formulation of the solvent

The reasons why «Pr-BTP was chosen to perform the hot test were the following:
• The kinetics of extraction of Am(III) and Eu(III) (used to simulate An(III)/Ln(III) separation),
was faster than with any other BTP,
• «Pr-BTP was fairly soluble (up to 0.05 mol/L) in mixtures of TPH and «-octanol, the organic
diluents used to prevent precipitate formation,
• «Pr-BTP could be easily synthesized on large scales (the implementation of the hot test required
approximately 50 g).

In order to investigate the extraction properties of «Pr-BTP towards nitric acid and other metallic
cations such as lanthamdes(III) or palladium(II), also present in the feed, the following series of
synthetic solutions were used as aqueous phases in batch experiments:
• Nitric acid solutions (0.01 < [HNO3]jnjtiai < 1 mol/L), without or with palladium(II) at a
concentration of 400 mg/L,
• Molar nitric acid solutions containing seven lanthanides (i.e.: La(III), Ce(III), Pr(III), Nd(III),
Sm(III), Eu(III) and Gd(III)), and some transition metals such as yttrium, palladium, iron and
molybdenum, spiked with alpha and gamma emitters (i.e.: 5 Fe, 103Ru, 152Eu, 24IAm and 244Cm at
about 10 MBq/L each) to simulate DIAMEX stripping solutions,
• Molar nitric acid solutions containing americium(III) in nominal amounts ([241Am] =120 mg/L).

It appeared that 30%voi of «-octanol were at least necessary to prevent palladium complexes from
precipitating at the liquid interface, but an increase of rc-octanol content in TPH lowered the
extraction performances of «Pr-BTP. The mixture "TPH (70%voi)/^-octanol (30%VOi)" was thus
chosen for the hot test. In these conditions, the log-log variation of the distribution ratios (DM(III)) of
both 152Eu(III) and 241Am(III) with the initial concentration of rcPr-BTP in the organic phase
(ranging from 0.01 to 0.05 mol/L) followed a linear relationship with a slope value close to 3, in
good agreement with the expected stoichiometry of the extracted complexes (2).The separation
factor remained fairly constant (SFAm/Eu = DAm/DEu ~ 120) whatever the initial concentration of rcPr-
BTP in the organic phase. However, the concentration of nPr-BTP was set at 0.04 mol/L for the hot
test, because:
• the solvent precipitated after several weeks when the initial concentration of «Pr-BTP exceeded
0.05 mol/L,
• the distribution ratio of Am(III) was respectively high enough (DAm ~ 10, Fig. 2) in concentrated
nitric acid solutions ([HNO3] = 1 mol/L) and small enough (DAm < 0.5, Fig. 2) in diluted nitric
acidic solutions ([HNO3] < 0.06 mol/L) to allow a suitable process flowsheet to be elaborated.
Higher DAm would indeed disfavour its stripping.

The study of the extraction of nitric acid and palladium(II) revealed that:
• a 1:1 complex was formed in the case of nitric acid,
• a 1:2 complex (i.e.: Pd(NOa)2L2 with L = «Pr-BTP) was formed when saturating the organic
solution with palladium(II). Considered as a "soft" acid, palladium(II) was undoubtedly well
extracted by «Pr-BTP.

1 TPH : Hydrogenated Tetra Propylene, the industrial organic diluent used in the PUREX and DIAMEX processes

2
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Back-extraction Extraction

10 i

1 -

0.1

slope : 3

slope : 2

(mol/L)

0.01 0.1 1

Aqueous extraction solution: synthetic solution simulating a DIAMEX stripping solution , [Am241]inj,ja| = 120 mg/L
Organic extracting solution: [«Pr-BTP]ini,iai = 0.04 mol/L in TPH/ n-octanol (70/30%vol)
Aqueous back-extraction solution: diluted nitric acid - Temperature = (22 ± 0.5) °C

Fig. 2: Extraction and back-extraction of macro amounts of americium(III) by nPr-BTP

The extraction of 59Fe(III), 103Ru(III), 152Eu(III), 241Arn(III) and 244Crn(III) was determined by alpha
and gamma spectrometric analyses, both in the presence and absence of palladium(II). As expected,
macro amounts of Pd(II) in the aqueous feed solution ([Pd]initiai = 400 mg/L) induced a decrease of
the distribution ratios of all other elements.
Although iron(III) and ruthenium (RuNO(III)) seemed to be slowly extracted as compared to
europium(III), americium(III) and curium(III), the affinity of «Pr-BTP towards iron(III) was fairly
high at equilibrium (which required more than one hour to be reached). Besides, curium(III) was
always better extracted than americmm(III).
All these acquired thermodynamic data were computed in order to elaborate and design the proper
flowsheet to be applied during the hot test.

Feed-back of the hot test and future research program

Concerning the separation of An(III) from Ln(III), the performances of the hot test carried out in the
Atalante facility in 1999 were very satisfactory (1,400 < DFLn(iii) < 450,000), but the extraction and
back-extraction yields of Am(III) and Cm(III) were lower than expected by calculation. This hot
test actually pointed out that the SANEX-BTP solvent was sensitive to air oxidation and to a larger
extend to acidic hydrolysis.
Under normal conditions (capped bottle, room temperature, absence of contacting aqueous phase),
the extraction performances of the SANEX-BTP solvent («Pr-BTP in a mixture of TPH and n-
octanol (70/30%voi)) steadily decrease over time. Indeed, the distribution ratio of Am(III) is divided
by 6 after two months and by 13 after four months.
The degradation of the «Pr-BTP is worse under acidic hydrolysis. The more acidic the aqueous
solution, the faster the degradation of the molecule : the solvent degrades after a few days of contact
with a molar nitric acid solution. However, its hydrolysis strongly depends on the nature of the
organic diluent (Fig. 3). Thus, chlorinated and aromatic diluents limit the degradation of the
ftPr-BTP up to 30 days of contact with molar nitric acid solutions, although they do not completely
prevent the molecule from degrading upon ageing.
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Hydrolysis conditions: [«Pr-BTP]inilia| = 0.02 mol/L vs [HN03]initial = 1 mol/L - Temperature = (25 ± 0.5) °C
Extraction tests conditions (Temperature = (25 ± 0.5) °C):
Organic solution: Hydrolysed solutions of nPr-BTP in different organic diluents
Aqueous solution: [HNO3]initiai = 1 mol/L, spiked with 152Eu and 241Am

Fig. 3: Influence of the nature of the organic diluent on the acidic hydrolysis of nPr-BTP

Qualitative determination of the degradation compounds of oPr-BTP by means of Gas Phase
Chromatography and/or Electro-spray Ionisation Mass Spectrometry allowed a better understanding
of its degradation mechanism. Apparently, the nPr-BTP molecule mainly degrades into alcoholic
derivatives through the oxidation of its propyle substituents (probably through radical reactions).
Besides, the triazinyl rings may also break and open.
Thus, attempts should be made to strengthen the skeleton of the «Pr-BTP molecule towards
hydrolysis, by changing the nature of the alkyl groups substituting the triazinyl rings. However, our
experience in the field of extraction behaviour of BTP molecules has shown that the more lipophilic
the groups attached to the triazinyl rings of the BTP molecules (e.g.: groups with more than 3
carbon atoms), the slower their kinetics of extraction. Thus, a compromise will have to be found
between the stability of the BTP molecule towards nitric acid hydrolysis and its kinetics of
extraction, may be by optimising the mixture of organic diluents used to dissolve it: simultaneous
use of radical scavengers and phase transfer catalysts.

CONCLUSION
The SANEX hot test carried out at CEA-Marcoule in 1999 with the 2,6-bis(5,6-«-propyl-1,2,4-
triazin-3-yl)-pyridine pointed out the strong sensitivity of this extractant towards air oxidation and
acidic hydrolysis. Further investigations will be devoted to the strengthening of the extractant
towards hydrolysis and to a new formulation of SANEX-BTP solvent, which should be tested
during year 2001 in the Atalante facility.

REFERENCES
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Selective Dissolution of Americium by Ferricyanide Ions in Basic Aqueous

Solutions

Daniel MEYER, Sébastien FOUCHARD, CEA Marcoule DCC/DRRV/SPHA/LCAD

Eric SIMONI, IPN Orsay, Parix XI

Americium exhibits a soluble form in aqueous alkaline media under oxydizing conditions

which is not the case for the other TransPlutonium Elements (TPE). This property can be used in

the frame of High Level Liquid Waste (HLLW) treatment in order to extract Am, one of the main

radionuclides responsible of the long term radiotoxicity of the nuclear wastes. This soluble Am

compound, can be obtained by addition of a concentrated basic solution of ferricyanide ions

(Fe(CN)g3") to a trivalent americium hydroxide precipitate. This technique enables a complete and

rapid extraction of americium through its soluble form in alkaline solutions. Under these

conditions, other TPE and the lanthanides remain in the solid state as precipitates of trivalent

hydroxides, which are highly insoluble.

Am(OH)3 solid K3Fe(CN)6 Am solution
Cml(OH)3 solid *- Cm(OH)3 solid
Ln(OH)3 solid (Ln = lanthanides) NaOH Ln(OH)3 solid

In the case of dissolution involving large amounts of americium, the formation of the

soluble americium species is followed by the appearance of a reddish precipitate in the basic

solution. Dissolution of the reddish solid in NaOH or NaOH/Fe(CN)ô3" media demonstrated the

existence of a media-dependent solubility of the precipitate, and therefore the existence of at least

two forms of soluble Am.

Spectroscopic studies (UV-visible, EXAFS - XANES) of this reddish solid have enabled

the determination of Am oxidation state (pentavalent americium) and its possible formula

(Na2AmvO2(OH)3,nH2O).
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Electrochemical studies point out that the only possible oxidation reaction of trivalent

americium in the working media leads to the pentavalent form, the hexavalent state is

unreachable. Stoichiometric and spectroscopic studies show that all required ferricyanide ions for

a complete dissolution of Am don't remain in the free Fe(CN)ô3" form.

This observatio strengthens the idea that this dissolution of Am(III) solid compound is

much more complex than a simple oxidation by the ferricyanide ions. The existence of a

molecular interaction between Am(V)C>2+ and ferricyanide ions is highly probable.

This work demonstrates that the selective dissolution of americium by a basic ferricyanide

solution could lay to the foundation of a process in which Am could be separated from the other

transplutonium elements and from the lanthanides. The dissolved americium is highly pure but its

low solubility constitutes a possible limitation to the process development.

On a more fondamental point of view, the broad outlines of a mechanism accounting for

americium dissolution by ferricyanide ions in basic media were established from experimental

findings.
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cedex
** Laboratoire de Chimie Physique des Solutions - Université Blaise Pascal - 24, avenue des
Landais - 63177 Aubière cedex

ABSTRACT :
In the frame of the French program SPIN, CEA has undertaken the development of the

DIAMEX process which is the first step in the strategy of separation of minor actinides from fission
products in High Level Waste. The extractant belongs to the diamide family and lead to a
coextraction actinides(III) - lanthanides(III). The study focuses on thermodynamic properties (AH,
AG, AS) related to the extraction of lanthanide elements by malonamide in order to have a better
knowledge of the driven force and to explain some extraction differences between extractants. The
main experimental technique used is the microcalorimetric titration whose principle will be
detailed.

Preliminary studies concern reactions of complexation Ln3+ - diamide in an homogeneous
aqueous phase. We can assume that reaction is endothermic but some difficulties were encountered
to obtain both K and AH because of low complexation constants and small heats of reaction.
Additional studies were carried out with spectroscopic methods (UV-Visible and LITRFS) to
determine precise AGr values. The variation in the lanthanide series was also studied.

The main work deals with the thermodynamic constants of extraction for which both
microcalorimetry and classical Vant'Hoff approaches were studied : the results will be presented
and discussed.

INTRODUCTION
The CEA is currently developing the DIAMEX process, which is the first step in the

strategy for the partitioning of minor actinides from high-level radioactive waste (1, 2). The
extractant which belongs to the diamide family of molecules is able to coextract the trivalent
actinides and lanthanides. This study focuses on the thermodynamic properties (AH, AG, AS) of
lanthanide extraction by malonamide in order to better understand the mechanisms involved and to
account for differences in the behaviour of various diamide extractants. The determination of the
reaction enthalpy ArH was realised by two methods : the classical vant'Hoff method (variation of
metal nitrate distribution ratios with temperature) and the microcalorimetric titration.

This last technique was adapted to allow extraction studies. The Thermal Activity Monitor
(TAM) microcalorimeter from Thermometric is a modular system with a highly stable (± 0.1 mK)
temperature-controlled bath containing up to four calorimetry vessel units. The sensor bulbs
inserted in the reaction vessel are able to measure heat flows in static or dynamic conditions
(Figure 1).

Microcalorimetry, and calorimetric titration in particular, is a field in rapid expansion as a
result of technical improvements in both hardware and software (3). In the case of an equilibrium
reaction, titration allows both ArG and ArH (and thus ArS) to be determined simultaneously (4).



Figure 1 : TAM microcalorimeter : global view and detailed presentation of the
calorimetric unit (A) and the measurement vial (B).

COMPLEXATION OF LANTHANIDESqil) BY TEMA
It was considered important to initiate first this thermochemical investigation with an

homogeneous phase reaction, consequently the first study concerned the aqueous phase
complexation of a trivalent lanthanide ion by a water-soluble diamide, the tetraethylmalonamide
(TEMA: (C2H5)2NCO-CH2CON(C2H5)2). In the test system the heat of dilution of the diamide in
water is preponderant over the heat arising from the complexation reaction (Figure 2) ; the result is
a positive value corresponding to an endothermic reaction between Nd(III) and the TEMA ligand.
However, equilibrium constant K and AH are both very small, and cannot be calculated from the
resulting Qv = /(«TEMA) curves. Moreover, in aqueous phase, the reactions involved are different
from those observed when neodymium(III) is extracted into an organic phase by a diamide
extractant and the medium must be further characterized before the calorimetry data can be fully
interpreted. Additional studies are in progress to confirm the existence of two complexes and to
more accurately determine the relevant complexation constant(s).

P(iiW)
Dilution of TEMA in H2O

Nd(lll) complexation by TEMA +
dilution of TEMA and Nd(lll) in H2O

Time (min)

Figure 2 : Thermic signals due to the first additions of 10|aL of TEMA 0,512 M in water
in a solution of Nd(NO3)3 0,05 M in water (25°C)

The overall heat values measured were compared using a McMillan-Mayer approach. The
thermodynamic excess functions (reflecting the deviation from ideality) were expressed as a sum of
pair and triplet interactions among the solutes in solution (i.e. Nd(III) and TEMA) (5)
HE = hd + hjjCj2 f
where ha and h

+ Ihijcfij + hafif +... (eq. 1 )
are the interaction parameters for the /-/ pairs or i-i-i triplets, and and c7- are the

concentrations of solutes / and j . Unlike the measured heat values, the interaction parameters are
intensive, i.e. independent of the experimental conditions. After evaluating the heat of dilution of
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TEMA in water (exothermic phenomenon), the theory was applied to the Nd(III)-TEMA
complexation reaction. The observed linearity of the Qr/V-[Nd]lot versus [TEMA] curve is consistent
with the expression of the excess enthalpy HE = /ZNCI-TEMA [TEMA][Nd], confirming the existence of
an endothermic interaction between the TEMA ligand and neodymium(III) in the aqueous phase.
The results obtained were analyzed in this way, and the ANCI-TEMA interaction parameters compared.
A comparison of the h values for various media revealed the following variations:

NO3") > /?Nd-TEMA(HNO3)

which indicates a weaker interaction between Nd(III) and TEMA in the presence of nitrate ions.
The variation of h over the lanthanide series of M(III) ions was also investigated in water : the
^M(III)-TEMA parameter was characterized by a non monotonie increase with the Z of lanthanides
(Figure 3) : the endothermic character of the Ln(III)/TEMA interaction increases with a so called
tétrade effect.

IlLn-TEMA (J-L.t t lOl '2)

57 59 61 63 66 67 69 71

La Pr Nd Sm Eu Gd Oy Ho Yb Lu

N° atom Ique

Figure 3 : Variation of the interaction parameter hLn(iii)-TEMA along the série of lanthanides
(complexation in H2O)

EXTRACTION OF LANTHANIDESQH) AND AMQID BY DMDBTDMA
Experiments were also conducted to determine the enthalpy of Nd(III) extraction by

DMDBTDMA, a lipophilic diamide (N,N'-dimethyl N,N'-dibutyl tetradecylmalonamide, the first
reference molecule proposed for the DIAMEX process (1)).
The extraction enthalpy AextH was determined by the classical vant'Hoff approach for the nitrates of
the trivalent La, Nd, Eu, Er, Yb and Am ions. An increase of AextH was observed along the Ln(III)
ion series, with AexlH equal to -35kJ/mol for La(III) and to -27kJ/mol for Yb(III), from HNO3 3
mol/L medium. The extraction reaction is exothermic, and the numerical values are quite higher
than the published values on comparable systems (6). In the case of the actinide ion Am(III), the
AextH value was found equal to -36kJ/mol.

HNO33 mol/L

10,00 -,

c
<

o 1,00 -c
_i

Q

0,10 -i

0,0031 0,0032 0,0033 0,0034 0,0035

Figure 4 : D(Ln)=f(l/T) for [DMDBTDMA]=0,5 mol/L in TPH
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The measurements performed with titration calorimetry on the extraction of Nd(III) in
neutral aqueous conditions (NaNC>3 2,5 mol/L) give comparable results, see Table I.

Table I : Enthalpy for the extraction of Nd(III) nitrate from aqueous NaNC>3 2.5 mol/L
solution to DMDBTDMA-dodecane solution.

[diamide]
(mol/L)

0.49
0.60
0.82
1.30

-Qtot (mJ)

14.5
30.5
78

272

DNd

0.054
0.11
0.40
1.73

-ArH (kJ/mol)

Microcalorimetry
(25°C)

58

vant'Hoff
(NaNO3 2.5 mol/L)

63
53
45
32

46
30

The diamide concentration and also the composition of the aqueous phase have a major
influence on the reaction enthalpy.

CONCLUSION :
In conclusion, the preliminary results related to the determination of the thermodynamic

parameters of the complexation and extraction of trivalent lanthanides and actinides ions are highly
encouraging. The technique of titration calorimetry has now been mastered both for homogeneous
phase reactions and for extraction reactions in two-phase media. The first tests with trivalent
lanthanide/diamide systems were very productive and highlighted the influence of the medium on
the thermodynamic properties : the reactions were found endothermic in a homogeneous aqueous
phase—resembling more to interactions than to true complexations—while extraction is exothermic
and highly sensitive to the ligand concentration.
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DIFFERENTIATION OF ION-SELECTIVE RESINS USING A NUCLEAR MAGNETIC
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ABSTRACT
The goal of this work is to differentiate ion-selective resins using a nuclear magnetic resonance (NMR) tracer method. The
differentiation of the resins includes breakthrough curves with two-dimensional images showing ion loading profiles, and
calculation of ion exchange capacities using column and batch tests. The NMR tracer method employs the use of NMR
imaging with a trivalent lanthanide tracer (Gd3+) to assess the physical transport properties and chemical speciation of a
metal ion-containing solution flowing through anion exchange resin column. The ion-selective resins used in this are
synthesized organic resins containing phenolic functional groups. The resins are designed to separate actinide and
lanthanide ions from radioactive process and waste streams. The separations of the actinide/lanthanide ions are based on
small ionic radii differences and variation of complex stability with soft donor ligands. The NMR tracer method combined
with traditional batch and column analysis provides a means to gain further insight into the real-time loading of resin
columns, and thus, allows the investigator to further differentiate among similar resin types. By applying the NMR tracer
method, and optimum resin can be selected to separate trivalent actinide/lanthanide ions from other actinide/lanthanide ions
in radioactive waste and process streams.
INTRODUCTION

Ion-specific resins have been developed to separate similar inorganic chemical species from
waste streams in radioactive waste reprocessing operations. The resins used in these studies are
synthetic organic structures with phenolic functional groups. The resins are made selective by the
incorporation of a chelating compound within its structure. These types of resins have been shown to
form stable complexes with a variety of radionuclides [1], Due to the recent development of these
synthetic resins, there is a general lack of information on the behavior of the resins under operational
conditions. Many analytical methods exist to provide information on the bulk characteristics of a
packed resin column, however few methods exist to extract real-time spatial information from the
columns under operating conditions. The method chosen in this study is nuclear magnetic resonance
(NMR) imaging with the use of a lanthanide tracer to examine new ion-specific resins for the
separation of trivalent metal ions.

NMR imaging is a non-invasive technique to probe the spatial structure of a variety of complex
systems [2-5]. By using a paramagnetic ion in a water-based solution, the behavior of that ion can be
traced as it moves through the NMR sampling volume, since the paramagnetic ion reduces the NMR
relaxation times of neighboring water spins [6]. The ability to use an ion as an NMR tracer provides a
means to assess the physical structure of porous media while identifying the chemical behavior along
the flow path [7]. Specifically, the chemical speciation (sorption, complexation, colloid formation, and
precipitation) can be traced along a flow path, which leads to a greater understanding of the ultimate
fate of the ion. This NMR tracer method can be applied to a variety of systems where chemical
behavior must be coupled to physical transport in order to predict the change in ion concentration along
a flow path.
EXPERIMENTAL SETUP
NMR Flow System

The NMR components consist of an Oxford horizontal (15cm bore) 3T magnet equipped with
an integrated gradient set coupled to a Bruker AMX spectrometer for gradient control, pulse
programming, and data acquisition. The NMR programs used were 2- and 3-D slice selective, spin
echo imaging sequences with an initial inversion recovery step to separate the fast and slow relaxing
components.

The flow system consists of an Edwards high-vacuum pump, a Nold 6L Water De-aerator [8], a
Varian stepper motor/piston pump, a source of compressed air, and a set of pressure reservoirs with
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associated tubing, valves, gauges, and NMR sample tube. The flow system is able to evacuate the test
specimen and tubing, fill the sample media with de-aerated water (or another liquid), and then apply a
positive pressure to assure saturation, thus eliminating air bubbles and subsequent susceptibility effects.
All of these components are linked in a closed loop flow system that permits complete control of fluid
movement through the test specimen. The vacuum pump is used to draw air out of solution in the
water de-aerating unit and to evacuate the piston chamber, specimen tube, flow tubing, and pressure
reservoirs down to a vacuum of 0.1 MPa. The water de-aerating unit is operated in a batch mode and
can produce up to 6 L of water with an air content of less than 0.6 ppm dissolved oxygen, DO (9 ppm
DO ambient level) [9]. The de-aerated water is then used to saturate the test specimen via the piston
pump or the pressure reservoirs. The piston pump is used to control the flow rate and pressurization of
the system. This system is capable of displacing up to 375 mL of fluid per stroke at a rate of up to 5
mL/sec at pressures in excess of 6.0 MPa. By over-pressuring the liquid in the reservoirs at the inlet
end and displacing the piston at the outlet end of the sample tube, the liquid can be moved through the
system in plug-flow fashion. In this experiment, the system was under 0.42 MPa of pressure during the
entire flow experiment. The flow rate was held constant at 0.1 mL/sec or approximately 0.5 cm/sec
through the 10.0 cm long sand and resin filled column.
Phenolic Resins

The phenolic resins used in these experiments are described and were prepared according to the
procedures in ref. [10-11]. The NMR sample contained 0.2 g (dry) of the resorcinol-formaldehyde
(RF) resin. The resin was converted to the Na+ form through a wash and neutralization cycle with IN
NaOH and de-ionized water. The resin was then sieved with sand (high purity, ignited) into a 0.8 cm
inner diameter NMR sample tube to produce a homogenous resin/sand layer approximately 2.0 cm
long. This homogenized mixture allowed for good flow pathways through the sample and provided
maximum available resin surface area for ion exchange. Pure sand was placed on each end of the
resin/sand mixture to ensure good dispersion and flow development of the inlet solution. The inlet
solution was 1.0 mM GdCb at pH 5.4, and thus, the Gd ion was not hydrolyzed under experimental
conditions.
RESULTS
2-D Flow Series

The series of 2-D NMR images in Figure 1 shows the ingress of a 1.0 mM Gd solution into a
0.8 cm diameter flow columns containing RF resin. The column in Figure 1 is packed with a
homogenous mixture of 2.0 g sand and 0.4 g-wet (0.2 g dry) resorcinol-formaldehyde (RF) ion-specific
resin. The resin sample was saturated with de-ionized water before Gd ingress in order to establish a
fully saturated condition for image analysis. The image was generated using a two-dimensional, slice-
selective, spin echo imaging sequence with spin-lattice relaxation, or Ti, weighting. The paramagnetic
nature of the Gd + ion causes a decrease in the Ti of neighboring protons thus allowing for a separation
of the NMR signal from the protons in free/bulk water and to those in the Gd solution. The Ti of the
pure water in resin is approximately 0.5 s for the resin, whereas, the Ti for the Gd loaded resin is on the
order of 50 ms. The Ti measurements were performed using a combination of inversion recovery and
progressive saturation NMR sequences. Due to the short Ti of the Gd, and thus shortened spin-spin
(T2) relaxation rates of a few milliseconds, the spin echo delay (2-4 ms) resulted in a complete loss of
the Gd signal. The RF resin image size is 150 by 255 pixels corresponding to 0.8 cm in height and 1.2
cm in width, and the slice thickness is approximately 0.1 cm. This provides an effective resolution of
50 jam in the imaging plane.

The RF image sequence in Figure 1 clearly shows the development of a characteristic parabolic
flow, which eventually leads to preferential, or fingering, flow (Fig. 2, Image #5). The fingering flow
phenomena is characteristic in heterogeneous flow environments with varying hydraulic conductivity
and/or varying flow conditions.
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During the 2-D imaging sequence of Figure 1 the effluent was collected and the Gd
concentration analyzed using ICP-AES. The results of the effluent analyses are provided in Figure 2
for a pure sand, RF resin, and CF resin column experiments. The pure sand data was added as a
baseline showing a non-reactive, idealized flow environment. All sample concentrations were
normalized to an initial 1.0 mM Gd concentration from the flow reservoir. Figure 2 shows the typical
breakthrough curves showing the normalized Gd effluent concentration versus the total volume of fluid
through the column. All flow experiments started with an initial flush of 50 mL of de-ionized water.
From the breakthrough curves, the volume of Gd solution necessary to saturate the resin ion-exchange,
or functional, sites with the Gd3+ ions can be determined, and thus, the ion exchange capacity can be
calculated. With an initial Gd concentration of 1.0 mM, the 0.2 g-dry RF resin reaches saturation after
an influx of approximately 775 mL. This corresponds to an ion exchange capacity (IEC) of 3.9 milli-
equivalents per gram of dry RF resin (meq/g-dry). Both IECs were calculated at the experimental pH
of 5.4. Since the Na+ form of the resin was used and the exchange ion was trivalent Gd, the
corresponding proton exchange capacity is 11.7 meq/g for the RF resin, assuming three functional sites
per Gd3+ ion. This value correlates well with the literature value for the RF resin of 11.5 meq/g [16].
The Figure 2 plot also shows the high affinity of the RF resin for Gd3+ ion. This high stability of the
resin/Gd complex is shown by the immediate reduction and stabilization of the Gd effluent
concentration to below background (<0.7 JIM) after up to a 1.0 L water flush.

1.25cm Flow Direction

Image #1 : water saturated

#4:120mLofGdin

#2:55mLofGdin

Fingering

#3:80mLofGdin

#5:160mLofGdin #6:200mL of Gd in

Figure 1: Sequence of 2-D NMR images (0.8cm x 1.2cm) showing the flow profile of a 1.0 mM Gd solution entering a RF
ion exchange resin column with increasing fingering as the flow progresses. Image #1 is the total flow area of 150 by 255
pixels which corresponds to a completely water saturated resin bed. A parabolic flow front is seen developing in images #2-
4 which is indicative of laminar flow. Image #5 clearly shows fingering flow phenomena which can be coupled to effluent
data as shown in the breakthrough curve (Figure 4). Each image in the sequence shows the idealized flow area, calculated
from the amount of fluid into the resin, and the increasing degree of fingering as the Gd flow deviates from the idealized
flow path.
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Figure 2: Breakthrough curves showing the normalized effluent Gd versus the total volume of fluid through the column for
pure sand, and for RF and CF resins. The differences in reactivity and flow conditions of the Gd solution are readily
apparent in the shapes of the three curves. The numbers on the plot represent selected NMR images from Figure 2 which
shows how the imaging can be used to predict breakthrough.

CONCLUSIONS
NMR imaging of Gd3+ flow is a useful technique to assist in the understanding of physical

transport and chemical behavior of trivalent metal ions in a variety of granular media flow systems. It
provides the only real-time means to visualize the Gd3+ loading onto chemically reactive surfaces
which leads to true quantification of the ion exchange capacity factors in flow systems where fingering
or other non-linear flow phenomena is encountered. It is only through the use of this NMR imaging
tracer technique whereby the actual mass of complexed material can be assessed, based on an
evaluation of the area (or volume) of material which has been occupied by the Gd solution. Without
knowing the actual flow area/volume probed by the Gd, it is impossible to determine the capacity of the
granular flow system to sorb the Gd3+ ions. The NMR tracer technique provides a better understanding
of chemical reactivity in heterogeneous flow systems, and this can then lead to a more accurate
prediction of the fate of contaminants in more complex flow environments.
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In the spent nuclear fuel processing procedures the significant quantity of high level
liquid waste containing long-lived high toxic radionuclides of cesium, strontium,
promethium, americium, curium, etc. is generated. Separation of those radionuclides
from the waste not merely simplifies the further safe waste handling but also reduces
the waste processing operation costs due to the market value of certain individual
radionuclide preparations. Recovery and separation of high grade pure long-lived
radionuclide preparations is frequently performed by means of chromatographic
techniques.

Recovery of cesium-137 from Purex waste

Recovery of >137Cs by sorption from the nitric acid solutions - Purex raffinâtes - is
based upon the application of the inorganic sorbents containing transition metal
ferrocyanides of the general formula of Ki.oMei.5(II)Fe(II)(CN6)*nSi02, where Me(II)

denotes Ni, Zn, or Cu. Those sorbents possess the high sorption capacity and the
complete desorption capability of Cs from the solid phase composition.

Processes of sorption, desorption, and regeneration for the above sorbents,
respectively, are described by the following equations:

Ki.oMei.5Fe(II)(CN6) + Cs+ -» Csi.0MeuFe(ir)(CN6) + K+ (Eq. 1)

Cs,.oMei.5Fe(II)(CN6) + [Ox] -> Cs+ + Ki.oMei.5Fe(m)(CN6) (Eq. 2)

Ki.oMei.5Fe(III)(CN6) + K+ + [Red] -> KI.0Me1.5Fe(II)(CN6) (Eq. 3)

where [Ox], [Red] denote the solutions of an oxidant and a reductant, respectively.

Sorption of cesium occurs due to the substitution of K+ ions in the sorbent solid phase
composition. Desorption of the absorbed cesium is performed due to oxidation of the
Fe(CN6) groups. Regeneration of the sorbent is achieved by treating the oxidized
sorbent form with the solution of a reductant in the presence of potassium ions.

Along with the uranium fission products of Cs, Sr, REE, TRU the Purex raffinate
solutions contain the nitric acid in up to 3 mole/L concentration. The latter, in its turn,
contains the nitrous acid and nitrogen oxides that perform as oxidants.

To prevent oxidation of the Fe(CNg) groups in the process of cesium recovery from
the nitric acid solutions it was suggested to introduce in the feed solution the
hydrazine nitrate additive capable of fast interaction with the nitric acid and the
nitrogen oxides. Introduction of the additive allowed to attain the high soiption
capacity with respect to cesium.

Desorption of cesium is performed by 8 mole/L nitric acid, Regeneration of the
sorbent is conducted with the solutions of sodium nitrite in the presence of potassium
nitrate.
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Developed technique allowed to recover over 50 million Curie of 137Cs from solutions
of different composition. Major part of the separated cesium has been converted in the
phosphate glass. Cesium glass based gamma radiation sources are sold in the
international market every year [1].

Recovery of strontium-90 from Purex raffinâtes

Selective separation of 90Sr from the Purex raffmate solutions was conducted with the
polyvinylpyridine ampholite of VPK brand revealing high sorption capacity towards
the alkaline earth elements and possessing the high radiation stability [2]. To provide
conditions for the preferable sorption of strontium and to suppress the competitive
strong complex formation of Fe , Ni2+, Cr3+, Mn2+ ions it has been suggested to
scavenge those ions in the form of soluble non-sorbed complexes by means of the
addition of complexing agents such as citric or chromotropic acid into the feed. Molar
ratio of a complexing agent to the gross of polyvalent metals has been discovered to
be within the range of 0.5 - 1.0. Sorption of the alkaline earth elements was
conducted from the feed neutralized to the pH of 7 - 9 on the VPK in Na-form.
Desorption of Sr was performed by 2 mole/L nitric acid solution. Regeneration of the
sorbent was conducted by sodium acetate solution. Yield of 90Sr from the feed into the
concentrate exceeded 98%. Gross decontamination factor Df from gamma and alpha
emitting radionuclides exceeded 50. Decontamination from different chemical
impurities varied within the range of Df = 10-50.

Recovery of high grade pure radionuclides of strontium, promethium,
americium, and samarium by the displacement complexing
chromatographic technique

Separation of elements with the closely related properties aimed at the fabrication of
high grade pure valuable components in radiochemistry is performed, basically, by
means of the displacement chromatography. Usually the technique is used to separate
elements belonging to the alkaline earth, rare earth, and transuranium groups.
Essentially, the technique assumes the separated elements to form soluble complexes
of different stability that are successively washed out of the chromatoghraphic column
according to the values of the stability constants. Efficiency of the above process is
governed by the thermodynamic and kinetic factors and depends on the values of the
separation coefficients and the height equivalent to the theoretical plate (HETP).

Those values are connected by the equation used in the countercurrent extraction:

HETP = lg aA/B*l/lg (Ca/Cb) (Eq. 4)

where Ca and Cb denote concentrations of the separated ions and 1 - the distance
counted from the middle of the element overlapping (mixed) zone along the column
axis. Having HETP and OCA/B values determined experimentally, one can calculate the
mixed zone length and, hence, the purity of the separated elements. However, the
above described calculation is true only under the conditions of the sufficient
separation band length, i.e. if the length of the separation band is sufficient for the
elements to be separated. The separation band length is calculated by the Helferich
theory [2] using the separation factors for the elements in question.

The most efficient complexing reagents for the fission product separation are EDTA
(ethylenediaminetetraacetic acid), DTPA (diethylenetriaminepentaacetic acid), NTA
(nitrilotriacetic acid), mixtures thereof, as well as solutions of the above in the
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presence of different buffering additives such as acetates, citrates, reductant solutions,
etc.

Processes of separation are conducted on different in size (in volume and the number
of columns) facilities located in the radiochemical canyons, hot cells, and heavy boxes
[4,5,6].

In Table 1 results of the pilot and full scale runs are presented on the recovery of long
lived radionuclides by the chromatographic and sorption methods.

Table 1

Recovery of long-lived radionuclides by chromatographic and sorption
methods

Radio-
nuclide

137Cs

90Sr

90Sr

147Pm

I5 'Sm

241 ;243A m

244Cm

Technique of recovery,
basic sorbents and
reagents

Sorption on FS-10,
HNO3, hydrazine nitrate

Sorption on VPK, citric
acid

Chromatography on KU-
2, EDTA, DTPA,
hydrazine nitrate

Chromatography on KU-
2, DTPA, NTA, acetic
acid

Chromatography on KU-
2, DTPA, citric acid

Chromatography on KU-
2, DTPA

Chromatography on KU-
2, DTPA

Purity by
radiochemical
contaminants,
%

< 10"'

< 10"'

<10"3

< 10"7

<10'12

< 510"2

<510 ' 2

Purity by
chemical
contaminants,
%

< 10"2

< 10"'

<10"4

<10"8

< 10"12

—

—

Yield into
the final
preparation,
%

95

99

70

90

70

80

80
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ABSTRUCT

The demonstration test of 4-Group Partitioning Process with concentrated real high-level liquid waste (HLLW) was
carried out in the Partitioning Test Facility installed in a hot cell.

More than 99.998% of Am and Cm were extracted from the HLLW with the organic solvent containing 0.5M
DIDPA - 0.1M TBP, and more than 99.98% of Am and Cm were back-extracted with 4M nitric acid. Np and Pu were
extracted simultaneously, and more than 99.93% of Np and more than 99.98% of Pu were back-extracted with oxalic
acid. In the denitration step for the separation of Tc and platinum group metals, more than 90% of Rh and more than
97% of Pd were precipitated. About half of Ru were remained in the denitrated solution, but the remaining Ru were
quantitatively precipitated by neutralization of the denitrated solution to pH 6.7. In the adsorption step, both Sr and Cs
were separated effectively. Decontamination factors for Cs and Sr were more than 106 and 104 respectively in all
effluent samples.

INTRODUCTION

The 4-Group Partitioning Process has been developed to separate the elements in high-level liquid waste (HLLW)
into four groups: transuranium elements (TRU), Tc - platinum group metals (PGM), Sr - Cs and the other elements(l,2).
The flow sheet is shown in Fig. 1. TRU are separated by extraction with diisodecylphosphoric acid (DIDPA). Tc and
PGM are separated by precipitation through denitration. Sr and Cs are separated by adsorption with inorganic ion
exchangers of titanic acid and zeolite.

To demonstrate the 4-Group Partitioning Process by the test with real HLLW, the Partitioning Test Facility(3) was
constructed and installed in a hot cell at NUCEF (Nuclear Fuel Cycle Safety Engineering Research Facility) in JAERI
Tokai. Partitioning tests at NUCEF are started from the Cold Test using simulated HLLW, of which composition
corresponds to a concentrated HLLW. The behaviors of all the elements added were examined. In 1997, the Semi-Hot
Test was carried out as a next step to examine the behavior of radionuclides, particularly Am and Tc, in the condition of
high element concentration. In this test, a small amount of real HLLW and 99Tc were added to the simulated HLLW.
Then the first Hot Test was performed with real HLLW in 1998(4). About 2 L (370 GBq) of the raffinate from the co-
decontamination cycle of Purex Process were used without concentration.

Finally, a Demonstration Test of the 4-Group Partitioning Process was carried out in 1999-2000 with the
concentrated real HLLW. The present paper describes the results of this Demonstration Test.

EXPERIMENTAL

Preparation of Concentrated HLLW

About 12.5L (5TBq) of the raffinate from the co-
decontamination cycle of Purex Process were used for the
preparation of the concentrated HLLW. The raffmate
was obtained by two reprocessing tests with about lkg of
spent fuel burned up to 8,000MWd/t and with about
1.5kg of spent fuel burned up to 31,300MWd/t, which
were carried out in the same hot cell(5).

About 2.5L of the raffinate was first heated for 7
hours to make the precipitate easy-to-filter(4) and then
denitrated to about 0.5M nitric acid. After the above
operation five times, the denitrated solution mixture was
concentrated to about 2.5L.

Procedure

Procedure in the present test is almost the same as in
the first Hot Test(4).

The concentrated HLLW was denitrated to adjust the
nitric acid concentration to about 0.5M and then filtered.

High-Level Liquid Waste

A
Formic acid • Pre-treatment

(Denitration)

Precipitate

Pre-treated HLLW
-0.5M HNOs

DIDPA-
solvent

Formic acid-

Zeolite and .
Titanic acid

Solvent
Extraction

I
Raffinate

Precipitation by
Denitration

Column
Adsorption

Effluent •

DTPA H2C2O4

Selective
Back-extraction

TRU
Group

Rare Earths

Tc-PGM
Group

Sr-Cs
Group

Others
Group

Fig.1 Flow Sheet of 4-Group Partitioning Process
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The filtrate seemed to contain colloid because clear phase separation could not be obtained by batch extraction test.
The solution was heated again after the addition of Mo (Colloid removal step(4)). The concentration of nitric acid in
the filtrate from the Colloid removal step was 0.15M, and it was adjusted to 0.49M by adding nitric acid. Thus pre-
treated HLLW was used as a feed solution to the DIDPA Extraction Step. The element concentration of the feed
solution was about 1/4 of that in the Cold and Semi-Hot Tests and the volume was 2.9L.

Figure 2 shows operating conditions of the two mixer-settlers in the present test. The 1 st mixer-settler has 7 stages
for extraction, 4 stages for scrubbing and 5 stages for back-extraction with 4M nitric acid. The operation condition
shown in Fig. 2 was not optimized one because of the space limitation in the hot cell(4). The scrub solution contains
0.5M nitric acid and 1.0M hydrogen peroxide. The latter was added for the effective extraction of Np (6-8). The
solvent composition was 0.5M DIDPA and 0.1M TBP diluted with n-dodecane.

The quantitative back-extraction of Am and Cm
with 4M nitric acid requires 7 stages. Instead of
increasing the number of stages, the flow rate of 4M
nitric acid was increased from 100ml/h to 160ml/h in
the present test in order to decrease the Am
concentration in the 2nd mixer-settler. In the 2nd
mixer-settler, the whole 16 stages are used for back-
extraction of Np and Pu with oxalic acid. Separation of
Am and Cm from lanthanide(6) was not examined in the
present test.

The raffinate of the DIDPA extraction was
concentrated from 5.1L to 2.1L and then denitrated to
separate Tc and PGM (Precipitation Step by
Denitration). The pH of the denitrated solution was 2.8,
and therefore, it was neutralized by sodium hydroxide
solution and then filtered to prepare the feed solution to
the next Adsorption Step with Inorganic Ion
Exchangers.

At the Adsorption Step, 0.19kg of titanic acid
(SrTreat® by Selion OY(9,10)) and 0.12kg of zeolite
(natural mordenite) were packed in series in 0.53 L of an
adsoiption column. The filtrate of the preceding precipitation step was fed to the column in a flow rate of 0.43L/h (A
linear velocity was 1.3cm/min.). The volume of the feed solution was 6.0L and the pH was 6.7.

Analysis

Radionuclide concentration was determined by radiation measurement. Neptunium-237 in aqueous samples taken
at the extraction section was first separated from other a-emitters by extraction with thenoyltrifluoroacetone and then
analyzed by a spectrometry. Concentration of 90Sr was determined by analyzing 90Y and its decay after the separation
of Y from other p-emitters by DIDPA extraction.

Concentrations of some elements in samples taken in the Pre-treatment and Precipitation Steps were analyzed by
inductively coupled plasma atomic emission spectrometry (ICP-AES).

Solvent
203ml/h

t
1 2 3 4 5 6 7 8 9 10

2nd Mixer-Settler

11

0.8M H2C2O4
298ml/h

12 13 14 15 ie

T
[Np, Pu (Fej) Solvent

Fig.2 Operating condition of mixer-settlers in the
present Demonstration Test of 4-Group
Partitioning Process.

RESULTS AND DISCUSSION

Pre-treatment Step

More than 99% of Zr were removed as a precipitate at the concentration step for HLLW. In the previous Cold Test,
about half of Zr remained in the solution after heating - denitration. Although chemical form of Zr might be different
in the real HLLW, removal of Zr was achieved, which is one of the purposes of the Pre-treatment Step. The
precipitation of Am, Eu, La and Sr was not observed through the concentration, denitration and colloid removal steps.
However, about half of Cs were precipitated at the colloid removal step, which is a drawback of this method. A
additional study is required about the Cs behavior in this step. One of the reason for the Cs precipitation was that Mo
was added in large excess to the denitrated solution where Zr concentration was much lower than expected.

DIDPA Extraction Step

Figures 3 shows the behaviors of radionuclides, 24lAm, 154Eu, 137Cs and 237Np, at the 1st mixer-settler. Am was
extracted in a very high yield. The concentration of Am in the raffinate is lower than the detection limit. Table 2
summarizes the fractional distribution of each element at the 1st mixer-settler. More than 99.998% of Am were
extracted and 99.986% of Am were back-extracted with 4M nitric acid. Cm showed the same behavior as Am.

The ratio of Np extracted was 98.2% in the present test, which was higher than 95.9% obtained in the previous Hot
Test(4). The reason of the improvement would be the higher concentration of some elements which gives a catalytic
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effect for the Np extraction(7,8). The ratio was not
sufficient, but must be improved if the operating condition
is optimized as was discussed in the previous paper(4).

Table 2 Fractional distribution
at the 1st mixer-settler

%) of each element

Tji + r, ce t Stripped with . MassElement Rarimate < ,Vr m A Solvent , .4M HNO3 balance

Am
Cm
Eu
Np
Cs

< 0.002
< 0.001
< 0.0004

1.8
99.95

99.986
99.984
98.7
0.3
0.05

0.012
0.015
1.3
97.9
0.001

77
79
79
110
106

Figures 4 shows concentration profiles of a-emitters in
the 2nd mixer-settler. Although some stages in the middle
of the mixer-settler did not work effectively, Np and Pu,
Am and Cm as well, were back-extracted quantitatively.
Table 3 summarizes the fractional distribution of each
element. More than 99.93% of Np and more than 99.98%
of Pu were back-extracted. These ratios were determined
by the detection limit, which was increased by the presence
of U in the organic phase. The true values would be better.

Table 3 Fractional distribution
at the 2nd mixer-settler

of each element

Element
Stripped with
0.8M H2C2O4

Solvent Mass
balance

Np
Pu
Am
Cm
Eu

> 99.93
> 99.98
99.985
99.996
88.1

<0.07
<0.02
0.015
0.004
11.9

100
110
100
103
98

Precipitation Step by Denitration

More than 90% of Rh and more than 97% of Pd were
precipitated by denitration. The pH of the denitrated
solution was 2.8. In the Cold and Semi-Hot Test, the pH
was increased to a neutral region. Element concentrations
would be still low as was observed in the previous Hot
Test(4). As for Ru, about half were remained in the
denitrated solution, but the remaining Ru were
quantitatively precipitated by neutralization of the
denitrated solution to pH 6.7. The separation of PGM by
the precipitation was confirmed even with real HLLW. Tc
could not be detected by ICP-AES analysis. In the Semi-
Hot Test, 96.2% of Tc were precipitated.

About 20% of Sr were precipitated by both denitration
and neutralization. Experiments by inactive materials in a
small scale showed that Sr precipitated can be dissolved
with 0.01 M nitric acid keeping PGM in the precipitate. In
the present test with real HLLW, dissolution of Sr was also
examined using 10L of 0.01 M nitric acid, but only a small
part of Sr was dissolved. Contact between the precipitate
and the nitric acid solution would not be sufficient in the
equipment used.

Cs Aq - B - N p Aq. I

Cs Org - O - N p Org.l

1 2 3 4 5 5 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5
Stoge hio.

Fig. 3 C o n c e n t r a t i o n p ro f i l es of r c d i o n u c i i d e s
( " ' A m . ^ L u . ^ C s . ^ N p J G t t h e 1st
m i x e r - s e t i t l e r .

1E-3
0 1 2 3 4 5 6 7 8 9 10 ' 112 13 \A 15 \ 6

S;age Mo.

Fig. '', C o n c e n t r a t i o n p ro f i l es of c r e m i t t e r s
at t he 2nd m i x e r - s o t i t l e r .
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Adsorption Step with Inorganic Ion Exchangers

An analysis of the effluent showed a complete adsorption of Cs and Sr. Decontamination factors for Cs and Sr
were more than 106 and 104 respectively in all effluent samples. In the previous Hot Test, a break-through of the Sr
concentration was observed in the effluent, where titanic acid prepared by making particles with an organic binder was
used(4). Changing the titanic acid to SrTreat® and increasing the pH of the feed solution (In the first Hot Test, the
denitrated solution was not neutralized.) gave a much better separation of Sr. The SrTreat® did not show any
operational problems, but it required more than 0.1M of Na+ ion in the solution.

CONCLUSION

The 4-Group Partitioning Process was tested with concentrated real HLLW as the Demonstration Test.
More than 99.998% of Am and Cm were extracted with DIDPA from the pre-treated HLLW of which nitric acid

concentration was about 0.5M. The ratio of Np extracted was 98.2%, but it would be improved if the extraction
condition is optimized. As for the recovery of TRU from the DIDPA solvent, more than 99.98% of Am and Cm were
back-extracted with 4M nitric acid, and more than 99.93% of Np and more than 99.98% of Pu were back-extracted with
0.8M oxalic acid. A good performance of the DIDPA extraction for TRU separation was demonstrated with
concentrated real HLLW.

The quantitative separation of PGM was achieved in the Precipitation Step by Denitration with addition of
neutralization step. In the Adsorption Step with Inorganic Ion Exchangers, Cs and Sr were separated with
decontamination factors of more than 106 and 104 respectively.
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Abstract

At present, the transmutation of spent nuclear fuel is considered a prospective alternative
conception with respect to the current conception based on the non-reprocessed spent fuel disposal
into a deep geological repository. The Czech research and development programme in the area of
partitioning is directed primarily on the development of the fuel cycle technology for the accelerator -
driven subcritical reactor with a liquid fuel based on fluoride melts.

The final objective of the research programme is the development of pyrochemical
technologies suitable for a continuous or semi-continuous separation process which would allow
practically perfect utilization of the transmutation potentialities of the reactor system. The present
research is directed particularly on the development of suitable fluoride separation methods the target
of which is the removal of the uranium component from spent nuclear fuel and on the research of the
electroseparation procedures and further on the development of appropriate construction materials and
equipment for the technology of fluoride salt melts.

INTRODUCTION

The serious interest in the development of partitioning and transmutation technologies in the
Czech Republic is caused by the belief that the nuclear incineration of spent nuclear fuel represents a
prospective alternative conception with respect to the current conception based on the non-reprocessed
spent fuel disposal into a deep geological repository. The Czech research and development programme
in the P&T area is founded on the conception of subcritical accelerator - driven subcritical Molten Salt
Transmutation Reactor (MSTR) with fluoride salts based liquid fuel, the fuel cycle of which is
grounded on pyrochemical or pyrometallurgical fluoride reprocessing of spent fuel. This MSTR
system which should be directly connected with continuous or quasi-continuous separation process
should ensure practically perfect exploitation of the reactor transmutation power.

The national programme in the field of partitioning is proceeding from the experience the NRI
Rez pic gained in the past in the course of development of the pilot-plant technological line FREGAT-
2 developed and manufactured in the 80s for the fluoride reprocessing of spent fuel from the Russian
experimental fast reactor BOR-60 (1,2) and from the experience of the Czech establishments in the
development and production of many components for power and research reactors. At present, this
experience is utilized in the development of separation procedures and technologies for the MSTR fuel
cycle.

The main activities are oriented mainly toward the following areas:

1. Technological research in the field of "Fluoride volatility method"
2. Laboratory research of electroseparation methods
3. Development of materials and equipment for molten fluoride salts based technologies.
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TECHNOLOGICAL RESEARCH IN THE FIELD OF FLUORIDE VOLATILITY METHOD

Technological research in the field of "Fluoride volatility method" is directed at the
verification of the suitability of a technology for thermal or fast reactor spent fuel reprocessing which
may result in a product the form and composition of which might be applicable as a starting material
for the production of liquid fluoride fuel for MSTR. Consequently, the objective is the separation of a
maximum fraction of the uranium component from Pu, minor actinides and fission products. (3,4) The
technological research is closely connected with the flowsheeting research - working out a suitable
technological flowsheet for treating spent fuel into a form fitted for transmutation reactor including the
separation procedures before transmutation (Front-end) and separation processes after passage of fuel
through the transmutor (Back-end). Based both on our experience and on international consultation,
the technological scheme of MSTR fuel cycle was proposed. (Fig. 1) The scheme is founded upon the
separation of the uranium component by the "Fluoride volatility method" and on the subsequent
separation of plutonium and minor actinides from the fission products by using electroseparation
procedures. The elaboration of the technological scheme and the flowsheeting in general is considered
as a very important activity of the system analysis area which represents at the same time the unifying
framework of the research and development activities in the entire range of problems.

Spent fuel

Decladding

Pulverizing

Fluorination
U, Zr

F.P.

volatile fluorides 4

Condensation

Pu, M.A

molten salt

, F.P..U (1%) i I
Zr Nb, Ru

Destitution

T
U (99%)

Mo

Dissolution

non-volatile fluorides

Pu,M.A

F.P.

molten salt
m. salt +

Bi

F.P.

electrowinning

Pu, M.A.

Pu, M.A.

Pu, M.A.

m. salt +

Bi
Pu, M.A

Bi +

Accelerator

h, Xe, Kr

electrowinning

Fig. I : Simplified scheme of fuel cycle of molten salt transmutation reactor
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LABORATORY RESEARCH OF ELECTROSEPARATION METHODS

The effort in the field of laboratory research of electroseparation methods is aimed first of all
to the determination of optimum conditions for uranium and fission product separations and to the
selection of suitable electrolyte composition based on fluoride salt mixture. On the base of results
obtained until now, the attention is paid towards the LiF - NaF - KF type mixtures, because this type
of fluoride mixture melts ensures higher solubility of Pu and minor actinides in the fluoride matrix due
to the formation of complex compounds between actinides and sodium or potassium fluorides. The
study of selected physicochemical properties of fluoride melts is also the important part of the research
programme. (4)

DEVELOPMENT OF MATERIALS AND EQUIPMENT FOR FLUORIDE TECHNOLOGIES

Development of material and equipment for molten fluoride salts based technologies is
connected first of all with the ADETTE technological loops programme.(Fig. 2) The main objectives
of the ADETTE loops experiments are testing of the newly developed construction materials -
corrosion research including the stress corrosion and testing of welds, research of fluoride melts
thermo hydraulics, testing of pumps and valves for fluoride melt medium, testing of measuring sensors
and of the methods of measuring and control and collection of data for the development and design of
apparatuses for ADS technology with fluoride melts. (5)

Special attention has been paid to the testing of the new corrosion resistant alloy MONICR
SKODA. This high nickel content alloy is designated as a structure material for fluoride experimental
loops for the operation temperatures of approx. 700 °C. (6,7)

The MONICR material is also intended for the construction of specific components of the
loops like molten salt pump (impeller vertical pump with a flange-mounted electric motor), control
and closing valves, molten salt storage tanks, heat exchangers etc. (7)

The development, design and realization of these components is worked out in the
Energovyzkum Ltd - Brno.

Fig. 2: View on experimental molten fluoride salt loop ADETTE-0
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CONCLUSION

Research and development of fluoride reprocessing technologies is a component of the Czech
national programme "Transmutation" subsidized financially by the Czech Ministry of Trade and
Industry and by the Radioactive Waste Repository Agency. The national conception in the area of
P&T research proceeding from the national energy policy envisages further development of nuclear
power industry in the Czech Republic primarily in the relation to the nuclear power industry in
development in most of the EU states. The intention of these state institution is to include the above
mentioned activities into programmes of international co-operations in the development of new
technologies in the fields of nuclear power industry and spent nuclear fuel elimination.
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ABSTRACT

Mechanism of extraction of M3+ ions by neutral ligands L from acidic media is presented.
This is based on the ion pair extraction model and the occurrence of maxima of dependence of
D(M3+) on CH is accounted for. The extraction constants of HLX , where L is selected malonamide,
into isopropylbenzene for four inorganic anions (Cl~, NO3", CIO4", and dicarbollide anion
[(C2B9Hn)2Coj") well correlate with individual extraction constants of the anions in the system
water-nitrobenzene K; and it is proposed to use K; values as a parameter also for the systems where
ion association is prevailing.

ION PAIR EXTRACTION MODEL FOR EXTRACTION OF TRIVALENT CATION WITH
NEUTRAL DONOR INTO NON POLAR SOLVENTS

In the treatment we deal with extraction of microamounts of M3+ into non polar solvent
(with negligible ion dissociation in it) in the presence of some neutral multidentate ligand L (as e.g.
bidentate phosphorus compounds or malonamides) from the medium of mineral acid. We shall be
interested in the dependence of distribution ratio D(M3+) as a function of initial acidity in the
aqueous phase CH. We suppose that a complex of the composition (M3+, 3L, 3X") is formed in the
organic phase, whereas the protonised form of L of the composition (H+, L, X") is extracted as a
macrocomponent.

The respective extraction constants are given, according to reactions [H+]a + [L]a + [X"]a =
[HLX]0 and [M3+]a + 3[L]a + 3[X"]a = [M3L3X]O, as:

K(HLX) = [HLX]0/[H
+]a. [L]a . [X"]a (Eq. 1)

K(M3L3X) = [M3L3X]0/[M
3+]a. [L]a

3. [X"],3. (Eq. 2)

In the treatment we omitted any formation of associates in the aqueous phase, thus only bare
species L, M3+, H+, and X" are present there. This assumption is based on our former studies of
extractions of M2+ and M3+ ions in the presence of polyethyleneglycols as neutral donors and where
such type of behavior was proved (1). Condition of electroneutrality demands that [H+]a = [X"]a.

The distribution ratio D(M3+) is given according to Eq. 2 as:

D(M3+) = [M3L3X]0/[M
3+]a = K(M3L3X). [L]a

3. [X"]a
3 (Eq. 3)

and the distribution of macrocomponent of HL must be calculated. For this we use the relations of
material balance of total concentrations (volumes of aqueous and organic phase are taken equal
throughout the study) i.e. cL = [HLX]0 + [L]o + [L]a, further cH = [HLX]0 + [H+]a, distribution
constant of the neutral ligand itself DL = [L]o / [L]a, and above condition of electroneutrality in the
aqueous phase. After substitutions, the resulting cubic equation for [H+]a applies:

[H+]a
3. K(HLX) + [H+]a

2. 2{cL . K(HLX) - cH . K(HLX)} + [H+]a. (1 + DL) - cH . (1 + DL) = 0
(Eq. 4)

from which [H+]a and, consecutively, [L]a values can be calculated by Newton or iteration methods.
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The typical curves for the distribution coefficient of M3+ ion display maxima at the
dependence of D(M3+) on acidity, thus correctly reflecting experimental results observed in many
similar cases. Of course, oversimplified treatment, sometimes proposed and based on the use of
only the Eq. 2, cannot explain the existence of maxima.

It should be noted that it is useless to connect the appearance of the maxima with formation
of any particular complex or competition reaction. In fact, their appearance, similarly as in our
previous studies (1), results from nonlinearities of the mechanism. The systems are in this respect
similar to a simple case of solubility product of inorganic salts where applies [M+] . [X"] = Ksp and
[M+] = [X"] = Ksp

1/2. If decomposed into individual species (case of HCIO4), the values of [H+]a

increase linearly with CH, and those of [L]a are nearly constant up to CH = 1 and afterwards decrease.
Hence, the maximum for DEU is caused by relative decrease of [L]a for CH > 1M.

CASE STUDY: EXTRACTION OF Eu3+ WITH N,N-DIMETHYL- N,N- DIBUTYL
(DODECYLOXYETHYL) MALONAMIDE (L) FROM HC1, HNO3, HC104, and
HKC2B9H1O2C0] INTO ISOPROPYLBENZENE

CHOICE OF THE ACIDITY SCALE

The question which scale of activities ought to be used at high acidities of mineral acids is
complicated. Various proposals do exist in literature with very differing values according to the
used assumption. Well known, still not nowadays very used, is a Hammet function for H+ activity at
high concentrations of the acids. Similarly to the former, the sometimes reported "real coefficients
of activities"(2a) give very high values of y(H+) at high concentrations, e.g. a value 41.6 is reported
for 3M HC1. However, mean activity coefficients are much lower (about 1.3 for the former case)
(2b).

In a particular case of the title system we have found that, as first approximation, directly
acid concentrations can be used for constructing any model. This is based on indirect evidence of

formation of ion pairs of different composition in the
organic phase. For the purpose we studied the
dependences of the slopes of straight lines of log DEU

35 , , on log c(HN0)3 for 0.1M L and different contents of
H[(C2B9H8Cl3)2Co] (HBC1- chlorinated dicarbollide)
in the system (3). There is an observed gradual
change of the composition of the ion pair in the
organic phase from ML,3.3[(C2B9H8Ci3)2Co] to ML3.
3NO3 and this change is linearly proportional just to
the concentration of nitric acid till its 5M
concentration.

Thus, it is supposed that proton concentration
or proton activity deduced from mean activity
coefficients of respective acid can be used as a
variable in the described cases.

The results are plotted in Fig. 1.
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Fig. 1 Change of extracted species as a function

Experimental results of D(Eu3+) with N,N-
dimethyl-N,N-dibutyl (dodecyloxyethyl) malonamide
from the title acids into isopropylbenzene are given
at Fig. 2. Striking differences in extraction behavior
are apparent, Eu3+ extracts from H[(C2B9Hn)2Co]

(dicarbollide acid) exceedingly well even at ligand L concentration 0.01 mol/1. Also in the series of

of nitric acid concentration
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simple inorganic univalent anions the differences are large, whereas from already 0.1 mol/1
concentration of ligand Eu3+ can be extracted very efficiently from HCIO4, the extraction is poor
even for 0.5 M ligand and HC1. In all cases typical maxima are displayed. Character of anion has
certainly primary importance for the absolute value and position of maxima.

The calculated curves, given by dashed lines, are shown in Fig. 2. The curves were fitted to
express the position of the maximum (approximate value is given only for HIXdBgHuhCo], the
results were less reproducible for this case). Although the experimental curves are more sharp than
calculated ones, the maxima are predicted for all cases in agreement with experiment. One reason
for not expressing well the sharpness of the curves may be that in the model the extraction of acid
itself, e.g. as HX, in the organic phase was neglected. On the other hand, the disagreement is not
apparently given by an arbitrary value of DL = 100, used in the calculation. The theoretical curves
for various values of DL gave always the ascending part in a form of a straight line with a slope +3.
In this connection it may be noted that theoretically DEU is inversely proportional to DL, perhaps
contradictory to a classical view.

Still the proposed model seems to be consistent on the basis of the following evidence.
The calculated constants are given in Table 1.

TABLE 1

logDE

0.01ML;H|(C2B9H,,)2Co]

0.1ML;HCIO4

0.5M L; HNO3

0.5M L; HCI -

Constants for the fit of maxima
from Fig. 2(DL=100) ,cE u~0

Acid
HCI
HNO3
HCIO4
HB

K(HLX)
1.0E+00
3.0E+00
2.0E+01
1.0E+06

K(Eu3L3X)
8.0E+04
1.4E+06
1.6E+10
1 .OE+23

-3.5 -2.5 0.5 1.5-1.5 -0.5

logcH

Fig 2 Extraction of Eu3* by L and various acids into isopropylbenzene

Now, if the values of log K(Eu3L3X) are plotted against log K(HLX), good straight line is
obtained with a slope a = 2.9899 (b = 5.2494 and correlation coefficient r2 = 0.9924). Thus,
although approximate, the model seems to be internally consistent in the sense that the log
K(Eu3L3X) ought theoretically to be three times the log(HLX) values as supposed initially in the
model. Also the use of concentrations, instead of any variant of activity coefficient, of used mineral
acids as a parameter seems to be justified by this finding.

CORRELATIONS OF EXTRACTION INTO NON POLAR SOLVENTS WITH INDIVIDUAL
EXTRACTION CONSTANTS IN THE SYSTEM WATER-NITROBENZENE

During our previous studies with extraction of Cs+ and Sr2+ cations, in the presence of
brominated dicarbollide anion and polyethyleneglycol as synergist for Sr2+, into 1,2 -
dichloroethane as a solvent (4) we were surprised that the dependences and even absolute values of
the distribution ratios of both cations were very similar to the case when highly polar nitrobenzene
was used (5). Still in the former solvent with dielectric constant about 10, non negligible association
of the species should occur. Still more striking is finding that even when using isopropylbenzene or
toluene as solvents (ref.6, with tetrahexyldicarbollide as an anion)-in those solvents the dissociation
ought to be very small - the character of extraction curves is again very similar to nitrobenzene with
full dissociation. This brings us to a point to search a connections between the extraction into polar
solvents in the form of dissociated ion pair and into non polar solvents with associated ion pairs.

For more discussion, let us choose a solvent of moderate polarity in which both dissociated
and not dissociated ion pairs do exist (e.g. 1,2 - dichloroethane). Now, the two leading reactions are:



M+
a + X\ = M+

o + X"o ; K(M+, X"); log K(M+, X") = log Kj(M+) + log

and

M+
a + X"a=(M+,X-)o; K(MX).
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(Eq. 5)

(Eq. 6)

The Gibbs energies of the processes given by Eq. 5 and 6 may differ considerably even for
one solvent o. This is so especially for the case of formation of contact ion pair, since some of the
solvating molecules are from steric reasons lost in process of Eq. 6. Still we may suppose that for
sufficiently voluminous ions the difference in processes of Eq. 5 and 6 should not be too large. We
propose further that for relative values (i.e. differences of log of constants K(M+, X") and K(MX)
for two ions M and N) the K(M+, X") and K(MX) can be parameterized.

The case applies for the experimentally studied system in this paper. In Fig. 3 the constants
log K(HLX) for malonamide (Table 1) are plotted
against the values of log Kj (water-nitrobenzene) of
respective anions (the Kj values are average values
calculated from an internet database of Prof.
Girault, ref. 7). The values of log K; are now known
for many ions (perhaps more than 200) as they
were determined in numerous studies by
electrochemical and extraction methods. Thus the
values seem to be proper choice for parameterising
the data also for extraction of non dissociated ion
pairs. It seems that also the relative independence
of selectivities in alkali metal cations in
nitrobenzene, 1,2 - dichloroethane, and
isopropylbenzene may be explained in this manner.
These solvents are of remarkably different
polarities but their basicities are very close (donor
numbers, DN, being respectively 4.4, 0.0, and 6.0
kcal/mol, ref. 8, 9).

log K(HLX),
water-

cumene

-1
-10.0 -5.0 0.0 5.0 10.0

log Kj(X'), water-nitrobenzene

Fig. 3 Dependence of K(HI_X) on individual extraction

constant, y = 0.4007X + 2.2975, r2 = 0.9878

EXPERIMENTAL
Extractions with 152> 154Eu (microamounts) were

performed at 23 ± 1°C till equilibrium (30 min.). The
radioactivity of aliquots was measured by Na (I) well counter.
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Abstract

This work presents our latest results on the coordination polyhedron of the trinitrato
lanthanide complexes with aza and corboxy ligands. Structures in the solid state have been
determined by X-ray single crystal diffraction and solution studies have been carried out by
X-ray Absorption Spectroscopy at the cation Lm edge. Comparison is made with the Am
cation.

Article

Fundamental data on the actinide ions in the solvent phase have always been a subject of
interest. Ionic versus covalent relative character across the series, inner or outer sphere
complexation mechanism in various solvent phases or structural characterization of the
actinide polyhedra are some of the problems to be addressed. On the other hand, the actinide
solvent phase behavior has found some recent developments in the field of nuclear waste
reprocessing and in particular with the selective extraction of the minor actinides (Am, Cm)
versus the lanthanides of the nuclear fuels. Given the physical - chemical similarities between
the lanthanide and minor actinide ions, one of the major challenge is to fine tune the selective
extractant properties in order to optimize the separation. Such task can only be achieved by
comparing the solvent phase behaviors of the two families, even though working with Am and
Cm ions is limited by the radiological hazards. X-ray Absorption Spectroscopy applied to
actinide species has undergone a strong development for the past decade and has been shown
to be a very powerful technique to probe the actinide coordination sphere. Numerous studies
have reported on the lanthanide and actinide polyhedron in aqueous media and in solvent
phases. In particular, many papers have been devoted to the aquo Ln3+ ions and to its
coordination mode across the series in non complexing Cl" or CIO4" aqueous solutions. Thus,
the occurrence of inner or outer sphere complexes has been often discussed and has shown to
highly depends on the medium.
Our laboratory has been working in the field of complexation studies of the trinitrato
lanthanide and actinide ions with chelating donor ligands such as carboxylamine or aza
molecules. At the starting point of this study, we investigated the solvation structure of the Ln
ions in pyridine phase. This ligand represents indeed the elementary unit of promising aza
molecules, as the 2,2':6,2" terpyridine (Tpy) one that has been shown to be a good candidate
for the lanthanide - actinide separation. Thus, the behavior of the trinitrato Ln species in such
solvent, and further comparison with the Am ion is the first step in the investigation of Ln-An
coordination ability to aza ligands.
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We first investigated the solid state complexes of a series of trinitrato lanthanide complexes
with the Tpy ligands, as exampled by the solid state structure of [Gd(NO3)3(H2O)Tpy].3py
(Figure 1). All the complexes show the 1:1 Tpy/Ln ratio with a contraction of the Ln
coordination sphere as the atomic number of the cation increases (lanthanidic contraction).

Figure 1 : Solid state structure of [Gd(NO3)3(H2O)Tpy].3py.

In the solvent phase (pyridine), there is also a smooth contraction of the lanthanide first
coordination sphere as shown in Figure 2 by the evolution of pic I of the PRDF. This peak is
related to the cation first neighbors while the second peak, II, is a complex combination of
second sphere contributions. It is related to the presence of both nitrate ions and the
conformation of the pyridine ligands (if any) in the cation polyhedron.
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Figure 2 : PFDR at the lanthanide Lm edge of the trinitrato lanthanide complexes in pyridine
solvent

The poster describes a precise analysis of these PRDF in relation of the solid state structures
of these complexes. The analysis includes the simulations of the lanthanide polyhedron in the
multiple scattering formalism.
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ABSTRACT

Legislation passed in December 1991 in France has spurred research on enhanced separation for conditioning of long^
lived radionuclides. We investigated the suitability of different glasses for conditioning of cesium. Development work
on these materials is currently focused on the formulation of suitable compositions for fabrication at laboratory scale by
high-temperature cold crucible melting. The material selection is based on two main criteria : the radionuclide loading
capacity and the containment performance (chemical durability) of the matrix. h

INTRODUCTION
Within the context of the third research topic of the French law passed on December 30, 1991, we have studied

cesium, one of whose isotopes (135Cs) has a half-life of 2.3 x 106 years. Although borosilicate glasses are currently used
to condition fission product solutions111, the prospect of separate conditioning of radionuclides raises the possibility of
using other types of materials—notably refractory glass compositions with greater chemical durability. We chose to
study a series of aluminosilicate glasses fabricated at temperatures between 1400 and 1600°C, containing from 3 to
10 wt% cesium oxide. After a brief description of the experimental protocols used to fabricate and characterize the
materials, we will discuss the results obtained with regard to the matrix alterability.

PARTICULARITIES OF CESIUM CONDITIONING
Radioactive cesium produced by uranium fission includes three isotopes: 134, 135 and 137. '«Cs has a 30.17-year half-
life, and decays to form barium; the highest radiation energy fraction emitted during the decay process is due to '"'^Ba,
with a 2.6-minute half-life (0.6616 MeV), which produces stable 'f^Ba. Another isotope 'sjCs present in smaller
proportions is a P and y emitter with a half-life of 2.06 years. The third cesium isotope (found in roughly the same
proportion as '«Cs) is l||Cs, with a half-life of 2.3 x 106 years, and which forms 'fsBa by P" emission. In addition to
withstanding the temperatures generated by the main short-lived isotope 13JCs, the containment matrix must ensure
long-term chemical durability and resistance to p radiation from the long-lived '|5

5Cs isotope.

Cesium decays to form barium, which has twice the ionic charge of cesium but a smaller ionic radius. The cesium
incorporated in the matrix together with its decay product barium can lead to numerous local structural distortions. The
containment matrix must be flexible enough to accommodate these chemical and structural modifications.
With its 30-year half-life and y-emission decay mode, 137Cs is characterized by a high thermal power level of about
0.3 W per gram of total cesium. A matrix with low thermal conductivity (about 1 W-mf'K"1, typical of oxide glasses)
loaded with 10 wt% Cs would result in glass package core temperatures too high for the thermomechanical properties of
the refractory steel container and for ensuring suitable material performance over time. Either the quantity of cesium
incorporated in the glass must be limited, or the size of the cesium containment canisters must be modified. The
containment matrix must in any event provide high thermal stability to withstand the heating induced by the cesium
load.

Cesium is thus one of the most difficult elements to confine durably because of its high thermal power and mobility in
aqueous media. A containment matrix suitable for radioactive cesium must present the following characteristics: good
long-term resistance to aqueous alteration, with better chemical durability than the existing nuclear glass; good thermal
stability (i.e. high melting temperature or decomposition temperature); good chemical stability when subjected to
cesium decay into barium.

GLASS SYNTHESIS AND CHARACTERIZATION
Sample Composition and Preparation
Five glass compositions containing from 3 to 11 wt% Cs2O were fabricated by melting silicon, aluminum and titanium
oxides, cesium, barium and rubidiuma nitrates, and sodium carbonate. The chemical compositions, fabrication
temperatures and type of melter used in each case are indicated in Table I.

aRb was generally added to the Cs during glass formation, as both alkali metals have relatively similar chemistry; this
could lead to partial or complete coextraction during the enhanced separation process.
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Table I. Experimental glass fabrication temperatures and compositions
P4Cs5 ALS ALS3 RBI 4 HS1T2

•'•formation

Melter

1600°C

Alumina crucible

1500°C

Pt crucible

1500°C

Pt crucible

1450°C

Pt crucible

~1600°C

Cold crucible

SiO2

A12O3

CaO
Na2O

TiO2

BaO
Cs2O

Rb2O

63.39

15.85

15.85

-
-
-

4.35

0.57

48.22

12.64

32.75

2.49

-
-

3.45

0.46

48.29

12.90

7.18

-
9.24

17.74

4.10

0.55

48.30

17.40

11.00

12.00

-
-

11.00

-

43.64

14.96

-
-

15.53

12.70

11.11

2.06

Rhodium-platinum alloy crucibles were used for the glass compositions with a melting point not exceeding 1500°C, and

alumina crucibles or a "cold-crucible melter" for higher temperatures [2]. All the glass samples were analyzed by

ICP-AES after acid dissolution, or by X-ray fluorescence: the relative cesium oxide losses were always less than 5 wt%

regardless of the test compositions. All the test glasses were aluminosilicates (44-64 wt% silica, 12-18 wt% alumina),

differing by the quantities of network modifier (sodium, calcium, barium) or intermediate (titanium) cations. The

cesium+rubidium loading ranged from 4 to 13 oxide wt% in each case.

Material Characterization
Material Homogeneity
All the glass samples were examined by optical microscopy and, if necessary, by scanning electron microscopy (SEM).

Samples ALS, ALS3 and RB14 were perfectly homogeneous with no detectable crystallization. Microcrystallization

was observed in samples P4Cs5 and HS1T2. SEM examination revealed submicron particles distributed throughout

both matrices; the X-ray diffraction diagrams for these materials showed the characteristic lines for anatase (TiO2) in

sample HS1T2. The diagram for P4Cs5 showed no features, either indicating the presence of two amorphous phases, or

indicating that the crystallized fraction was to small to give diffraction peaks.

Physical Properties

The glass transition temperatures determined by differential thermal microanalysis (temperature rise: 10°C-min"') are

indicated together with the sample density in Table II .
Table II. Density and vitreous transition temperature (Ts) of test glasses {nm: not measured)

1 formation

Material type
Density (g-cm~3)
Tg

P4Cs5

1600°C
glass ceramic

2.56
815°C

ALS

1500°C
glass
2.78

738°C

ALS3

1500°C
glass
2.94
nm

RB14

1450°C
glass
nm

814°C

HS1T2

1600°C
glass ceramic

2.97
782°C

LEACHING BEHAVIOR
Test Description
The material alteration rate depends on many factors, and notably on the temperature, pH and composition of the

leaching solutions. We performed two types of tests to obtain data on two complementary material properties:

1. The initial alteration rate r$ at 100°C was determined by Soxhlet-mode testing in which a polished glass sample is

subjected to a continuously renewed pure water flow at 100°C for 10 to 14 days, with leachate samples taken at

regular intervals for ICP-AES or ICP-MS analysis as appropriate to determine the normalized mass loss at various

intervals between 1 and 14 days.

2. The alteration versus time under saturation conditions at 90°C was assessed in 7 ml PTFE vessels maintained in an

oven at 90°C, each containing a few grams of glass powder sieved to conserve the 63-125 u.m size fraction in order

to impose a glass-surface-area-to-solution-volume (S/V) ratio of 80 cm"'. The normalized glass mass loss was again

determined by analysis of the leachates at intervals ranging from 7 to 56 days. Unlike the "initial rate" tests, the

alteration conditions varied over time, as the test medium was not renewed.
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Figure 1. Normalized mass loss (g'm"2) of ALS3
glass sample during Soxhlet test at 100°C

10,00 -•

8,00

• Si n AI x Ca • cs ;

RESULTS AND DISCUSSION
Initial Leach Rates at 100°C
Figure 1 shows the evolution of the normalized mass loss (g'nf2) of ALS3 glass for Si, Al, Ca, and Cs based on
leachate analyses performed after 3,5,7 and 11 days. All four elements were released at the same rate, as shown by the
virtually identical normalized mass losses. The dissolution was thus congruent, as is generally the case during "initial
rate" tests with simple glass compositions. The initial alteration
rate calculated from the results of these four elements was
0.5 g-ra"2d"' ±0.1 g-m"2d"'. The results obtained
with four compositions tested are indicated in 12i0° j
Table III (aberrant results were obtained for the
HS1T2 glass sample). The elements were released
congruently from all the glass specimens,
indicating no retention of these elements in the
altered glass film. The initial leach rates at 100°C
ranged from 0.2 to 1.2g-m"2d"', diminishing with
the silica percentage in the matrix.
For comparison, the initial alteration rates in pure
water measured on natural obsidian glass'3-1 formed
at about 1650°C, containing about 70 wt% silica
and 12 wt% alumina, were on the order of
0.1 g-m"2d"'. The alteration rates measured on our
glasses were thus at the lower end of the range for
alumino-silicate glasses.

Table III. Initial leach rates r0 (g-m"2d"') in pure water at 100°C in Soxhlet mode, calculated from normalized mass loss
of elements analyzed in solution r(Si) to r(Cs) ; rmem is the mean leach rate of the elements analyzed {nm: not measured)

° 6,00 -

4,00

2,00

0,00 •

10
Time (days)

r(Si)
r(Al)
r(Ca)
r(Na)
r(Cs)

F mean

P4Cs5

0.3
0.1
0.2
-

0.2
0.2

ALS

1.2
1.1
1.0
1.2
nm
1.1

ALS3

0.5
0.5
0.5
-

0.5
0.5

RB14

0.8
0.6
0.6
0.7
0.6
0.7

Alteration versus Time under Saturation Conditions at 90°C
Figure 2 shows the evolution of the normalized mass loss from Si, Al, Ti, Ba and Cs from the HS1T2 glass sample
based on leachate analysis results at intervals between 3 and 56 days.
The corresponding results are shown in Figure 3 for ALS glass, and Figure 4 for P4Cs5 glass. Figure 3 shows that
leaching was not congruent in the ALS glass sample. Three categories of elements can be distinguished according to the
analysis results: Sodium: the glass element with the highest mobility ; Silicon, aluminum and calcium: retained to a high
degree in the alteration film that formed on the glass powder grains and Cesium: distributed between the altered glass
film and solution. This behavior is typical of silicate glasses, for which only sodium can be used to estimate the altered
glass quantity: i.e. Na is an alteration tracer. In this case, the altered glass thickness at 90°C was 25 nm after 31 days
and 50 nm after 56 days. For the other glass compositions containing no sodium, cesium was the element exhibiting the
lowest retention. It cannot be considered as an alteration tracer, however, as it would underestimate the quantity of
altered glass by about a factor of 2. Cesium can nevertheless be used to compare the altered glass thickness : for the
three compositions after 56 days, it ranged from 40 nm for ALS, to 15 nm for HS1T2 and 5 nm for P4Cs5. The altered
glass quantities were very low, making the alteration films difficult to observe. The behavior of these glass samples
under saturation conditions was highly variable. P4Cs5 and HS1T2 were comparable, with a distinct drop in the
alteration rates over time; the rates measured at the end of the experiment (56 days) were about 1000 times lower than
the initial rate, a value consistent with the results observed for classic borosilicate glass.
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Figure 2. Evolution of normalized mass loss (g'm"2) of HS1T2
glass sample at 90°C (S/V = 80 cm"';pH = 8.2 after 56 days)

ALS is a special case: the alteration rate diminished during the
first thirty days, then sharply increased: the normalized mass
losses doubled between 31 and 56 days. A similar
phenomenon sometimes observed with silicate glasses'41 is
related to the precipitation of secondary phases on the glass
surface; these phases mobilize elements from solution,
modifying the equilibrium between the glass and solution and
inducing renewed alteration. Glasses exhibiting this behavior

cannot be considered for containment of long-lived radionuclides such as cesium.

CONCLUSION
Aluminosilicate glass and glass-ceramic compositions suitable for fabrication at higher temperatures than the current
borosilicate nuclear glasses for containment of long-lived radionuclides such as cesium were studied to assess the
improvement in chemical durability resulting from the reinforced glass structure. The test materials are all well suited in
terms of their cesium loading capacity, with very low cesium losses during melting (1500-1600°C). The initial

alteration rates in pure water at 100°C
ranged from 0.2 to 1.2 g-m"2d"',
corresponding to the lower end of the
expected range for silicate glasses. This
represents a ten-fold improvement over
the existing borosilicate glasses, and is
obtained at a significantly higher glass
formation temperature.
In a leaching solution saturated with
respect to the glass, the altered glass
thicknesses obtained after 56 days at
90°C measured only a few tens of
nanometers, although some of the test
compositions showed renewed alteration
after 30 days.
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Figure 3. Evolution of normalized mass loss (g-m"2) of ALS glass sample at
90°C (S/V = 80 cm"1; pH = 9.9 after 56 days)
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Figure 4. Evolution of normalized mass loss (g'rrf2) of P4Cs5 glass sample
at 90°C (S/V= 80 cm"1; pH = 8.0 after 56 days)
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ABSTRACT

The incorporation of cerium oxide in borosilicate glass was investigated, as cerium is generally considered
the most suitable nonradioactive surrogate for plutonium. The solubility of hafnium oxide and neodymium
oxide was also investigated; hafnium is a possible surrogate for Pu4+ and neodymium a possible surrogate for
Pu3+. The surrogate solubility limit in a borosilicate glass depends on the glass melting temperature. This
study reveals that the solubility limit of the plutonium surrogates increases with the temperature. The
quantity of cerium oxide that could be homogeneously incorporated in the glass increases from less than
0.25 wt% at 1100°C to more than 15 wt% at 1400°C. The material homogeneity was confirmed by optical
and scanning electron microscopy. Cerium L[n XANES (X-ray Absorption Near-Edge Structure) spectros-
copy showed that the Ce3+/Ce,0M/ ratio increased from about 0.5 to 0.9 as the temperature reached 1400°C.

INTRODUCTION

The actinide streams from reprocessing plants are currently incorporated in R7T7-type borosilicate nuclear
glass matrices at concentrations of about 0.4 wt%. There is, however, an increasing need for higher loading
of containment glass, especially for plutonium. The resulting glass must be perfectly homogeneous, i.e. all
the constituent elements must be uniformly distributed in the glass matrix.

The work discussed here is part of a study of plutonium solubility in borosilicate glass, undertaken to
determine the extent of Pu solubility in the glass, understand the mechanisms controlling Pu solubilization,
and identify means of obtaining higher Pu loading. The main parameters liable to affect the actinide
solubility in the glass include the fabrication temperature, the glass composition, and the redox potential of
the melt. The initial results presented here concern the evolution of the solubility of plutonium surrogates
with the temperature.

PLUTONIUM SURROGATES

Glass specimens containing Pu surrogates are used to prepare and optimize the fabrication of radioactive
glass samples. It is therefore indispensable to identify the elements that best simulate the solubilization
properties of plutonium. The choice is based on three criteria: electronegativity, the possible valences of the
candidate elements, and the ion radii for a given coordination number. This approach led us to select the
following elements: cerium (Ce3+/Ce4+) is a potential surrogate for plutonium (Pu3+/Pu4+); hafnium (Hf4"1") is a
potential surrogate for Pu4+, and neodymium (Nd3+) a potential surrogate for Pu3+.

Although plutonium may be found in the glass in tri- or tetravalent form [1], the (+IV) state appears to be
more stable when incorporated in a glass fabricated under classic oxidizing conditions [2]. The advantage of
cerium is that, like plutonium, it can be stabilized in the glass at oxidation states (+III) and (+IV) [3,4]. At
relatively low melting temperatures, however, Ce tends to shift rapidly from valence (+IV) to valence (+III)
[5]. Hf and Nd, simulating Pu4+ and Pu3+, respectively, each have only a single stable oxidation state, and can
thus be used to assess the temperature-dependence of solubilization without any risk of changing valence.

EXPERIMENTAL

Glass Composition and Fabrication

The study was performed with a borosilicate glass composition (Table I) intermediate between a simple
SiO2-B2O3-Na2O glass and the French "R7T7-type" industrial glass. Glass samples doped with Pu
surrogates were fabricated in air from oxides, nitrates and carbonates, or from a glass frit. Cerium was added
as CeO2 powder, although by convention the Ce concentrations are expressed as a weight percentage of

1
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3; neodymium and hafnium were incorporated as Nd2O3 and HfO2. The glasses were fabricated in
zirconia crucibles at temperatures between 1000 and 1400°C, maintained for three hours at the fabrication
temperature and then quenched in air to prevent crystallization during cooling.

Oxides

wt%

SiO2

58.84

Table 1

B2

18

. Basic experimental

o3

15

Na2O

7.00

borosilicate

AI2O3

4.28

glass

CaO

5.23

composition

Li2O

2.56

ZnO

3.24

ZrO2

0.70

Characterization

The glass homogeneity was characterized by optical and scanning electron microscopy together with X-ray
microanalysis. X-ray diffraction was used to identify any crystalline phases in the amorphous matrix.

The cerium oxidation state in the glass was determined by cerium Lm-edge XANES (X-ray Absorption Near-
Edge Structure) spectroscopy. This technique provided quantitative data on the Ce3+/Ce4+ ratio through
interpretation of the shape and energy of the absorption edge compared with spectra obtained under the same
conditions with reference samples. The experiments were conducted at room temperature in fluorescence
detection mode using the DCI (D44) synchrotron at the Orsay Electromagnetic Radiation Application
Laboratory (LURE). The references were compacted CeO2 powder for Ce4+, and Ce(NO3)3,6H2O for Ce3+;
their spectra were recorded in transmission detection mode.

RESULTS

Glass Homogeneity Characterization

A glass is considered homogeneous when no heterogeneities are detectable by optical or scanning electron
microscopy. Our focus here was on the incorporation of cerium oxide by the glass network, i.e. on detecting
possible cerium heterogeneities.

Observation of various glass samples showed that, at a given temperature, CeC>2 was no longer fully
incorporated in the glass when a certain concentration was exceeded, i.e. the "apparent solubility limit". We
found that the actual value depended on the form in which cerium was added to the glass (CeO2 powder or
Ce solution) and on the grain size when the powder route was used. This indicates that the measured
solubility is not a thermodynamic quantity in the classic sense of the term, but is dependent on the
experimental glass fabrication parameters, hence the term "apparent solubility". When this limit was
exceeded, whitish heterogeneities were observed, generally after settling to the bottom of the crucible.
Depending on the melt viscosity, they were also found to be dispersed within the glass matrix. SEM
observations showed that these white agglomerates—some of which were as large as several hundred
micrometers across—typically consisted of small (micrometer-scale) cubic crystals (Figure 1).

The EDS spectra recorded for these samples show that the crystals consisted exclusively of cerium and

Figure 1. Morphology of cerium heterogeneities observed by SEM
at different magnifications: *75 (left) and x1500 (right)



P4-02

oxygen. X-ray diffraction analysis confirmed that they were CeO2 crystals. The initial analysis results for Hf-
and Nd-doped glass samples showed that the heterogeneities observed in some of them were hafnium oxide
grains or mixed (Hf, Si, O) crystals and mixed (Nd, Si, O) crystals.

Table II. Ce3+ content of glass determined
by comparing calculated and experimental spectra

Cerium Valence Characterization

Two homogeneous glass samples fabricated at
1100°C and 1400°C, containing 2 wt% and 8 wt%
Ce2O3, respectively, were analyzed by Ce Lm-edge
XANES spectroscopy. Comparing the sample energy
and the shape of the peaks with reference spectra
confirmed that cerium was present at both (+III) and
(+IV) oxidation states. Assuming identical absorp-
tion cross sections for Ce3+ and Ce4+, we calculated
spectra simulating mixtures of tri- and tetravalent
cerium in various proportions. By comparing the calculated and experimental spectra, we determined the
approximate Ce3+/Ce4+ ratio in the samples (Figure 2). The results (Table II) clearly illustrate the rise in the
Ce3+ concentration with the glass fabrication temperature.

Glass fabrication
temperature

1100°C

1400°C

Ce2O3

(wt%)

2

8

Ce3+ / Ce,0t3l

(%)

50-60

80-90

3 -

2,5 -

2 -

1,5 -

1 -

0,5 -

ie (JkeV)

4 -
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Figure 2. XANES spectra of cerium in glasses fabricated at 1100°C and 1400°C (solid lines)
compared with calculated spectra for mixtures of Ce3+ and Ce4+

DISCUSSION

Cerium Solubility versus Temperature

The glass characterization results define an apparent cerium solubility range in a borosilicate glass as a
function of the temperature (Figure 3). The apparent Ce solubility increases significantly with the
temperature in all the glass samples. At 1100°C the apparent Ce solubility is very low, with unincorporated
CeC>2 agglomerates observed in a glass containing only 0.25 wt% Ce2Û3. Conversely, a glass fabricated at
1400°C can dissolve up to 15 wt% Ce2Û3 with no heterogeneity.

These results indicate that a higher glass melting temperature favors not only Ce solubilization in the glass,
but also the dissolution kinetics of the oxide grains. However, higher temperatures also modify the
equilibrium between Ce3+ and Ce4+. Characterization by XANES spectroscopy showed that the equilibrium
shifted toward the reduced form: the Ce3+ percentage in the glass increased from 50-60% at 1100°C to
80-90% at 1400°C. The modified oxidation state had a favorable effect on Ce solubility since the reduced
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Figure 3. Apparent Ce, Hf and Nd solubility versus temperature in a borosilicate glass

form is more soluble in glass than the oxidized form, as shown by Li [6]. Raising the temperature thus
enhanced the Ce solubilization.

Studies with Pu-doped glass have shown, however, that even in a borosilicate glass fabricated at a high
temperatures (1450°C) the Pu is found primarily as Pu4+; only a fabrication process under reducing
conditions is capable of stabilizing trivalent plutonium [2]. As the effects of temperature on the solubilization
of Pu surrogates must therefore be assessed independently of any change in the oxidation state, we also
investigated the temperature effects on the solubility of hafnium (a possible surrogate for Pu4+) and
neodymium (a possible surrogate for Pu3+), both of which have only one stable oxidation state in glass.

Hafnium and Neodymium Solubility versus Temperature

The apparent solubility of Hf and Nd rises with the temperature, but to a lesser extent for Hf than for Ce. As
both elements have fixed valences, their temperature-dependent solubility can be attributed only to enhanced
solubilization in the glass, or to thermal activation of the dissolution of their oxide precursors. The rapid
temperature-dependent increase in the cerium loading capacity of the glass while maintaining homogeneity is
thus clearly the result of several phenomena: the shift in the equilibrium between the two valence forms of
cerium toward the more soluble reduced form, and increasing cerium solubility together with thermal
activation of the CeC>2 dissolution reaction.

Trivalent Nd is much more soluble than tetravalent Hf. This is consistent with published data indicating that
Pu3+ is more soluble than Pu4+ at any given temperature [2].

CONCLUSION

This investigation of the effects of the temperature and the Ce3+/Ce4+ valence equilibrium on cerium
solubility in a borosilicate glass show that the solubility increases with the glass melting temperature. A
range was determined for the apparent cerium solubility versus temperature: the apparent solubility limit is
less than 0.25 wt% at 1100°C, but exceeds 15wt% at 1400°C. Higher temperatures correspond to more
reducing conditions; XANES spectrometry measurements confirmed a shift in the equilibrium between the
tetravalent and trivalent forms of cerium to the more soluble reduced form.

A study of the apparent solubility of Hf and Nd—two possible plutonium surrogates each having only a
single stable valence in glass—also showed that their solubility in the glass increases with the temperature.

Further work will be undertaken to assess the effect on the solubility of Pu surrogates due to changes in the
composition and redox potential of the melt when reducing or oxidizing compounds are added.
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ABSTRACT

This study deals with glass-ceramic matrices designed for the conditionning of minor actinides, in
which zirconolite crystals (CaZrTi2O7) are homogeneously dispersed in a residual glassy matrix.
Good immobilization performances require a high enrichment of actinides in the crystalline phase
(double containment principle). Glass-ceramics are obtained by controlled devitrification of an
aluminosilicate parent glass containing large amounts of TiÛ2 and ZrÛ2. Neodymium was selected
to simulate the trivalent minor actinides. Crystallization was performed at 1200°C for various
Nd2Û3 contents ( 0 - 1 0 wt. %). In all cases, zirconolite crystallization is obtained in the bulk of
glass-ceramics. The evolution of Nd3+ location between the crystals and the residual glass was
followed by electron spin resonance and optical absorption. Both techniques demonstrate that
neodymium is partly incorporated in zirconolite crystals. Moreover, total Nd2Û3 content in parent
glass has a strong effect on Nd3+ ions distribution.

INTRODUCTION

Current investigations are achieved on new matrices for the specific immobilization of minor
actinides that would come from an enhanced reprocessing of nuclear spent fuel. Glass-ceramics
containing highly durable crystals accommodating large amounts of actinides, such as zirconolite
(1), are good candidates. In this case, a high enrichment of actinides in the crystalline phase is
required in order to get a double containment of radionuclides in crystals themselves embedded in a
durable residual glass. Neodymium was selected to simulate minor trivalent actinides such as Am3+

and Cm3+ ions because of their similar ionic radii. For instance, in an eight-coordinated site, which
is the coordination of the largest site (calcium) of zirconolite, the ionic radii of Nd3+ and Am3+ ions
are respectively 1.109 and 1.09 Â (2). Glass-ceramic samples were obtained by controlled
devitrification at 1200°C of an aluminosilicate parent glass containing large amounts of TiC>2 and
ZrÛ2 and various Nd2O3 contents (0-10 wt. %). Zirconolite is the only phase that crystallizes in the
bulk. But a crystallized layer, composed of titanite, anorthite and few baddeleyite crystals, forms at
the surface (3). This layer whose thickness does not exceed 1 mm was separated from the bulk of
glass-ceramics. The results, which are discussed here, focuss on of bulk glass-ceramic the
characterization by electron spin resonance (ESR) and optical absorption spectroscopies,
particularly on the evolution of neodymium partitioning between the zirconolite crystals and the
residual glass with total Nd2Û3 content.

EXPERIMENTAL

Parent glasses with various Nd2Û3 contents, ranging from 0 to 10 wt. %, were prepared on the basis
of the following undoped glass composition (wt. %) (4,5):

SiO2 (43.2), A12O3 (12.7), CaO (20.9), ZrO2 (9.0), TiO2 (13.2), Na2O (1.0)
The compositions of Nd-doped glasses were calculated by keeping the relative proportions of all the
other oxides constant. A two-step melting at 1550°C with an intermediate grinding stage was
performed to obtain more homogeneous glasses. A 2 h nucleation stage at 810°C followed by a 2 h
crystal growth stage at 1200°C led only to the crystallization of zirconolite in the bulk of all the
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glass-ceramic samples, irrespective of their neodymium composition. Reference zirconolite
ceramics having compositions of Cai.xNdxZrTi2-xAlx07 (0 < x < 0.6) were prepared by solid state
reaction at 1460°C. A PGT analyser was used for energy dispersive X-ray (EDX) analysis
(accelerating voltage of 15 kV, beam current of about 1.8 nA). Nd3+ ion is a paramagnetic and
optically active local probe; its electronic configuration and ground state are respectively 4f3 and
%/2. Electron spin resonance (ESR) spectra were recorded on powdered samples (« lOOmg).
Typical measurements were made at 12 K with a microwave power of 20 mW, using a Bruker ESP
300e spectrometer operating at X-band (v ~ 9.5 GHz) and equipped with a TE102 rectangular cavity
and an Oxford variable temperature accessory. Optical transmission experiments were carried out at
room temperature on KBr pellets (« 200mg) containing 25 wt. % of Nd-doped material. Absorption
spectra between 424 and 442 nm (%/2 -> 2Pi/2 Nd3+ transition) were recorded on a Varian Cary 5E
double beam spectrometer. This transition is interesting because the degeneracy of 2Pi/2 state is not
removed by the crystal field. At the most, the \a ground state is decomposed by the crystal field
into five Stark levels which are thermally populated following a Boltzman repartition. So, each type
of neodymium site is characterized by a maximum of five lines whose positions depend on the
crystal field.

RESULTS AND DISCUSSION

The microstructure of zirconolite crystals formed in glass-ceramics bulk at 1200°C is quite
insensitive to neodymium content. These crystals are lath-shaped: their length is around 10 um and
thickness is less than 1 urn (3,6). Because of this submicronic thickness, EDX analyses of
zirconolite crystals are imprecise, always including a contribution from residual glass. Table 1
reports three examples of EDX results concerning the 0, 6 and 10 wt. % Nd2Û3 glass-ceramic bulk.

Table 1. Molar compositions determined by EDX for the phases formed at 1200°C in the bulk (residual glass
and zirconolite) of glass-ceramics containing 0, 6 and 10 wt. % Nd2C>3. Molar expected compositions of
corresponding parent glasses are indicated in italics.

0 wt. % Nd2O3

parent glass
residual glass

zirconolite
6 wt. % Nd2O3

parent glass
residual glass

zirconolite
10 wt. % Nd2O3

parent glass
residual glass

zirconolite

SiO2

48.84
54.49
4.52

48.23
53.68
7.06

47.77
52.61
8.97

A12O3

8.48
9.43
1.61

8.37
9.10
3.06

8.29
8.89
3.72

CaO

25.33
25.63
24.52

25.01
25.00
21.79

24.77
24.72
20.72

TiO2

11.28
1A1

44.26

11.14
7.39

41.06

11.04
7.69
39.40

ZrO2

4.97
2.23

24.65

4.90
2.38

24.10

4.86
2.56

23.27

Nd2O3

0.00
0.00
0.00

1.27
1.21
2.29

2.20
2.09
3.23

Na2O

1.10
1.05
0.44

1.08
1.24
0.64

1.07
1.44
0.69

Silicon detection in zirconolite analyses is indicative of residual glass contribution. Indeed,
zirconolite is known not to easily incorporate silicon. As a consequence, the following rough
estimations of zirconolite composition were deduced after removing residual glass contribution and
excluding sodium (very low level): Cao.97Zr1.07Ti1.90Alo.00O7 for the undoped glass-ceramic,
Cao.82Ndo.19Zr1.05Ti1.77Alo.17O7 for the 6 wt. % Nd2O3 and Cao.76Ndo.26Zr1.04Ti1.74Alo.20O7.01 for the 10
wt. % Nd2Û3 glass-ceramics. This confirms XRD results (7) which showed that neodymium
incorporation inside zirconolite crystals increases without saturation effect when Nd2Û3 total wt. %
ranges from 0 to 10 %. Moreover, these results indicate that neodymium is essentially incorporated
in the calcium site of zirconolite structure with a charge compensation mainly ensured by a partial
substitution of titanium by aluminum ions. Nevertheless, for the 10 wt % Nd2Û3 glass-ceramic, it
seems that a part of neodymium (around 0.06 ions by formula unit) is not compensated by
aluminum: these Nd3+ ions are likely to equally occupy the calcium and zirconium sites of
zirconolite structure, which maintains electroneutrality. On the other hand, it can be noticed that an
important part of Nd3+ ions remains unfortunately in the residual glass. This is mainly due to the
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low degree of crystallization of these glass-ceramics (less than 13 % in volume). Because of the
difficulty to precisely evaluate the zirconolite composition and especially the degree of
crystallization, indirect spectroscopic methods were used to estimate the molar ratio R of
neodymium incorporated in the zirconolite crystals versus total neodymium content in the glass-
ceramics (7). Figure 1 shows typical ESR and optical absorption spectra obtained for parent glass,
glass-ceramic bulk and zirconolite ceramic.

^ I9/2

200 400 600 800 424 428 432 436 440
Magnetic field (mT) Wavelength (nm)

Figure 1. Electron spin resonance (A) and optical absorption (B) spectra of (a) 2 wt. % Nd2O3 parent glass,
(b) glass-ceramic bulk (continuous-line curves), and (c) Cao.8Ndo.2ZrTiLgAlo.2O7 zirconolite ceramic. (C) :
schematic neodymium energy levels involved in %/2 —» 2?m optical transitions for zirconolite.

The differences observed in the ESR and absorption spectra of the three host matrices correspond to
different local neodymium environments. The large inhomogeneous broadening (absence of
resolution) of the optical transition lines in the glass absorption spectra (Figure IBa) is due to a
distribution of neodymium environments in accordance with the amorphous nature of the matrix.
The optical absorption of Nd-doped zirconolite (Figure IBe) exhibits only four lines because the
fifth stark level of 4lga state is located at too high energy to be thermally populated at room
temperature (Figure 1C). Glass-ceramic bulk spectra (ESR and optical absorption) can be
decomposed into the contributions of residual glass and zirconolite crystals, as shown in Figures
lAb and lBb. To perform this decomposition, the residual glass signal was assimilated in both
cases to the parent glass one (Figures lAa and IBa), and was subtracted from the glass-ceramic
bulk spectrum (Figures lAb and lBb). The remaining spectra (finely dotted curves in Figures lAb
and lBb) are very close to the ones recorded for the Nd-doped zirconolite ceramic (Figures 1 Ac and
lBc). This analogy indicates that neodymium environments are similar in zirconolite crystals
prepared either by devitrification at 1200°C or by solid state reaction at 1460°C. R is first estimated
from ESR glass-ceramics bulk spectra (Figure lBb), as follows. The double integration of Nd3+

ESR signals in zirconolite crystals and in the whole of glass-ceramics (residual glass + crystals) are
calculated; their ratio is equal to R. In the case of optical spectra, the determination of R is not as
straightforward. Actually, the areas under zirconolite and residual glass optical absorption signals
are not only proportional to Nd3+ content, but also to oscillator strength of the 4ha —» 2Pi/2 transition
(transition probability). Comparison of optical absorption with ESR results allows the evaluation of
the neodymium oscillator strengths ratio between the two phases (zirconolite / residual glass),
giving access to a further optical estimation of R. Figure 2A shows the variation of R with Nd2C>3
total content. ESR and absorption results are in total agreement: R decreases with increasing Nd2C>3
total content. If the degree of crystallization in volume is assumed to be the same irrespective of
total Nd2O3 content, such a decrease in R would thus indicate that the neodymium concentration
increases more slowly in the zirconolite crystals than in the residual glass with increasing total
neodymium concentration ( 0 - 1 0 wt. %). This would amount to a non-linear dependence of
neodymium concentration in zirconolite (which is proportional to the number x of Nd3+ ions per
zirconolite unit formula) with total neodymium content in glass-ceramics. As x was not measured
by EDX for all glass-ceramic compositions, it was calculated from R results. To perform this
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calculation, the degree of crystallization in volume was assumed to be constant and the x values
determined by EDX for the 6 and 10 wt. % Nd2O3 glass-ceramics were coupled to the
corresponding R estimations (Figure 2B). Thus, it can be seen that neodymium concentration in
zirconolite crystals increases slower when the Nd2Û3 total level is higher. At least one hypothesis
can be put forward to explain this evolution, x may depend on a thermodynamic equilibrium
governing neodymium incorporation between the crystalline phase (zirconolite) and the surrounding
supercooled liquid (becoming residual glass after quenching). Then, x evolution could be explained
by a variation of neodymium activity coefficients (at least in zirconolite, which is the most Nd-
concentrated phase) with increasing Nd2Û3 total content (departure from a Henry's type law
expected for diluted concentration, for example).

40^
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Figure 2. Evolution with Nd2O3 total content of: (A) R estimated from ESR and optical absorption spectra of
3+ ions per zirconolite unit formula deduced from R.glass-ceramic bulk, (B) number x of Nd

CONCLUSION

Zirconolite-based glass-ceramics were obtained at 1200°C. Various Nd2Û3 contents (0 -10 wt. %)
were investigated as simulant of trivalent minor actinides. It was found that the ratio R (number of
Nd3+ ions incorporated in zirconolite crystals divided by Nd3+ total content) decreases with
increasing Nd2O3 total content. This evolution would be mainly due to a non-linear dependence of x
(number of Nd3+ ions per zirconolite unit formula) versus Nd2Û3 total content. Nevertheless, x is a
growing function of Nd2Û3 concentration in parent glass composition. Complementary EDX
analyses are in progress to confirm the estimations of x made from the R results. Moreover, the use
of other simulants (europium, gadolinium, thorium) is under study.
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ABSTRACT
Silver mediated electrochemical oxidation technique has been considered one of promising

candidates for alpha-bearing waste treatment. Destruction tests of organic compounds, such as
insoluble tannin, TBP and dodecane, were carried out by this technique and the experimental data
such as destruction rates, current efficiencies and intermediates were obtained. These compounds
could be completely mineralized without the formation of reactive organic nitrate associated to
safety hazards. On the basis of these results, the applicability of silver mediated electrochemical
oxidation technique to waste treatment in NUCEF was evaluated.

INTRODUCTION
Criticality safety experiments with plutonium nitrate solution will start in NUCEF (1). A wide

variety of alpha-bearing wastes will be generated mainly in the fuel treatment process such as
dissolution of MOX fuel in nitric acid and separation of plutonium by solvent extraction (2). For
example, organic wastes such as spent insoluble tannin, which is used for an adsorbent of alpha-
nuclides from alpha liquid wastes, and spent 30% tributylphosphate (TBP)/dodecane, which is used
for separation and purification of uranium and plutonium, will be generated at about 10kg/y and
lOOdmVy, respectively. Therefore, it is desired to develop the techniques for waste treatment such
as mineralization, volume reduction and decontamination of alpha-bearing wastes.

Silver mediated electrochemical oxidation technique has the following features; the equipment is
compact and the operation can be done under mild conditions at low temperature and atmospheric
pressure. The applicability of this technique to waste treatment in NUCEF has been investigated.

R&D works on this technique have been carried out in France (3), United Kingdom (4) and
United States (5) and showed some data. However, further data are necessary for practical
application to NUCEF. Our objective is to obtain destruction data of organic compounds in order to
evaluate the applicability of this technique to waste treatment in NUCEF. In this paper, the results
of destruction tests of organic compounds, such as insoluble tannin, TBP and dodecane, and the
applicability of this technique to waste treatment in NUCEF are described.

EXPERIMENTAL
The destruction test of insoluble tannin was carried out in a bench-scale electrolytic cell made of

'U' configuration type glass. The electrolytic cell consists of an anode compartment of 5.5dm3 and
a cathode compartment of 5.5dm3 separated by a Nafion membrane. The composition of anolyte
was 8M HNO3 and 0.5M AgNO3, and that of catholyte was 8M HNO3. Anolyte was stirred up with
an impeller during electrolysis in order to establish sufficient mixing of Ag(II) and insoluble tannin.
The test temperature and the current were 60°C and 20A, respectively. During destruction of
insoluble tannin, the gas species evolved from the anode compartment were identified by mass
spectrometry and the concentration of CO2 was determined by gas chromatography. The total
organic carbon (TOC) in anolyte was analyzed by an infrared gas analyzer and the molecular
weights of intermediates in anolyte were measured by gel permeation chromatography (GPC).

The destruction test of TBP was carried out in a bench-scale electrolytic cell made of glass and
polytetrafluoroethylene with 'square box' configuration type. The electrolytic cell consists of an
anode compartment of 3.2dm3 and a cathode compartment of 0.6dm3 separated by a Nafion
membrane. The composition of anolyte was 8M HNO3 and 0.5M AgNO3, and that of catholyte was
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13M HNO3. Anolyte was stirred up by an impeller so that TBP could contact sufficiently with
Ag(II). The test temperature was 60 C and the current was 20A. The analyses of evolved gas and
anolyte during destruction were carried out in the same procedure as those of insoluble tannin.
Thermal safety analysis of intermediates in anolyte was carried out with a RADEX measurement
cell.

The destruction test of dodecane was carried out in a similar procedure to that of TBP.

RESULTS
Insoluble Tannin

Insoluble tannin was dissolved in 8M nitric acid and then fed to anolyte in which Ag(II) was
sufficiently formed by supplying current. Fig. 1 shows the change of TOC in anolyte and the CO2
evolution rate during destruction of insoluble tannin. CO2 began to be evolved after the feed of
insoluble tannin and CO2 evolution was nearly constant after about 10 minutes, while TOC was
decreased linearly with time. Finally, both CO2 evolution and TOC were disappeared and it
suggested that insoluble tannin was completely converted into CO2. Since Ag(II) was not observed
during destruction of insoluble tannin, the destruction rate may be governed by supply of Ag(II).
The destruction rate, which was calculated from CO2 evolution on the assumption that the
destruction rate was in proportion to the current, was about 0.29g-insoluble tannin/(h-A). The
current efficiency was about 100%, which was calculated from electrochemical equivalent of
overall reaction of insoluble tannin and Ag(II). The molecular weights of intermediates in anolyte
were determined by GPC to be approximately 30 and 260. They are presumed to be formaldehyde
and catechin, respectively. From mass spectrometric analysis, CO2 and NOx were detected, but no
reactive organic nitrate associated to safety hazards was identified.
TBP

TBP was sufficiently mixed with anolyte in order to form emulsion of them and then the current
was supplied. Electrolysis was carried out for 3 hours and was repeated three times intermittently
until CO2 evolution was not detected. The change of TOC and the CO2 evolution rate during
destruction of TBP is shown in Fig.2. Since TOC gradually increased at the first electrolysis,
aqueous intermediates of TBP seem to accumulate in anolyte. At the end of the first electrolysis,
TOC and CO2 evolution became almost constant. It was suggested from the behavior of TOC and
CO2 evolution that TBP is not decomposed directly to phosphoric acid as well as hydrolysis of
TBP, but through aqueous intermediates of TBP. Destruction of TBP is considered to be governed
by the oxidation of intermediates. With electrolysis of three times, both CO2 evolution and TOC
were disappeared and it suggested that TBP was completely converted into CO2 and H3PO4.
Anolyte during destruction of TBP were analyzed by GPC. The molecular weight of an
intermediate in anolyte was found to be approximately 160. It suggested that a major intermediate
might be monobutylphosphoric acid (H2MBP). The destruction rate of TBP calculated from the
CO2 evolution was about 0.21g-TBP/(h-A). The current efficiency of destruction of TBP was
nearly 100%. Any reactive organic naitrate concerned with safety hazards was not identified by
mass spectrometric analysis of off-gas and any exothermic peaks were not confirmed by thermal
analysis of anolyte.
Dodecane

In case of dodecane, anolyte was sufficiently stirred up in advance and electrolysis started. The
concentration of TOC was low and almost constant during destruction in comparison with that of
TBP as shown in Fig. 3. This suggested that intermediates of dodecane were very quickly
decomposed to CO2. Any intermediate could not be identified by GPC of anolyte. Since TOC and
CO2 evolution were not detected by electrolysis of three times, dodecane in anolyte was considered
to be converted into CO2. The destruction rate of dodecane calculated from the CO2 evolution rate
was about 0.09g-dodecane/(h-A), which was slightly lower than that of TBP. The current
efficiency was calculated to be about 80%. It was observed that vaporized dodecane adhered to
inner surface of equipment and pipes. It is necessary to consider design of a condenser for practical
equipment. Any reactive organic nitrate associated to safety hazards was not detected by mass
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spectrometric analysis of off-gas and any exothermic peaks were not recognized by thermal analysis
of anolyte.

APPLICABILITY TO NUCEF FACILITY
It is confirmed from the above-mentioned experimental results that silver mediated

electrochemical oxidation technique can be applied to waste treatment such as spent insoluble
tannin and spent 30% TBP/dodecane. Spent insoluble tannin in NUCEF will be generated at about
10kg/y. It can be evaluated from the destruction rate of insoluble tannin that 10kg of spent
insoluble tannin will be mineralized for about 26 hours with a 100A electrolytic cell. Spent 30%
TBP/dodecane will be generated at about lOOdnrVy in NUCEF. It is evaluated from the destruction
rates of TBP and dodecane that destruction of 100dm3 of spent 30% TBP/dodecane will need about
50 days by 8 hours operation per day with a 3000A electrolytic cell.

For the scale-up of equipment, it is necessary to consider the layout and cooling of electrodes,
stirring conditions and effective agitation of anolyte. For practical application of silver mediated
electrochemical oxidation technique to waste treatment in NUCEF, a scale-up test is required. A
500A electrolytic cell is under design and scale-up effects mentioned above will be investigated.
On the basis of the experiments with this 500A electrolytic cell, design and construction of an
electrolytic cell of 3000A class will be carried out for practical application.

CONCLUSION
The destruction data of organic compounds such as insoluble tannin, TBP and dodecane were

obtained by destruction tests with silver mediated electrochemical oxidation technique. Insoluble
tannin and TBP were completely mineralized with relatively high destruction rates. The destruction
rate of dodecane was slightly lower than those of insoluble tannin and TBP. The current
efficiencies were high; almost 100% for insoluble tannin and TBP, and about 80% for dodecane.
No formation of reactive organic nitrate associated to safety hazards was confirmed during the
destruction tests. On the basis of these results, the applicability of silver mediated electrochemical
oxidation technique to waste treatment in NUCEF was evaluated. The examinations on the scale-up
effects are necessary for practical application of silver mediated electrochemical oxidation
technique to waste treatment in NUCEF. The introduction of a 500A electrolytic cell is under
planning.
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ABSTRACT
Preliminary study on the treatment of low level radioactive wastewater was performed using supported liquid

membranes.(SLMs) containing CMPO/TBP/dodecane. The feed solution contained Ce(III), Fe(III), Cr(III) and Ca(II)
dissolved in aqueous HNO3/NaNO3 solution and the permeate side solution contained chelating agents such as sodium
citrate. The effect of experimental conditions on the permeation behavior of Ce(III), which is considered to be similar
to that of Am(III), was systematically investigated A stirred permeation cell and plate-and-frame type modules were
used. The higher the NaNO3 concentration in the feed, the larger the distribution coefficient of Ce between the feed
and the membrane solution, which resulted in rapid uphill transport of Ce(III). Raising the temperature was also
effective. In the experiments using modules, twenty fold enrichment of Ce(III) was achieved and decontamination
factor was as high as 1000. The SLM could be stabilized by circulating a small amount of membrane solution through
the stripping side of the module. The required membrane area was found to be rather small, which suggests the
possibility of commercial application of the SLM.

INTRODUCTION
Several preliminary studies on the application of supported liquid membranes (SLMs) to the treatment of radioactive

wastewater have been reported since the required amount of extractant is much smaller than that used in the solvent
extraction and the process is very simple (1-4). The chemical reaction describing the extraction of trivalent metal ions
with CMPO from their nitric acid solution in the presence of TBP is expressed as follows (2).

M3++3NO3" + 3CMPO(HNO3)m <=> M(NO3)3(CMPO)3(HNO3)3m

HNO3 + TBP o TBPHNO3
In this liquid membrane system, trivalent metal ion M3+ can be transported against its concentration gradient by
maintaining the nitrate concentration in the feed side higher than that in the strip side or by adding chelating agents to
the strip side. Nitric acid is also transported through the membrane by CMPO and TBP. In the present study, aqueous
Ce(III) solutions containing nitric acid and/or sodium nitrate were used as simulated low level radioactive liquid
nuclear waste, and systematic experiments were performed using flat sheet SLMs consisting of octyl(phenyl)-N,N-
diisobutylcarbamoylmethylphosphine oxide (CMPO) and TBP dissolved in dodecane. The effects of various
experimental conditions such as the compositions of feed, membrane and strip solutions were investigated in detail.

EXPERIMENTAL
A stirred permeation cell (membrane area S=7.1cm2, volume of feed and strip solution: 20mL) (5) and the following

three plate-and-frame type SLM modules were used.

Table 1 Dimension and membrane area of plate-and-frame type modules
Module

Module A
Module B
Module C

Channel width W[cm]
2
3

1.5

Channel length L
20
28

28.5

[cm] Membrane area
40
84

42i

S[cm2l

The channel depth was 1 mm for all modules and a mesh spacer of 0.8 mm thick was inserted in each channel of feed
and strip solution. SLMs were prepared by impregnating supports (Membrana, Accurel® PP, Type 2E, l50[im
thickness) with dodecane solution of 0.382M CMPO and 0.868M TBP. The feed solution contained 550 ppm Ce(III),
490 ppm Fe(III), 320 ppm Cr(III) and 330 ppm Ca(II) as nitrate salts, and the total concentration of HNO3 and NaNO3

was in the range from 0 to 5 M. The strip solutions were aqueous solutions of trisodium citrate (Na3CA), disodium
hydrogen citrate (Na2HCA), sodium dihydrogen citrate (NaH2CA)and triammonium citrate ((NH4)3CA).

In the experiments using the modules, two operation modes were employed as shown in Fig. 1. In mode 1 operation,
both feed and strip solutions were circulated through the respective channels by pumps Pp and Ps. Mode 2 operation
was the same as mode 1 operation except that a small amount of liquid membrane solution was added to the reservoir of
a strip solution (Fig.l) and the membrane solution was circulated as droplets through the strip side channel of the
module by a third peristaltic pump PM- AS described below, SLMs could be stabilized by the latter mode of operation.
Distribution ratios of Ce(III) between aqueous Ce(III) solutions and CMPO/TBP/dodecane, solutions, .DCc, were

1
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measured by the usual method. Metal ion concentration was measured by ICP.
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Fig. 1. Schematic diagram of experimental apparatus. Plate-and-frame type SLM module.

RESULTS AND DISCUSION
Distribution ratio of Ce(III)

As shown in Fig.2, when [HN03]w,o+[NaN03]w,o was maintained at 3M, the distribution ratio of Ce(III), DCe,
increases with decreasing [HN03]w,o (5). This is because the higher the HNO3 concentration, the more CMPO is
consumed by the reaction with HNO3. The effect of temperature on DCe was also investigated. When
[HNO3]Wi0=0.05M and [NaN03]w,o=2.95M, DCe at 298K and 318K were 7000 and 1700, respectively. Since DCe is still
very high at 318K and the diffusivities of carrier and complex in the membrane are larger at higher temperature, higher
permeation flux was obtained at higher temperature as shown below.
Results by stirred permeation cell

Experiments were performed with a stirred permeation cell (5) at [HN03]F,o+[NaN03]F,0=3M. It was found that higher
temperature and lower HNO3 concentration are favorable for increasing Ce(III) permeation rate. Addition of chelating
agents such as sodium citrate (Na3CA) to the strip side was effective for high recovery of Ce(III). Unless otherwise
noted, the experimental condition was as follows; [HN03]F,o=0.05M, [NaNO3]Fj0=2.95M, [Na3CA]s,o=O.3M.
Results by plate-and-frame type modules

Experiments were performed in operation mode 1 unless otherwise noted. Figure 3 shows the plots of dimensionless
Ce(III) concentration [Ce]/[Ce]F>0 vs time at various feed to strip volume ratios VF/VS (Module A). Subscripts F and S
refer to the feed and strip solution, respectively. Even when VF/VS was as high as 20, twenty-fold enrichment of
Ce(III) in the strip side was achieved. The SLM was selective for Ce(III) over other metal ions. Figure 4 shows the
effect of temperature and linear velocity uF(=vF/(Wd), vF: volumetric flow rate, W: channel width, d: channel depth)
(Module B). Higher removal of Ce(III) was achieved at higher temperature and larger uF and the decontamination
factor was more than 1000. On the basis of the data showing the highest JCe in Fig.4, the membrane areas required for
removing Ce(III) from the feed (feed rate: lmVday) for 90, 99 and 99.9 % Ce(III) removal were estimated as 1.5, 2.3

10*

Q°102

101

1 [HN03]Wjp[NaN03]Wio
i [Ce]W0=e00ppm, Vo/Vw=0.25

298K

[CMPO]o,0=0.382M, p"BP]0,o=0.868M

1 2
[NaN03]w,o [M]

and 3.5 m2, respectively.



Fig.2 Effect of NaNO3 concentration in aqueous phase on distribution ratio of Ce(III). [HN03]w,o+[NaN03]w,o-3M.



P4-08

10°o

F S VF/VS pHSifln>.
„ O * 1 6.41

10"2|rAA 2 6.09
DM 3.75 576
V T 10 4 6 5
<>• . 20 , 4 ' 6 5

0 1 3 4
t* [h]

Fig.3 Enrichment of Ce(III) by Module A at various VF/VS ratios. Operation mode 1, 298K.
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Fig.4 Effects of temperature and linear velocity of feed solution on the removal of Ce(III). Module B in operation mode
1.

Stability of SLM module
Experiments were performed in the operation mode 1 using Module C. The results are shown by the circle keys in

Fig.5. The linear velocities of both the feed solution and strip solution, uF and us, were 0.056 m/s. At t=5 h,
permeation rate began to decrease considerably and about 35 mL increase in the volume of the strip solution in the
reservoir was observed at t=23 h due to the permeation of the feed solution through the SLM. This suggested that the
membrane solution in the pores of the support was partly replaced by the feed solution. The CMPO concentration in
the degraded membrane was 0.182 mol/L-pore volume, about a half that of a freshly prepared membrane (0.382M).
Presaturation of strip solution with the membrane solution was not effective for preventing the membrane degradation.

To overcome this problem, experiments were performed in operation mode 2 as shown in Fig. 1 where the membrane
solution (10 mL) was circulated through the strip channel with the strip solution (100 mL). In this way, the droplets of
the membrane solution could contact the surface of the SLM frequently. The module was fixed vertically or
horizontally. The results obtained by this operation mode are shown by the square keys (vertical) and the triangle keys
(horizontal) in Fig.5. It is seen that the SLM was stable enough for almost all Ce(III) in the feed to be transported to
the strip solution for both cases. No water transport through the SLM was observed. Although not shown here, a similar
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successful result was obtained when temperature was raised to 308K. The concentration of CMPO in the membrane
solution contained in the SLM after the experiment was 0.42 M. These results suggested that even at very high UF,
direct frequent contact of
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15 20 25 30
t [h]

Fig.5 Stability test of SLM module C. VF=500mL, Vs=100mL, strip solution: 0.3M trisodium citrate, uF=us=0.056m/s,
298K. circle keys: without circulation of membrane solution, module was fixed vertically, square keys; with circulation
of membrane solution, module was fixed vertically, uM=0.0022m/s, triangle keys: with circulation of membrane
solution, module was fixed horizontally, uM=0.0022m/s.

30 40 50
t [h]

Fig.6 Stability test with repeated renewal of both feed and strip solutions. Effect of linear velocity of feed and strip
solutions. Module C in operation mode 2. VF=100mL, Vs=50mL, VM=4mL, uM=0.0022m/s inclination of module:
30 degrees from vertical direction, 308K. circle keys: uF=us=0.056m/s, triangle keys: uF=us=0.1 lm/s.

the membrane solution with the SLM surface was very effective for keeping the pores of the support filled with the
membrane solution.

To confirm the usefulness of this stabilization method, long-term permeation experiments were performed where both
the feed and the strip solutions were renewed three times a day. The results obtained at two linear velocities of the feed
solution are shown in Fig.6. The SLM was stable even when uF was as high as 0.1 lm/s. When Na2HCA and NaH2CA
were used instead of Na3CA as chelating agent, similar results were obtained. Use of NaH2CA instead of Na3CA is
considered to be effective for reducing the amount of nuclear waste.

CONCLUSION
Removal of Ce(III) in the simulated low level radioactive wastewater was investigated using SLMs consisting of

CMPO, TBP and dodecane. Chelating agents such as sodium citrate were added to the strip solution. When
[HN03]F,o+[NaN03]Fjo=3M, permeation rate of Ce(III), JCe, increased with increasing [NaNO3]F,0. In the experiments
using the plate-and-frame type module, Ce(III) was efficiently removed and enriched. JCe increased with increasing
temperature and linear velocity of the feed solution and more than 99.9% of Ce(III) in the feed could be removed.
Furthermore, the SLM module could be stabilized by the circulating a small amount of membrane liquid through the
strip side of the module with the strip solution. This stabilization method is expected to be applicable to the hollow
fiber SLM module.
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ABSTRACT

The immobilization of plutonium-containing wastes with the manufacturing of stable solid
compositions is one of the problems that should be solved in the disposal of radioactive wastes.

The works on the choice, preparation with the use of the cold crucible induction melter (CCIM)
technology, and investigation of materials that are most suitable for immobilizing plutonium-containing
wastes of different origin have been carried out at the All-Russian Scientific Research Institute of Inorganic
Materials (VNIINM) and the Institute of the Geology of Ore Deposits, Petrography, Mineralogy, and
Geochemistry (IGEM), Russian Academy of Sciences in the framework of the agreements with Lawrence
Livermore National Laboratory (LLNL, USA) on the material and technical support.

This paper presents the data on the synthesis of cerium-, uranium-, and plutonium-containing
materials based on borobasalt, pyroxene, and andradite compositions in the muffle furnace and by using the
CCIM method.

The compositions containing up to 15 - 18 wt % cerium oxide, 8 - 11 wt % uranium oxide,
and 4.6 - 5.7 wt % plutonium oxide were obtained in laboratory facilities installed in glove boxes.

Comparison studies of the materials synthesized in the muffle furnace and CCIM demonstrate the
advantages of using the CCIM method.

The distribution of components in the materials synthesized are investigated, and their certain
physicochemical properties are determined.

INTRODUCTION

The progress of nuclear power engineering and nuclear technology as a whole is associated with
solving the problems of the nuclear fuel cycle, among them the disposal of radioactive wastes requiring a
long-term and safe storage.

The necessity of isolating the radioactive wastes from the environment over a long period of time
and the aspiration for a shortening of repository service period demand the transformation of radionuclides
and other biologically hazardous waste components into solid forms. Solidified compositions should possess
the thermal durability, radiation resistance, high chemical durability, and mechanical stability and provide a
sufficient stability of properties during the storage and burial.

At present, the solidification of wastes in the form of vitreous, mineral-like, glass-ceramic, and
ceramic compositions for their long-term storage and subsequent burial is considered as the most promising
method for the radioactive waste management.

The works on the choice, preparation with the use of the cold crucible induction melter (CCIM)
technology, and investigation of materials that are most suitable for immobilizing plutonium-containing
wastes of different origin have been carried out at the All-Russian Scientific Research Institute of Inorganic
Materials (VNIINM) and the Institute of the Geology of Ore Deposits, Petrography, Mineralogy, and
Geochemistry (IGEM), Russian Academy of Sciences in the framework of the agreements with Lawrence
Livermore National Laboratory (LLNL, USA) on the material and technical support.

The paper presents the data on the synthesis of cerium-, uranium-, and plutonium-containing
materials based on borobasalt (Bz), pyroxene (JED), and andradite (A) compositions in a muffle furnace and
a CCIM.

EXPERIMENTAL

Reasoning from analysis of compositions of the possible plutonium-containing wastes, the
borobasalt vitreous matrices and also pyroxene and ferrosilicate (andradite) compositions were chosen as
matrix materials for the immobilization.
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Preparation of Vitreous and Mineral-Like Compositions

Cerium-, uranium-, and plutonium-containing vitreous borobasalt compositions (Table 1) were
prepared in laboratory facilities (alundum crucibles in muffle furnaces and CCIM ) installed in glove boxes.

Table 1. Calculated compositions of synthesized materials

Oxide

Na2O
MgO
AI2O3

SiO2

K2O
CaO
TiO2

MnO
Fe2O3

B2O3

CeO2

u3o8
PuC-2

Oxide content, wt %
muffle furnace

Bz-Ce-15
1,7
4,3
7,2

25,9
0,3
14,9
0,5
0,1
5,2

24,9
15,0

0
0

Bz-U-10
1,8
4,6
7,6

27,4
0,3
15,8
0,5
0,1
5,5

26,4
0

10,0
0

Bz-Pu-5
1,9
4,9
8,1

28,9
0,3
16,6
0,5
0,1
5,8

27,9
0
0

5,0

CCIM
Bz-Na

6,0
3,0
10,0
35,0
1,0

15,0
1,0
0

6,0
23,0

0
0
0

Bz-Na-Ce-15
5,0
2,5
8,3

29,2
0,8
12,5
0,8
0

5,0
19,2
16,7

0
0

Bz-Na-U-10
5,5
2,8
9,2

32,2
0,9
13,8
0,9
0

5,5
21,2

0
8,0
0

Bz-Na-Pu-5
5,7
2,9
9,6

33,7
0,9
14,4
0,9
0

5,7
22,2

0
0

4,0
Calculations were carried out for the preparation of 150 g of melted material block.

The materials were synthesized by melting of mixtures of a preliminarily prepared borobasalt glass
frit with a nuclide oxide (CeO2, U3O8, or PUO2) incorporated into the composition at a temperature of 1200 -
1300°Cfor 1 - 3 h .

Cerium-, uranium-, and plutonium-containing compositions of the pyroxene and andradite types
(Table 2) were prepared in the laboratory CCIM facilities.

The materials were synthesized by melting of mixtures of a preliminarily prepared matrix frit with a
nuclide oxide (CeO2, U3O8, or PUO2) incorporated into the composition or oxide - salt mixtures at a
temperature of 1500 - 1600°C for 0.5 - 1 h.

Table 2. Compositions of materials synthesized in CCIM

Oxide

SiO2

MgO
A12O3

CaO
Fe2O3

NiO
Cr2O3

MnO2

Na2O
CeO2

u3o8
PuO2

Oxide content, wt %
JED-F

calcd
42,0
16,0
8,0
14,0
12,0

-
-
-

8,0
-
-
-

as-an
55,0
9,0
9,5
11,0
8,0
-
-
-

7,5
-
-
-

JED-Ce
calcd
35,8
13,6
6,8
11,9
10,2

-
-
-

6,8
14,9

-
-

as-an
42,6

8,2
9,7
9,8
-
-
-

6,1
15,4

-
-

JED-U
calcd
38,1
14,5
7,3
12,7
10,9

-
-
-

7,3
-

9,2
-

as-an
42,9
14,5
9,0
9,5
9,5
-
-
-

5,8
-

8,6
-

JED-Pu
calcd
40,1
15,3
7,6
13,4
11,4

-
-
-

7,6
-
-

4,6

as-an
n/a
n/a
n/a
n/a
n/a
-
-
-

n/a
-
-

4,6

A-F
calcd
38,0
8,0
12,0
11,0
26,0
1,0
2,0
2,0
-
-
-
-

as-an
50,6
6,8
14,6
8,1
15,9
0,4
1,8
1,8
-
-
-
-

A-Ce
calcd
32,3
6,8
10,2
9,4

22,1
0,9
1,7
1,7
-

14,9
-
-

as-an
37,5
6,1
13,6
7,2
14,3
0,5
1,4
1,6
-

17,8
-
-

A-U
calcd
34,0
7,1
10,7
9,8

23,2
0,9
1,8
1,8
-
-

10,7
-

as-an
43,0
6,7
12,5
10,0
14,5
0,2
0,1
1,8
-
-

11,2
-

A-Pu
calcd
35,9
7,6
11,3
10,4
24,6
0,9
1,9
1,9
-
-
-

5,5

as-an
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
-
-
-

5,7
JED block - 130 g, A block - UOg, n/a - not analized
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Investigation of Prepared Materials

Borobasalt Compositions

The borobasalt compositions (Bz-U-10 and Bz-Pu-5) synthesized in the muffle furnace are the
vitreous materials, which in the glass bulk involve disperse crystalline particles consisting of uranium and
plutonium oxides that are undissolved or crystallized from a melt.

The solubility of uranium and plutonium in the compositions synthesized in the muffle furnace is
limited by 9.6 and 3.5 wt %, respectively.

An excess uranium sediments and forms a thin layer of crystalline phase in the bottom part of the
glass block. The layer is predominantly composed of two types of tiny crystals 1-5 (rarely 10) microns in
size with glass-filled gaps in between. The crystals of the first predominant type form the aggregates
comprised of tiny rounded grains, which are closely adjacent to each other. The crystals of the second type
form four-ray and six-ray aggregates several microns in size. These crystals are close in composition to the
crystals of the first type: uranium is the predominant component, and calcium is observed in smaller amounts
(6 - 8 wt %) (Table 3).

Table 3. As-analyzed compositions of uranium-containing crystalline phases in the glass Bz-U-10

Crystal type

1
1
2
2

Oxide content, wt %
A12O3

1,7
2,1
0,6
0,6

SiO2

1,5
3,5
0,6
0,7

CaO
7,1

8,35
6,6
6,3

Fe2O3

0,7
0,5
-
-

uo2
80,8
78,1
81,1
83,7

An excess plutonium predominantly sediments and forms a layer of crystalline phase in the bottom
part of the glass block. Single crystalline particles and their aggregates occur in the bulk of the glass block,
which was held in the molten state for 3 h.

The borobasalt compositions (Bz-Na-U-10 and Bz-Na-Pu-5) synthesized in the CCIM are the
homogeneous glasses with the uniform distribution of uranium and plutonium at their average content of 8.2
and 5.6 wt %, respectively.

Pyroxene and andradite mineral-like compositions

The uranium-containing JED-U block synthesized in the CCIM is composed of the glass and
crystalline phases. The block exhibits a pronounced zonal structure. The first (upper) zone consists of the
homogeneous glass ( Table 4). The central zone (about 5 mm thick) is comprised of the glass and the
crystalline aggregate (Table 4). The bottom zone (bottom slag lining) has an inhomogeneous structure
(Table 4).

Table 4. Glass compositions in different parts of the JED-U block (SEM/EDS)

Oxide,

w t %

Na2O

MgO

A12O3

SiO2

CaO

Fe2O3

UO2

under crystalline aggregate

1
4.2

13.5

9.3

48.9

11.9

8.5

1.7

2
4.1

15.4

5.8

47.5

11.8

8.7

4.3

3
3.9

15.1

7.1

47.5

12.0

8.1

6.1

4
3.6

14.4

6.8

47.1

12.2

8.6

7.8

5
3.4

16.5

7.1

44.9

12.2

8.7

8.6

6
4.3

14.1

7.2

44.1

10.7

8.4

9.6

7
4.0

11.6

7.9

46.9

11.1

8.8

10.3

8
3.9

13.3

8.6

46.5

11.5

8.9

11.5

between
crystals
1

4.4

4.3

9.2

43.8

14.3

9.5

11.7

2
4.7

9.6

11.5

44.7

13.3

9.2

10.4

over crystalline
aggregate

1
4.1

14.2

11.0

46.7

11.3

8.7

8.8

2
3.9

14.8

10.7

45.3

11.5

8.4

8.4

3
3.9

14.6

11.0

45.8

11.7

8.9

8.5
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In the synthesized block, uranium is dissolved in considerable amounts in the glass phase of the first
main zone of the block, in which the uranium content is equal to about 8.6 wt %. In the central part of the
block, uranium is also observed in the form of submicroscopic star-shaped crystals identified as synthetic
uranium oxide UO2, which are uniformly distributed throughout the crystalline aggregate.

The uranium-containing A-U block synthesized in the CCIM consists of the glass (60 - 80%) and a
crystalline spinel phase (20 - 40%) (Table 5). Uranium occurs only in the glass phase, in which its content is
equal to about 11 wt %.

Table 5. Glass compositions in different parts of the sample according to SEM/EDS

Oxide,
w t %

Fe2O3

CaO
SiO2

A12O3

MgO

uo2
MnO
NiO

Cr2O3

Central part of block
glass

1
14.6
9.9

43.0
12.8
6.5
10.8
1.8
0.3
-

2
14.2
10.1
43.3
12.0
6.8
11.6
1.8
0.2
0.1

average
14.4
10.0
43.1
12.4
6.7
11.2
1.8
0.2
0.1

Main part of block
glass

1
10.2
10.4
46.9
11.7
6.3
11.9
1.6
0.1
-

glass + crystal (15x15 urn)
1

18.7
8.6

40.5
12.1
6.7
9.9
1.7
0.6
1.3

2
19.4
7.02
39.9
13.5
6.5
9.9
1.6
0.7
1.5

3
19.5
8.7

39.1
11.9
6.0
9.4
1.7
0.6
1.4

average
19.3
8.2

39.6
12.3
6.3
9.7
1.7
0.7
1.4

The investigation of the samples of the plutonium-containing pyroxene composition JED-Pu
synthesized in the CCIM demonstrated that plutonium is uniformly distributed over the glass in the upper
and central zones of the block. Its average content (the mass of the operating volume block is about 130 g) is
equal to 4.6 wt % PuO2 (Table 6).

In the plutonium-containing garnet composition A-Pu synthesized in the CCIM, plutonium is also
uniformly distributed in the upper and central zones of the block, in which its average content (the mass of
the operating volume block is about 100 g) is equal to 5.7 wt % PuO2 (Table 7).

Table 6. Data of profile probing for the JED-Pu composition
(probing step, 500 jam)

Point of probing
Plutonium content, wt % PuO2

1
4.6

2
4.4

3
4.6

4
4.8

5
4.6

6
4.4

7
4.3

8
4.6

9
4.5

10
4.5

11
4.7

12
4.8

13
4.2

14
4.6

Table 7. As-analyzed plutonium contents in samples of the A-Pu composition
(gamma spectrometry)

Sample
Plutonium content, wt % PuO2

1
6,4

2
5,5

3
5,1

4
6,1

5
5,8

6
5,5

7
5,3

8
6,1

9
5,7

10
5,7

11
5,8

12
5,3

13
5,5

14
6,1

CONCLUSIONS

The performed investigations showed that the use of the CCIM method for the immobilization of
radioactive wastes makes it possible to produce homogeneous glasses, which are characterized by the
uniform distribution of uranium and plutonium at their content of 10 and 5 wt %, respectively.

It should be noted that the crystalline phases (pyroxene and garnet) were obtained in no case. It is
clear that this is associated with the ability of silicate melts to form the vitreous state upon their rapid cooling
(quenching).
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ENVIROUIMETALLY SAFE MANAGEMENT OF RADIOACTIVE AND TOXIC SLUDGES
N. E. Shingarev, I.V. Mukhin, A. S. Polyakov, L. S. Raginsky, B. A. Semenov

SS C RF A. A. Bochvar All-Russia Research Institute of Inorganic Materials (VNIINM)

Introduction
Toxic industrial waste constitutes a significant part of our natural environment. Picturesque in former times lakes

and rivers became unusable not only for economic activities or rest but also are hazardous to the environment; toxic com-
ponents are migrating together with ground water and aerosols. Various options to limit the migration under natural condi-
tions are but half-measures. The most reliable route to provide the long-term écologie safety involves removal of toxicants
from natural objects, re-use or, if recycle to industry is not possible processing, reliable solidification and disposal in spe-
cialized disposal facilities.At sites of large-scale industrial plants there are various versions of ponds-settlers, sludge col-
lectors or similar objects containing substantial amounts of sludge comprising toxic (chromium, vanadium..) or radioactive
substances. Open reservoirs -storage facilities are particularly hazardous . The activities now in progress to seal and shut
down reservoirs which would eliminate the radionuclide transport by wind fail to provide the long-term immobilization of
toxicants. They have to be extracted followed by utilization or solidification and safe storage or disposal under conditions
of their isolation from ground water. With a view of processing toxic and radioactive sludges available in reservoirs a proc-
ess flow sheet is suggested that comprises the operations of sludge concentration , dehydration and granulation (1,2). De-
pending on the composition and physicochemical properties of a particular sediment different versions may be used to put
the technology into practice; they are discussed in this paper.

1. Flocculation of Sludge
Sludges are water saturated suspensions having the moisture content ~ 98-99%. . Flocculation is an operation re-

quired to concentrate a solid phase. Some extra opportunities are offered by applying complexing flocculants containing
different functional groups. Flocculants of this kind bind both dissolved toxic metals and radionuclides. The specific type
flocculant is chosen based on the results of the tests.

Fig. 1 shows the influence exerted by polyacrylamide (PAA) that is a standard flocculant used in the process of water
conditioning as well as by hydrolyzed PAA on the sedimentation of a sludge suspension containing hydroxides of iron ,
aluminium.manganese, silicon and some other elements. This composition is typical of sludges available in ponds -storage
facilities of radioactive waste (RAW). Hydrolyzed polyacrylamide (HPAA) is less effective , it features the formation of
larger-size floes and higher amounts of settled pulp. The rate of particle settling increases witch pH of the system while the
specific of the concentration is correspondingly reduced.

At the PAA concentration of 4mg/g solid the essentially maximal rate of suspension settling is achieved and it is not
reasonable to further raise the concentration of PAA. The substantial influence on the rate of concentrating by sedimenta-
tion is effected by the solid phase concentration. With the solid phase concentration in the suspension louvered down by a
factor of ~3 the rate of the 50 % sedimentation in presence PAA increases by ~ 30 times.

4 6 8
Flocculant concentration, mg/g solid

10 12

Fig.l Sedimentation rate of suspension as a function of PAA and hydrolyzed PAA concentrations (pH=8.7)
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2. Use of Flotation to Concentrate Sludges
Various classes of SAA can be used as flotation agents. As far as the above described sludge hydroxides, the best re-

sults were acquired via the application of long-chain carboxylic acids , specifically, oleic acid. The influence of the oleic
acid concentration on the flotation effectiveness is demonstrated in fig.2.

0,5 1 1,5 2
Flotation reagent concentration, g/l

2,5

Fig.2 Influence of oleic acid concentration on sludge flotation
The full extraction of the whole solid phase of sludges is not achievable via a single flotation cycle; the tails con-

taining up to 20 % of unflotable suspension. The implemented investigations evidence that to completely extract all sludge
fractions the process of concentrating via flotation is to be carried out in two stages. The first flotation cycle within pH ~
7.5-9.5 results in the effective flotation of ~ 80 % of particles. After the pH adjustment to ~ 3.5-6.0 the remaining hydroxide
fractions are extracted in the second flotation cycle. The concentration of flotation reagents is of the order 0.5-2.0 g/l of
processed sludges. The introduction of complexing flotation reagents allows an effective removal of dissolved radionu-
clides (3).

3. Filtration
Sludge filtration is one of the most challenging operations. Breakthrough of toxic metals and radionuclides necessi-

tates the deep cleaning of a filtrate on granular filters that ensure the needed condition in terms of the environment. The
application of high molecular SAA improves the filtration effectiveness and reduces the moisture content of a resultant
cake

Fig.3 shows the influence of PAA and HPAA7 on the parameters of hydroxide sludge filtration. During filtration the
optimized PAA concentration is ~ 8 mg/g solid. The filtration proceeds via the mechanism of forming a deposit. The mois-
ture content of the resultant deposits is ~ 80 %.

0,35
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0,3

0,25

0,2 -

2 4 6 8 10 12 1

Specific consumption of PAA mg/g solid

Fig 3 Deposit resistivity vs specific consumption PAA
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4. Sludge Leaching
Leaching is most efficient for macrocomponents of some industrial sludges and is highly advisable for recycling

metals (vanadium, chromium, nickel).
During leaching polyvalent cations of iron , manganese and other metals compete with the target component. In

some instances it is feasible to extract metal concentrates for metallurgical conversion ( iron-chromium, iron-nickel, iron-
vanadium and other concentrates).

For microcomponent leaching selective complexing agents need be used. As far as transuranic elements, the choice
of selective complexing agents remains an unresolvable problem. Oxycarboxylic (citric etc) and aminopolyacetic acids
efficiently interact with ions of both actinides and iron and interfering cations, that is why, the target metals fail to get into
solutions in adequate quantities ,see table 1.Sludge is completely dissolved and actinides in total are effectively transferred
into solution if nitric acid solutions with fluorine ion additives are used , see table 2. For the save of comparison , the solu-
tion composition is given when sludge is completely dissolved with aqua regia.

Table 1. Assessed Effectiveness of U and Th Leaching with Complexons (S:L=l:10., t=80 °C, T=20 h.)

l

2

3

4

Composition of leaching solution

20 g/1 citric acid

20 g/1 trilon B

20 g/1 #TPA (p H= 4)

20 g/1 sodium hexametaphosphate

% leached

U

67

2.5

1.7

1.3

Th

22.7

0.61

17.2

0.43

Table 2. Sludge Dissolution with HNO3 Solutions (S:L=l:10, t=80 °C, x=0,5 h, [HNO3]init. =3.2 mole/1)

Composition of leaching solution

HNO3 (83%) and HC1 (17%)

[HNO3] eq. = 1 mole/1 + 0.1 mole/1 NaF

Degree of metal leaching, %

U

99.9

Th

99.9

Al

99.9

Fe

99.9

Mn

99.9

Solution composition after leaching, g/1

0.15

99.9

0.016

99

7.6

99

20.0

15

0.92

99

Solution composition after leaching, g/1

0.15 0.016 7.6 3.0 0.92

5. Granulation of Sludge
The application of leaching is not efficient for the most part of sludges. To provide the environmental safety

sludges have to be solidified to produce an adequately reliable matrix for toxic component incorporation and be disposed
of. This procedure is also important for leaching since the residual content of toxicants in the quantity of 0.1 - 1.0 % neces-
sitates their isolation from the biosphere.

Cake resulting from the filtration of sludge has poor technological properties, namely, it is subject to consolidation
and forms dust when dried up. In view of this , it is advisable to produce a granular material that is described by a proper
technologic performance.

Hydrogranulation using hydrophobizating flocculants may be implemented immediately after sludge concentra-
tion. In this instance filtration on cloth filters is not needed. Granules are separated from a mother liquor on screen filters;
the fine fraction of granules is recycled while the entrained suspension is separated on a granular filter.

The other granulation version involves the sol-gel process used to incorporate sludge into a ceramic (aluminum
oxide - A12O3 ) matrix.

This process contemplates blending a concentrated sludge paste and an aqueous sol of aluminum hydroxide at the
ratio between the total oxides in the sludge and aluminum oxide equaling -0.2 - 0.3 : 0.8 - 0.7 followed by operations of a
drop dispersion of the resultant blend into an aqueous solution of ammonia, washing solidified gel particles, drying and
calcining in air.
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As a result, ceramic granules were prepared that had an essentially ideal spherical shape ~1.0 - 1.5 mm in size and
adequately high properties, namely, the hulk density of ( 0.5 - 0.7 g/cm3) and crushing strength of 250 kg/cm2 (600 ° C)
and 750 kg/cm2 (1150° C). Fig.4 illustrates ceramic granules treated at different temperatures.

o 4

a) b) c)

Fig.4. Ceramic granules prepared by sol-gel method at different temperatures of treatment and content of RAW oxides : a)
as calcined at 1150 °C, the content of RAW oxides - 20 %; b) as dried at 120 °C, the content of RAW oxides - 30 %; c) as
calcined at 600 °C, the content of RAW oxides - 30 %.

Conclusion
The operations described in the paper have been put into practice via the process flow sheet of compaction of

sludge contained in RAW storage ponds to produce mineral-like granules to be subsequently incorporated into compounds.
The granulated mineral-like structure of the material incorporating RAW is an extra barrier against migration of toxic and
radioactive metals. Depending on the sludge composition the operations of chemical and heat treatment of granules opti-
mize the composition and structure of a matrix material that provides for the reliable long-term immobilization of toxic
components.

The combined physico-chemical methods involving sedimentation, filtration, granulation and heat treatment allow
the conversion of radioactive sludge to a solidified material at a factor of 30 - 50 reduction of RAW amounts.
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EVALUATION OF BITUMINIZED WASTE REACTIVITY
S.CAMARO - M.FROMONT - D.MOULINIER 3 0

CEA/DCC/DESD - Bat 352 - CE Cadarache - 13108 St Paul les Durance

Although very few incidents have to be deplored all over the world in radioactive waste bituminization
process, the bitumen inflammation risk has to be brought under control. In order to prevent such a risk, a
zero thermal reactivity has been searched up to now to authorize an operationaly waste embedding.
Elsewhere a model has been developed to predict the thermal behaviour of a drum during the cooling
phase in order to precise how reasonable could be a non nul reactivity. One of the necessary input data is
the evolution of the thermal power versus temperature. This document describes the experimental method
proposed by the CEA to the plant operators to measure the potential reactivity of a waste destined to be
conditioned in bitumen. Microcalorimetry has proved to be the most efficient technique. The application
of this procedure is in progress at Marcoule Cogema plant and Saclay CEA center before all set up of
bituminization operation.

INTRODUCTION

Bituminization process has been used in several countries for conditioning Low and Medium Activity (LMA)
radioactive waste. This is an old tested process where is still implemented in some of them, in particular in France for
the immobilization of coprecipitation slurries and evaporation concentrates resulting from effluents decontamination.

The process consists in mixing bitumen matrix with inactive soluble and unsoluble salts produced by
radionuclides insolubilization or issued from neutralization of acidic effluents. The chemical composition of the salts
precipitated in the slurries depends on the used reagents. Mixing is performed at a sufficient temperature to allow
flowing of the resulting mixture in metallic containers. Mixing and heating occur simultaneously in Werner extruder
(COGEMA La Hague, Marcoule) or thin film type Luwa machine (CEA Saclay). The filling temperature varies
between 125 and 160°C according to waste composition and bitumen grade. Drums are generally filled up with
successive layers of salts/bitumen mixture.

If no incidents have occured at La Hague COGEMA plant since 1989 and at Marcoule plant since 1966, a few
thermal incidents have to be deplored in production of bituminized waste all over the world. As far as nuclear safety is
concerned, this risk has to be brought under control. Then the CEA has been involved for many years in evaluating the
thermal reactivity of bituminized waste and its consequences on bitumen process.

A first approach consists in the definition of a working scope in order to precise the admissible range of main
parameters (flowing temperature, reagents dose,...) in regards to the inquired nul reactivity.

However treated effluents are able to include impurities that may have incidence on thermal behaviour of
bituminized waste. Then the characterization of the potential reactivity appears as further precautionary measure.
Consequently the CEA has developed studies on this aspect. These studies aim to supply the plants operators with a
methodology able to identify a hazardous mixing and to guarantee the safety of the process to authorities.

EVALUATION OF BITUMEN INFLAMMATION RISK : SELECTED APPROACH

Exothermal reactions between salts and bitumen can be induced during the mixing phase. They may thus
produce an additional heat emission that the material must be able to release in order to avoid a potentially incidental
pattern.

Both main mechanisms responsible for heat evacuation from bituminized waste are :
- thermal conduction,
- convection induced by a difference of temperature between the core and the surface of the drums. This last

phenomenon is essential to insure safety of the process when salts bring some reactivity.

Many characteristics of bituminized waste concur towards inflammation risks :
- low thermal conductivity of bitumen matrix,

1
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- high viscosity (depending upon dry mineral extract content, mixing temperature, ..)• If viscosity is very high, the
conduction may become the predominant heat release mechanism,

- exothermicity of redox reactions (function of waste nature).

If the pouring temperature is not well-controlled, a risk exists to fall over an incidental scenario.

The risk of bitumen inflammation generally increases with the filling of the drum ; therefore the highest one
occurs after the filling-up. In some cases, when reactivity is very important, risks may occur before the end of drum
filling up. The control of these risks requires an evaluation of heat release ability compared to the heat generated by
reactivity.

The selected approach is based on the modelling of phenomena responsible respectively for heat production
and heat evacuation. This model is detailed in the lecture of P.Mercier. It describes the thermal behaviour of a drum
during the cooling phase and thus makes possible the prediction of mixing safety for a given slurry/bitumen couple.

A sensitivity study concludes that main parameters for calculations are :
the thermal power brought by exothermal reactions,
rheological properties of salts/bitumen mixtures.

Both parameters are input data of the developed model and have to be lab-scale measured before every
bituminization operation.

This paper deals with the experimental measure of the thermal reactivity that has been specifically established.

Considering the complexity of slurries chemical composition, the method does not intend to distinguish each
possible redox reaction but is based on a global reactivity evaluation of the BWP. Microcalorimetry has proved to be
the most efficient technique to characterize this potential global reactivity .

EXPERIMENTAL METHODOLOGY FOR REACTIVITY DETERMINATION

Preparation of the Bitumen Waste Products (BWP)

BWP destined to reactivity measurement are elaborated in a specific way. In order to avoid the consumption of
all or part of the thermal potential reactivity during their elaboration, slurries are filtered, dried at low temperature
(about 60°C) and grinded before to be incorporated in bitumen at low temperature (about 75°C). Preliminary studies
showed that no reactivity has been detected at temperature lower than 100°C. The bitumen ratio is in accordance with
the industrial one.

Acquisition of the calorimetric signal

Measurements of thermal flux are performed with a SETARAM C80 microcalorimeter.
First tests were performed in dynamical modus : samples were heated from room temperature to 300°C at 0.5 °C/min.
This procedure is adapted to display directly the temperature of the beginning exothermicity. But it does not allow to
measure precisely the upper limit of the released thermal power at a given temperature. This conclusion leads to work
in isothermal modus.

In this case, for each BWP, the power signal is measured during different tests performed at temperature
around the pouring one (120 - 140 - 160 - 180 - 200°C range).
The heating of samples up to the isotherm temperature is performed at 0,5°C/min, the recommended speedby
SETARAM manufacturer considering the system inertia. During this step, the thermal equilibrium between the
« measurement » and the « reference » cells is not well established. The thermal power signal obtained is not rigorously
analyzable related to the precision in demand (about 1 mW/g).

During the isothermal phase, the calorimetric unit thermally stabilizes : temperatures in both cells are identical
and all exothermal (or endothermal) reactions occuring in the measurement cell produce a signal gap above
(respectively below) the baseline. The decreasing form of the signal expresses the depletion of one or more reactions
occuring inside the BWP versus time. Term of the stage depends on the temperature : it has to insure a baseline return,
that guarantees the total consumption of the BWP thermal reactivity.

The measurement is realised in two steps :
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firstly, the measurement cell contains the sample and the reference cell contains an equivalent mass of inert
alumina. This compensation allows to limit the imbalance between both measuring cells. The raw signal thus
obtained at each temperature is correlated to the thermal flux difference between both ways of measure ;
secondly, the measurement cell contains a synthetic bitumen/alumina product (elaborated in the same conditions of
temperature and bitumen/salt ratio as the sample) and the reference cell contains an equivalent mass of inert
alumina.
This last signal is substracted from the first one. Advantages of this procedure are :
to cast off the signal due to oxidation of bitumen by oxygen trapped in the cell,
to avoid the endothermal signal resulting from the heating phase,
to take into account the gap between both ways of measure depending upon the asymmetry of measure and
reference ways.

APPLICATION OF THE METHOD TO SYNTHETIC BITUMEN WASTE PRODUCT

This method has been applied to inactive synthetic BWP in order to appreciate the contribution to the
reactivity of each component of the slurry with regards to the reference composition.

Primary waste was an inactive acidic effluent. A simulated coprecipitation treatment was applied, including
precipitates formation from reaction of :

baryum nitrate in sulfuric media,
potassium ferrocyanide and nickel sulfate,
iron and cupper sulfates at basic pH.

Slurries containing respectively one, two and all of these three reagents were elaborated and each respective
reactivity was determined by the microcalorimetric method. An example of signal obtained in the case of the sluny
including all precipitates is given in Figure 1.

The evolution of maximal thermal power versus temperature is plotted for all samples on Figure 2.
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A : reference, B : Na2SO4/Ba(NO3)2, FeSO4/CuSO4

C : Na2SO4/Ba(NO3)2, PPFNi D : Na2SO4/Ba(NO3)2

E : FeSO4/CuSO4, PPFNi F : FeSO4/CuSO4

G : PPFNi H : without reagents
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No significative (< 1 mW/g) reactivity is noted for the lowest temperature (120°C) for all samples. From 140°C,
two types of behaviour are noticed :

a higher exothermicity than the reference one for samples that initially included iron and cupper sulfates. This
reactivity increases with temperature.
the lack of significant exothermicity for BWP that does not initially contain sulfates reagents.

These measurementss prove the significant effect of iron/cupper sulfate content on BWP reactivity and the
importance of the pouring temperature's control for the safety of the process.

Further studies need to link these measurements to the probability that inflammation risk could occur.

CONCLUSION

An experimental method has been developed by the CEA in order to evaluate the thermal reactivity of slurries
destined to be conditioned in bitumen . This method is based on microcalorimetric measurements. It allows to
determine the evolution of the maximal thermal power versus temperature and thus to compare different slurries
between themselves.

On this point of view, a specific study shows that the introduction of iron and cupper sulfates as reagents for
coprecipitation tends to increase the reactivity of a given waste.

This procedure has been developed for nuclear applications : its application is in progress at Marcoule
COGEMA plant and Saclay CEA center as an acceptability criteria before all bituminization operations.

Nevertheless, one must keep in mind that this reactivity is only one of the entry data of the modelling destined
to predict the incident risks of bitumen drums elaboration. In fact, main thermal energy released from a bitumen drum is
due to convection phenomenon. Then it is strongly dependent on rheological properties of the material that have to be
separately determined.
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IODINE IMMOBILIZATION IN APATITES
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In the context of a scientific program on long-lived radionuclide conditioning, a matrix for iodine 129 immobilization
has been studied.
A lead vanadophosphate apatite was prepared from the melt of lead vanadophosphate Pb3(V04)i.6(P04)o.4 and lead
iodide Pbl2 in stoichiometric proportions by calcination at 700°C during 3 hours. Natural sintering of this apatite is not
possible because the product decomposition occurs at 400°C. Reactive sintering is the solution. The principle depends
on the coating of lead iodide with lead vanadophosphate. Lead vanadophosphate coating is used as iodoapatite reactant
and as dense covering to confine iodine during synthesis. So the best condition to immobilize iodine during iodoapatite
synthesis is a reactive sintering at 700°C under 25 MPa. We obtained an iodoapatite surrounded with dense lead
vanadate. Leaching behaviour of the matrix synthesized by solid-solid reaction is under progress in order to determine
chemical durability, basic mechanisms of the iodoapatite alteration and kinetic rate law. Iodoapatite dissolution rates
were pH and temperature dependent. We obtained a rate of 2.5 10"3 g.m"2.d"' at 90°C in initially de-ionised water.

INTRODUCTION
The French waste management law dated 30 December 1991 calls for extensive research in three areas. The
development of new conditioning matrices for separated radionuclides is thus an alternative to the reference
separation/transmutation scheme.
The perspective of separately conditioning long-lived radionuclides has led to renewed interest in the use of crystalline
phases as conditioning matrices. Natural mineral phases known for their stability over time and for their radionuclide
loading capacity are now being assessed. Based on geological observations and on the well-known physico-chemistry
of natural apatites (1, 2, 3, 4), the idea for using apatites as nuclear waste disposal medium is being evaluated in the
« Département Entreposage et Stockage de Déchets » of the French Direction du Cycle du Combustible (CEA
Cadarache) (5, 6, 7).

POWDER SYNTHESIS
Introduction of iodine in the apatitic unit cell implies the introduction of voluminous ions into the channels.
Substitutions in which phosphate groups and/or calcium are replaced by more voluminous tetrahedral groups and/or
cations leads to lattice parameter increases, suggesting the possibility of obtaining apatitic samples with voluminous
halogens like iodine. Lead vanadinites PbioCVCU^k and Pbio(V04)4.8(P04)i.2I2 have been synthesized by calcining
stoichiometric mixture of Pb3(VO4)2 and Pbl2, and of Pb3(V04)i.6(P04)o.4 and Pbl2 in a sealed container at 700°C (8, 9,
10). X-Ray diffraction analysis and electron microprobe analysis confirmed the formation of apatite (Table 1).

Wt%

Pb
V
P
I

Theory
(Pbl0(VO4)6I2)

68.71
10.13

-
8.42

Experiment
(Pb10(VO4)6I2)

68.7 (± 0.6)
10.1 (±0.2)

-
8.0 (± 0.4)

Theory
(Pb10(VO4)4.8(PO4)l.2l2)

69.26
8.17
1.24
8.48

Experiment
(Pbl0(VO4)4.8(PO4),.2I2)

69.38 (±0.6)
8.14 (±0.2)
1.29 (±0.2)
7.81 (±0.4)

Table 1 : wt % of lead, vanadium, phosphorus and iodine measured by electron microprobe.

Single crystal diffraction analysis performed on PbioCVC^^ compound confirmed the « under-stoichiometric »
structure with a lack of lead and iodine ; the resulting formula is P b ^ C V C ^ I u corresponding to 7.3 wt. % of iodine in
the lattice (11).

SINTERING STUDIES
PRINCIPLE

Iodine sintering was also studied. Iodine was found to remain in the structure at temperatures up to 400°C, a
temperature too low to allow sintering of these compounds. It seems advantageous to synthesize and sinter the
iodoapatite simultaneously. The conditioning material principle depends on coating Pbl2 with Pb3(VO4)2 or
Pb3(V04)i.6(P04)o.4, with the objective of using Pb3(VO4)2 or Pb3(V04)i.6(P04)o.4 coating as an iodoapatite reactant and
as a dense covering to confine lead iodide during synthesis. Iodine release by reactive sintering in air was observed ;
iodoapatite synthesis was therefore impossible. Indeed, densification by classical sintering begins at about 500°C,
which is higher than the melting temperature of Pbl2 (400°C). When Pbl2 melting occurs, the porosity of Pb3(VC>4)2 or
Pb3(V04)i.6(P04)o.4 is thus opened, which allows diffusion of the liquid. Conversely, the use of hot-pressing under an
additional pressure of 25 MPa allows densification to start as low as 400°C, and complete densification occurs at about
700°C. The high heating rate induces a high sintering rate, high enough to close the porosity as the Pbl2 melts (9, 10).
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Iodine ceramics were fabricated by reactive hot uniaxial pressing at 700°C under 25 MPa. Structural and quantitative
analysis confirmed iodoapatite synthesis in the core of the ceramic. Figure 1 presents a cross section of the ceramic.
Trace element concentrations in the matrix were determined by drawing diffusion profiles from core to matrix. No
significant iodine concentration was measured over 400 (im from the core which confirms iodine immobilization during
the preparation process (9, 10)

T"" .. \«>.

Figure 1 : Photograph of ceramic cross-section.

SINTERING STUDIES OF Pb3(VO4)(2-2x)(PO4)2x
The possibility to obtain iodoapatites by reactive sintering between Pbl2 and Pb3(VO4)(2.2x)(PO4)2x (with 0<x<l) have
lead towards focusing our study on the sintering behaviour of the compounds Pb3(VO4)2 - Pb3(PO4)2 constituting the
matrix. The major objective is the comprehension of sintering in order to reduce the temperature of densification.
In the first time, a particular attention has been focused on grinding conditions of Pb3(V04)i.6(P04)o.4, using two
methods to obtain different granulometric distributions. The change of grinding conditions from a centrifuged-milling to
a more energetic grinding method such as attrition, furnished a submicron powder with an increased reactivity.
Furthermore, the type of sintering had changed in eliminating the secondary phase at grain boundaries. Once the powder
reactivity is increased, the sintering temperature decreases of 130°C and powder compacts reach higher relative
densities with finer microstructures, but without abrogating abnormal grain growth (12).
Influence of vanadium substitution on sintering behaviour of Pb3(VO4)(2-2X)(PO4)2x (with 0<x<l) ceramics was also
studied to define more correctly in the future the final composition with the best adapted micro structure. It was found
that rich-vanadium compounds such as Pb3(VO4)2 and Pb3(V04)i.6(P04)o.4 densify rapidly with important grain growth.
For these compounds, grain growth is controlled by grain boundaries and densification seems to occur by a mixed
mechanism with lattice and grain boundary diffusion. For Pb3(PO4)2, sintering mechanism supports a model of grain-
boundary-controlled densification and grain growth is a surface diffusion-controlled pore drag mechanism. Moreover,
the presence of phosphor in compounds' formulae tends to decrease the grain-boundary mobility, preventing pore-
boundary separation. The kinetics analysis highlights the importance of vanadium substitution in modifying the
diffusion coefficient of rate-limiting species (13). So, above the sintering characteristics, it clearly appeared that
changing the value of x in Pb3(VO4)2(i-X)(PO4)2X considerably modified sintering mechanism, both the densification path
and the diffusion coefficient of the limiting species and that rich-vanadium compounds (x=0 or x=0.2) are the best
composition.

LEACHING STUDIES
Leaching behaviour of the matrix is under progress in order to determine chemical durability, basic mechanisms of the
iodoapatite alteration and kinetic rate law. Studies were made on powder of iodoapatite Pbi0(VO4)4.8(PO4)i.2l2, i-e. the
compound synthesized by solid-solid reaction in sealed container at 700°C.
Powder obtained where sieved to a size fraction between 63-100 urn and 100 and 200 urn ; the specific area measured
by krypton adsorption using the B.E.T. method were 356 cm2/g and 301 cm2/g respectively. Note however that these
grains size are aggregates of small crystallites (Figure 2). Tentative to remove ultra-fine particles, which may introduce
abnormally high initial solubility, by ultrasonic cleaning, was unsuccessful. This treatment brought all the material into
suspension.

Figure 2 : Micrograph of Pbi0(VO4)4.8(PO4)i.2l2 powder (x 5000).
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In order to control an initial step due to high solubility, all the dissolution experiments were conducted using a flow
through apparatus (open system). The design consisted of a flow-through reactor kept in an oven at the desired
temperature. For experiments conducted at 50 and 90°C, feed solution is pumped via a peristaltic pump into a Teflon
made reactor (Savillex). At 150°C, we have used a T316 Stainless Steel reactor (Parr Instrument Company) ; a high-
pressure liquid chromatography pump (HPLC) and a back pressure regulator allow the solution to flow continuously
through the system. Both Teflon and Stainless Steel reactor have a volume of 120 ml. Flow rates in all runs is around
0.1 ml/min and were systematically controlled by weighting each solution samples. The calculated residence time is 20
hours. For each experiment, 2 or 3 g of powder were placed in the reaction vessel. The feed solutions were ultra-pure
de-ionised water (pH 5.5-6 at 25°C) or HNO3 solution (0.0001 mol/1). In some runs (at 50 and 90°C), feed solutions or
oven temperature have been changed during the course of the experiment in order to evaluate effects of those two
parameters. The out flowing solutions were analyzed for pH (measured at 25°C). Aqueous iodine, lead, vanadium and
phosphorus were analyzed by ICP MS. Only results on iodine are discussed in this paper.

Dissolution rates of the matrix were expressed from the iodine concentration released in solution by the following
formula :

-, , O iodine X V
R (g matrix-nfld"1) = ( — — )

Wt%iodme XSXM

where C jO<jine is the iodine solution concentration in mg.l"', F is the fluid flow rate in cm3.d~', S is the sample surface
area in cm2.g"', M is the mass of solid in g and wt%jOdine is the iodine weight percentage in the solid. Note that in all
experiments done, iodine was always the faster element released into solution.

Results presented in Figure 3 show pH effect at 90°C (feed solutions were ultra-pure de-ionised water during the first
38 days then pH 4.1 until the end). During the first two weeks, the dissolution rates fall progressively, presumably due
to the removal of ultra-fine particles. After this period, a steady state rate is approached asymptotically. We can observe
that when we change the feed solution for an acidic one, dissolution rates increase and a new steady state is rapidly
obtained. Iodoapatite dissolution rates are pH dependent, but for the moment there is no enough available data to define
a kinetic rate law.
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Figure 3 : Dissolution rate of iodoapatite versus time at 90°C for two feed solutions.

Average steady state dissolution rates obtained at 50, 90 and 150°C have been reported in an Arrhenius plot (Figure 4).
The trend show is a similar increase of rates with temperature (between 50 and 90°C) for the two initial solutions pH
investigated. But for 150°C values (only tested with initially solution pH 5.5-6), the out flow measured pH were 4.8-5 ;
this value could explained the discrepancy (non true linear evolution of rates with temperature from 50 to 150°C).
These data must be completed in order to obtain an apparent activation energy.
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Figure 4: Arrhenius plot of iodoapatite dissolution

CONCLUSION
Iodoapatites Pbio(V04)6l2 and Pbio(V04)4.8(P04)1.2l2 were synthesized by reactive sintering of a mixture of Pb3(VO4)2

and Pbl2, and of Pb3(VO4)i.6(PO4)0.4 and Pbl2 at 700°C under 25 MPa. Sintering studies of Pb3(VO4)(2.2x)(PO4)2x

compounds have been made in order to optimize chemical composition of the reactant and operating conditions. Further
work with new compositions is in progress.
First results on Pbio(V04)4.8(P04)i.2I2 (powder) leaching have been obtained but these data must be completed to
determine more completely temperature and pH dependency. A next step for leaching experiments will be to study
dissolution of iodoapatite ceramic.
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ABSTRACT * ^

Investigations have been carried out to solidify in cement a low-level radioactive waste of complex chemistry which
should be produced in a new plant designed to process radioactive effluents from CEA Cadarache Research Center.
Direct cementation comes up against a major problem: a very long setting time of cement due to strong inhibition by
borates from the waste. A two-stage process, including a chemical treatment prior to immobilization, has been
elaborated and the resulted material characterized.

INTRODUCTION

The French Atomic Energy Commission has undertaken studies to design a new nuclear plant to process low-
and intermediate-level radioactive aqueous effluents produced on Cadarache Research Center (1). Because arising from
various activities, these effluents are characterized by highly variable chemical and radiological compositions. After
treatment, they should lead to A- and B-category wastes, as defined by the French Legislation. While vitrification has
been selected for B-categoiy wastes conditioning since it allows important volume reduction together with high
confinement properties of the matrix, cement has been chosen to encapsulate A-category wastes. Cementation is indeed
a good compromise between investment cost and matrix quality, all the more since confinement may be, for the most
radioactive packages, reported on a high integrity container which would allow respect of near-surface disposal
requirements.

This paper is devoted to cementation of the low-level radioactive waste. It reports investigations carried out at the
laboratory scale in order to elaborate a formulation which would be acceptable both from the process and disposal viewpoints.

WASTE CHARACTERISTICS

The A- category waste should be composed of a slurry resulting from seeded-ultrafiltration and of an evaporator
concentrate with a salinity which may reach 600 g.L"1. For the need of the study, a synthetic waste was prepared from
non radioactive simulated effluents. Its composition is given in Table 1.

Table 1 : Chemical composition of the synthetic waste used in

Fe(OH)3

Fe(OH)2

Cu(OH)2

BaSO4

Fe(CN)6K4_xNix

CaHPO4

Solid Phase

Expressed as % of total weight of solid
Density

Dry extract (mass
PH

5.3%
17.5%
4.3%
35.2%
24.1%
13.6%

in the sludge

ratio)

NO3"
PO4

3"
SO4

2"

cr
B
NCV

the study

145.S
11.2
17.2
30.8
5.6 g
2.4 g

Liquid Phase
5 g.L'1 Na+

g.L-1 r
g.L-1 Ca2+

g.L"' NH4
+

.L-'

.L-'

1.21
27.5%

8

43.7
1.6g
1.2g
1.7g

B.L-1

.L-'

.L-1

.L-1

EXPERIMENTAL

Preparation of synthetic waste
The sludge was prepared from a dilute effluent obtained from dissolution in demineralized water of sodium and

potassium salts (analytical grade) at the following concentrations: NaNO3 18.5 g.L"1, KH2PO4 0.9 g.L"1, Na2SO41.3 g.L"',
NaCl 5.6 g.L"1, NaNO2 0.14 g.L"1 and H3BO3 1.7 g.L'1. A three-stage treatment was then carried out, as expected in the
industrial process:
- phosphate precipitation with calcium hydroxide (2.2 g.L"1) so as to improve efficiency of the following steps,
- chemical treatment devoted to sorption of radionuclides through addition of reagents (Fe(NO3)3,9H2O 1.25 g.L"1, FeSO4,7H2O

3.44 g.L"', CuSO4,5H2O 0.69 g.L"1, Ba(NO3)2 2.5 g.L"1, Fe(CN)6K4,3H2O 1.67 g.L'1 and NiSO4.7H2O 1.11 g.L"'),
- concentration of the floe by a factor 12.25 using seeded-ultrafiltration.
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The evaporator concentrate was simulated by dissolving sodium and potassium salts in demineralized water
(NaNO3 436 g.L"1, NaCl 110,4 g.L"1, H3BO3 74.4 g.L"1, Na2SO4 40.4 g.L"1, KH2PO4 37.2 g.L"1, (NH4)2SO4 14.7 g.L'1

and NaNO2 8.2 g.L"1).
The sludge and evaporator concentrate were finally mixed within the proportions of 58% and 42% in volume.

Reactants for waste encapsulation
Two hydraulic bindings were used: a Portland Cement with a high silica content (CPA CEM I 52.5 PM ES CP2

from Lafarge) and a calcium aluminate cement (Fondu Lafarge). The formulation was optimized by adding non
densified silica fume (Péchiney ND-LAU71) and siliceous sand with a fine granulometry (<350 jim) (Sifraco NE34).
The grout viscosity was reduced by using a superplasticizing admixture (Glenium 21 from MBT).

Protocols
Mixing was performed with a normalized (EN 196-1) mortar mixer according to the following sequence:

(1) introduction of the waste and possibly of the water, (2) mixing at low speed, (3) addition of the pre-mixed
pulvérulents (cement, sand and silica fume) while maintaining slow stirring, (4) addition of superplasticizer if
necessary, and (5) mixing at high speed for two minutes.

Elaborated materials were characterized by measuring various parameters according to normalized procedures :
bleeding (NF P 18-359), setting time (EN 196-3), heat of hydration (NF P 15-436), shrinkage of prismatic samples
(4*4* 16cm) during curing at 20°C in a sealed bag or in air with humidity of 65% (NF P 15-433), swelling of 4*4* 16cm
samples during curing at 20°C under water (NF P 15-433), bend strength and compressive strength of 4*4* 16cm
specimens cured at 20°C in air, sealed bag, or under water (EN 196-1). Mineralogical analyses of the solidified
materials were performed using powder X-ray diffraction (Bruker D8), while microstructure was investigated with
scanning electron microscopy (SEM - JEOL JSM 820). For leaching tests, phosphates, sulfates, nitrates and chlorides
were analyzed using respectively ICP, ionic chromatography, potentiometry and colorimetry.

RESULTS AND DISCUSSION

Direct encapsulation of waste in Portland Cement
A first formula (Table 2) was calculated assuming: (i) a waste incorporation rate of 50% in volume, (ii) a

water/cement ratio of 0.5 (proportions by mass), (in) no addition of free water (which means that water for cement
hydration is only provided by the waste), and (iv) a silica fume/cement ratio of 6% in volume (which is a commonly
used value in formulation).

Table 2 : Formula
Waste

500 mL

I (for IL grout).
Portland cement

877.2 g
Silica Fume

37.6 g
Sand

545.1 g

The resulting material showed very good workability, but a setting time higher than 8 days, which was much too
long for industrial application (ideal setting times ranging from 4 to 24h).

After 7 days of curing in moist air (20°C, humidity of 95%), a sample was taken from the non hardened paste
and cryodessiccated. A polished section was examined using reflected light microscopy and SEM combined with X-ray
microanalysis. No hydration product was detected at the periphery of the clinker grains. The presence of phosphorus
(very likely as phosphate) in the matrix was localized between cement grains and was associated with calcium, thus
indicating the precipitation of calcium phosphate.

Among the constituents of the waste, phosphates and borates are known to be strong retarders of cement setting
and hardening, retardation being caused by the formation of protective layers over the cement grains due to
precipitation with calcium (2). It seems however that phosphates were not involved since they were precipitated in the
matrix, but not at the surface of the cement grains. The strong inhibition should thus have mainly resulted from borates.
When pH is within the range 4.5-12, borates are for a part under the polyboric forms B3O3(OH)4" and B3O3(OH)5

2".
According to Roux (3), those species would instantaneously form an amorphous gel, probably 2CaO.3B2O3.8H2O, at
the surface of the grains, thus preventing further hydration. Moreover, the major role of borates is supported by previous
results which showed that wastes free from boron but containing phosphates twice as more concentrated as in this study
could be easily solidified with Portland cement.

Cementation of chemically pre-treated waste
A chemical treatment of the waste was defined in order to limit the strong interaction between cement and boron.
According to literature, two strategies have been investigated to cement wastes with high contents of borates:

addition of calcium hydroxide to precipitate boron into calcium hexahydroborite CaO.B2O3.6H2O (3, 4).
addition of calcium hydroxide and aluminates in order to precipitate boron into calcium quadriboroaluminate
3CaO.Al2O3.2Ca[B(OH)4]2.Ca(OH)2.30H2O (QBA) (3, 5).
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The former has been used to encapsulate PWR evaporator concentrates with boron up to 40 g.L"1. However, two
disadvantages should be mentioned: (i) there is still a significant retardation in cement setting, and (il) calcium
hexahydroborite is unstable in cement and is progressively converted into calcium mono- or quadri-boroaluminate.

The latter would be more effective to reduce setting inhibition. It was thus investigated in this study.

Given the presence in the waste of sulfates and phosphates together with borates, a two-stage process had to be
defined: (1) pre-treatment consisting in the addition of calcium hydroxide and barium hydroxide and stirring at 60°C
during 5 hours, and (2) embedding of the waste with a mixture of Portland and calcium aluminate cements.

During pre-treatment, phosphates and sulfates were precipitated into calcium phosphate and barium sulfate, this latter
phase being stable in cement on the contrary to gypsum which would have been formed if only calcium hydroxide had been
used. Conversion of sulfate into barium sulfate prevented delayed formation of ettringite in the hardened matrix, and the
resulting risks of swelling and cracking. Reaction was however slow at ambient temperature. At 60°C, quantitative
insolubilization required 5 hours. Under these conditions, phosphate precipitation was achieved within 30 minutes. As for
boron, its concentration slightly decreased during the first hour of treatment, but then increased up to its initial value.

In the cementation step, the most common calcium aluminate cement (Fondu Lafarge) was used as a source of
aluminate to precipitate boron into QBA with calcium hydroxide remaining from the first step.

If both steps had been performed simultaneously, sulfate precipitation, because of its slow kinetics, wouldn't
have been quantitative before cement setting.

Optimized pre-treatment conditions and cementation formula are given in Table 3.

Table 3 : Reactants for pre-treatment of IL waste and cementation formula (II) for IL grout.
Pre-treatment

Formula II Pre-treated
waste

500 mL

Ca(OH)2

42 g
Portland
cement

745.8 g

Calcium
aluminate

cement
85.2 g

Silica fume

35.6 g

Ba(OH)2.8H2O
61 g

Sand

515 .4K

Water

27.5 mL

Plasticizer

0.5% (*)
(*) mass ratio relative to cement

Characterization of materials prepared according to formula (II)
Effect of pre-treatment on cement setting was spectacular: initial and final set, measured with a Vicat needle,

occurred 7h and 1 Ih45min after mixing.
The fresh paste did not exhibit any bleeding. Figure 1 shows the temperature and heat evolution curves

determined by semi-adiabatic calorimetry. Two main peaks were observed, whereas only one peak was obtained for a
material prepared according to formula (II) but with waste replaced by water. Hydration kinetics of the various cement
phases (CA, C3S, C2S, C3A, C4AF) might be affected in different ways by the waste constituents, which would cause a
decoupling of hydration reactions.
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Figure 1 : Evolution of temperature and heat during
cement hydration.

• r t

Figure 2 : Sodium-rich calcium silicate gel with micro-
cracks

Bend and compressive strength of 4*4* 16cm specimens were recorded for three types of curing (Table 4).
Hardening was slightly more rapid for samples immersed in water but, after 28 days, the results were similar whatever
the storage mode. Compressive strength largely exceeded the minimum value (8 MPa) required by ANDRA for any
material immobilizing homogeneous type A wastes in a high integrity container.

On aging, 4*4* 16cm specimens showed important dimensional variations: expansion under water and shrinkage
in air or sealed bag (Table 5). However, no macroscopic damage could be observed after 90 days of curing.
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Table 4 : Bend and compressive strength of 4*4*16cm specimens for 3 types of curing.

Time (days)

4
7

28
90

Water
Bend strength

(MPa)
4.7
5.2
5.7
6.5

Compressive
strength (MPa)

21
23.2
29.5
30.5

Air-tight bag
Bend strength

(MPa)
3.8
4.5
5.2
6.2

Compressive
strength (MPa)

19.3
21.9
29.2
34.6

Air (relative humidity of 65%)
Bend strength

(MPa)
2.1
3.3
7.7
9.0

Compressive
strength (MPa)

13.2
19.5
28.5
33.3

Table 5 : Dimensional variations of 4*4*16cm specimens for 3 types of curing.

Time (days)

3
7

28
90

Water
Swelling
(u.m/m)

+630
+655
+890

+ 1515

Mass variation
(%)
0.45
0.73
1.08
1.35

Air-tight bag
Shrinkage

(jLim/m)

-175
-215
-630
-895

Mass variation
(%)

-0.13
0

-0.03
-0.02

Air (relative humidity of 65%)
Shrinkage

(um/m)
-330
-680

-1400
-1620

Mass variation
(%)

-
-2.02
-2.02
-1.08

Shrinkage could have three main components : autogenous shrinkage, thermal contraction after setting, and
drying shrinkage for specimens stored in air. As for expansion, several assumptions should be considered (6): water
penetration through diffusion and capillary suction, formation of expansive hydrates, anisotropic crystal growth,
attraction of water due to colloidal behavior of phases such as ettringite...

XRD analysis and SEM observation were performed on samples after 90 days of curing under water. Only small
amounts of ettringite, which was well crystallized as stubby rods in air bubbles, could be detected in the superficial zone
(2mm thick) of the sample. This seems to preclude the hypothesis of ettringitic expansion. SEM showed however the
presence of agglomerates (lOOum in size) of partly hydrated silica fume which formed a sodium-rich calcium silicate
gel with numerous micro-cracks (figure 2). This result suggests that an alkali-silica reaction occurred in the matrix,
involving the badly dispersed silica fume and the high amounts of sodium brought out by the waste. Expansion of the
samples could thus have resulted from imbibition of water by the alkali-silicate gel.

A leaching test was carried out on a cylinder sample (<(»=80mm, h = 100mm) which was cured in water at 20°C
for 28 days. The leachate was then analyzed. Nitrates and chlorides were detected in significant amounts (Table 6), the
leached fraction being close to 8% (in mass) for each species. On the contrary, only traces of sulfate were present and
the phosphate concentration was below the detection limit. This good result must have been due to the very low
solubility of barium sulfate and calcium phosphate.

Table 6 : Leaching of nitrates, chlorides

Initial mass in sample (g/kg of material)
Mass in leaching water (g/kg of material)

Leached fraction (% in mass)

, sulfates and phos
NO3"
28.62
2.38
8.3

phates.
cr

6.50
5.24x10"'

8.7

SO/"
5.74

4.97x10"3

0.087

PO4
J"

9.30
<2.76xlO"3

<0.03

CONCLUSION

The elaborated material shows favorable properties in view of industrial application (fluidity, setting time below 24h
despite the presence of borates, moderate heat of hydration), and it checks ANDRA specifications on homogeneous wastes
immobilized in a high integrity container (no bleeding, compressive strength higher than 8MPa after 28 days of curing at 20°C
under water). Further study is however under way (i) to improve dimensional stability by preventing alkali-silica reaction to
occur, and (ii) to evaluate the sensitivity of the formulation towards a variation in the chemical composition of the waste.
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ABSTRACT

Following several years of laboratory research initiated in 1983 on a nonradioactive prototype unit at
the CEA's ( Atomic Energy Commission) Valrhô/Marcoule Research Center, an innovative process,
IRIS, has been developed to meet the need for processing nuclear glove box waste. It is to our
knowledge the only high-capacity process in the world capable of dealing with highly chlorinated
(25 wt% chlorine) alpha-contaminated waste. IRIS is based on a two-step incineration process
combining pyrolysis and calcination with a specific off-gas treatment.

The nonradioactive prototype at Marcoule has operated for over 5000 hours, demonstrating the
following advantages:
• Highly effective process control through regular, continuous feed of the rotating tubular kiln.
• Very effective control of corrosion by pyrolytic decomposition of organochlorine compounds at

550°C under inert atmosphere.
• High ash quality (< 1% carbon, < 1% chlorine) compatible with online radionuclide recovery or

vitrification processes.
• High waste/ash weight and volume reduction factors (30 in both cases).
• Very low gas flow rates limiting waste entrainment compared with direct incineration.
• Very high efficiency off-gas treatment complying with gaseous emission standards.
• Protection of system piping by substitution of stable phosphates for metal chlorides generated in

the off-gas lines.
• Flexible process capacity from a few kg/h for nuclear waste to 500 kg/h for conventional waste.

In December 1991, the CEA's Valduc Center decided to build the first industrial facility based on the
IRIS process. Construction work, equipment design and assembly, nonradioactive testing and
preparation of the safety report lasted six years. The facility successfully began operating with
radioactive waste on March 10, 1999, substantiating the R & D effort. Three other nuclear industrial
operators around the world have adopted the IRIS process for future implementation.

INTRODUCTION

Within the nuclear industry, low-level apy liquid waste incinerators are in use (in France at the CEA's
Cadarache and Grenoble research centers, as well as in Germany and the United States) with capacities
of 50-60 1-h"1. Very low-level Py solid waste incinerators with capacities ranging from 10 to 1000
kg-h"1 are also in service (e.g. CEA/Cadarache and SOCODEI/Marcoule, as well as in Germany, the
United States and Japan). COGEMA/Marcoule also operates a high-level a solid waste incinerator
capable of processing 1 kg'h'1. To the best of our knowledge, however, no incinerator operating in the
world until now was capable of handling high-level a-contaminated and highly chlorinated solid waste
at a rate of several kilograms per hour.

After nearly a decade of R & D work, research engineers in the CEA's Fuel Cycle Division at
Marcoule developed an innovative and entirely original process, IRIS (from the name of the prototype
unit: Incineration Research Installation for Solid waste). The process was selected by the CEA's
Military Applications Division at Valduc for the first industrial scale implementation, which
successfully began operating with radioactive waste on March 10, 1999.
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THE IRIS PROCESS DEVELOPED AT THE CEA's VALRHO CENTER

Description

The IRIS process was developed to meet very specific requirements. It enables alpha-contaminated
and highly chlorinated (25 wt% chlorine) plastic waste to be incinerated at a rate of several kilograms
per hour [1], No acceptable solutions meeting these constraints could be developed with existing
technologies.

The innovative incineration process developed for this purpose can be broken down into three steps:
waste preparation, thermal treatment (i.e. incineration per se) and off-gas treatment.

The first step involves waste preparation to allow metering of a continuous feed stream to the
incinerator. It includes detection of scrap metal (which could damage process equipment), sorting,
grinding, buffer storage and continuous metering of the incoming material.

The thermal treatment is a two-step process as illustrated in Figure 1. The waste is first pyrolyzed at
550°C in an electrically heated rotating kiln with argon scavenging, although a small quantity of air is
injected to prevent the formation of undesirable tars. The resulting solid carbonized residue, or pitch,
still contains 80% of the carbon and inorganic matter initially present in the waste.

Organic waste
(4 kg/h)

Gas processing

Pyrolysis furnace
(550°C)

Pitch

Afterburner
(1100°C)

Ashes Calcination furnace
(900°C)

Figure 1. IRIS thermal treatment process

The pitch is then calcined online in a second electrically heated rotating kiln at 900°C in excess
oxygen. After a two-hour residence time, the process yields very high quality ashes (with less than 1%
residual carbon content) that are compatible with radionuclide recovery or vitrification processes at the
discretion of the plant operator.

The pyrolyzer and calciner off-gas streams are transferred to an afterburner operating at 1100°C in
excess air before entering the off-gas processing system. This specific treatment complies with the
gaseous emission standards of the European Commission draft directive on industrial incineration of
hazardous waste, including dioxins and furans.

The off-gas processing system also includes two steps (Figure 2).
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Figure 2. IRIS off-gas processing

The first consists in physical purification of the gas stream, to trap all the aerosols (fly-ash, thermal
particle matter) present in the gas. The gas leaving the afterburner at 1100°C is first cooled to 200°C,
then filtered in a tubular electrostatic filter and two series-mounted HEPA filters, providing an overall
aerosol purification factor of 2 x 108. The system initially included a bag filter as shown in Figure 2,
but this technology was abandoned in view of the results obtained with the electrostatic precipitator.
The filtered gas stream is then chemically purified by neutralization of the hydrochloric acid released
during incineration.

Significant improvements were also implemented in the process equipment to control corrosion
phenomena. Phosphorus additives in the pyrolyzer, for example, result in in situ conversion to
phosphates of the corrosive metal chlorides (notably ZnCk) generated during incineration [2,3].

The patented major equipment items (pyrolyzer, calciner, electrostatic precipitator) developed at
Marcoule have logged thousands of hours in operation. The rotating tubular kiln technology is based
on the extensive experience acquired in French high-level liquid waste vitrification facilities. The off-
gas phosphatation treatment designed to inhibit the formation of corrosive metal chlorides in the
process was specially developed for this project.

The IRIS pilot incineration unit at Marcoule has logged over 5000 hours operating exclusively with
nonradioactive feed materials; it was designed to process 4 kg-h"1, although the process has been
validated for rates of up to 10 kg-h"1.

In addition to the technological development work, physicochemical data on gas emissions at rates on
the order of 100 g-h"1 were compiled during laboratory studies for use in designing industrial
incinerators. The Pu distribution was also assessed in the pilot facility using nonradioactive cerium as
a surrogate with physicochemical properties similar to those of plutonium: the results indicate that
over 95% of the contamination should be recovered in the ashes.
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Advantages

The many advantages of the process have been assessed and confirmed. The facility is supplied
continuously and at a constant rate. The ashes are homogeneous, with minimal chlorine (< 1%) and
carbon (< 1%) content. The pyrolyzer and calciner are compact units. Process control is highly
flexible, particularly with regard to variations in the waste feed rate, and the process parameters—
notably the temperature values—are easily controlled. Hydrochloric acid generated by the degradation
of organochlorine compounds is released at low temperatures (550°C) in the absence of air during the
pyrolysis step, ensuring excellent control of corrosion—which would be more difficult with a direct
incineration process in which the chlorine is released in air at temperatures exceeding 1000°C. The
modular design of the process is suitable for use with nuclear materials in sectorized process
equipment.

Tubular geometry electrostatic precipitation not only generates no secondary waste (no filter media are
required), but also can easily be restored to baseline conditions in accordance with nuclear safety
recommendations. The system was designed to supplant all other filtration processes for this type of
application.

Unlike conventional direct incineration processes, the sequential pyrolysis/calcination process ensures
regular incineration. Not only are the off-gas flow rates reduced by at least a factor of 100 compared
with direct incineration (and up to 1000 compared with incineration in excess air), the mechanical
entrainment of particle mater in the gas stream is minimal (less than 1% versus over 10% with direct
incineration processes). The facility complies with nuclear containment and criticality safety
requirements, while the chemical and radioactive liquid and atmospheric releases are compatible with
the applicable standards.

The weight and volume reduction is significant. For waste containing 10% cellulose, 35% rubber and
55% plastics, the weight and volume reduction factors in the ashes are both near 40. The throughput
capacity for an incinerator using this technology can range from a few kilograms per hour in nuclear
applications to 500 kg-h"1 or more for conventional waste materials.

THE IRIS INCINERATOR OPERATED BY THE CEA's VALDUC CENTER

Project Description

In 1991, the CEA's Military Applications Division decided to build a thermal treatment facility with a
capacity of 7 kg-h"1 based on the IRIS process. The process engineering work at the Valduc Center was
ensured by SGN (Nuclear Engineering Company) in relation with the process development group,
with civil engineering provided by the Valduc engineering department.

The process equipment is located in a new building erected in compliance with anti-seismic
construction standards and constituting the final containment barrier. The equipment items were
installed in glove boxes, and were designed to allow servicing and replacement without breaching the
containment. Construction provisions were included to allow video or borescope inspections of the
materials, with gamma spectrometry and neutron counting measurements to avoid plutonium holdup.

The project was undertaken on the following schedule:
• Engineering contract: June 1992
• Process equipment purchase orders: November 1993-June 1996
• Beginning of building construction: December 1993
• Completion of building: April 1995
• Installation of process equipment: May 1995-November 1996
• Nonradioactive reference test

(acceptance of facility by owner): December 1996
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Results

From January 1997 to December 1998, the operator conducted some 2500 hours of nonradioactive
testing. These tests permitted, to upgrade the process regarding some perfecting, to developed the off-
gas phosphatation system, and completed the safety reports and related modifications. During this
period 6500 kg of nonradioactive waste were incinerated, producing 310 kg of ashes.

The facility began operating with radioactive materials on March 10, 1999. Two incineration
campaigns have been completed to date (Table I) with a third planned later.

Table I. Results of the first two radioactive waste incineration campaigns

Parameter

Incinerated waste weight (kg)

Waste activity (GBq-kg-1)

Ash weight (kg)

Waste/ash weight ratio

Pu in waste stream* (g)

Pu in ashes** (g)

Pu in filtered particle matter** (g)

Pu recovered after cleaning process equipment* (g)

1 st campaign

395

0.185

16

24.7

33.8

29.3

0.03

0.3

2nd campaign

360

1.11

20.3

17.7

179

162

0.7

3.2

* Measurement uncertainty: ± 20%
** Measurement uncertainty: ±12%

The tests results obtained with inactive and active materials from 1997 to 1999 were sufficient to
validate the IRIS process in terms of incineration performance (the process is suitable for chlorinated
a-contaminated waste, with high waste/ash weight and volume reduction factors and excellent Pu
recovery in the ashes), in terms of off-gas treatment performance (release levels well below applicable
standards, demonstrated effectiveness of the phosphatation treatment, excellent quality of filtration
particles), and in terms of operating control and safety provisions (very low holdup).

CONCLUSION

The initial incineration campaigns have demonstrated the effectiveness of the IRIS process. The
contamination initially present in the waste is almost entirely found in the ashes, demonstrating the
very limited transfer of particle matter into the process off-gas stream. The very slight increase in the
pressure drop across the HEPA filters also demonstrates the high efficiency of the electrostatic
precipitator, which recovers most of the particle matter.

On the basis of the initial radioactive operating experience, the IRIS process is being considered for
use on other operating sites. In addition to the future CEDRA (Belgian commission of radioactive
waste and enriched fissile mater) incinerator at the CEA's Cadarache Center, two other facilities are
planned: a nonradioactive prototype unit implementing the IRIS process is now undergoing tests in
Japan for Japan Nuclear Fuel Limited (JNFL), and an IRIS-type industrial incinerator has been
selected for the ONDRAF (National commission of radioactive waste and enriched fissile mater), in
Belgium.
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Some of the development work performed for this study (notably the phosphatation treatment, the
electrostatic precipitator and the neutralization process) are clearly applicable to other future
applications, beginning with the treatment of conventional hazardous waste.
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Table II. Results of the first two radioactive waste incineration campaigns

Parameter

Incinerated waste weight

Waste activity

Ash weight

Waste/ash weight ratio

Pu in waste stream*

Pu in ashes**

Pu in filtered particle matter**

Pu recovered after cleaning process

(GBq

equipment*

(kg)

•kg-1)

(kg)

(g)

(g)

(g)

(g)

1 st campaign

395

0.185

16

24.7

33.8

29.3

0.03

0.3

2nd campaign

360

1.11

20.3

17.7

179

162

0.7

3.2

* Measurement uncertainty: ± 20%
** Measurement uncertainty: ±12%
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Abstract

An electrogenerated silver (II) mediated oxidation process is currently under development in the
Atalante facility of the French Atomic Energy Commission, as an operation of the DELOS unit, with
the aim to mineralize a-contaminated solvents with respect to the principles of nuclear safety. This
process is a wet oxidation one involving a powerful mediator (Ag(II)/Ag(I) : 1.92 V/NHE), but its
throughput is mainly limited by technological constraints. Hydrothermal oxidation (HTO) has been
investigated and proved by inactive studies as to be a versatile and powerful process, which could help
destroying the contaminated solvents (dodecane, TBP, TLA...) produced by the spent nuclear fuel
reprocessing research and industry. The current development aims to set up a continuous HTO pilot in
a standard glovebox, in order to solve both technological and safety difficulties and to treat small
volumes of contaminated solvents. This paper discusses the main results of the silver(II) oxidation and
HTO process development works.

Introduction

Several operations of the nuclear fuel cycle involve organic solvents, which are then
contaminated and partly degraded by radiation from the fission products during fuel reprocessing.
These solvents must either be partially recycled or eliminated. Research and development studies on
nuclear fuel reprocessing also generate various contaminated organic solvents that must be discarded.

These effluents combine both fire and contamination hazards, which are critical from a nuclear
environmental standpoint. Because of their different chemical natures and properties, no multipurpose
process can ever deal with all of them. Incinerators in particular, which provide a satisfactory tradeoff
between industrial cost and efficiency in common waste treatment, cannot be used in the nuclear
reprocessing environment because of the complexity and cost of the subsequent fly-ash treatment.

The French Atomic Energy Commission (CEA) first developed a technology based on
electrochemical oxidation involving a strong oxidizing agent, silver(II). This technology is an
outgrowth of a former decontamination process using silver(II) to dissolve plutonium in solid waste.
However, silver(II) oxidation of organic solvents is subject to several limitations. An alternative
solution is therefore being investigated in the CEA's high-level radioactive research laboratory,
Atalante, where a small-scale hydrothermal oxidation unit is currently under development. This unit is
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a demonstration step and will also be used to treat small problematic volumes of contaminated
solvents.

Silver(II) electrolysis

Oxidation with electrogenerated silver(II) occurs at low temperature (20-50°C) under
atmospheric pressure in an aqueous medium, and is therefore suitable for use in the nuclear
environment. This oxidizing agent is strong enough to perform a complete mineralization of organic
compounds, i.e. complete conversion of organic carbon into carbon dioxide.

Silver nitrate (0.5 to 1 mM) is dissolved in nitric acid (4 to 6 M), which forms the anolyte of a
two-compartment electrolyzer in which the catholyte is concentrated nitric acid (15 M); the
compartments are divided by a silicon nitride separator. The organic compound is added to the anolyte.
Ag(I) is oxidized to Ag(II) at the anode surface (where the current intensity is maintained constant),
and then homogeneously reacts with the organic compound. TBP, dodecane and TLA have been
studied as model waste. The reaction chemistry is relatively complex, and mechanical studies have
been performed, showing some effects occurring on the anode surface. A demonstration has been
performed on an actual contaminated organic liquid waste sample (diluted Trilaurylamine contacted
with spent nuclear fuel, see Fig. 1).

"o

Foam mechanical dispersion

Homogeneous phase

Contaminated TLA : 10 ± 0.25 ml
Preparation : NaOH (4 M) washing (V/V0=l/4)

Intensity : 30 A
Anolyte : AgNO3 (0.1 M) / HNO (4 M)

240 360 480

Electrolysis duration (min)

Figure 1 : a activity of the anolyte during the electrolysis of a contaminated solvent sample

A transfer of a activity from the organic phase to the anolyte can be observed. It is strongly
correlated to the total mineralization of the organic matrix. This mineralization is also observed during
inactive experiments, where the degradation rate is quantified through FTIR analysis of the gases (CO,
CO2), which are extracted from the anolyte by an inert gas flow (Ar). This method enabled us to detect
the presence of traces of volatile alkyl nitrates, which are explosive compounds. Moreover, the
chemical pathways in the presence of nitric acid can lead to the production of volatile alkyl nitrates,
which are explosive compounds. Nevertheless, this risk has been managed by inline thermal cracking.
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Although this process has several limitations, one of which being the reaction rate due to the
maximum available current (300 A), it has been chosen as the reference one for the design of a
treatment unit called DELOS, which is currently under construction. It is the most powerful process
involving wet oxidation.

Hydrothermal oxidation (HTO)

Following the studies performed by the CEA at Pierrelatte on the POSCEA inactive bench-scale
unit, which demonstrated that hydrothermal oxidation can treat most of the organic wastes produced by
nuclear fuel reprocessing, we decided to take a further step by designing and building a 1:10 scale
model of POSCEA, compatible with actual contaminated radioactive waste.

POSCEA is based on a tubular design. Water (up to 2 kg.h"1), oxidant gas (O2/N2), and organic
waste (up to 10% of the water flowrate) are fed at the inlet of the plug-flow reaction tube, where the
HTO conditions are performed (P > 221 bars, T > 374°C). Since supercritical water dissolves gas and
organic compounds into a homogeneous mixture, it enables a total combustion of the organics, which is
then not limited by any interfacial transfer. Acetic acid, which is difficult to be oxidized under sub-
critical conditions, is completely destroyed under supercritical conditions with a residence time shorter
than 1 min. Under this conditions, dodecane (see Fig. 2), TBP, TLA, aromatic and aliphatic solvents
are also totally mineralized. On Fig. 2, the destruction yields obtained on POSCEA are calculated using
DCO measurements. Further Total Organic Content and Gas Chromatography determinations have
shown that the remaining organic traces never exceed 100 ppm (TOC, CH4, CO). A temperature profile
along the reaction tube (Fig. 3) shows the presence of a combustion flame within the supercritical
water medium.

Acetic acid (350 bars; 3.5-4 %)
H;O = 2 kg.h'' ; O/N, = 400-600 Nl.h

—O— Dodccanc (300 bare; 90 g.h"1)
H;O = 1.5 kg.h'' ; O/N ; = 850 Nl.h''

Residence lime < 1 min

500
Temperature (°C)

Figure 2 : destruction yields (effluent DCO
determination) of acetic acid and dodecane vs.
temperature during HTO experiments on POSCEA

100 150
Rcaclor length (cm)

Figure 3 : temperature profiles observed on the
tubular reactor of POSCEA during the complete
combustion of dodecane and Solgyl 54B
(tertiobutylbenzene)

The unit is designed to be inserted in an existing standard glove box (1 m3) in Atalante. We
decided to use a continuous reactor, to avoid developing a batch reactor that could not have been scaled
up later without major design changes. Using the results obtained on the model wastes of the previous
studies performed at Pierrelatte, we established that a 100 ml reaction volume, including a preheating
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zone, a reaction zone and a cooling zone, was sufficient to perform a complete reaction on selected
compounds with a reaction time of less than 1 minute. The typical flowrates of the pilot under
development are 400ml.h"' of water, 400Nl.h"1 of air (used as oxidant), lOml.h"1 of organic liquids.
The main design principles are given on Fig. 4.

380 bars

350 bars

300 bars

50 bars

Patm

- 4 mbars

- 200 mbars

( + ) Compressing device

(-) Pressure-reducing device

Two-phase flow

Single-phase flow

EF1: gas extraction
EF2: HP oxidant gas generation
EF3: HP water injection
EF4: two-phase inert flux injection

EF5: organic phase management
EF6: HTO reaction module
EF7: phase separation module
EF8: general facility ventilation

Figure 4 : design principles for the hydro thermal oxidation (HTO) pilot inserted in a glovebox

The major difficulty in designing this unit is to ensure the safety of the process under pressure
and temperature, in a confined environment, of a limited volume. Therefore, the parts of the process
which are contaminated and under pressure are set up in a shielded enclosure which is inserted in the
glovebox. This enclosure enables to guarantee the integrity of the glovebox against incidental volume
expansions or parts projections.

Conclusion

Both electrogenerated Ag(II) oxidation and HTO processes are being investigated in order to
solve the problem of contaminated organic solvents in Atalante. Mediated Ag(II) oxidation is a simple
and powerful wet oxidation technique, but with a relatively low processing rate due to technological
and chemical limitations. HTO appears to have the flexibility of incinerators, with a reaction time short
enough to allow the process to be scaled down and implemented in a confined nuclear enclosure. Our
intended demonstration should prove that it can be fully compatible with nuclear operation and will
help eliminate part of the present contaminated organic waste.
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Vitrification of high-level radioactive wastes
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Abstract

The review of activities of Institute of physical chemistry of RAS on a vitrifying of a radioactive waste
of different compositions is presented. It was reviewed several glass-like systems: phosphate, fluorine-
phosphate, boron-silicate and the systems on the basis of basalt and rock casting. It was shown that it is
possible to include in glasses or ceramics of these systems from 20 up to 50 % wt. of calcined waste.
The leaching rate of these materials with fixed in them a radioactive waste was from 10"5 - 10"
6g/(cm2»day) for phosphate glasses up to 10"8 g / (cm2»day) for systems on the basis of basalt and rock
casting. Each of the reviewed systems has the advantages and lacks. The simplest system from the
point of view is phosphate. Most reliable from the point of view of ecology is a system on the basis of
basalt and rock casting.

Introduction
The storage of radioactive waste is one of the most actual problems of nuclear power engineering. The
most of scientists from different countries consider that the most reliable way of an immobilization of a
radioactive waste is solidification them as different glasses, ceramics or mineral-like compounds and
composites. The immobilization of a radioactive waste is a complicated technological problem, as since
to materials for storage of wastes make rather high demands. They should have a good mechanical
strength, thermal and radiation stability and, most important, low leaching rate; not above 10"5 - 10"6 g /
(cm2*day). Phosphate, fluorine-phosphate, boron-silicate glasses and materials on the basis of basalt
and rock casting and mineral-like compounds and composites can to answer similar requirements

The applying of phosphate glasses for an immobilization of radioactive wastes can to supply the most
simple know-how of solidification of wastes: a possibility of liquid fluxing by a phosphoric acid and
dissoluble nitrate salts of different components, the low temperature of manufacturing etc. We
investigated the possibility of solidification of highly active natrium, alumo-contained wastes (HLW)
as phosphate glasses. The vitreous system NaiO-A^Cb^Os are shown on the fig. 1.
As seen from the data, that it is possible to include in glasses of the given system up to 50% wt. of
calcinated wastes (sum Na2Û+ AI2O3 +radioactive isotopes). Thus the leaching rate of such glasses is
approximately 10"5 g / (cm2»day). At the introducing in wastes Fe, Cr, Ca etc., which one really are
contained in HLW, the leaching rate decreases up to approximately 6 #10"6 g / (cm2»day). The leaching
rate, determined during two months of leaching 137Cs, 90Sr, 144Ce and 106Ru is lO"6, 10~7, 10"8, 10'9 g /
(cm2»day) accordingly. I.e. the leaching rate in this row of elements sharply decreases, that is quite
explained. If to take into
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Figure 2. The area of glass-forming in the system Na2O-Al2O3-AlF3- P2O5.

consideration the presence in atomic industry the wastes with a great contents of a fluorine, the
systems Na2O-Al2O3-AlF3- P2O5 also natrium - alumo- fluorine-phosphate vitreous one were studied.
The area of glass forming is showed in a fig. 2. It was shown, that the introducing in natrium - alumo-
phosphate system of a fluorine increases the contents of wastes in glass and the obtained rock-like
melts has lower leaching rate. However it is necessary to take into account, that the area of glasses
suitable for an immobilization in phosphate and fluorine-phosphate systems rather narrow, that in
conditions of radiochemical production represents the large lack. The boron-silicate glasses systems,
despite of technological difficulties of their production (more temperature of a melting, necessity
fluxing of powders.) have advantages as lower leaching rate so more broad area of glass forming. The
cuts of a system Na2O-Al2O3-CaO-B2O3- SiO2 with the different contents CaO and B2O3 were
investigated, one of which is showed in a fig. 3. The investigation of this system has shown, that in
glasses of this system it is possible to include 30 - 50 % of wt. calcinated Na, Al-including wastes.
Thus the glasses of this system has the leaching rate approximately 10"6 g / (cm2«day). The
investigation of influencing of different components of wastes on a crystallization of such glasses at
cooling has shown, that the greatest influencing on a crystallization have calcium and chromium. Thus
the chromium at the presence of alkali metals frequently formed chromate, well water soluble and
selected in a separate phase. The method of strife with this phenomenon - the increasing of the contents
of a boric anhydride in glass. The similar phenomenon is watched at the presence of molybdenum in
wastes.
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The large cycle of works was conducted on development of the method of an immobilization of a
radioactive waste on the basis of basalt matrixes or matrixes from an rock casting.

~\6O

50

i+O

30

50 60 SLO,

Figure 3. Glass Forming Region in Ihe System Na20-Al203-CaO-I32O3-
SiO;, a t CaO = 15 wt Z and IJ2O3 = 15 wt Z. "Melting tem-
p e r a t u r e s : 1 = 1100, 2 = 1200, 3 - 1300, 4 = 1400°C.

The conducted complex of researches on including of different components of Solid radioactive wastes,
mainly of actinides, and HLW, in a structure of a number of rocks, has resulted in a conclusion, that the
most perspective system for these purposes is basalt-like matrix on the basis of an rock casting. It
represents a remelted mixture consisting from porphirite, modified by 1,5 % wt. of ferry-chromite -
Fe+2Cr2Û4, with the added of 10-20 % wt. a boric anhydride. The advantages of applying of an rock
casting are connected that as against initial rocks it is more homogeneously and practically without
gases. The applying as the added of a boric anhydride is effective for all investigated composition
including uranium, thorium, strontium, cesium, REE, plutonium. Thus, the proposed system is
universal enough and allows receiving homogeneous melt (glass) at temperatures not superior 1250°C.

The indicated matrix on the basis of the rock casting is capable to include in the composition
large enough quantity of radioéléments oxides (tens %wt.) of main radionuclides SRW and HLW for
the purposes of an immobilization, obtained at reprocessing of a spent fissile material. It is necessary
apart to mark, that this matrix can include not less than 15-20 % wt. of plutonium dioxide. The definite
leaching rate of the sum of matrix components in twice-distilled water was (0.5-5)» 10"7 g/cm2<day
depending on nature of including element and its contents in a matrix.
As to basalt non-contained boron systems, their technological lack is more temperature of melt needing
for melting of mixture components, resulting to homogeneous stone-like melts or glasses. It was
~1400°C, that is demands of application for an immobilization of the special equipment, for example,
cold crucible. The conducted researches have shown, that leaching rate of non-contained boron systems
inclusive such components, as uranium, thorium, cesium, neodymium, plutonium oxides in quantities
about 20%wt., laying within the limits (0.5-1.5)-10~7 g/sm2*day, i.e. do not concede on this parameter
to systems with the added of boron oxide and, thus, have quite reasonable operating characteristics.
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Rates of leaching of materials in water depend little from the nature of including oxide, from the
contents of oxide in a matrix and correspond to the value, definite for the rock casting. These
circumstances create definite technological advantages, since the real contents of the indicated
components in wastes of a different genesis can notably differ, and it will influence a little on
investigated non-contained boron system.
In real conditions the absorbed doses of a self-irradiation of alpha-radioactive materials can be rather
significant. In the present work at the introducing in a matrix 20 % wt. of plutonium the doses was 0.5
MGy/day, therefore the research of influencing of this factor on the main properties boron and non-
contained boron system of systems inclusive plutonium, is represented rather important.
On the basis of a number of researches and on in-service experience of a high - nuclear material in such
samples, as radiation and radioactive heat sources, it is known, that effect of a self-irradiation can be
amorphization of matter, if its initial form was crystalline, or the crystallization of vitreous. Most
obviously these processes take place in a-radioactive materials. In less degree they also take place in
matrices including, for example, radioactive promethium, cesium, strontium. At all events, in the
present work a crystallization of boron-basalt systems including about 20 % wt. PuC>2, and obtained as
a glass, becomes apparent at absorbed doses about 100-200 MGy, i.e. at their endurance from the
moment of manufacturing during 200-400 day. The data of the conducted X-ray researches confirm it.
It causes necessity of researches of influencing of crystallization on the property of materials including
the different radioactive wastes. Dependence of plutonium leaching rate from endurance period of
samples in twice on distilled water is shown on the figure 4.
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Figure 4. Depending of the leaching rate of the sum of boron-basalt components of matrices (A),
leaching rate of plutonium (B), from time of the exposition (dose rate 0.5 MGy/day).

As seen from the figure, the radiation crystallization have influence on values of leaching rate
during the time about approximately year from the moment of manufacturing of a material, i.e. up to
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values of radiation dose about 150 MGy. Thus the process of phase transformations entails a minor
decrease of chemical stability. In further, on completion of process of radiation crystallization, the
stability of materials to dissolution in water practically is restored and in further does not vary in time.
Thus self-irradiation have influence on the given property mainly during transformation of vitreous
matrix in crystal one. Influencing of a self-irradiation on chemical properties of crystal samples, i.e.
after approximately of year from the moment of their manufacturing, was not marked.
It will be agreed with the data obtained under investigation of influencing of a self-irradiation on non-
contained boron crystalline matrixes. For these materials the self-irradiation has not noticeable
influencing both on leaching rate of the sum of elements and on the leaching rate of plutonium from
them, accordingly (5-8) • 10"8 and (2-4) •
.10"8g/cm2»day.
The presented above data is concerned to boron-basalt and non-contained boron systems contained an
individual component of radioactive wastes. However studied materials and methods of their synthesis
can be applied to complex composition of real manufacturing wastes contained different as radioactive,
and non-radioactive chemical components. With the purpose of control of it, the investigation of
including in boron-basalt matrix of mixes of different components according of real wastes of PA
«MAIAK» were carried out.
In this case at the contents of such complex wastes as HLW and SRW in boron-basalt matrix in
quantity up to 40%wt. it was obtained homogeneous vitreous or stone-like melts. The increase of
quantity of including wastes up to 60%wt. is possible in case of absence in a mixture the components
of such elements as zirconium and chromium, difficulty including in glass. The data of investigation of
stability of materials inclusive different types of wastes, insoluble in water are listed in table.
Table 1. The leaching rates of materials in twice distilled water 10"7g/(cm2»day). (on the sum of
components).

Composition

SRW,
without
graphite

HLW,
raffmate 1
cycle
HLW,
fraction Sr,
Cs.
HLW,
fraction TPE,
REE
HLW,
raffmate of 6
cycles

Main
components

Mg, Ca, Al,
Fe

Fe, Zr, Mo.

Ca, Ba.

Zr,REE

Al, Fe, Zr,
Cr,Mo

Contents of
composition,
% wt.

20

40

20

40

20

40

20

40

20

40

Leaching rate 10"7g/(cm2»day).

Content of B2O3, %wt.

0

3.5

10

8

1.0

5

1.0

1.0

1.0

1.5

0.7

0.5

2.0

2.0

12

1.0

5

1.0

1.0

1.0

1.0

1.0

1.0

3.0

3.0

20

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.5

3.0
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The presented data demonstrate, that the chemical stability of the boron-basalt composition including
real wastes in quantity up to 40 % wt., are quite reasonable to their immobilization.
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ABSTRACT
Batch experiments by simulated TRU aqueous waste using Eu, as a simulant of Am, were carried out to

apply tannin gel to treatment of TRU aqueous waste, which has high nitric acid and Am concentration. From the
results, reduction of adsorption amount of Eu by the impurities in the simulated waste was observed. However,
the effect of the impurities will not become serious problem to construct practical process. Also, applicability of
denitration by formic acid to pH conditioning for adsorption by tannin gel was examined to reduce the salt as a
secondary waste arising from the neutralization for the pH conditioning. From the results of the batch
experiments by the simulated waste containing formic acid, enhancement of Eu adsorption amount by the formic
acid was observed. The applicability of adsorption by the tannin gel and denitration by formic acid to TRU
aqueous waste treatment becomes clear from the results.

INTRODUCTION
There are many techniques for treatment of TRU aqueous waste; solvent extraction and ion exchange are

two of them. Though such techniques can decontaminate TRU aqueous waste so that the waste could be managed
as non-TRU wastes, the production of secondary wastes is a serious problem to be solved. We have proposed a
new TRU waste treatment technique by using tannin gel that can reduce secondary wastes. Tannin gel is gelated
material produced from wattle tannin, which is one of plant biomass. It is easy to reduce its volume by drying and
incineration due to its elementary composition: C, H and O. Using tannin gel, the secondary waste from the
treatment process will be significantly reduced. We have obtained adsorption data of Am, and Eu as a simulant of
Am, on the tannin gel and have found it has high distribution coefficients of over 103 and an adequate adsorption
capacity for Am(III) in low concentrations of nitric acid (1,2,3). For the application of the adsorbent to practical
treatment process for TRU aqueous waste, which has high concentration of nitric acid, the following researches
are required; 1 ) obtainment of data about adsorption behavior of TRU ions in a TRU aqueous waste containing
impurities, which are corrosion products and used reagents, and, 2) development of pH conditioning method
reducing secondary waste such as salt from neutralization of the waste. This paper describes results of batch
experiments on simulated TRU aqueous waste using Eu as a simulant of Am, which was prepared to expected
composition of waste from NUCEF, the Nuclear Fuel Cycle Safety Engineering Research Facility, in the Japan
Atomic Energy Research Institute (4). At first, batch experiments using the simulated waste and Eu solution were
carried out to clarify the effect of impurity in the waste to Eu adsorption by tannin gel. Next, applicability of
denitration method by formic acid, which was developed for partitioning process of high level liquid waste from
Purex process (5), to pH conditioning for adsorption by tannin gel was examined by batch experiments using the
simulated waste containing formic acid and denitrated one. The results indicated that the adsorption by tannin gel
and denitration by formic acid are applicable to the TRU aqueous waste treatment.

EXPERIMENTAL
Materials

The tannin gel used in the experiments was a product of Mitsubishi Nuclear Fuel Co. Ltd. (TANNIXR).
The specifications of the gel are given in Table 1. Simulated TRU aqueous waste was prepared to expected
composition of TRU aqueous waste from NUCEF, which will contain high concentrations of nitric acid and Am
(4). Am was simulated by Eu due to difficulty of handling by its radioactivity. Eu solution, which has the same
concentrations of Eu and nitric acid as the simulated waste, was also prepared to compare the adsorption behavior
of Eu in the solution with that in the simulated waste. The compositions of the simulated TRU aqueous waste and
the Eu solution are listed in Table 2.
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Obtainment of data to clarify effect of impurities to Eu adsorption
The batch experiments using the Eu solution and the simulated TRU aqueous waste were carried out to

clarify effect of impurities in the simulated waste to Eu adsorption by the tannin gel. In the experiments, the pHs
of the aqueous phases were adjusted to pH 2, 3, 4, 5, and 6 by neutralization by ammonia solution. After the
adjustment of pH, the tannin gel was contacted with the aqueous phases to reach adsorption equilibria in 30°C.
Ratio of the tannin gel (g-wet) and the aqueous phase (ml) was 1:20. Samples of aqueous phase were taken by
syringe attaching filters, which had a pore size was 0.45um, to remove precipitations resulting from neutralization.
The concentration of each ion was measured by ICP-AES (SPS4000, Seiko Instruments Inc.).

Examination of application of denitration by formic acid to pH conditioning for adsorption by tannin gel
The adsorption data for examination of applicability of the denitration by formic acid to pH conditioning

for adsorption by the tannin gel were also obtained by batch experiments. In the experiments, the following
procedures were used; 1) addition of formic acid and neutralization by ammonia solution to clarify effect of the
formic acid on the adsorption behaviors, and, 2) denitration by formic acid and neutralization by ammonia
solution to examine the applicability of the denitration method using formic acid. Eu tracer was added to the
aqueous phase before pH adjustment to measure the concentration of Eu. Other conditions and procedures of the
batch experiments, such as pHs and temperature, were same as above. The concentrations of Eu in the aqueous
phase were determined from the count rate of gamma-ray from 152Eu measured by a well-type germanium detector
(EGPC115P15, Eurisys Measures Co.Ltd.). The concentration of formic acid was measured by ion
chromatography (Series2000i, DIONEX). The pHs of the samples were measured by a pH meter (F-23, HORIBA
Ltd.).

RESULTS AND DISCUSSION
Adsorption amount and distribution coefficient

Adsorption data of the ions on tannin gel are estimated by adsorption amount per unit weight of dried
tannin gel and distribution coefficient. They can be defined as:

_ [amount of the ion adsorbed by tannin gel]

[dry weight of tannin gel]

_ ( c ° - C , e ) x F x l Q - 3

" Mx(\~W) Eq>1

_ [amount of the ion adsorbed in unit weight of dry tannin gel ]
[amount of the ion remaining in unit volume of aqueous phase]

C° -C. V E < 3 - 2

C. ' Mx(\-W)

where M is weight of tannin gel in wet (g-wet tannin gel), V is volume of aqueous phase (ml), W is water content
of the tannin gel, and A;, Kdi, C°j, Cej are adsorption amount per unit weight of dried tannin gel (mg/g-dry tannin
gel), distribution coefficient (ml/g-dry tannin gel), initial concentration in aqueous phase (ppm), and concentration
at adsorption equilibrium in aqueous phase (ppm) of component, i, respectively.

Effect of impurities in the simulated TRU aqueous waste
Distribution coefficient and adsorption amount of Eu and the impurities in the simulated TRU aqueous

waste are shown in Fig.l compared with the case of the Eu solution. The adsorption amount and distribution
coefficient were affected by the impurities. Nevertheless, the adsorption amounts in the simulated waste kept over
50% of that in the Eu solution. The distribution coefficients are low compared with the result of the experiments
using tracer amounts of 152Eu and 241Am (2). The low distribution coefficients are considered to be caused from
the effect of the high Eu concentrations of aqueous phase in adsorption equilibria compared with that of the batch
experiments using the tracers. It will not become a serious problem to application of the tannin gel to the
treatment of the TRU aqueous waste. Because the adsorption amount of Eu is adequate value for the waste
treatment, and the distribution coefficient of Eu will become higher value with the progress of the
decontamination. Distribution coefficients of the impurities in the simulated waste were higher value than Eu. It
may be caused by difference of initial concentrations in aqueous phase. Also, there is a possibility that differences
of adsorption behaviors between the ions are one of the causes.

The results indicate the applicability of the tannin gel to the treatment of the TRU aqueous waste
containing Am in NUCEF. However, further experiments are required to construct the treatment process.
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Effect of denitration by formic acid
The results of the batch experiments using the simulated waste containing formic acid are shown in Table

3 and Fig.2. The pHs in aqueous phase in initial conditions and adsorption equilibria are presented in Table 3. It
was observed that pH of aqueous phase changed from initial pH to approximately pH 3 by the adsorption in the
case of 0 N of formic acid concentration. The phenomena are similar to change of pH by ion exchange resins.
The change of pH may be effect of ion exchange reactions between ions in the aqueous phases and protons in the
gel. This is consistent with the results of adsorption experiments using tracer amount of 152Eu and 241Am (2) in
which the distribution coefficients decreased with increase the nitric acid concentration. The pH change by
adsorption decreased with increase of concentration of formic acid. In the case of 1.0 N of formic acid
concentration, the change of the pHs in aqueous phase by the adsorption was hardly observed. The adsorption
amounts of Eu in the adsorption equilibria are presented in Fig.2. The increase of the adsorption amounts of Eu in
the cases of high initial pH conditions with increase of concentration of formic acid were observed. It is assumed
that the cause of the phenomena about the pH and the adsorption amount are effect of the ammonia and formic
acid in the aqueous phase as buffer solution or formation of complex between Eu and formic acid. Further
experiments are required to discuss the detail of the phenomena. However, it is evident that the phenomena are an
advantage of application of denitration by formic acid to pH conditioning of the TRU aqueous waste. The results
of the batch experiments using the simulated waste, which was denitrated by formic acid, are also shown in Fig.3
and Table 2. The concentration of formic acid remaining after the denitration of the simulated waste was 0.64 N.
The results agreed with the results of the experiments using simulated waste containing formic acid. The results
indicate the applicability of denitration by formic acid to pH conditioning for adsorption of Am by tannin gel
aimed to reduce the secondary waste such as salts from conditioning process before the adsorption.

CONCLUSIONS
The adsorption amounts of Eu were affected by the impurities in the simulated TRU aqueous waste.

However, the effects will not become a serious problem to application of the tannin gel to the TRU aqueous waste
treatment in NUCEF. The results of the batch experiments using the simulated waste denitrated by formic acid
indicate the applicability of the denitration method to pH conditioning for adsorption by tannin gel aimed to
reduce the secondary waste. Furthermore, the enhancement of the adsorption amount of Eu by formic acid in the
case of high initial pH conditions was observed. The phenomena are an advantage of application of denitration by
formic acid to the pH conditioning.
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Table 1 Specifications of the tannin gel

Particle size (urn)

Content of H2O (%) (dried in 110°C)

Density in swelling (*103 kg/m3)

Ion shape

Limit of nitric acid concentration (M)

Maximum Temperature of Use (°C)

500-1200

72 ±1

1.14±0.03

H shape end

<2.0

80

Table 2 Compositions of the Eu solution and
the simulated TRU aqueous waste

Eu
U

Ag
Fe
Cr
Ni

TBP
HNO3

Eu solution

1000 ppm
—
—
—
—
—
—

2N

Simulated TRU
aqueous waste

1000 ppm
10 ppm

108 ppm
50 ppm
50 ppm
50 ppm
50 ppm

2N
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Table 3 pH in aqueous phase in initial condition and adsorption equilibrium

Condition

Simulated TRU aqueous
waste (formic acid: ON)

Simulated TRU aqueous
waste containing 0.2 N
formic acid

Simulated TRU aqueous
waste containing 1.0 N
formic acid

Denitrated simulated
TRU aqueous waste
(0.64 N formic acid)

Initial pH

2.00
3.00
4.00
5.00
6.00
1.99
2.99
3.99
4.95
5.98
1.99
2.99
3.99
4.95
5.98
1.99
2.99
3.99
4.95
5.98

pH at the adsorption
equilibrium

2.05
2.69
2.81
2.85
2.85
2.03
3.03
3.99
4.65
4.80
1.99
2.95
3.98
4.91
5.34
1.93
2.99
4.06
4.85
5.38
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Fig. 1 Effect of impurities on the adsorption amount and distribution coefficient in the batch experiments using
simulated TRU aqueous waste and Eu solution: (•) Eu; (•) Ag; (A) Cr; (•) Fe; ( • ) TBP; (o) U; (•) Eu in
Eu solution.
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Fig.2 Adsorption amount in the batch experiment using simulated TRU aqueous waste containing formic acid, and

denitrated by formic acid: (*) formic acid 0 N, (o) formic acid 0.2 N, (A) formic acid 1.0 N, (•) denitrated
simulated waste (formic acid: 0.64 N)
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NEW PROGRAM TO DEVELOP PACKAGES FOR LONG - LIVED ILW

*Shigeki Kobayashi , Hiromi Tanabe1, Hiroyuki Sakamoto1

Fushiki Matsuoka2, Takuma Yoshida3, Akihiko Takei4

Yutori Nakamori5, Kazuyuki Fukudome6, Takeshi Kanno7

Abstract
TRU waste packages development has been conducted from 1998 by RWMC (Radioactive Waste Management

Center) and industries in Japan to establish configuration which comply with the TRU waste (incl. long - lived ILW)
disposal concept. 5 waste package concepts were selected through comparison study among over 20 proposals. Those 5
packages are two concrete container types and three metal container types. They were chosen from the view points of
engineering feasibility and prospected advantages for repository performance.

In this paper, overview of the development plan is introduced, and the design concepts of those 5 waste packages are
shown.

Introduction
In Japan, "Progress Report on Disposal Concept for TRU Waste"(l) was issued in March, 2000. In this report,

engineered barriers are evaluated that they have not enough ability of containment of the long - life radionuclides.
If waste packages have ability of containment, and can be taken into account on safety assessment, the disposal

system for TRU waste may be more economical and safety. Therefore, it is preferable for the disposal system to realize
the high performance waste packages. The target of development for containment ability is at least 50,000 years which
is approximately 10 times of half - life of C-14 from hulls and endpieces.

A comparison study of concept for TRU waste packages has been implemented from July, 1998 through March,
1999. As a result, 5 candidates and their own development plans were selected out of 22 applied concepts. The aims of
this comparison study for selecting development task were as follows;

- Complement the performance of geological disposal system for TRU waste
- Rationalize the specifications for disposal facilities
- Make efficient for handling
- Improve both engineering and economical performance of geological disposal system for TRU wastes

Development of the 5 concepts was started from July, 1999 led by the Ministry of International Trade and Industry
(MITI) of Japan.

Overall Program for the Project
1. Table I shows the overall schedule for the project (from 1999 FY to 2004 FY).

Table I Overall Schedule for the Project

Items
1. Develop Packages

1) Concrete Type
2) Metal Type

2. Common Studies
1) Handling
2) Containment
3) Filling Material

3. Evaluation

1999FY 2000FY 2001FY

*1

2002FY 2003FY 2004FY

*2

*1: First Evaluation for selection *2: Final Evaluation

1)2 concrete container type packages and 3 metal container type packages are being developed.
2) As common studies, evaluation of handling for each package from surface facilities (for packaging) to underground

facilities (for emplacement) will be done until 2001 FY.
3) Containment ability evaluation for each package will be studied in 2001 FY (for first evaluation) and in 2004 FY.
4) And as for one more common study, development of filling mortar will be accomplished with based on the

requirement from the result of studies for each package design (1999 FY).
5) The first evaluation will be made at the end of 2001 FY (March, 2002) to select 2 to 3 packages for full-scale test

started from 2002 FY.
6) Finally, total evaluation for this project will be made at the end of 2004 FY (March, 2005).

1 Radioactive Waste Management Center, Tokyo Japan 2 Mitsubishi Heavy Industries, Ltd.
4 OTEC Co., Ltd. 5 Mitsui Engineering & Shipbuilding Co., Ltd. 6 Kobe Steel, Ltd.
7 Ishikawajima-Harima Heavy Industries Co., Ltd.

Hitachi, Ltd.
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2. Committee for evaluation:
1) Committee for evaluation of 5 packages has been established.
2) This committee is responsible for reviewing and steering the waste package development from the view points of

researchers of concrete engineering or metal components, geological disposal for radioactive wastes, and utility
companies.

3. Definition of "Package" on this project:
1) Figure 1 shows definition of "Package" on this project.

Interface parts for Handling Waste Container Filling Materials (ex. mortar)

•

Waste Waste

it
/

Waste

Waste:
Cement Solidified
Waste1

or
Hulls &endpie ces1

Waste Form:
1: 200LDrum
2: Canister

Fig. 1. Definition of "Package"

4. Major common design conditions and design requirements for package:
1) Design conditions for package were based on "Progress Report on Disposal Concept for TRU Waste in Japan"(l).
2) Main design conditions are as follows;
a. Depth for disposal: approx. 500m (either for crystalline rock site or sedimentary rock site)
b. Volume of waste for disposal: (source; JNC and private reprocessing facilities, etc.)
a) Waste form group 1: waste silver-absorbent (incl. 1-129) - approx. 300m3

b) Waste form group 2: hulls and endpieces (incl. C-14) - approx. 4,900m3

c) Waste form group 3: process concentrated liquid waste and bituminized waste - approx. 7,000m3

d) Waste form group 4: other low level wastes - approx. 5,800m3

c. Type of disposal facilities:
a) horseshoe-shaped cross-section tunnel, or silo (for crystalline lock)
b) circular cross-section tunnel (for sedimentary lock)
d. Condition of waste form:
a) 200 L drum; (for group 1,3, and 4)

- O.D. 0.6m, 0.9mH, 11.6mm
- Material: stainless steel or carbon steel
-Weight: min.; 0.25 ton max.; 1.6 ton

b) Canister; (for group 2)
- O.D. 0.43m, H 1.335m, t 5mm
- Material: stainless steel
-Weight: 0.7 ton
- Heat production: 4.5W/Canister (25 years after reprocessing)

3) Design requirements (main items):
a. Handling without difficulty
b. Pressure resistance (under disposal environment)
c. Resistance for dropping accident
d. Physical containment of radionuclides
e. Heat resistance, and heat radiation ability
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Outline of 5 Packages
1. Concrete Container Type Packages:

1) Figure 2 shows the concept of concrete container type packages.
2) Package 1 was proposed and is being developed by Mitsubishi Heavy Industries, Ltd.
3) Package 2 (which has 2 types) were proposed and are being by the consortium of Hitachi, Ltd. and OTEC Co., Ltd.
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Fig. 2. Concept of Concrete Container Type Packages

4) Table II and III shows the major specifications for Package 1 and 2 respectively.

Table II Major Specifications for Package 1

Concrete
Container

Filling
Mortar

Dimensions
Wall thickness
Weight
Material
Wastes
Portland Cement
Water
Sand

2.25mL, 2.25mW, 2.25mH
200mm
ca. 30 ton (incl. Wastes)
Reinforced Concrete
18 Drums or 9 Canisters (under studying for Canister)
Comply with Japanese Industrial Standard
Drinking Water
Non-Metallic

Table HI Major Specifications for Package 2

Waste Form
Dimensions
Weight
Containment
Material

Feature

200 L Drums
2.3mL, 2.3mW, 2.3mH
ca. 31 ton (incl. Wastes (18 Drums))
Water Resaturation and Diffusion: ca. 300 years
High Strength Concrete (60 N/mm2)
and OPC Mortar
High-fluidity and low-heat-Mortar

Canisters
1.8mL, 1.8mW, 2.05mH
ca. 18 ton (incl. Wastes (9 Canisters))
Water Resaturation: ca. 50,000 years
High-Strength and Ultra Low-
Permeability Concrete (200 N/mm2)
One-piece structure without seam

a. Development targets of Package 1 are to satisfy the Japanese TRU waste disposal concept based on current
technology, and to achieve low-cost package.

b. Development targets of Package 2 for 200 L drums are to achieve high performance and economical packages with
high strength concrete. Target of Package 2 for canisters is to keep 50,000 years containment (approx. 10 times of
half- life of C-14) with high strength and ultra low-permeability concrete.
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2. Metal Container Type Packages:
1) Figure 3 shows the concept of metal container type packages.

Canister

Guide

Handing Box

A /
Quam Sand

Ti-alby

Fig. 3. Concept of Metal Container Type Packages

2) Package 3 was proposed and is being developed by Mitsui Engineering & Shipbuilding Co., Ltd.
3) Package 4 was proposed and is being developed by Kobe Steel, Ltd.
4) And Package 5 was proposed and is being developed by Ishikawajima-Harima Heavy Industries Co., Ltd.
5) Table IV, V, and VI shows the major specification for Package 3,4 and 5 respectively.

Table IV Major Specifications for Package 3

Dimensions
Thickness of Container
Material
Gross Weight
Number of Waste
Accesarries

1.6mcp, 2.1mH (Cocoon Type Container)
Shell: 37mm, Panel: 47mm
Carbon Steel (SPV450), no-filling material
ca. 9 ton (incl. Wastes)
7 Canisters
3-internal-support-plates and lifting hardware

Table V Major Specifications for Package 4

Dimensions
Gross Weight
Material
Number of Waste
Others

1.5mL, 1.5mW, 1.6mH (Square Package, 150mm)
ca. 15 ton (incl. Wastes)
Carbon Steel (for Container), Quartz Sand (for Filling Material)
9 Canisters
Receptivity of high activity (beta gamma) Waste

Table VI Major Specifications for Package 5

Dimensions (Handling Box)
Weight
Material

- Confinement Container

- Handling Box
- Filling Material

Numbers of Waste

1.038mL, 1.038mW, 1.726mH
ca. 6.5 ton (incl. Wastes)

- Corrosion Resistant Layer: Ti-alloy
- Structural Supportive Vessel: Carbon Steel
- Carbon Steel
- Quartz Sand

4 Canisters

a. Main development targets of Package 3 are to improvement of handling efficiencies and completeness of container
for more than 100 - 200 years (taking retrieval into consideration).

b. Main development targets of Package 4 are the same as those of Package 3.
c. Package 5 is composed of compound materials (Ti-alloy, and carbon steel). Main development target is to prove the

long term containment (more than 60,000 years, which is approx. 10 times of half - life of C-14).
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Conclusion
The goal of development for TRU waste packages are to prove their manufacturing method and quality, handling

efficiencies, durability, containment ability, and usefulness for Japanese TRU waste disposal system.
The first evaluation for selection to advance next stage of this project (full-scale test) will be made at the end of 2001

FY. (March, 2002: 2 to 3 packages will be selected.)
Each package has its own concept and characteristics. For example, both of Package 2 (for canisters) and Package 5

have the possibility for long term containment. Therefore, it is necessary for these packages to prove the possibility with
some trustworthy datas of functional test.

On the other hand, Package 1, 2 (for drums), 3, and 4 are mainly required for handling efficiencies, usefulness for
TRU waste disposal system.

After full-scale tests and evaluations, options of waste packages will be given to the future implementing
organization for Japanese TRU waste disposal. And some elemental technologies will be given to the other radioactive
waste disposal concepts.

Reference
(1) TRU Coordination Office, Progress Report on Disposal Concept for TRU Waste in Japan, JNC TY1400 2000-002,

TRU TR-2000-02, Japan Nuclear Cycle Development Institute, The Federation of Electric Power Companies (2000)
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TECHNOLOGY AND EQUIPMENT BASED ON INDUCTION MELTERS
WITH "COLD" CRUCIBLE FOR REPROCESSING ACTIVE METAL WASTE

KG. Pastushkov, A. V. Molchanov, V.P. Serebryakov, T. V. Smelova, I.N. Shestoperov

SSC RF VNIINM, Rogov st. 5,123060, Moscow, Russia, (095) 190-2371

ABSTRACT

The operation and, particularly, the decommissioning of NPPs and radiochemical plants result in substantial
arisings of radioactive metal waste (RAMW) having different activity levels (from 5x 10"4 to « 40 Ci/kg).

The paper reviews the specific features of the technology and equipment used to melt RAMW in
electric arc and induction furnaces with ceramic or "cold" crucibles. The experimentally determined and
calculated data are given on the level to which RAMW is decontaminated from the main radionuclides as well
as on the distribution of the latter in the products of melting (ingot, slag, gaseous phase).

Special attention is focused on the process and the facility for the induction-slag melting of RAMW in
furnaces equipped with "cold" crucibles.

The work is described that is under way at SSC RF VNIINM to master the technology of melting
simulated high activity level Zr-alloy and stainless steel waste.

INTRODUCTION

All the countries that adhere to the closed fuel cycle in the nuclear power developments are engaged in
processing spent nuclear fuel and treating resultant radioactive waste (RAW).

The decommissioning of 1 NPP unit of 1000 MW electric power results in 15 to 42 thousand tons of RAMW.
Some 1.5% of the total mass of steels used in a reactor have « 40 Ci/kg and contain 99.8% of the total activity.

The reprocessing of LWR spent nuclear fuel at a radiochemical plant of the 600 t U/year will result in
~ 190 t high activity level metal waste of which chopped fuel rod claddings and end pieces of fuel assemblies
constitute ~ 170 t and ~ 20 t, respectively, with the overall volume of ~ 200 m3. The waste contains long-lived
radionuclides (Cs, Sr, Ru, Pu) basically at the surface layers of the claddings and activation products (Fe, Co, Ni)
in the FA end pieces (1). Currently the waste is stored in special ground storage facilities.

The long-term storage of RAMW in specially designed storage facilities is cost ineffective (the cost of
1 m3 low activity level metal waste storage is more than 600 $ US/year at the prices of 1998). Those expenses
can be reduced by RAMW decontamination and melting.

The melting of RAMW can be favourable in several aspects:
- a factor of 4-6 reduction of waste and, correspondingly, of storage and burial facility volumes;
- conversion of some RAMW to intermediate- and low-level waste with the resultant simplification

and lower cost of the storage;
- simplified measurement of specific and total activity of RAMW (particularly, for large sizes and

volumes of waste when only random control is feasible);
- the possible radioactive contamination of the environment is almost fully eliminated due to the

uniform distribution and reliable immobilization of radionuclides in the metal matrix (2).

EXPERIMENTAL

To melt radioactive steel electric arc and induction facilities were basically used in different countries (3, 4).
In Germany, e.g., fragmented RAMW was subjected to melting (packs of NPP intermediate steam superheater
tubes); the specific (3- and y-activities being up to 200 Bq/g and the fissile element (235U, 238U, 239Pu, 241Pu)
contents reaching < 100 Bq/g.

For the decontamination of a metal by induction slag melting oxide and oxide-fluoride fluxes are
introduced in quantities of 5-10% of the RAMW mass.

The numerous experiments with actual low activity-level waste established that the process of the
crucible furnace melting efficiently purifies the metal from 90Sr, REE, 65Zn, l37Cs, U, Pu. The residual metal
radioactivity is defined by the availability of 60Co that almost fully remains in the ingot. The activity of the

L:\CAMARCATPARTAGE\NCDABO\Atalante 2000\Poster\P4-22.doc 1
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resultant slags is basically dictated by 90Sr, 137Cs, 144Ce; the specific y-activity of slags being a factor of 10-15
higher than that of the initial RAMW.

The specific activity of the ceramic lining of induction furnaces was ~ 50% of the specific activity of
slags. Taking into account the limited service life of ceramic crucibles (30-50 melting runs) the furnace lining is
intricate active waste that requires special conditioning to be disposed of.

In practice it has been demonstrated that the application of electrical arc and air-induction installations
gives rise to serious problems in collecting and processing dust and slag; the gas clean-up system is cumbersome
and expensive. However, induction vacuum furnaces also suffer from substantial disadvantages, i.e., the low
service-life (< 50 melting runs) of melting crucibles and moulds resulting in additional non-processible
secondary waste.

Their alternative is an induction furnace with a "cold" crucible (IMCC). It is evident from the
experience of Russia, France and Japan gained in melting low- and high activity level metal waste using IMCC
rigs and commercial facilities that the waste volume reduction factor is 5-6, the factor of metal decontamination
from Cs and Sr is 98% while that for a-emitting nuclides is >98%.

The SSC RF A.A. Bochvar VNIINM1 together with other research institutions has designed the
technology and the demonstration facility for induction-slag melting metal waste independent of its activity level
(without aqueous pre-decontamination applied) using induction furnaces with "cold" crucibles.

This process (its abbreviated form is "ISMW-CC") consists in melting down waste lumps 300-500 mm
in size in a "cold" crucible with < 5% oxide-fluoride flux, monolithic decontaminated ingot production and
ejection out of the crucible, cementation or vitrification of the resultant slag containing the main part of long-
lived radionuclides (Cs, Sr, Pu).

The similar process of RAMW melting that is under development in France involves the melting of
cut-off fuel rod claddings in a furnace having a cold crucible and the pulling of the resultant ingot out of the
crucible. The fuel essembly (FA) end pieces are processed in an induction steel-making tilting furnace having a
ceramic crucible and die cast ingots (5).

The SSC RF VNIINM has adopted the concept that is currently under way to jointly melt down cuts of
fuel rod claddings and FA end-pieces in a single induction furnace equipped with a "cold" crucible. Another
distinction of the process that is under development in RF lies in the way an ingot is formed, namely, not by
pulling out but by building it up. Accordingly, the design and arrangement of the equipment were changed.

In essence, the "ISMW-CC" process as applied to RAMW processing consists in the following. The
chopped claddings dried in the hopper-collector are supplied to a batchmeter from which they are charged in
portions into the "cold" crucible.

The melting of RAMW is implemented together with salt fluxes that are in portions charged together
with the chopped claddings in the quantity of 3-5 % of the RAMW mass and serve to decontaminate the metal
from radionuclides and to insulate thermally the molten metal pool and eliminate its intensive cooling.

The RAMW decontamination by induction-slag melting is accomplished via the re-distribution of
radionuclides between the metal and the salt flux. The metal decontamination factor is the higher the higher is
the chemical reactivity of the molten salt in relation to radionuclides contained by the fuel rod claddings. Two
salt compositions were used as fluxes:

- for stainless steel [CaF2(22,5%)-MgF2(6,5%)-CaO(27,5%)-SiO2(20,0%)-Al2O3(6,0%)-Fe2O3(9,0%)-
B2O3(6,0)%)-Na2O(2,5%)];

- for Zr-alloys [CaF2(60,0%)-MgF2(20,0%)-CaO(13,5%)-SiO2(6,5)].
The resultant slag containing the main mass of long-lived radionuclides (U, Pu, Sr, Cs, Ru) is separated

from the ingot and additionally processed to be stored or disposed of.
The technological parameters of the process were tried in the course of testing the "ISMW-CC-2"

demonstration facility.
The simulators of chopped stainless steel and Zr-alloy claddings 15-30 mm in size and cylindrically

shaped ingots were used as initial materials.
The experimental melting runs resulted in monolithic ingots 200-350 mm high (figs, la and lb) having

a dense, gas void - free microstructure. It is revealed that the process of ingot building-up is most stable in argon
at the rate of lump charging of- 50 kg/h.

1 State Science Center of Russian Federation VNIINM A.A. Bochvar All-Russia Research Institute of Inorganic Materials
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a

Fig. 1. Appearance (a) and microstructure (b) of metal waste ingot

Based on the experimental and design data the distribution of the main radionuclides was assessed in
the products resulting from induction furnace with "cold" crucible melting Zr alloys and stainless steel (table 1).

Table 1. Activity Distribution in Products of High Level RAMW Melting (mass %)

Nuclide
l37Cs

106(Ru+Rh)
90(Sr+Y)

60Co
239Pu

Ingot
0.3

95.0
3.5

99.97
0.1

Slag
39.5
4.5

90.5
0.02
99.5

Gaseous phase
60.2
0.5
6.0

0.01
0.4

The investigations to study the "ISMW-CC" process and the tests of the pilot equipment corroborated
the correctness of the technological and design solutions (6).

The basic advantages of the "ISMW-CC" facility compared to the electric arc and induction furnaces
with ceramic crucibles are:

- its compactness and the low material intensity of the equipment; its long service life (up to ten
years);

- the compact and simple gas-clean-up system (the process is carried on in a small furnace volume
filled with an inert gas); low amounts of the flux (3-5% of the metal mass) and the resultant slag; no
dies or other casting equipment;

- the high quality of the metal produced; the feasibility of remote control and management of the
melting and equipment disassembly processes;

- the possible cementation and vitrification of the resultant slag.
Based on the experience gained by SSC RF VNIINM a semicommercial facility is under development

that will be used for melting various metal waste arising at NPP and radiochemical plants (fig. 2)

Conclusion

The acquired results of the combined research and experimental-design work allow the technology and
equipment based on the induction melter with the "cold" crucible to be recommended for the extensive
application in the atomic industry, specifically, for conditioning active metal waste to be stored or disposed of.

L:\CAMARCATPARTAGE\NCDABO\Atalante2000\Poster\P4-22.doc
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Fig. 2. Schematic of semi-commercial "ISMW-CC"

1.Inductor drive. 2. Frame. 3. Inductor. 4. "Cold" bottom plate. 5. Metal ingot. 6 Swivel table drive.
7. Protective jacket. 8. "Cold" bottom plate drive. 9. Crucible. 10. Lid of melting unit. 11. Flux feeder.

12. Bin for flux. 13. Pusher drive. 14. Bin-feeder for metal to be melted and drive.
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ABSTRACT
December 1991 legislation in France has spurred research on enhanced separation and conditioning
or transmutation of long-lived radionuclides from high level radioactive wastes (HLW). In this
field, we have studied zirconolite-based glass-ceramics in which the crystalline phase (zirconolite:
CaZrTi2O7) aimed to preferentially incorporate minor actinides is embedded in a glassy calcium
aluminosilicate matrix. At the laboratory scale, the crystallization of the parent glass is carried out
thanks to a two-step thermal treatment: a nucleation stage followed by a growth stage. This paper
presents the evolution of the crystallization, followed by scanning electron microscopy (SEM) and
X-ray diffraction (XRD), with the temperature of the crystal growth thermal treatment, in the range
950°-1350°C.

INTRODUCTION

Research about new conditioning matrices for minor actinides (Np, Am, Cm), which would result
from an enhanced separation of long-lived radionuclides from HLW, are currently investigated. The
objective of this study is to develop zirconolite-based glass-ceramics that would preferentially
immobilize minor actinides in the zirconolite crystalline phase. Thus a double containment is
reached thanks to a homogeneous dispersion of the crystals in the glassy matrix. Zirconolite is a
crystalline phase well known for its excellent containment capacity and long-term behavior (high
chemical durability and self-radiation resistance) (1). The results presented in this paper deal with
microstructural analysis of zirconolite-based glass-ceramics prepared by heat treatment of a parent
glass. The influence of crystal growth thermal treatment temperature Tc (ranging between 950° and
1350°C) on the microstructure of the materials was studied. The different crystalline phases formed
after devitrification were characterized by their composition, size, shape, crystalline structure and
their distribution in the residual glassy matrix.

SAMPLE PREPARATION AND EXPERIMENTAL METHODS

The glass composition studied is given in Table 1. It is based on the formulation established by the
CEA-Marcoule (2, 3). All the samples were prepared using the following operating mode :

- melting at 1550°C in a platinum melting pot (lOh)
- pouring in water and grinding for glass homogenization before remelting at 1550° C (4h)
- casting and quenching at room temperature on a metallic plate
- thermal treatment at 810°C (slightly higher than the glass transformation temperature Tg «
775°C) for 2h: nucleation stage
- thermal treatment at Tc (950°-1350°C) for 2h: growth stage

Table
Oxides

%

1. Composition of the
SiO2

43.16
A12O3

12.71

studied
ZrO;

9.00

parent glass
CaO

20 88

3 (weight %)
TiO2

13.25

Na2O

1.00
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In order to study the intrinsic devitrification behavior of the parent glass, neither actinides nor
simulants (lanthanides) were added to the composition. Results concerning the introduction of
neodymium as actinide simulant are presented in other papers (4-6). Moreover these previous works
have shown the occurrence of an opaque "crust" (a crystallized layer never exceeding 1 mm
thickness) on the surface of the samples, while zirconolite crystals are homogeneously dispersed in
the residual glass of the bulk for Tc = 1000°-1200°C. Zirconolite probably forms in the bulk by
homogeneous nucleation. The "crust" mainly consists of titanite (CaTiSiOs) and anorthite
(CaAl2Si2Og) crystals that have nucleated heterogeneously on glass surface.
SEM observations and elementary analysis were performed on cut and polished glass-ceramic
sections using a JEOL 840A microscope coupled to an EDS PGT/IMIX analysis system. Powder
XRD patterns of the bulk of glass-ceramics were recorded in 0/26 mode using a Siemens D5000
instrument with CoKa wavelength (X = 1.78897Â).

RESULTS AND DISCUSSION

SEM images and XRD patterns corresponding to the bulk of heat-treated samples are shown in
Figures 1 and 2 respectively.
After nucleation (810°C 2h), the glass remains transparent; SEM and XRD reveal no
microcrystallization in the bulk and on the surface of samples. This indicates that during this step,
crystal growth rate is not significant.
For Tc ranging from 950° to 1200°C a high density of star-shaped crystals (5-10 jj.m diameter) have
nucleated and grown in the bulk. These crystals are homogeneously distributed and were identified
by XRD:
- For Tc = 950°C, dendritic crystals have grown. XRD patterns indicate that they consist of a
mixture of zirconolite and fiuorite type phases. However only one kind of crystal morphology is
observed by SEM. As there is no more fiuorite type phase for Tc higher than 950°C, it indicates that
fluorite transforms into zirconolite at 950°C. These two phases probably differ only by cationic
ordering (7).
- For Tc ranging from 1000° to 1200°C, zirconolite crystal morphology changes progressively. The
dendritic microstructure which consists of main branches (corresponding to preferred growth
directions) and secondary branches clearly becomes simplified for Tc greater than or equal to
1100°C. Disappearance of these secondary branches can be associated with a progressive decrease
of the residual supercooled liquid viscosity and consequently with a lowering of concentration
gradients near the surface of the main branches (non-congruent crystallization). Interface stability is
thus expected to increase with Tc. At the same time, thickness of the main branches increases and a
more open particle microstructure is observed. Moreover, XRD patterns evolution indicates that as
Tc increases, zirconolite lattice parameters progressively change (a splitting is observed for several
XRD lines notably at 26 = 35.5°, 42° and 59.5°). This evolution can be attributed to a progressive
ordering of cations in the (Ca, Zr) planes of zirconolite (5).

From Tc = 1250°C, a new crystalline phase identified as m-ZrÛ2 (baddeleyite) forms at the expense
of zirconolite which progressively disappears with increasing Tc. These crystals appear as white
elongated globular particles on backscattered SEM images. The strong contrast evolution between
residual glass, zirconolite and baddeleyite is due to an increase of zirconium content in the
corresponding phases. EDS analysis indicates that the baddeleyite crystals contain significant TiC^
amount. A low CaO level is also detected. These results are in accordance with the existence of
relatively wide solid solution domains between ZrC>2 on the one hand, and TiO2 and CaO on the
other hand (8,9). For Tc = 1350°C, almost all zirconolite crystals have disappeared. They remain
only as very thin needles decorating ZrO2 particles. This shows that the dissolution limit of
zirconolite is slightly higher than 1350°C. The fact that relatively large ZrO2 crystals remain at this
temperature indicates that this phase dictates the liquidus temperature of the system. It ban be
noticed that the occurrence of baddeleyite at high temperature at the expense of zirconolite is in
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accordance with the phase diagram evolution published by Xu et al. (10) for the pseudo-binary
- (TiO2 + CaTiO3) system.

Figure 1. Backscattered SEM images of the bulk of the glass-ceramics prepared at the
indicated crystal growth temperatures Tc (x 3000)

The crystallized layer forming a "crust" on sample surface (not shown in Figure 1) is observed for
all the samples prepared for Tc lower than 1300°C. Its thickness progressively grows until 1150°-
1200°C and then strongly drops as to disappear from Tc = 1300°C.

CONCLUSION

The effect of crystal growth temperature To on the microstructure and the structure of the crystalline
phases formed in zirconolite-based glass-ceramics designed as durable waste forms for minor
actinides immobilization was investigated. For Tc ranging from 1000° to 1200°C, zirconolite is the
only crystalline phase growing in the bulk. The cationic order in zirconolite crystals increases with
Tc and the dendritic microstructure observed for low Tc progressively disappears. For Tc higher than
1200°C, ZrO2 crystals grow in the bulk at the expense of zirconolite and dictate the liquidus
temperature of the system. Thus there is a 200°C safety margin for the preparation of glass-
ceramics with zirconolite as the only crystalline phase in the bulk.
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Figure 2. XRD patterns of the nucleated glass and of the bulk of the glass-ceramics prepared
at Tc ranging from 950° to 1350°C (O fluorite type phase, • zirconolite, • baddeleyite)
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ASTRACT

The COGEMA vitrification process is used in France to immobilise High Level Waste in a glass matrix.
A phenomenological study was made in order to understand the reactions between simulated calcine and the
glass frit at high temperature. At a laboratory scale, investigations conducted by Scanning Electron
Microscopy (SEM) allow the observation of mechanisms and kinetics of interaction between calcine and
molten glass frit.

I. INTRODUCTION

Immobilisation of High Level Waste in a glass matrix is one of the solutions proposed for nuclear waste
management. The COGEMÀ vitrification process can be split up into two steps: calcination of the fission
products solution and melting of this calcine within glass [1]. The purpose of this study is to obtain more
information about the second step through a phenomenological study. The first part presents information
relating to kinetics and the second part describes reactions during the first step of the process.

II. INVESTIGATION OF KINETIC REACTION

In order to study the processing kinetics of nuclear glass, we have to study a mixture of glass frit and
simulated fission products calcine at high temperature. Samples were elaborated at different temperatures
and duration. The elaboration conditions are given in table I.

Temperature
Duration
(minutes)

1023 K
240

1123K
240

1223 K
240

1323 K
15, 30, 60, 120,

240

1423 K
15, 30, 60, 120,

240
Tab.l: Elaboration conditions for the kinetic study

We have divided this study into two different parts. The first one is the observation of crystallised particles
according to duration and temperature. The second one consists of measuring the homogeneity level of the
material for different chemical elements.

ILL Experimental procedure

Scanning Electron Microscopy (SEM) and Energy Dispersion Spectrometry (EDS) enable us to observe
formation and dissolution of crystallised particles in the mixture. Crystallographic structure can be identified
by X-ray diffraction.

To quantify the glass homogeneity, we have selected a method based upon variations of concentration of
elements. These variations are recorded by a CAMECA microprobe. Figure 1 shows a line scan of Si and La
elements for a sample elaborated for 120 minutes at 1323 K.
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The microprobe indicates the concentration of the element in the sample. The sample contains a glass matrix
and crystallised particles, so this measurement is corrected to obtain only information about the glass. A
coefficient representing and quantifying the level of homogeneity for the chemical element was calculated.
The formula used to calculate this Homogeneity Coefficient (HC) is given in equation 1. The lower the
coefficient is, the better the distribution of the element in the matrix is.

HC =
1 n u m b e r ^ f P° in tSf | signal -signal average |

x > J x measure step
length of line scan ~ ^ signal average y (Eq.l)

40000 -

35000

30000

25000

a
u
20000

15000

10000

5000

Si signal

" Si corrected signal

La signal

"La corrected signal

5000

4000

O

2000

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Distance (mm)

Fig.l: Example of data obtained by microprobe, and corrected

II.2. Results

Homogeneity
Representation of this coefficient according to time and elaboration temperature gives us global information
about the kinetics of mixing and dissolution of fission products in a glass matrix. An example of this method
is given in figure 2 for silicon, the major element of glass.

0,16 T

S 0,10
g 0,08
1 0,06 -
oc

| 0,04

£ 0,02

0,00 -
0

! • 1323 K

! • 1423 K ,

60 90 120

time (min)

150 180 210 240

Fig. 2: Homogeneity evolution of silicon at 1323 K and 1423 K

Samples processed for 15 and 30 minutes are heterogeneous. After 60 minutes at 1323 K we can see a
regression of the homogeneity coefficient. So silicon distribution becomes more homogeneous. This
coefficient is the same after 240 minutes at 1323 K as after 60 minutes at 1423 K. Thus, homogenisation of
the material is a fast and thermally activated phenomenon.
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Particles
Crystallised particles like cerium-zirconium oxide have been observed in samples. Figure 3 shows their
formation and dissolution.
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Fig. 3: Cerium-zirconium oxide evolution according to time and temperature

The effect of temperature is again visible; at 1423 K this crystallisation was dissolved in the melted glass
after 30 minutes and at 1323 K, their presence was observed after 60 and 120 minutes.

These experiments at laboratory scale give us much information about the global kinetics of processing. The
presence of crystallised particles seems important because their dissolution in glass can modify the kinetics.
That is why the conditions to create this crystallisation must be known.

III. PHENOMENOLOGICAL STUDY DURING THE FIRST STEP OF GLASS PROCESSING

III.l. Experimental results

In order to describe the dissolution of calcine in nuclear waste glass, it is necessary to understand the
behaviour of glass frit and of the calcine system during the first step of processing. As it is difficult to study
dispersed calcine grains in glass frit, the geometry of the system was simplified: a small rod of calcine was
made by cold isostatic pressing and dipped into molten glass for 5 minutes at 1323 K. Scanning Electron
Microscopy investigations show the initial interaction of waste in a glass matrix. Two calcines (with and
without platinoids) were studied.

This experiment shows impregnation of the calcine without platinoids by molten glass frit. These
observations indicated the existence of four different parts, as shown in figure 4. The first one corresponds to
the compacted calcine. In the second one, we found small particles (less than 1 |am) with the same
morphology and composition as the first zone, but the pores are filled with molten glass frit. The third area
contains new crystallised particles such as lanthanide silicates or cerium-zirconium oxide. The last area is
composed only of glass with diluted elements of waste.

The formation of crystallised particles such as lanthanide silicates in the third area can be correlated with
observations of other samples carried out at different temperatures and duration as shown in part II. We
prove the presence of these particles after a 4-hour reaction time at 1023 K and after 15 minutes at 1323 K.

area 4 area 3 area 2 area 1

•3-

grains with
molten glass

frit
Fig.4: Schematic figures of reactions between calcine and molten glass frit
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Influence of platinoids
Experiments were done in the same conditions with a calcine and platinoids. Another area was observed,
enriched with RuO2 and (Pd,Te) for a long time of reaction (120 min), as shown in figure 5.

area 4 area 3 area 2

Duration : 5 min Glass frit m

area with RuO2 and
(Pd,Te)

platinoids

area 4 I area 3 area 2

Duration : 120 min Glass frit

V
I
1

.•3*.

Duration : 120 min

Fig. 5: Diagrams of reactions between molten glass frit and calcine with platinoids

III.2. Discussion

The partial dissolution hypothesis is based on Scanning Electron Microscopy investigations. It is thus
possible to explain morphological changes between area 2 and area 3. Before the reaction begins, molten
glass frit (liquid phase) and calcine (solid phase) are separate components. Then the grains are coated with
liquid phase. At 1323 K, some grains are melted with molten glass frit while others do not react because of
their solubility limit [2].
Germs and local supersaturation with some chemical elements are responsible for crystallisation growth such
as lanthanide silicates. [3]
From the kinetic point of view, these crystallised particles exist as soon as after 5 minutes at 1323 K. In such
conditions, the phenomena are very fast.
This model is adapted for calcine with grains. Because of the grain size (10 um) and the high kinetic
mechanism, area 1 is not detected on such a sample (molten glass frit and calcine with grains)

IV. CONCLUSION

These experiments have shown the existence of an impregnation phenomenon of calcine by molten glass frit.
The influence of platinoid elements has been observed on this mechanism. The impregnation phenomenon
exists in the first step of processing and leads to the formation of different crystallised particles such as
lanthanide silicates or cerium-zirconium oxide. Dissolution of this crystallisation and homogenisation of this
mixture have been studied at different temperatures. We prove that these mechanisms are thermally activated
phenomena.
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LEACHING TESTS OF SIMULATED COGEMA BITUMINIZED WASTE FORM

Shinichi NAKAYAMA, Toshiyuki AKIMOTO, Yoshihisa IIDA, Tetsushi NAGANO A

Japan Atomic Energy Research Institute, 319-1195, Tokai, Ibaraki, Japan *y *

The leaching behavior of COGEMA-type bituminized radioactive waste was studied for the atmospheric and
anaerobic conditions. Active and inactive laboratory-scale bitumen samples, including two major salts of
NaNO3 and BaSO4, were contacted with deionized water, an alkaline solution (0.01 mol/L Ca(OH)2 or 0.03
mol/L KOH), or a saline solution (0.5 mol/L KC1). It was found that the release of salt was reduced in the
Ca(OH)2 solution compared with deionized water under the atmospheric conditions. No significant difference
in the concentrations of 237Np in leachants contacted with the samples for 7 days was observed between the
atmospheric and the anaerobic conditions.

INTRODUCTION

Bituminized radioactive waste will be returned to Japan from COGEMA reprocessing plants of spent nuclear

fuel. This waste is categorized into "TRU waste" in Japan and will possibly be buried in the deep underground

repository(l). The leaching behavior of and the release of radionuclides from buried bituminized waste form are

needed to be quantitatively evaluated for the radiological safety assessment of the disposal. The leaching behavior

depends on the physical property and the chemical composition of the waste form, and the chemical environment

of the repository. Leaching behavior of the COGEMA bituminized waste has not studied much(2,3) and the re-

lease of transuranium elements and radionuclides for deep underground conditions has been scarcely reported.

The COGEMA bituminized waste is dual-salt system, containing two major salts: an insoluble salt, barium

sulfate (BaSO4), and a soluble salt, sodium nitrate (NaNO3). Waste elements are incorporated in either or both of

these salts in bitumen matrix. We have performed laboratory-scale leaching tests for the active and inactive dual-

salt bituminized waste under the atmospheric and anaerobic conditions. Deionized water, an alkaline solution and

a saline water were employed as the leachant: The alkaline water represents the cement-contacting groundwater,

and the saline water the sea water environment. The part of the results including the release of total organic car-

bon, Na as a salt element and 237Np and 239Pu as waste elements are presented.

EXPERIMENTAL

Preparation of Simulated Bituminized Waste Samples

Simulated bituminized waste was fabricated in a lL-stainless steel beaker. Salts (NaNO3, BaSO4) and waste

elements (Sr, Cs and I) were mixed with molten straight bitumen 60/80 at 140 - 160°C. Cesium, I and the soluble

salt, NaNO3, were added as aqueous mixture solution of Csl and NaNO3. Strontium was added as a precondi-

tioned powder of a solid solution, (SrA-, Bai^SO^ The composition of the fabricated inactive bitumen samples

was: 60 wt% of straight bitumen, 2.5 wt% of Csl, 17.5 wt% of NaNO3 and 20 wt% of (Srx, Bai_x)SO4. Active

samples were prepared in a similar manner, and divided into two fractions depending on the determination

method: Samples of the first fraction were doped with only 90Sr, where part of the Sr of (Sr*, Bai_j.)SO4 was re-

placed by 90Sr, and the other samples contained 134Cs, 237Np and 239Pu. Cesium iodide was doped with 134Cs. Both

of 237Np and 239Pu were added as nitric acid solution.

The bituminized mixture was poured into 49mm't> x 15mmH stainless dish, and cooled down at room tem-

1
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perature. A care was taken in mixing molten bitumen and chemicals in a heated beaker to avoid precipitation of

heavy salt, (Sr*, B a ^ S O ^ The precipitation results in heterogeneous waste form and makes a proper interpreta-

tion of leaching data impossible.

Leaching Tests

The bituminized waste samples were contacted with 190mL of leachant in a sealed polypropylene container.

The initial surface-area-to-volume ratio was 0.1m. The leachant was deionized water, an alkaline solution (0.01

mol/L Ca(OH)2 or 0.03 mol/L KOH), or a saline water (0.5 mol/L NaCl or KC1). The samples were kept at 25°C

or 45°C. Leaching tests under anaerobic conditions were performed in a controlled atmosphere glove box under

argon (02<lppm), and the reducing conditions of the leachant were kept by hydrazine monohydrate. Only the top

surface of the samples was brought in contact with the leachant.

At fixed intervals of time, the pH and the redox potential (Eh) of the leachants were measured, and the

leachants were removed for analysis. The concentrations of stable isotopes (Na, Sr, Ba, Cs and I), 239Np and 239Pu

in the leachants were determined with inductively coupled plasma mass spectroscopy, ICP-MS. The concentra-

tions of 90Sr and 134Cs were determined radiometrically through P-counting with liquid scintillation counter and y-

counting with Ge(Li) detector, respectively. The total organic carbon (TOC) was also determined as an indicator

of degradation of bitumen matrix.
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RESULTS AND DISCUSSION 1.2, , , , , 1 0.20

Leaching Behavior of Bituminized

Waste a - * - D W , 45c / 0.15-

A typical physical evolution of

bituminized waste form in contact

with aqueous solution is swelling.

Channeling and cracks are formed in

the course of swelling, which lead to

the expansion of the surface area of

the bitumen-salt mixture exposed to

the surrounding media, and results in

the enhanced release of embedded

salts and radionuclides. In the present

test, an abrupt increase in the amount

of a salt element, Na, was observed as shown in Fig. l(a). A bituminized waste sample leached with deionized

water at 25°C under the atmospheric condition began swelling at around the 100-th day of leaching and remarka-

bly swelled after the 150-th day. The release of Na increased accordingly, and that of other elements of Ba, Sr, Cs

and I also increased although not shown here.

The degradation of bitumen matrix is not affected by swelling, as shown in Fig. l(b) where the amount of

TOC was plotted as a function of time. The TOC concentrations increased gradually with time with no apprecia-

ble effect of the swelling. The amount of TOC released is larger at a higher temperature like as seen for Na. How-

ever, unlike Na, the release of TOC was larger in Ca(OH)2 solution than in deionized waster. The release of salt

Fig.l The release of (a) Na and (b) TOC from a COGEMA-type
bituminized waste leached under the atmospheric conditions: DW:
Deionized water, Ca: 0.01 mol/L calcium hydroxide solution.



Type

CEA

"Kansai

Electric"

Eurobitum

R85/40

Leachant

deionized water

deionized water,

mortar water

clay water

clay-cement water

Temp.

25°C

45°C

RT, 60°C,

90°C

23°C

D (m2/sec)

LiI9."!!..(206...d).

ixJ..PJ^_(<l_2_0_d)

5 x 1er15 (120-206 d)

(3-4) x 10"14*

(15 months)

1.4x 10"13(720d)

1.5 x 10"13(720d)

Ref.

This

study

(6)

(3)

* The value of D is not shown in ref. (6). Calculated from the data given.
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elements under the atmospheric Table I Diffusion coefficient, D, of Na in bituminized waste

condition is suppressed in

Ca(OH)2 solution as reported by

Brodersen(4) and Sazarashi et

al.{5). It may be because the sur-

face of the bituminized waste

sample was covered by precipitate

of CaCO3(s) formed using CO3
2"

dissolved in the leachants. Such

suppression was not observed in

the samples leached under the an-

aerobic Ar-gas atmosphere where CO2 gas is not introduced in the leachants. The comparison between the release

of Na and TOC indicates that the release of salts from the COGEMA-type bituminized waste is dependent on

swelling rather than degradation of the bitumen matrix, and degradation of bitumen matrix is thought to be less

responsible for the performance of bituminized waste regarding confinement of salts.

The similar leaching behavior was observed for the anaerobic conditions except the effect of Ca(OH)2 solu-

tion. The amount of release of salts and waste elements was similar between the atmospheric and anaerobic con-

ditions. Swelling and the associated increase in release were observed also under the anaerobic conditions.

The mass transport in the waste form has been assumed to be diffusion-controlled(7), and approximated by

the Fick's law. No physical transformation of diffusion medium is permitted in applying the Fick's law. This is

not always the case for bituminized waste due to swelling. The Fick's law was applied, however, to the present

results on the release of Na for approximate estimates of the diffusion coefficient, D. The D was calculated for the

release before (< 120 days) and after (120-260 days) swelling for the leach test at 45°C. Two different values of D

were obtained as listed in Table I. The D value for swollen sample (120-260 days) is obviously larger than that for

the intact sample (<120 days), which indicates the transport of Na through preferential channels or cracks in the

sample formed in response to the internal swelling pressure.

The values of D obtained in this study are smaller than those estimated for other types of bituminized waste

as seen in Table I. This indicates slower diffusion of Na ion in COGEMA-type bituminized waste form. The dif-

fusion behavior of bituminized waste depends on the swelling, and hence reflects both the physical and chemical

property of the waste form. The affecting physical property may include hardness and the size of salt particles,

and the chemical property is the composition of the embedded salts. A chemical feature of COGEMA-type

bituminized waste is the dual-salt composition: soluble NaNO3 and insoluble BaSO4, as two major salts. The

difference in diffusion coefficient shown in Table I may reflect the effects of these factors. The presence of the

insoluble salt particles is considered to partly function to reduce the release from bituminized waste, and a study

on this function is underway.
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Concentrations of 237Np and 239Pu in leachants

Neptunium, added as Np(V) to heated bitumen in preparing the mixture of bitumen and chemicals, is ex-

pected to be present as Np(V) in the samples during the equilibration of the leach tests. The released Np was not

probably reduced in the leachants for the 7-day equilibration under both the atmospheric and anaerobic conditions,

and kept the pentavalent state. The almost the same concentrations in the same leachants under atmospheric and

anaerobic conditions, as shown in Table II, consequently implies the formation of the same Np(V) compound in

the leachants. A clear difference is observed in the concentration of Np between different leachants. The concen-

tration was lower in 0.5 mol/L KC1 solution than in other two leachants. Although a quantitative explanation is

difficult for the difference, the lower concentrations of Np in the 0.5 mol/L KC1 solution is likely due to the high

ionic strength. The release of 239Pu was so small under the detection limit that thermodynamic consideration is

unable to apply to understand the result.
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EFFECT OF AGEING UNDER GAMMA RADIATIONS ON THE LONG TERM BEHAVIOUR OF

BITUMEN MATERIAL

M.F. LIBERT - I. WALCZAK

CEA/DCC/DESD/SEP Bat 352 CEN de Cadarache 13108 F- ST Paul lez Durance Cedex

ABSTRACT

The referentiel scenario considered for bituminized waste drums is an intermediate storage likely to be followed by a
deep geological disposal.
Under geological disposal conditions, when site will be resaturated with water and containers will be corroded, the
main phenomenum likely to alter bituminized waste is linked to the presence of water.
During intermediate storage conditions, drums will be submitted to the effect of irradiation, and for the external part of
the wasteform to the effect of oxidation by surrounding air. The combined effect of air and radiation may increase
bitumen oxidation.
In further disposal conditions, alteration phenomena of drums will concern aged drums. The aim of these studies
dealing with ageing, is to caractérise the effect of alteration factors such as irradiation and radiooxidation on the
potential release of radiuonuclides from bituminized waste in disposal conditions.
Radio-oxidation depends on :
-the diffusion of O2 in the matrix (diffusion coefficient, solubility),
-the intensity of radiation (dose rate),
-the time of exposure to radiations.
Low dose rates of radiation, near realistic dose rates are here investigated in order to caractérise the effect of ageing
phenomena on the long term behaviour of bitumen properties.
Results concern Infra-red characterization of oxidized bitumen, gases evolution and diffusion of water.
The evolution of the thickness of the oxidized layer with the dose and the dose rate for bitumen sample can be deduced
from profiles of oxidised compounds concentration obtained with FTIR (Fourier transformed Infrared Spectroscopy).

INTRODUCTION

Bitumen can be used for embedding most of wastes because of its high impermeability and its great resistance against
most of chemicals (1). Bituminization is one of the selected solutions in agreement with nuclear safety, waste
compatibility and economic criteria.
Characteristics of bituminized waste products may be modified under internal self-irradiation caused by a, p and y
radiations. Ionising radiations cause chain ruptures and cross-linking phenomena in bituminous materials
Bitumen, during storage, undergo an auto-irradiation due to embedded radio-elements. During this stage, drums are not
airtight then oxygen is present. In disposal configuration, water, which is a potential vector of radioactivity and organic
matter, is an other hazard factor liable to modify the containment characteristics of bitumen wastes.
The aim of this work is to study the effect of radio-oxidative ageing on the bitumen confinement properties. Gas
radiolysis, oxidation profile, water-diffusion properties and organic matter release are followed according to ageing
conditions.
Radio-oxidation depends on :
-the diffusion of O2 in the matrix (diffusion coefficient, solubility),
-the intensity of radiation (dose rate),
-the time of exposure to radiations.
First experiments show that irradiation of bituminized waste at high dose rate under air conditions, leads to the
formation of two zones in the matrix as far as lixiviation experiments are concerned :
- an external zone where an increase in the release of salts is observed,
- an internal zone, O2 has not reached this zone, where no effect on the release of salts is observed.
High dose rates of radiations :
- increase the oxidation in the external zone,
- maintain a low O2 concentration in this zone due to a rapid reaction of O2 with radicals originated from radiations
effects on the matrix,
- and therefore restrict O2 diffusion in the matrix.
In such conditions of high dose rates, the thickness of the oxidised zone could be under estimated and the rate of
oxidation in this zone is over estimated compared to realistic conditions.
Low dose rates of radiation, near realistic dose rates are here investigated in order to characterise the effect of ageing
phenomena on the long term behaviour of bitumen properties.

EXPERIMENTAL CONDITIONS
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Experimental conditions have been previously detailed (2).
Bitumen Samples
The sample used in this study is a bitumen Viatotal 70/100. We used here bitumen slices (thickness=300 um).
Irradiation Conditions.
See poster P5.10

Radiolysis Gases Evolution
For samples irradiated in air, gas samples are taken each week whatever the dose rate. Because of the oxygen
consumption, atmosphere is renewed, throughout the irradiation, as soon as O2 content is lower then 17%. Gas analysis
are performed with a VARIAN 3400 Gas-Phase Chromatograph (GPC) fit out with two columns wired in parallel.
Analysis precision is 5%.

Oxidation Profiles Determination
After irradiation, sections of bitumen (200 um) are taken for the infrared study (Figure 1). Analysis are performed by
the CNEP (Centre National d'Evaluation de Photoprotection) in Clermont-Ferrand with a Nicolet System 800 with a
NicPlan Microscope.
The spectra are obtained in transmission mode. The oxidation profile is determined by step of 50 urn.

Water Diffusion Properties
A 300um-bitumen slice, first water-desorbed, is placed in a container. Water is added in the bottom of the container so
that no contact between bitumen and water is possible.
The experiments are realised in a air conditioned room (25°C).
At the beginning of the experiments (during 5 days), bitumen slices are weighted tree times daily then all weeks during
about 6 months.

RESULTS AND DISCUSSION

Influence of irradiation conditions on gas radiolysis
During bitumen radio-oxidation, the major part of gas radiolysis is hydrogen and carbon dioxyde, whatever the dose or
the dose rate. Carbon monoxide and methane are other gaseous radiolysis products.
Carbon dioxide production is proportional to the dose. It's also dose rate dependant.
For the same irradiation dose, carbon dioxide production and oxygen consumption are more important when the
irradiation intensity is low.
When the dose rate is lower, the oxidation reaction yield is more important. In the case of an high dose rate irradiation,
crosslinking phenomena become not insignificant to compare with the oxidation one.
In the range of studied doses (10 to 700 kGy) and dose rates (between 15 and 450 Gy/h), a linear relation exists between
CO2-production and O2-consumption after a delay where oxygen is consumed but CO2 isn't yet produced (Figure 1).
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Bitumen matrix is sensitive to radiolysis phenomena. The radio-oxidation leads in part to the formation of gaseous
oxidised products like carbon mono- and di-oxide. However, the difference between oxygen consumption and carbon
oxides production shows that the main part of oxygen is fixed on the bitumen matrix (90%).
For the range of dose and dose rate studied, this percentage depends neither the dose nor the dose rate.

Influence of irradiation conditions on chemical properties of bitumen
For irradiated samples, the changes of IR spectrum can be summarised as follows (see on the poster) :
at 3 270 cm'1, the growth of a wide band probably involving hydroxyl and hydroperoxyde groups,
at 1 696 cm'1, the growth of a carbonyl peaks in region where cc,P-unsaturated acids predominate (3),
at 1 020 cm"1, the growth of a small band presumably due to sulfoxydes (4).

The parameter chosen to characterise the alteration of bitumen is the thickness of the oxidised layer Eoxy. It corresponds
to the depth at which Abs327o (or Abs|696)= Abs327os (or AbS|6%s)/2 where Abs327os (or Abs]696s) are the intensity in the
superficial layer.
The thickness of oxidised layer seems to evolve proportionally to the square root of time (or dose) and
proportionally to the reciprocal of the square root of the dose rate for the samples irradiated at low dose rates,
(Figure 2). This is in good agreement with the bibliography (5,6).
During radio-oxidation, the chemical properties of bitumen are modified. The formation of polar groups, whose
repartition and nature are determined with u-IRTF, can influence the water uptake and the organic matter release.

Rubles débits de dose I
itje^processuB dffusiannel

^VEpoissax ojo/dée pqpcrtionnelle à DcseV2

Figure 2: Evolution de l'épaisseur oxydée au sein du matériau bitume
pour différentes doses et différents débits de dose d'irradiation.

Influence of irradiation conditions on water-uptake
A rapid water uptake (of the order of 0,1-0,15% in weight) is noticeable for all bitumen samples, whatever ageing
conditions (Figure 3).
Then, the water uptake rate is slower and varies from 0,01 to 0,028 ug/h/cm2.
The different radio-oxidation conditions have no significant effect on hygroscopic properties like water uptake
rate and water solubility in bitumen.
The water uptake results allow us to think that water transport in bitumen matrix is governed by a diffusionnal
mechanism, which can be described with the Fick's laws, (see on the poster).
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Figure 3 : Evolution of the water uptake with time for different irradiation conditions .

The diffusion coefficients of water in pure non altered and radio-oxidised bitumen matrix have been calaculated. They
indicated that:.
water diffusion through the bitumen matrix occurs with a very slow rate (between 0,6.10"14 and 4.10"14 m2/s).
Radio-oxidation implies no significant effect on the water diffusion coefficient in bitumen. Therefore the polar
groups formed during y-radio-oxidation don't modify the water uptake.

CONCLUSION

During radio-oxidation, the chemical properties of bitumen are modified. The u-IRTF analysis shows the formation of
hydroxyl compounds and a,P-unsaturated acids. The formation of these polar groups doesn't influence, in our study, the
water uptake.
Same studies are now investigated with bituminized waste to characterise their confinment properties with ageing in
disposal conditions.
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Dégradation des matériaux à base de liants hydrauliques en milieu saturé -
Application au comportement à long terme des colis " béton ".

P. LE BESCOP, F. ADENOT, C. GALLE, P. LOVERA
CEA-DCC/DESD/SESD - CE Saclay et CE Cadarache, France

RESUME

Les phénomènes majeurs contrôlant l'évolution des matériaux à base de liants hydrauliques dans un
environnement saturé d'eau sont la décalcification par lixiviation, la précipitation de calcite en présence de
ions carbonates et la précipitation d'ettringite et de gypse en présence d'ions sulfates. Cette phénoménologie
se traduit entre autre par une modification des propriétés diffusives des matériaux qui doit être prise en
compte pour l'évaluation des performances de confinement à long terme des colis de déchets.

INTRODUCTION

Le comportement à long terme des colis "béton" doit être envisagé au cours des différentes étapes de leur vie
que l'on peut décrire schématiquement de la manière suivante : une évolution en système ouvert insaturé
(sous atmosphère gazeuse humide) et une évolution en système ouvert saturé (en eau).
L'analyse des connaissances scientifiques sur le comportement physico-chimique des liants hydrauliques
soumis à diverses sollicitations et sur le comportement des radionucléides en milieu cimentaire, permet
d'identifier les phénomènes susceptibles de modifier la fonction de confinement des colis. En système ouvert
saturé, il s'agit de :

• la dégradation chimique sous eau, qui s'accompagne d'un ensemble de processus de
dissolution/reprécipitation (changement de phases, disparition et apparition de nouvelles phases
minéralogiques),

• la carbonatation sous eau, liée à la présence plus ou moins importante de carbonates dans les eaux
naturelles. Elle se traduit notamment par la précipitation de calcite dans la porosité,

• l'action de ions sulfates à laquelle on peut associer l'apparition de phases minéralogiques
susceptibles de faire gonfler et fissurer les matériaux.

La modélisation de ces altérations avec leurs effets sur la chimie et la diffusivité du béton, couplée à un
modèle de transfert/rétention des radionucléides (RN), permettra de modéliser le pouvoir de confinement du
conteneur béton.

ALTERATION EN PRESENCE D'EAU

La mise en contact du béton avec une solution neutre ou peu basique (pH<l 1,5) conduit à sa décalcification
(1,2). Les phénomènes majeurs se produisant alors sont :
- la dissolution à l'équilibre de la portlandite (Ca(OH)2) conduisant à une augmentation de la porosité et du
coefficient de diffusion (Fig. 1),
- la décalcification progressive des silicates de calcium hydratés (C-S-H) entre le front de dissolution de la
portlandite et la surface.

Pendant la dégradation de la pâte de CPA, les quantités lixiviées en calcium, aluminium, soufre, silicium et
hydroxyles ont été mesurées en fonction de la racine carrée du temps. Mis à part l'aluminium qui n'est
pratiquement pas lixivié, les quantités lixiviées des différents éléments du ciment sont proportionnelles à la
racine carrée du temps. Les deux ions majoritairement lixiviés sont le calcium et les hydroxyles (Fig. 1) avec
une proportion de un Ca2+ pour deux OH" (3).

La mesure du coefficient de diffusion effectif de l'eau tritiée (HTO) sur des éprouvettes partiellement
dégradées a permis de déduire le coefficient de diffusion de HTO dans la partie dégradée. Ce coefficient de
diffusion effectif (qui est théoriquement indépendant du temps de dégradation) est estimé à 5. 10"" m2.s"1
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environ tant que l'épaisseur saine est significative (le coefficient de diffusion du matériau sain étant de 5. 10"
12 mV).

Racine du temps (jour

H
10

COEUR INATTAQUE
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Monosulfoaluminate
Eftringite
CSH

Monosulfoaluminate
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aluminium et silicium

Figure 1 :
Quantités cumulées d'ions Ca2+ et OH" relâchées par une pâte CPA lixiviée etzonation du solide après

3 mois de lixiviation (chaque zone de la partie altérée, de minéralogie constante, est délimitée par
des fronts nets)

ALTERATION EN PRESENCE DE CARBONATES

Les eaux naturelles contiennent généralement des ions carbonates, espèce chimiquement très réactive en
présence de ciment hydraté. Les phénomènes se produisant dans cet environnement sont :

- la pénétration des ions HCO3" par diffusion et leur conversion en ions CO3
2~,

- la précipitation de calcite dans la porosité (Fig. 2),
- la décalcification lente de la pâte de ciment (Fig. 2).

Il apparaît que la présence d'ions carbonates dans les eaux de lixiviation modifie la cinétique de relâchement
des éléments constitutifs de la matrice cimentaire (4) : à pH=8,5 le flux de calcium lixivié dans une eau
carbonatée (2,5.10"3 mole de NaHCOa) est 40 fois plus faible qu'en eau pure et le flux d'hydroxyles est quant
à lui 25 fois plus faible.

L'épaisseur dégradée est également plus faible : à 6 mois, 0,3 mm dans une eau carbonatée contre 2 mm en
eau pure. La minéralogie et la texture du solide sont modifiées par la précipitation de carbonate de calcium :
la partie dégradée se caractérise par une surface principalement constituée de calcite, une couche dense
contenant de la calcite, une zone très poreuse riche en ettringite puis une zone de transition moins poreuse
contenant de l'ettringite et de la portlandite précédant le cœur sain.

Les essais de diffusion de l'eau tritiée à travers des éprouvettes partiellement dégradées ont permis
d'estimer à 2,5. 10"13 m2.s"1 le coefficient de diffusion effectif de HTO dans la couche carbonatée .

0.2 n

0.15

"S 0.1

0.05
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Figure 2 :
Evolution des quantités cumulées d'ions OIT et Ca2+ relâchés par une pâte de CPA lixiviee par de
l'eau puis par une solution carbonatée (NaHCO3 1.1(F3M) et aspect microscopique d'une pâte CPA
lixiviee durant 7 mois par une solution de NaHCO3 2,5.10'3M maintenue à pH 8,5

ALTERATION EN PRESENCE DE SULFATES

Les sulfates représentent un risque majeur d'agression chimique pour le béton. Cette agression consiste en
l'apparition de phases expansives dans le matériau durci. On distingue deux types d'attaque : les attaques par
les sulfates externes présents dans l'environnement du béton et les attaques sulfatiques internes pour
lesquelles les sulfates proviennent des composants du béton lui-même.

Dans le cas d'une attaque externe, les étapes du processus sont :
- décalcification de la pâte de ciment (Fig. 3) et pénétration simultanée des anions SO42" par

diffusion,
- réaction des ions sulfates avec i/ les ions Ca2+ pour former du gypse, ii/ les aluminates anhydres ou

hydratés pour former de l'ettringite (Fig. 3),
- fissuration due aux pressions internes engendrées accentuant la pénétration des sulfates et

provoquant la destruction progressive du béton.

8 10

Racine du temps (jour )

12 semaines

8
'S,

5 semaines ^ + \ -+- Portlandite j

1.0
Profondeur (mm)

1.5

Figure 3 :
Evolution des quantités cumulées d'ions OIT et Ca2+ relâchés et de la minéralogie de la partie
altérée pour une pâte de CPA lixiviee par une solution sulfatée (Na2SÛ415. Iff3M) maintenue à pH
7 (d'après (5))
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MODELISATION DU TERME SOURCE COLIS

Pour pouvoir prédire l'évolution du confinement des RN, la méthodologie proposée consiste à coupler un
modèle de dégradation/décalcification à un modèle de rétention intégrant progressivement les connaissances
et les données acquises au cours des études phénoménologiques.
La compréhension de la dégradation par l'eau a déjà permis de développer une modélisation de la
décalcification (Diffu-Ca) (6). Ce modèle, validé sur pâte pure, mortier et béton CPA calcule en fonction du
temps les profils de pH, de calcium (principal constituant du ciment) dans la solution interstitielle et dans le
solide, de porosité et de coefficient de diffusion ainsi que les quantités de calcium et d'hydroxyles lixiviées.
Le couplage de Diffu-Ca avec un modèle de rétention permettra donc de prédire la migration des RN en
prenant en compte, dans un premier temps, l'influence de l'augmentation de la diffusivité du matériau liée à
la décalcification puis, dans un deuxième temps, l'influence de la diminution du pH sur la solubilité et celle
de la diminution du rapport Ca/Si des C-S-H sur les coefficients de partage.
En parallèle du développement du modèle couplé dégradation/décalcification - rétention, Diffu-Ca va être
étendu aux altérations par les carbonates et les sulfates.
Les carbonates, qui agissent sur la cinétique de décalcification et sur la diffusion des RN par un colmatage de
la porosité en surface, seront pris en compte dans Diffu-Ca par l'intermédiaire d'une couche superficielle de
coefficient de diffusion inférieur au nominal.
Les sulfates peuvent provoquer la destruction tardive mais brutale du béton. Cette agression pourrait être
décrite a minima par un seuil sur l'axe des temps à partir duquel des fissures traversantes mettent en contact
le cœur du colis avec le milieu extérieur.

CONCLUSION

La phénoménologie et la cinétique de progression de l'altération chimique des bétons par l'eau est bien
maîtrisée (modèle DIFFU-Ca). Les études expérimentales d'altération en présence de carbonate ou de sulfate
conduisent à une bonne compréhension des phénomènes physico-chimiques mis en jeu (dissolution,
précipitation, colmatage de la porosité, fissuration). L'évaluation du terme source colis nécessite la
modélisation de ces altérations prises individuellement, puis des couplages lors d'altérations simultanées
pour rendre compte d'une évolution en milieu naturel.
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ABSTRACT

The thermal stability of the French nuclear waste glass was investigated experimentally and by modeling to
predict its long-term evolution at low temperatures. The crystallization mechanisms were analyzed by
studying devitrification in two glasses, with and without platinoid elements. Three main crystalline phases
(CaMoO4, CeO2 and ZnCr2O4) were characterized.

The combined action of nucleation and growth was assessed by TTT plots using the quantitative Rietveld
method. This method based on analysis of the XRD diagrams allowed small fractions of several crystalline
phases to be measured in the largely (>95 wt%) amorphous material after heat treatment.

The results corresponded to a crystallization equilibrium line that enables the crystallized fractions to be
predicted over the long term. The experiments performed on the two glasses showed that heterogeneities
catalyze the transformation without modifying the maximum crystallized fraction.

INTRODUCTION

The long-term performance of the French nuclear glass can be demonstrated only by assessing its chemical
stability (leaching behavior), its thermal stability and its stability under self-irradiation.

The long-term stability of the glass under disposal conditions is investigated through experimental studies
and by modeling of the nucleation and growth mechanisms of crystalline phases [1,2]. After establishing the
nucleation and growth curves [3], the combined action of nucleation and growth on the overall crystallization
process must be quantified. The crystallized fraction—determined by X-ray diffraction (XRD) on powder
samples with quantitative analysis of the diffraction diagrams using the Rietveld method—is then expressed
as a function of the time and temperature, and the results are presented as time-temperature-transformation
(TTT) curves indicating the following data:

• the low-temperature (i.e. below Tg) crystallization fractions measured in the supercooled liquid;

• the actual impact of platinum-group metals (PGM) on crystallization (thermal stability) determined from
quantitative measurements of two glass samples with and without PGM.

IDENTIFICATION OF CRYSTALLINE PHASES

Glass Fabrication and Sample Preparation

Two glass samples (with and without PGM) were melted at 1200°C in mechanically stirred platinum
crucibles, refined for three hours, then poured between two metal plates to prevent crystallization during
cooling. Small (0.5 g) glass specimens were submitted to heat treatment at temperature ranging from 570 to
1170°C for periods exceeding 1000 hours to induce crystallization.

Identification of Crystalline Phases

Five crystalline phases were identified by scanning electron microscopy and X-ray diffraction (Figure 1).
Four phases were identified from the TTT diagrams: calcium molybdate (CaMoÛ4), cerium oxide (CeO2),
spinel (ZnCr2O4) and albite (NaAlSi3O8). The silicophosphate phase revealed by SEM/EDS was not present
in sufficient amounts to allow identification, even after 1000 hours of heat treatment. Albite was observed
after more than 1000 hours at temperature between 690 and 750°C.
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Figure 1. Crystalline phases identified.
AS: aluminosilicate (albite NaAISi3O8)
SP: silicophosphate
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Establishing the TTT Curves

All the heat-treated specimens were quantitatively analyzed by Rietveld refinement [4], and the weight
fractions of each crystalline phase (W$) were calculated as a function of the time and temperature.

When the crystallized fraction is plotted versus the temperature for various heat treatment times, the resulting
straight line corresponds to the crystallization equilibrium defining the maximum possible transformation for
each temperature [5-7], Any point beneath the line could evolve over time to reach maximum crystallization.

The crystallization of the three main phases CaMoO4 (Figure 2), CeO2 (Figure 3) and ZnCr2O4 (Figure 4) is
illustrated by this method for various heat treatment durations. The high-temperature crystallized fractions
were comparable regardless of the duration, while the crystallized fraction was time-dependent at lower
temperatures.

A crystallization equilibrium line is shown on each chart. It is important to note, however, that in the case of
the glass specimens studied here, crystallization of the three main phases occurred from elements found at
low concentrations in the glass. As a result, the equilibrium line for each phase is limited in the low-
temperature region by the theoretical maximum crystallized fraction (Table I) shown by the horizontal
broken line in the figures.

The crystallization equilibrium lines (oblique broken lines) reveal two phenomena:

• The intersection between the equilibrium line and the theoretical maximum crystallization line defines the
temperature at which the maximum crystallized fraction can be obtained in the shortest time; maximum
crystallization cannot be obtained at higher temperatures.

• The slope of the equilibrium line does not appear to be affected by the presence of platinum-group metals.
The maximum crystallized fraction (an inherent property of the composition) is thus temperature-dependent,
but independent of any heterogeneities, which simply catalyze the transformations.

Table I. Theoretical maximum percentage of the three major crystalline phases

Crystalline phase

CaMoO4

CeO2

ZnCr2O4

Oxide at minimum
concentration

MoO3

CeO2

Cr2O3

Moles of oxide
at minimum concentration

per 100 moles of glass

0.85

0.40

0.24

Theoretical max. %
of crystalline phase

2.44

1.00

0.80
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Figure 2. Thermal variation of the crystallized fraction versus heat treatment time for CaMo04

in glass (a) without PGM and (b) with PGM
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Figure 3. Thermal variation of the crystallized fraction versus heat treatment time for CeO2

in glass (a) without PGM and (b) with PGM
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Figure 4. Thermal variation of the crystallized fraction versus heat treatment time for ZnCr2O4

in glass (a) without PGM and (b) with PGM
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CONCLUSION

Quantitative analysis by the Rietveld method is routinely applied to highly crystallized systems containing
only a small number of phases. The innovation of the present investigation was to demonstrate that the
Rietveld method can be used to determine the weight percentages of several crystalline phases within a
largely (> 95 wt%) amorphous multiphase material.

TTT curves were plotted for the crystallized fractions determined over a wide time and temperature range.
The results show that a crystallization equilibrium line can be determined to define the maximum possible
crystallized fraction at a given temperature. Extending the line toward lower temperatures provides a means
for assessing the possible long-term crystallinity. In the case of nuclear containment glasses, however, the
equilibrium line is limited by the maximum crystallization percentage of each phase.

Finally, the effect of platinum-group metals on crystallization was clearly revealed: they serve as transforma-
tion catalysts, but do not affect the maximum crystallized fraction.
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Changes of decay heat power and radiotoxicity of spent nuclear fuel of VVER-1000 type
reactors are calculated at storage during time up to 100 000 years. At calculations of a radiotoxicity,
maximum permissible activity of nuclides in water were taken into account. The analogous
characteristics for time-uniform actinides and fission products accumulation in storage are
presented. These data permit to make conclusions about the fact whether the removal of some or
another nuclides from the stored spent fuel is favorable from the point of view of reduction of a
power or radiotoxicity.

INTRODUCTION

The problem of management of long-lived radioactive waste from spent nuclear fuel (SNF)
is closely connected to prospects of development of atomic power engineering. One of
opportunities is a construction of long-term controllable storage facility. Other ways are connected
with realization of idea of a nuclear transmutation of long-lived waste. For correct choice of
strategy of a long-term storage of spent nuclear fuel, it is necessary to know how the major
characteristics of radioactive waste vary during long-term storage.

In the paper, results of researches of time dependence of a decay heat power and
radiotoxicity of 1 ton of SNF unloading from VVER-1000 reactor are presented. A mode is also
considered in which there is the addition of SNF in long-term storage with rate of unloading from
VVER-1000 reactor. At calculations of a power, the contributions of alpha-, beta-, and gamma-
radiation were taken into account. At calculations of a radiotoxicity, maximum permissible activity
of nuclides in water were taken into account.

The radiotoxicity of radioactive waste seems to be more descriptive characteristic of
radiation danger than activity. The radiotoxicity RT, of each nuclide i by air or by water is
determined from ratio

RT/ = A,- / MA,-,

where A,- - activity of considered amount of nuclide i, MA,- - maximum permissible activity of this
nuclide by water (1) accepted in Russia in 1999. Total radiotoxicity is a sum of radiotoxicities.

STORAGE OF SPENT NUCLEAR FUEL

In tables 1 and 2, values of a decay heat power and radiotoxicity of actinides (plutonium,
americium, and curium) extracted from 1 ton of SNF unloaded from VVER-1000 reactor are
submitted. T is storage time. In tables 3 and 4, the same data for fission products are given. The
SNF composition corresponded to a burnup 40 480 MW days/ton and subsequent cooling during 3
years. Nuclides giving the appreciable contribution to a radiotoxicity or power were considered.
The data on amount of nuclides in SNF are taken from (2), data on half-life and energy of decay
were taken from (3).

Table 1. Decay heat power of actinides from 1 ton of SNF, Watt
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Nuclide
Pu-238
Pu-239
Pu-240
Pu-241

Am-241
Cm-242
Cm-244

Total

T, years
1

72.8
10.7
17.2
4.08
34.4
3.32
114
258

10
67.9
10.7
17.3
2.64
83.9

7.38-2
80.6
264

100
33.4
10.7
17.3

3.47-2
154

4.89-2
2.57
219

1000
2.89-2

10.4
15.8

1.14-5
36.8

-
-

63.8

10 000
_

8.14
6.07

5.45-6
6.07-3

-
-

14.7

100 000
_

0.619
4.35-4
3.54-9
3.93-6

-
-

0.846

14Table 2. Radiotoxicity of actinides from 1 ton of SNF, 10 kg water

Nuclide
Pu-238
Pu-239
Pu-240
Pu-241
Am-241
Cm-244

Total

T, years
1

1.4
0.23
0.37
1.6

0.55
1.0
5.2

10
1.3

0.23
0.37
1.1
1.3

0.71
5.0

100
0.6231

0.23
0.37
1.4-2
2.5

2.3-2
3.7

1000
5.4-4
0.22
0.33
4.6-6
0.59

-
1.2

10 000
-

0.17
0.13
2.2-6
9.7-5

-
0.31

100 000
-

1.3-2
9.2-6

-
-
-

1.6-2

Table 3. Decay heat power of fission products from 1 ton of SNF, Watt

Nuclide
Sr-90
Tc-99

Ru-106
Sn-126
Cs-137
Ce-144
Total

T, years
1

565
9.65-3

395
1.06-2
561
335
2000

10
456

9.65-3
0.817
1.06-2
455

0.111
968

100
53.5

9.65-3
-

1.06-2
56.9

-
I l l

1000
-

9.62-3
-

1.0E-2
-
-

2.11-2

10 000
-

9.34-3
-

9.86-3
-
-

2.02-2

100 000
-

6.97-3
-

5.28-3
-
-

1.32-2

14Table 4. Radiotoxicity of fission products from 1 ton of SNF, 10 kg water

Nuclide
Sr-90
Zr-93
Tc-99

Ru-106
1-129

Cs-137
Total

T, years
1

6.2
6.5-6
2.7-5
0.76
1.1-5
3.9
11.6

10
5.0

6.5-6
2.7-5
1.6-3
1.1-5
3.2
8.2

100
0.59
6.5-6
2.7-5

-
1.1-5
0.40
1.0

1000
-

6.5-6
2.7-5

-
1.1-5

-
5.9-5

10000
-

6.4-6
2.6-5

-
1.1-5

-
5.7-5

10000
-

6.2-6
1.9-5

-
1.1-5

-
4.5-5
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The data presented show following. At storage less than 50 years, the main contribution to
decay heat power give fission products, and at large times of storage the contribution of fission
products falls and decay heat power is determined by actinides. At time of storage 100 years, the
contribution of fission products to total SNF power is 33 %, at time 300 years - 0.7 %. The main
contribution in power of actinides introduces alpha-irradiation, the part of beta- and gamma-
irradiation does not exceed several percents.

Decay heat power of actinides in different periods of storage is determined by the following
nuclides. At time of accumulation up to 10 years the main nuclides are Cm-244 (60%) and Pu-238
(30%), at time 100 years - Am-241, at 3 000 years - Pu-240, at 30 000- 100 000 - Pu-239. Power of
fission products in first 300 years is determined about in equal degree by nuclides Sr-90, Cs-137,
and more than 1000 years - by Tc-99 and Sn-126.

The radiotoxicity of fission products by water at storage less than 20 years appears some
greater than radiotoxicity of actinides. At further storage, the relative contribution of fission
products falls, and radiotoxicity of actinides reduces slowly. At time of storage 100 years, the
fission products give the contribution in total radiotoxicity 20 %, and at time 300 years - about 0.35
%.

The radiotoxicity of actinides in different periods of a storage is determined basically by the
same nuclides which determined a power. At storage time up to 10 years, the main nuclides are
Cm-244, Pu-241, and Pu-238, at time more 100 years - Am-241, at 3 000 years - Pu-240, and at
30 000 - 100 000 years - Pu-239.

The radiotoxicity of fission products by water is determined by Sr-90 and Cs-137, and at
times more 1 000 years - by Tc-99,1-129, Zr-93, and a little contribution gives Cs-135.

ACCUMULATION OF SPENT NUCLEAR FUEL

In tables 5 and 6, values of a decay heat power and radiotoxicity of actinides (plutonium,
americium, and curium) are submitted for mode of storage with continuous addition of SNF into
storage. In tables 7 and 8, the same data for fission products are given. T is accumulation time. The
rate of feed by SNF corresponded to annual unloading from VVER-1000 reactor.

Table 5. Decay heat power of actinides at accumulation in storage, kilo Watt

Nuclide
Pu-238
Pu-239
Pu-240
Pu-241
Am-241
Cm-244

Total

T, years
1

2.32
0.338
0.545
0.132
0.978
3.67
8.28

3
6.49

0.954
1.54

0.355
3.36
9.95
23.1

10
20.6
3.11
5.02

0.986
16.8
28.5
75.8

30
56.8
9.26
15.0
1.96
83.3
60.8
229

100
147
30.8
50.0
2.54
394
87.0
714

300
244
91.9
149
2.56
1160
89.0
1740

15Table 6. Radiotoxicity of actinides at accumulation in storage, 10 kg water

Nuclide
Pu-238
Pu-239
Pu-240
Pu-241
Am-241
Cm-244

Total

T, years
1

4.3
0.72
1.2
5.3
1.6
3.2
16.4

3
12
2.0
3.3
14
5.4
8.8

46.0

10
38
6.6
11
39
27
2.5
148

30
106
197
32
79
133
54

424

100
273
65
106
302
630
77

1260

300
453
195
315
103

1850
78

3010
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Table 7. Decay heat power of fission products at accumulation in storage, kilo Watt

Nuclide
Sr-90

Ru-106
Cs-137
Ce-144
Pm-147
Eu-154
Total

T, years
1

18.1
18.0
17.9
17.2

0.927
2.79
76.0

3
49.8
30.0
49.4
25.8
2.05
7.28
167

10
150
34.0
149

27.5
3.42
18.4
388

30
358
34.0
358
27.5
3.67
30.5
822

100
636
34.0
644
27.5
3.67
33.6
1390

300
700
34.0
714
27.5
3.67
33.6
1520

15Table 8. Radiotoxicity of fission products at accumulation in storage, 10 kg water

Nuclide
Sr-90

Ru-106
Sb-125
Cs-137
Ce-144
Pm-147
Eu-154
Eu-155
Total

T, years
1

20
3.5

2.9-2
12

2.9
0.18
0.16
1.4-2
39

3
55
5.8

6.5-2
34
4.4
0.39
0.43
3.5-2
100

10
160
6.5

0.11
100
4.7
0.65
1.1

7.6-2
280

30
400
6.5

0.12
250
4.7
0.70
1.8

9.9-2
660

100
700
6.5

0.12
450
4.7
0.70
2.0
0.10
1170

300
770
6.5

0.12
500
4.7
0.70
2.0

0.10
1280

At 300 years of accumulation, the decay heat power of SNF in long-term storage grows 40
times and the radiotoxicity grows almost 80 times in comparison with accumulation in first year.

The radiotoxicity of actinides essentially exceeds a radiotoxicity of fission products. From
this point of view, their separate storage seems to be perspective. As for actinide storage, it is
impossible to expect for significant reduction of a power or radiotoxicity of actinides in result of
removal of one of chemical elements: plutonium, americium or curium. As for fission products, the
removal of Sr and Cs reduces a power of fission products 10-15 times, and radiotoxicity by water
50-100 times.

The submitted data can be used by choice of strategy of a long-term storage of spent nuclear
fuel of power reactors.
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Changes of a radiotoxicity and decay heat power of actinides from spent U-Pu and Th-U
nuclear fuel of PWR-type reactors at long-term storage during 300 years are investigated.
Extraction of most important nuclides for transmutation permits to reduce radiological danger of
wastes remaining in storage.

INTRODUCTION

The problem of a radiotoxicity of long-lived radioactive wastes produced in various nuclear
fuel cycles is important from the viewpoint of ecological danger of these cycles. Separation of the
most important nuclides and extraction them from storage with subsequent transmutation permits to
reduce radiological danger of wastes staying in storage. Removal of nuclides with increased decay
heat power from storage permits to ease requirements to heat removal systems at long-term storage
of wastes. Quantitative comparison of the radiological characteristics of minor actinides produced
in various fuel cycles is also of interest.

Changes of radiotoxicity and decay heat power of actinides from spent uranium - plutonium
and thorium nuclear fuel of VVER-1000 type reactors at storage during 300 years are investigated
in the paper. In previous investigations (1, 2), calculation of radiotoxicity and decay heat power of
spent uranium fuel were submitted at long-term storage or accumulation in storehouse. Radiation
characteristics of fission products from spent uranium-plutonium or thorium fuel are close to those
from uranium fuel which are studied in (1, 2).

The radiotoxicity RT, of nuclide i by water is determined by ratio RT,- = A,- / MPA,-, where
A/ - activity of considered amount of a nuclide i, MPA,- - maximum permissible activity of this
nuclide by water accepted in Russia in 1999 (3). Total radiotoxicity is a sum of radiotoxicities.

SPENT URANIUM-PLUTONIUM FUEL

Total radiotoxicity of actinides by water and contributions of most important actinides in
total radiotoxicity at storage of spent uranium-plutonium MOX-fuel are presented in table 1. Total
decay heat power and contributions of most important actinides are given in table 2. T is storage
time. The data on half-life times and power in decays are taken from (4). The fresh fuel was a mix
of depleted uranium with addition of 3.5 % plutonium-239. The data on contents of actinides in
spent uranium - plutonium fuel are obtained by model calculations of fuel burnup in neutron
spectrum created by uranium fuel in an active core of VVER type reactor (5). They correspond to
burnup of 44 kg of fission products per 1 ton and subsequent cooling during 3 years. Isotopes of
neptunium, plutonium, americium, and curium without uranium isotopes were taken into account.

The radiotoxicity of actinides by water in initial period of storage is determined by nuclides
Pu-238, Pu-240, Pu-241, Am-241, Cm-244. The contribution of Cm-244 in initial period makes
25%, plutonium isotopes - 55%, Am-241 - 10-15%. After 100 years of a storage, total radiotoxicity
of actinides decreases 1.4 times. The main contribution 70 % gives Am-241, plutonium isotopes -
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28%, Cm-244 - 0.8% of total radiotoxicity to the end of 100-year storage. The radiotoxicity of
actinides of uranium-plutonium fuel appears about 3 times more than for uranium fuel.

14Table 1. Radiotoxicity of actinides from 1 ton of spent uranium-plutonium fuel, 10 kg water

Nuclide
Pu-238
Pu-239
Pu-240
Pu-241
Am-241

Am-242m
Am-243
Cm-242
Cm-243
Cm-244

Total

T, years
1

2.0
0.43
1.2
4.2
1.5

1.3-2
4.5-2
1.3-2
3.5-2
3.5
13

3
1.9

0.43
1.2
3.8
2.1

1.3-2
4.5-2
1.2-3
3.4-2
3.2
13

10
1.8

0.43
1.2
2.7
3.6

1.3-2
4.5-2
6.4-4
2.8-2
2.5
12

30
1.6

0.43
1.2
1.0
5.8

1.2-2
4.5-2
5.8-4
1.7-2
1.2
11

100
0.91
0.43
1.2

3.6-2
6.5

8.4-3
4.5-2
4.2-4
3.2-3
7.9-2
9.2

300
0.19
0.42
1.1

6.3-5
4.8

3.4-3
4.4-2
1.7-4
2.5-5
3.8-5
6.6

Table 2. Decay heat power of actinides from 1 ton of spent uranium-plutonium fuel, Watt

Nuclide
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-243
Cm-242
Cm-243
Cm-244

Total

T, years
1

106
20.1
55.0
10.6

0.209
96.5
2.70
15.5
3.24
398
708

3
105
20.1
55.1
9.60

0.209
130
2.70
1.45
3.09
369
696

10
99.0
20.1
55.3
6.85

0.209
225
2.70
0.763
2.60
282
694

30
84.6
20.1
55.5
2.62
0.209
363
2.70
0.697
1.60
131
663

1000
48.9
20.1
55.4

9.02-2
0.209
407
2.68
0.506
0.292
9.00
544

300
10.3
20.0
54.3

1.57-4
0.209
297
2.63
0.203
2.25-3
4.26-3

385

The decay heat power of actinides in beginning of a storage is determined by Cm-244 which
gives about 50 % of a power. The plutonium isotopes create 27 %, Am-241 - 15-20 %. After 100
years of a storage, total power of actinides decreases 1.3 times. The main contribution 75 % gives
Am-241, plutonium isotopes - 23 %, Cm-244 - 1.6 %. The power of actinides of uranium -
plutonium fuel appears about 3 times more than at usual uranium fuel because of greater
accumulation of isotopes of plutonium, americium, and curium.

SPENT THORIUM-URANIUM FUEL

Total radiotoxicity of actinides by water and contributions of most important actinides in
total radiotoxicity at storage of spent thorium-uranium fuel are presented in table 3. Total decay
heat power and contributions of most important actinides are given in table 4. The data on contents
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of actinides in spent thorium-uranium fuel are calculated for neutron spectrum created by basic
uranium fuel of VVER type reactor. They correspond to burnup of basic uranium fuel 44 kg of
fission products per 1 ton and subsequent cooling during 3 years. The fresh fuel was a mix of
thorium with addition of 3.3 % uranium-233. Isotopes of thorium, uranium, and more heavier were
taken into account.

Table 3. Radiotoxicity of actinides from 1 ton of spent thorium-uranium fuel, 10 kg water

Nuclide
Th-228
Th-232
U-232
U-233
U-234
Pu-238
Pu-239
Pu-240
Pu-241
Am-241

Total

T, years
1

8.3-2
6.3-5
1.2

2.7-4
4.4-3
7.0-2
3.5-5
2.6-5
8.0-5
2.5-5
1.4

3
0.18
6.3-5
1.2

2.7-4
4.4-3
6.9-2
3.5-5
2.6-5
7.2-5
3.5-5
1.5

10
0.25
6.3-5
1.1

2.7-4
4.4-3
6.5-2
3.5-5
2.6-5
5.2-5
6.4-5
1.4

30
0.21
6.3-5
0.92
2.7-4
4.4-3
5.6-2
3.5-5
2.6-5
2.0-5
1.1-4
1.2

100
0.10
6.3-5
0.45
2.7-4
4.4-3
3.2-2
3.5-5
2.6-5
6.8-7
1.2-4
0.59

300
1.2-2
6.3-5
6.0-2
2.7-4
4.4-3
6.6-3
3.5-5
2.5-5

-
8.7-5
8.6-2

Table 4. Decay heat power of actinides from 1 ton of spent thorium-uranium fuel, Watt

Nuclide
Th-228
Th-232
U-232
U-234
Pu-238
Pu-239
Pu-240
Am-241

Total

T, years
1

88.1
2.46-3
44.9
1.00
3.76
1.67-3
1.24-3
1.58-3
138

3
190
2.46-3
44.0
1.00
3.70
1.67-3
1.23-3
2.21-3
238

10
263
2.46-3
41.0
1.00
3.51
1.67-3
1.23-3
3.99-3
309

30
222
2.46-3
33.5
1.00
2.99
1.67-3
1.23-3
6.62-3
259

1000
110
2.46-3
16.6
1.00
1.72
1.67-3
1.22-3
7.45-3
129

300
14.7
2.46-3
2.22
1.00
0.355
1.66-3
1.20-3
5.45-3
18.3

The radiotoxicity of actinides during whole storage time is determined by U-232 and its
daughter nuclides first of which is Th-228. The half-life period of U-232 makes 68.9 years, Th228 -
1.9 years. The subsequent daughter nuclides in decay chain of U-232 after Th-228 are short-lived.
Among other actinides, the most important are Pu-238 and U-234. Their contribution is 1-2 order
lower. The contribution of Pu-239, Pu-240, Pu-241, Am-241, Th-232 is 4 order lower than that of
U-232. At 100 years storage, the total radiotoxicity decreases 2.4 times. The radiotoxicity of
actinides of thorium-uranium fuel with account of U-232 appears 3 times less than for uranium fuel.

The decay heat power of actinides during whole time of a storage is determined by a
nuclides U-232 and Th-228 together with short-lived daughter nuclides. Among other actinides, the
most important are Pu-238 and U-234. Their contribution is 1-2 order lower. The power of actinides
of thorium-uranium fuel appear about 5 times less than for uranium fuel.
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CONCLUSION

The data presented permit to make conclusions about the question: what actinides should be
extracted first of all from stored spent fuel for transmutation. Unfortunately, we can consider only
chemical separation of different chemical elements instead of isotopic separation of high-active
nuclides.

In case of uranium and uranium - plutonium spent fuel for which partial contributions of
different nuclides in total radiotoxicity or decay heat power is identical, it is expedient to perform
chemical separation of plutonium, americium, curium before long-term storage. It is expedient to
separate americium after 50-70 year period of storage sufficient for conversion Pu-241 in Am"241.
Curium can be separated in beginning of a storage. This will allow to reduce a radiotoxicity of
staying actinides by 20-30 %. If we abandon a separation of curium then it decays in 100 years
almost fully. Extracted americium (possibly, with long-lived curium isotopes) should be directed to
transmutation and plutonium - to repeated use. The separation of actinides is expedient also from
the view point of reduction of decay heat power. So, extraction of americium after Pu-241 decay
and decay of greater part of Pu-238 permits to reduce essentially decay heat power of plutonium
fraction.

In case of thorium-uranium fuel when the overwhelming share of radiotoxicity is determined
by U-232 which is of the same chemical element as main fuel isotope U-233. It is obvious that the
repeated use of thorium-uranium fuel connected with various variants of new U-233 addition will
be accompanied by accumulation of a radiotoxicity.

At unitary use of thorium-uranium fuel with deep U-233 burnup, it is necessary to perform
additional deep burn-out (transmutation) of uranium fraction containing both U-233 and U-232.
The further reduction of radiotoxicity by several orders can be related with extraction and
transmutation of plutonium faction (Pu-238). The transmutation of Th-228 - daughter nuclide of U-
232 - is not necessary because Th-228 decays practically completely in 10 years together with its
short-lived daughter nuclides.
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BEHAVIOUR OF BITUMINIZED RADIOACTIVE WASTES UNDER IRRADIATION
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ABSTRACT

Studies are carried out by the CEA in order to predict the behaviour of bituminized radioactive wastes under self
irradiation. Bitumen radiolysis produces gas (mainly H2) which diffuses in the organic matrix. If the hydrogen yield is
higher than the diffusion flux through the free surface, hydrogen concentration increases and exceeds its solubility in
bitumen. Beyond saturation, bubbles are formed and gas is also evacuated by bubbles drift. The aim of these studies is
to evaluate the evacuation capacity of radiolytic gas produced in function of initial bituminized wasteform
characteristics. A model was developed to achieve this purpose, by calculating the evolution of bubbles population
considering all elementary mechanisms of gas evacuation.

INTRODUCTION

Bituminized waste drums mainly result from the treatment/conditioning of Low and Medium Activity (LMA)
liquids produced by the different steps of spent fuel reprocessing. In Marcoule, about 60 000 drums have been
produced since 1966, and in La Hague about 10 000 since 1989. 10 000 m3 of slurries issued from the treatment in the
STE2 plant (La Hague) of effluents produced by spent fuel reprocessing from 1966 to 1990, are stored in 7 silos,
waiting for conditioning. These slurries are likely to be conditioned in a bitumen matrix.

The main criteria that have led to select bitumen matrix for embedding LMA waste resulting from effluent
treatment are : its waterproofing, its low solubility in water, its binding capacity, its implementation ability at moderate
temperatures and its chemical inertia.

Treatment of LMA effluents essentially consist in concentrating radionuclides (RN) by evaporation and
insolubilization by chemical precipitation. The resulting mix of inactive salts with insolubilized RN is conditioned by
embedding with hot bitumen and poured into 200 liters metallic drums. Chemical and radiochemical composition of the
waste depends both on effluent's origin and insolubilization's treatment. The evolution of processes from one plant to
the other (Marcoule or La Hague) but also with time (in particular between 1966 and 1979), induces a range of waste
composition.

Part of the existing drums (Low Activity waste) is destined to surface disposal. For the others (Medium
Activity waste), the referential scenario considered for our studies is an intermediate storage likely to be followed by a
deep geological disposal. CEA conduct research programs on the long term behaviour of bituminized wastes, both in
interim storage and deep geological disposal conditions :

Under interim storage conditions, radiochemical activity induces bitumen's radiolysis phenomena. Radiolysis
gases, mainly H2 are generated at a production rate depending on the radiochemical spectrum and high enough (a
few liters per drum and per year) to cause an hydrogen accumulation in the bituminized wasteform. This
phenomenon may generate hydrogen bubbles initiating a swelling of the bituminized wasteform, that may limit the
incorporated activity.
under deep geological disposal conditions, when after a long run, site will be resaturated with water and container
will be corroded , bituminized waste will be submitted to the leaching action of liquid water. Long-term behaviour
studies performed by the CEA aim to precise performances of bitumen conditioning and their evolution under
various environment's factors.

For each mechanism considered in the model phenomenology, the influence of the main parameters was
evaluated by different test runs. At the same time, experimental studies were performed in order to precise the values of
the parameters supposed to be determining for bituminized wastes swelling, and to test their influence on this
phenomenon.

THE PHENOMENOLOGY OF BITUMINIZED RADIOACTIVE WASTES' BEHAVIOUR UNDER
IRRADIATION

Previous studies have showed that the swelling of bituminized wastes is very dependent to the number and
diameter range of bubbles. This is why in the model JACOB2, the mechanisms controlling the nucleation and the
evolution of the bubble population are described using basic characteristics of bituminized wastes. The general
phenomenology of swelling defining the model structure can be summarized as follows:
• Under self-irradiation, bitumen radiolysis continuously produces hydrogen which dissolves and then is transported

by diffusion in the organic matrix,

1
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• At the free surface, hydrogen is easily evacuated out of bitumen and its concentration remains close to zero.
Besides, there is no evacuation flux of hydrogen at the inner wall and at the bottom of the drum. Progressively, a
diffusion flux of hydrogen establishes from the lower zone of the bituminized matrix to and through the upper
surface. According to the irradiation level, the hydrogen yield related to the radiochemical activity spectrum of the
embedded waste may exceed the diffusion flux through the free surface.

• Hydrogen saturation of the bituminized matrix may occur and lead to bubble formation by heterogeneous
nucleation in the bitumen matrix.

• After nucleation, the gas produced between the bubbles diffuses towards them and makes them grow.
• The gas pressure is higher in the smaller bubbles due to interfacial tension gas/bitumen (Laplace's law), therefore

hydrogen tends to diffuse from the smaller bubbles to the larger ones where the pressure is lower. This
phenomenon (Ostwald ripening) contributes to increase the average bubble size.

• Simultaneously, as gas bubbles density is lower than bitumen one, bubbles are submitted to a growing lifting
power proportional to their volume (Archimedes' buoyancy), that is slowed by bitumen viscosity. When bubbles
reach the upper surface, gas evacuates through the interface air/bitumen. The bubbles velocity results from the
compensation of buoyancy and viscosity forces.

SENSITIVITY STUDIES - IDENTIFICATION OF THE MAIN PARAMETERS

First test runs showed that swelling depends on 2 main parameters: Source-term and viscosity. After a time lag
due to solubilization, the swelling slope and the source term are proportional. If no movement of bubbles would occur,
swelling would go on increasing without slowing down; diffusion would then be the only phenomenon that could
evacuate hydrogen so in this case the value of diffusivity would be essential. But even if the drift of bubbles is very
slow, it is sufficient to firstly slow down swelling , then to stop it. The higher the viscosity, the later the maximum is
reached and the higher the swelling (see fig 1.). The same relation exists between the number of bubbles and swelling
(see fig 2.). The number of bubbles created is strictly proportional with the source-term. Then, due to Ostwald ripening,
the number of bubbles decreases with time, leading to a limit value after a few years.
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Other parameters are less important compared to viscosity and source-term. The solubility of hydrogen has an influence
on the result for two reasons :
- the time-lag during which no swelling occurs directly depends on it. Notice on fig. 1 that this time lag can last about

ten years during which, according to radioactive decay, the source term can be lowered enough to avoid swelling.
- It affects the value of the equilibrium constant K (see forward) and thus the maximum number of bubbles (fig. 3)

and its evolution vs time via Ostwald ripening.
Due to the value of the interfacial constant, Ostwald ripening as a significant effect when the source term is lower than
10"9m3.m"3.s"' and when the size of small-sized bubbles is smaller than lOOum.

EVALUATION OF THE THEORETICAL MODELLING BY EXPERIMENTAL STUDIES

The development of this theoretical model was supported by experimental measurements performed on
inactive samples at a reduced scale compared to the size of industrial drums. Specific experiments dedicated to the
determination of gas evacuation parameters (diffusion of H2 towards the bitumen surface, migration velocity of
bubbles) ,were run out of irradiation. On the other hand, behaviour of pure bitumen and of inactive bituminisate was
studied under external gamma irradiation (50 and 300 Gy/h).

DIFFUSION OF HYDROGEN THROUGH BITUMINIZED MA TRIX

The diffusion coefficient D of gas in bituminized wasteforms was studied on the base of Fick's law model.
When diffusion flow is at equilibrium, the hydrogen concentration Co existing in the core of bitumen matrix is maximal
and corresponds to the saturation concentration over which hydrogen bubbles are created. These both parameters were
determined by following in the time the cumulative gas quantity diffusing through a thin bitumen membrane: after a
time-lag proportional to the saturation concentration Co, a linear evolution of this gas quantity is observed versus time
and the corresponding slope value is proportional to the diffusivity coefficient. Gas was analysed by Gas Phase
Chromatography.

In the case of pure 70/100 bitumen used at Marcoule and La Hague plants and inactive bituminisates, these
parameters were measured by this method at various temperature:
Co is about 1.5vol% and increases in bituminisates ( up to 5%) and does not seem to vary with temperature. The value
of effective diffusion coefficient was found to be 5 lO'^m2^"1 in pure bitumen at 20°C. It increases with temperature
( 7.5 10'12rn2.s-l at 30°C). It slightly decreases in bituminisates (down to 3 10"12m2.s~').

MIGRATION OF GAS BUBBLES UPWARDS THE SURFACE OF THE BITUMINIZED WASTE

When the salt content is equivalent to industrial wasteform mass composition (40% of salts, 60% of bitumen),
the viscosity of bituminized wastes, is over IMPa.s at room temperature. The viscosity of the bituminisate slow
significantly down the rising velocity of hydrogen bubbles which hardly exceed 1 nm/s. In these conditions, the gas
may diffuse from bubbles to the bitumen matrix so that bubbles diameter may decrease before significant moving is
measurable. This difficulty was bypassed studying small solid balls sedimentation in bituminisate at 20°C, while air
bubbles rising was studied at temperatures over 50°C. Velocity measurements were compared to values predicted from:

D2 Ap g
- the Stokes's law in the case of balls sedimentation: U=—,n

18 r\
D2 Apg

- and the Hadamard/Rybczynski's law in the case of bubbles rising: U=—,„ , where U is the velocity value, D is the
ball or bubble diameter, Ap is the density gap between the spherical object and the bituminisate, g is the gravity
acceleration, and r\ is the dynamic viscosity of the bituminisate. These theoretical expressions are based on the
assumption that the bituminisate may be considered as a newtonian fluid.

Balls sedimentation was also followed over 50°C and the measured velocities are, in good agreement with
theory, 1,5 time lower than velocities observed for rising air bubbles with equivalent diameter and density gap. Using
different balls diameters and various materials, sedimentation speeds at 30°C were confirmed proportional with the
square diameter on the one hand and the density gap (dban - dbiiuminisate) on the other hand. Experimental values of
velocities were confronted with values calculated using the viscosity determined by creep shear measurements:

the Stokes/Hadamard law is representative of measured velocities when temperature is higher than 30°C (U > 100
nm/s),
on the other hand, at lower temperatures (20-30°C) measured velocities are about 10 times slower than theoretical
predictions and this ratio increases when velocity range is lower.

At room temperature, bitumen cannot be considered as a newtonian fluid: elastic forces are no more negligible
compared with viscosity forces and Stokes/Hadamard law is no more directly applicable. Therefore, experimental
measurements can be used to determine the corrective factor for the theoretical bubbles velocity predicted by this law.
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NUCLEATION OF GAS BUBBLES

Hydrogen is produced by bitumen radiolysis and its concentration increases proportionally to irradiation time.
Beyond the saturation concentration Co, hydrogen is thermodynamically unstable and according to the size and
interfacial properties of defects (mainly salt grains) in bitumen, bubbles are formed. Their radius R is defined by:

C(R) = Co + 2.y / (K.R)
where C(R) is the hydrogen concentration round about the bubble,

y is the interfacial tension bitumen/hydrogen,
and K is the equilibrium constant between the gas phase (P(R) = hydrogen partial pressure) and the dissolved

hydrogen concentration in bitumen: P(R) = K.C(R)
The nucleation radius of these bubbles determines their number which must be sufficient to drain all of excess

gas. When bubbles are formed, hydrogen can evacuate into them and nucleation is suspended as far as the hydrogen
flow drained by bubbles equilibrates the radiolysis yield.

The bubbles population generated by nucleation under gamma irradiation (50 and 300 Gy/h) was characterized
in pure bitumen samples. X-rays radioscopy was used to observe the formation of bubbles in bitumen. Microscopic
observations were performed on transversal sections of a few samples in order to check the sensibility of non-
destructive observations by X-rays radioscopy. Nucleation was observed in pure bitumen samples: less than 1
bubble/cm3 is formed and the distance between them is greater than 1 cm. Because the excess of gas production is
distributed among very few bubbles, each of them drain an important gas flow and grows quickly. On the other hand, if
the number of bubbles is larger, the gas flow absorbed by each bubble is lower and diameters increase very slowly.

SWELLING OF BITUMEN UNDER EXTERNAL GAMMA IRRADIATION

Swelling of bitumen samples (S) is defined as the ratio of its volume increase AV measured after a given
AV V(d)-V0irradiation dose d, reported to its initial volume Vo: S = ~r̂ ~ = y

Swelling evolution of pure bitumen samples was followed under 300 Gy/h and over a 300 kGy irradiation
dose. Experimental measurements are reported on figure 4.

5 tablllza tion of pure
bitumen swelling

Delayedswelling =hydrogen saturation
ofbimmen before nucleation

Irradiation dose (kGy)

Fig. 4 : Swelling evolution under 300 Gy/h gamma
irradiation, of bitumen samples

CONCLUSION

JACOB2 phenomenology is validated experimentally
in the case of pure bitumen:

swelling starts after a time lag corresponding to
hydrogen dissolution in bitumen,
the swelling stabilization of bitumen observed
(after 500 kGy) must be linked with X-rays
radioscopy: bubbles diameters increased
significantly (« 1 cm) and their rising velocity (6
mm/day) is high enough to evacuate bubbles after
a few days

Experimental characterization of slightly
active samples showed that the texture of bitumen
elaborated by the industrial conditioning process in La
Hague is homogeneous and without initial bubbles.
Because their initial texture is similar it can be
considered that the phenomenology described for lab
samples is applicable to industrial pure bitumen
samples.

The main parameters defining the behaviour of bituminized wastes under irradiation have been identified and their
values were obtained experimentally. Their influence has been quantitatively evaluated using JACOB2 model, by
specific test calculations:

the nucleation radius, and the H2 solubility have influence on the number of created bubbles and therefore the
bituminisate swelling is very dependent on these parameters,
the drift velocity of bubbles related to the bituminisate's viscosity also makes a major contribution to gas
evacuation

Complementary experiments are in progress in order to precise the H2 solubility and diffusion coefficient according to
the bituminisates composition. Moreover, the influence of salts grains will be examined by studying bubbles nucleation
and swelling of inactive bituminisate samples under external irradiation.
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Global model calculations must be also validated at industrial scale by comparison with the behaviour of radioactive
bituminized waste drums.
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DETERMINATION OF 93Zr, 107Pd AND 135Cs IN ZIRCALOY HULLS
ANALYTICAL DEVELOPMENT ON INACTIVE SAMPLES

Emmanuel EXCOFFIER, Philippe BIENVENU
Coryse COMBES, Serge PONTREMOLI, Nicole DELTEIL, Robert FERRINI

DESD/SCCD/The Radiochemical and Chemical Analyses Laboratory - CEA Cadarache

ABSTRACT

A study involving the participation of three laboratories of the Direction of the Fuel Cycle has been undertaken within
the framework of a common interest program existing between the COGEMA and the CEA. Its purpose is to develop
analytical methods for the determination of long-lived radionuclides in zircaloy hulls coming from spent fuel
reprocessing operations. Acting as a complement to work carried out at the DRRV in ATALANTE concerning zircaloy
dissolution and direct analysis of hull solutions, a study is now being conducted at the DESD/SCCD/LARC in
Cadarache on three of these radionuclides, namely: zirconium 93, palladium 107 and caesium 135. It concerns three
radioisotopes having very long periods (~106 y), and which stabilize mainly through emission of (3 particles. The
analytical technique chosen for the final measurement is inductively coupled plasma mass spectrometry (ICP/MS).
Prior to the measurement, chemical separation processes are used to extract the radionuclides from the matrix and
separate them from interfering elements and py emitters. The method developed initially on inactive solutions is being
validated on irradiated samples coming from UP2/800 - UP3 reprocessing plants.

INTRODUCTION

Within the framework of the studies on the characterization of nuclear waste, a study has been undertaken jointly by the
CEA and the COGEMA to determine the activity of long-lived radionuclides present in zircaloy hulls recovered from
reprocessing operations. To meet the request made by the ANDRA, research has been oriented initially on a dozen
radio-isotopes among which Zirconium 93, Palladium 107 and Caesium 135. These radionuclides are long-lived
isotopes with periods around 106 years, originating from 235U fission reactions, and from 92Zr activation reactions in
some extent for 93Zr. In view of their disintegration mode (P") and of their low specific activity, the determination of
these radionuclides in hulls requires the implementation of destructive analytical methods, including stages of acid
dissolution and chemical separation prior to the measurements.

93 107 135

The strategy used in the development of Zr, Pd and Cs determination methods in hulls is described in this paper.
It has been defined using the radiochemical characteristics of the isotopes studied, the performances and limitations of
the measurement tools presently available and the chemical properties of the elements. Initiated in 1998 on inactive
samples, this strategy must take into account the radioprotection restrictions imposed by its future application on
irradiated samples.

RADIO-CHEMICAL CHARACTERISTICS OF SAMPLES STUDIED

93 107 135

Zr, Pd and Cs are three nuclides produced by fission of Uranium 235 in nuclear fuels. Zirconium 93 is also
produced by activation of zirconium (92Zr) making up the cladding. From a radio-chemical point of view, these are

6

three very long-lived radionuclides (~10 y), which disintegrate through p particle emission.
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MEASUREMENT TECHNIQUES - ANALYTICAL CONSTRAINTS

93 107 135

The measurement techniques used for the quantification of Zr, Pd and Cs activities is mass spectrometry with
93 107 135

plasma coupling (ICP-MS). Its application to the determination of the Zr, Pd and Cs radionuclides in hulls
however meets up with several difficulties linked to the chemical and radio-chemical composition of the dissolution
solutions and more specifically to the presence of elements likely to cause measurement interferences.

93 107 135

The concentration levels of Zr, Pd and Cs in hulls can be estimated by using the data from calculation codes
pertaining to PWR fuel and from transfer factors estimated for fission products from the fuel to the cladding [2]. The

2

expected contents for the three isotopes would range from 1 to 10 ppm in hulls, which would correspond to
concentrations ranging from 0.1 to 5 mg.L for a zirconium solution at 40 g/L.
The dissolution of hull samples is generally done at ambient temperature with a mixture of 3 M fluohydric acid and 3 M

nitric acid, in order to obtain a final concentration of zirconium in the solutions at 40 g.L . The presence of such a high
level of fluohydric acid and salts does not allow for a direct analysis by ICP-MS.

10 -1 60 90 106 106

The activity of the solutions is very high, of about 10 Bq.L . Major (3y emitters present are Co, Sr, Ru, Rh,
125 134 137 144 154

Sb, Cs, Cs, Ce and Eu.
93 107 135

Table 1 identifies the main interferences likely to affect the measurement by ICP-MS of Zr, Pd and Cs isotopes in
zirconium matrix. In addition to the isobaric interferences, from stable isotopes of niobium, silver and barium
respectively, polyatomic interferences specific to the matrix under consideration are added, through combinations with
zirconium and tin.

93Zr

107pd

135Cs

Isobaric
Interferences
(% natural)

93Nb (100%)

107Ag (52%)

135Ba (6%)

Polyatomic interferences
(% natural)

92Zr(17%) + 'H

9 IZr(l l%) + Il5O
90Zr (52%) + I6O + 'H

u9Sn(8%) + 160

Table 1 : Major potential interferences on the measurement by ICP-MS of Zr, Pd and Cs



P5-09

DEVELOPMENT OF THE CHEMICAL SEPARATION PROCEDURE

The chemical procedure (figure 1) was developed on inactive hulls after dissolution under conditions identical to those
used for active samples. The composition of the acid mixture and the zirconium content in particular were ajusted. In
addition to the matrix constituents, a dozen elements were introduced in the solution to simulate the studied
radionuclides (Pd, Cs), the interfering elements (Nb, Ag, Ba) and the main Py emitters (Co, Sr, Ru, Rh, Sb, Ce, Eu). All
these elements were added to an identical content of 2500 ppm relative to zirconium.

HULL SOLUTION
Zr 40g.L-l (HNO3 3M / HF 3M)

EVAPORATION
HNO37M

1

CHROMATOGRAPHIC SEPARATION
ON RESIN IMPREGNATED BY SOLVANT (TBP)

HNO3 7M
ELUTION HNO3 0,3M ELUTION

ZIRCONIUM Fraction

EVAPORATION
HNO3 2M/EtOH 75%

ICP/MS ANALYSIS
For ZIRCONIUM

CHROMATOGRAPHIC SEPARATION
ONAG1X8

HNO3 2M / EtOH 75%
ELUTION

CAESIUM Fraction

HNO32M
ELUTION
(Ba;Ag)

NH4OH 2M
ELUTION

PALLADIUM Fraction

EVAPORATION
HNO3 0,3M

ICP/MS ANALYSIS
FOR CAESIUM

EVAPORATION
HNO32M

ICP/MS ANALYSIS
FOR PALLADIUM

Figure 1 : Flow sheet of the procedure developed
93 107 135

for dosing isotopes Zr— Pd- Cs in hull dissolution solution.

The first step consists in a chromatographic separation on a resin impregnated by tributyl phosphate. By taking
advantage of Zr affinity for TBP, it is possible to separate Zr from most of the other elements, as shown in the elution
profiles presented in Figure 2. The efficiency of this operation is particulary interesting in this case as it allows both the
separation of Zr from Nb (interfering element at mass 93) and the extraction of Pd and Cs from the zirconium matrix.

93
At this point, the second fraction recovered in 0,3M nitric acid can be analyzed by ICP-MS to specifically dose Zr.
Prior to the measurement, a dilution is however necessary in order to reduce the Zr content and thus to avoid the

92 1 93

formation of a Zr H specy in the plasma, likely to affect the measurement of the Zr isotope. From our results, it
appears that the Zr content in the solution to be analyzed must not exceed 0,2 mg.L .
The second step also consists in a chromatographic separation, but this time using an anionic resin of type AG1-X8. A
more thorough study was conducted at this stage to define and optimize the elution conditions which allow the
separation on the same column of Cs versus Ba (interfering element at mass 135), and of Pd versus Ag (interfering
element at mass 107). The caesium is collected in a first fraction with a nitric-alcoolic elution whereas Pd is eluted in
ammoniac solution (Figure 3). Each fraction is finaly analysed by ICP-MS for 135Cs and l07Pd determination. Mass
balances in table 2 point out recoveries of 60 and 70% for Zr and Pd, with separation factors higher than 99% with
respect to interfering elements. For caesium, the recovery yield reaches 95% but the selectivity is not so good since the
majority of Co (60Co) and Sb (I25Sb) content is expected to be present in the Cs fraction.Further work should be carried
out in the future to improve this last result.
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Figure 2 : Chromatograms illustrating the
separation of zirconium (HNO3 0.3 M) with
respect to the other elements (HNO3 7 M) on
impregnated resin by solvent (TBP).

NHjOH

Figure 3 : Chromatograms illustrating the
separation of Cs with respect to Ba and Pd with
respect to Ag on a AG1X8 resin. The elution
solutions are respectively HNO3 2M-EtOH 75%
for caesium, HNO3 2Mfor barium and silver, and
NH3, H2O 2M for palladium

Zirconium FRACTION

Palladium FRACTION

Caesium FRACTION

Element researched

Zr: 60%

Pd: 70%

Cs: 95%

Interfering agents

Nb<0.1%

Zr<0.1%-Ag<0.1%

Ba<0.1%

y emitters

<0.1%

<0.1%

Co - Sb (100%) - Rh (20%)

Table 3 : Balance in Zr, Pd, Cs, in interfering agents and y emitters.

CONCLUSION AND PERSPECTIVES

The procedure developed in this study from inactive hull samples includes several steps allowing the extraction of the
three elements studied : Zr, Pd, Cs from the same original solution. The nature of the solutions collected in the end and
the separation factors obtained with respect to the interfering elements enable us to take advantage of ICP/MS to

measure Zr, Pd and Cs isotopes. For real samples, the calculation of the activities will take into account the
chemical efficiency determined from stable isotopes introduced as tracers.
The application of this procedure on UP2/800 - UP3 samples is foreseen for 2000, in collaboration with the
ATALANTE teams in Marcoule.
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EFFECT OF RADIO-OXIDATIVE AGEING AND PH ON THE RELEASE

OF SOLUBLE ORGANIC MATTER FROM BITUMEN
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ABSTRACT

Bitumen is employed as an embedding matrix for low and medium level radioactive wastes. An high impermeability
and a great resistance against most of chemicals are two of main bitumen properties. These characteristics of bitumen
confinment properties may be modified under environmental parameters during intermediate storage or deep repository
such as radiations or the presence of water.
The radio-oxidation induces an increase of the quantity of leached organic matter. The evolution of the soluble organic
species release seems to be linear with the irradiation dose, as soon as the dose is higher than 20 kGy, and seems to be
no dependant of the dose rate.
The generation of water-soluble organic complexing agents can affect the integrity of the wasteform due to an increase
of the radionuclides solubility.
An increase of the quantity of leached organic matter is also observed in presence of alkaline solutions. Identified
molecules, by GC/MS analysis, are aromatics like naphtalene, oxydised compounds like alcohols, linear carbonyls,
aromatics, glycols and nitrogen compounds.

INTRODUCTION

Bitumen is a complex mixture of aliphatic and aromatic hydrocarbons of molecular weights ranging from a few hundred
to above 105. It consists mainly of carbon (80-90%), hydrogen (8-11%), oxygen (0-12%), sulfur (1-7%), nitrogen (0-
1.5%) and trace of metals like nickel and vanadium. Bitumen can be used for embedding most of wastes because of its
high impermeability and its great resistance against most of chemicals (1).
Characteristics of bituminized waste products may be modified under internal self-irradiation caused by a, (3 and y
radiations. Ionising radiations cause chain ruptures and cross-linking phenomena in bituminous materials
Bitumen, during storage, undergo an auto-irradiation due to embedded radio-elements. During this stage, drums are not
airtight then oxygen is present. In disposal configuration, water, which is a potential vector of radioactivity and organic
matter, is an other hazard factor liable to modify the containment characteristics of bitumen wastes (2).
The aim of this work is to study the effect of radio-oxidative ageing on the release of organic matter from bitumen in
presence of pure water. The effect of the pH of the solution, pH= 8 or very alkaline cement equilibrated solution ( pH «
13.5) is also presented.

Quantitative and qualitative caracterisation of soluble organic matter is presented.

EXPERIMENTAL CONDITIONS

Experimental conditions have been previously detailed (3).

Bitumen Samples.
The sample used in this study is a bitumen Viatotal 70/100. To obtain a large bitumen surface relative to the amount of
water and short diffusion distances for hydrophilic compounds from the interior of the bitumen to the water exposed
surface, bitumen slices (thickness=300 um) is crushed. One gram of bitumen crushed in these conditions represents a
surface of about 400 cm2.
The water used in these experiments was ultrapure water given by a MILLIPORE filtration system. The cement-
equilibrated solution corresponds to a reconstituated solution containing the soluble mineral elements constitutive of the
CPA (Artificial Portland Cement) matrix. The leaching experiments are realized in static conditions. Because of the
bitumen form, the temperature leaching is maintained to 10°C to avoid particules aggregate.
Irradiation Conditions :
Inactive bitumen slices (300 jam-slices) are laid on an aluminium sheet and placed in airtight container where the
atmosphere is controlled. This experimental system is submitted to external y irradiation. The adjustment of the distance
between the y-source and the samples allows the dose rate to vary from 450 to 15 Gy/h. The samples were irradiated in
air or in an inert gas.

Analytical Procedures.
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TOC (Total Organic Carbon) was measured by ultra-violet promoted persulfate oxidation which is followed by infrared
CO2 dispersion. Inorganic carbon is removed by internal acidification and sparging. The aim of the TOC-analysis is to
determine the kinetic of leaching and the quantity of leachable organic matter. It gives no response on the nature of
analytes.
The soluble organic matter samples were analysed by means of a HP 5190 mass spectrometer-gas chromatograph
(CPG/SM). The instrument was used either in a single mass analyser either in total scan (typically m/z between 30 and
425). lui was introduced in the split/splitless injector of the GC, kept at 220°C and working in a splitless mode. The GC
capillary column used was an HP-INNOWAX (ID=0.25 mm, film thickness=0.25 urn, length=30 m). Organic matter
was previously extracted according to SPE (solid Phase Extraction) or SPME (Solid Phase Micro-Extraction). The
SPME fiber coated with polyacrylate and the SPE cartridge (LC-18) were purchased from SUPELCO. After injection,
the oven was held at 40°C for 2 min. then raised at 407min. to 105°C and then at 8°/min. to 250°C. The identification
of compounds were realized by comparison with a spectra data bank (match quality>80 %).
Compounds like ketones, aldehydes, alcohols, carboxylic acids and phenols were detected after a preliminary extraction
with SPME. This technique gives a screening of the different compounds in solution but doesn't allow a direct
quantitative analysis of organic products : the polyacrylate fiber was placed in 10 ml of leachant. Salts (5 g of NaNO3)
were adding to increase the extraction yield. Agitation was also used to increase the rate of adsorption. The time for
adsorption was fixed to 20 min. Then the fiber was desorbed directly in the liner of the GC (Gas Chromatograph).
SPE (with cartridge LC-18) was used to detect the presence of linear carboxylic acids (n<13) and to measure the
concentration of low molecular weight compounds in this family (n<8) : 50 ml of aqueous matrix (HC1 was added to
prevent the ionization of analytes) passed through the plastic cartridge. This type of cartridge allows the extraction of
moderately polar analytes from aqueous samples. 0.5 ml of methanol is added to elute the interesting compounds.

RESULTS AND DISCUSSION

Influence of pH Conditions on the Organic Matter Release.

Figure 1 shows the amount of total organic carbon releases from bitumen versus leaching time for three different pH of
the leaching solution. Each point of the figure corresponds to the asymptotic value of the curve giving the evolution of
the TOC release with the leaching time.
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Figure 1: TOC release in leaching solution with different pH

• Leaching with pure water.
In these different experiments, the TOC concentration becomes quickly constant whatever the Surface (S)/ Volume (V)
ratio. No difference in the TOC concentration between a leaching time of 150 hours and 600 hours is observed. This
shows that the kinetic of organic matter solubilisation in ultrapure water is very fast.
Qualitatively, the GC/MS analysis shows the presence of aromatics and alkanes in ultrapure water leachates. After the
SPE extraction, lower carboxylic acids (formic and acetic) have been essentially detected but their concentrations are
very low (lmg/L).
These tests achieved in ultra-pure water underline the fact that organic material concentration coming from
bitumen leaching is very low.
• Leaching in alkaline water.
When the pH of the leaching solutions increases, the TOC release increases as well, see figure 1.
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When the leaching solution simulates an alkaline solution (pH 8 and 13.5), the release of soluble organic compounds
increases with the leaching time, following a logarithm law. This behavior shows an other phenomenon than simple
solubilisation: a chemical attack leading to a degradation of the bitumen.
In pH 8 solution, carboxylic acids concentration increases with the leaching time. But the TOC increase is not due
mainly to the increase of carboxylic acids. Other species are leached like alcohols, linear carbonyls and aromatics.
Neither phenols nor glycols are detected after extraction and GC/MS analysis.
In the cement-equilibrated solution (pH 13.5), carboxylic acids concentration is more important than the concentration
obtained in pH 8 solution or ultra-pure water. These acids are essentially lower linear acids (lower than butanoic acid).
The main part of TOC is not constituted of carboxylic acids. Molecules identified after SPME extraction and GC/MS
analysis are aromatics like naphtalene, oxydised compounds like alcohols, linear carbonyls, aromatics, glycols (4) and
nitrogen compounds.

Influence of Irradiation Conditions on the Organic Matter Leaching.

Figure 2 represents the evolution of the Total Organic Carbon (TOC) release with the irradiation dose (obtained with
different dose rates).
• The value " 1= 0 Gy/h " is the average value of COT obtained for the leaching of several no-irradiated samples :

- bitumen slices kept in an inert gas (N2) and leached after 2, 4, 8 and 12 weeks,
- bitumen slices kept in air but away from light and leached after the same time.

Quantitatively, no additional released of water-soluble organic matter occurs between these different treatments. The
absence of catalysts like photons or y-rays doesn't induce significant alteration of the bitumen matrix.
When samples are irradiated in an inert gas (N2), no increase of the soluble organic matter release can be seen in
comparison with the non-irradiated sample. This conclusion is valid whatever the rate and the dose rate.
Bitumen internal ageing (which takes place in inert atmosphere) doesn't modify significantly the quantity of
soluble organic matter. If irradiation in an inert gas induces crosslinking phenomena in bitumen matrix, the newly
formed organic products are slightly soluble.
• The radio-oxidation induces an increase of the quantity of leached organic matter. The evolution of the soluble
organic species release seems to be linear with the irradiation dose and seems to be no dependant of the dose
rate.
Qualitatively, for samples irradiated at low dose rates, the GC/MS analysis after an SPME extraction shows the
presence of oxidised aromatic compounds (Figure 3) (spectra are shown on the poster).

O
O

0.00 f

0 20 40

dose (kGy)

dose rate=0 Gy/h
si dose rate=15 Gy/h

dose rate=15Gy/h-N2

• dose rate= 45 Gy/h

- dose rate= 45 Gy/h-N2
• dose rate=150 Gy/h
+ dose rate= 150 Gy/h-N2
x dose rate=450Gy/h

• dose rate=450 Gy/h-N2

Figure 2 : TOC evolution with irradiation dose for bitumen samples.
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Figure 3 : Identified species in low dose rate radio-oxidated

bitumen leachates (15 Gy/h-90 kGy).

CONCLUSION

Leaching of bitumen with ultrapure water drags few organic species. Due to the low content of soluble organic matter,
the complexation phenomenon is not a problem in these conditions. However, with very alkaline solutions, the bitumen
degradation implies more leached organic compounds. Identification of this compounds by GC/MS shows alcohols,
carbonyls compounds, glycols, aromatic compounds, nitrogen compounds and carboxylic acids. The radio-oxidation
induces an increase of the quantity of leached organic matter. The evolution of the soluble organic species release seems
to be linear with the irradiation dose and seems to be no dependant of the dose rate. Oxidised compounds are released.
The complexing effect of these molecules is now investigated.
The biodégradation of these organic molecules is actually studied. We already know that microorganisms consume
most of the solubilized organic acids released by the bitumen matrix(5).
Other experiments need to be involved to caractérise these phenemena with bituminized waste.
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PRESENTATION DU PROJET MAQARIN PHASE IV : ETUDE D'UN ANALOGUE
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RESUME

Les objectifs et les premiers résultats du projet Maqarin Phase IV sont présentés dans cet article. Ce
projet international, auquel participe le CE A au côté de l'ANDRA, de NIREX, de SKB et de la
NAGRA, s'intéresse à des ciments naturels formés en Jordanie il y a plus de 100 000 ans. L'étude
de ces matériaux, présentant des analogies chimiques avec un ciment industriel, permet de
progresser dans la connaissance et la modélisation du comportement à long terme des liants
hydrauliques que l'on envisage d'utiliser dans les stockages de déchets radioactifs.

INTRODUCTION

Le site de Maqarin (Jordanie) présente des ciments naturels, formés par combustion in situ d'une
marne bitumineuse il y a environ 105 à ÎO6 ans (1-5). Les ciments formés lors de cet événement de
combustion ont une minéralogie proche de celle d'un ciment industriel de type Portland. Sur ce site,
actuellement traversé par des eaux de surface, l'altération de ces ciments peut être observée et des
panaches d'eaux hyperalcalines (pH > 12,5) percolent le long de zones de fractures sur plusieurs
centaines de mètres. Ce système présente donc un grand intérêt pour les études de comportement à
long terme des matériaux cimentaires (phases secondaires, comportement des éléments en trace) et
les études des interactions entre lixiviats de ciments et environnement (effet des eaux alcalines sur
le milieu, diffusion dans la porosité, colmatage des fractures, altération des sédiments).

Le site de Maqarin a fait l'objet depuis 1989 de plusieurs phases d'investigations (3-5) qui
ont permis d'acquérir des connaissances sur différents aspects du comportement à long terme des
ciments :

- étude minéralogique des ciments naturels et de leurs produits d'altération
- élaboration d'un premier modèle conceptuel de panache alcalin ; étude de la stabilité des

zeolites
- études de microbiologie en milieu hyperalcalin
- études sur les colloïdes, sur la stabilité de la cellulose en milieu basique
- test des codes de spéciation géochimique et des banques de données thermodynamiques ;

premiers tests de codes couplés chimie-transport

En 1998, l'ANDRA, le CEA, le NIREX (GB), SKB (Suède) et la NAGRA (Suisse) ont fait une
analyse de ces acquis antérieurs (6) et identifié un certains nombre de manques vis-à-vis des besoins
correspondant aux questions actuelles sur le comportement à long terme des ciments. Ces besoins,
liés à l'utilisation de matériaux cimentaires dans les stockages de déchets radioactifs, concernent
notamment :

un modèle conceptuel de panache alcalin intégrant mieux les phénomènes d'écoulement dans
les fractures et de diffusion dans le milieu poreux
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une connaissance plus précise des mécanismes d'altération à long terme du ciment, en
particulier lorsqu'ils sont couplés à la carbonatation, à la transformation des silicates de
calcium hydratés (CSH) néoformés ou à la migration de certains métaux
l'élaboration d'un scénario fiable des interactions entre une eau interstitielle de ciment (pH =
12,5) et une argile
des données pour valider les codes chimie-transport utilisés pour prédire le comportement à
long terme des ciments

MISE EN PLACE ET PRINCIPAUX OBJECTIFS DU PROJET MAQARIN PHASE IV

En fonction de ces besoins, un programme d'investigation a été élaboré qui recouvre les aspects
suivants :

étude du transport sur le site de Maqarin et amélioration des datations
étude du terme source ciment (lixiviation, minéralogie)
étude de la progression du panache alcalin le long d'une fissure
étude des interactions entre eaux de ciments et argile
simulation chimie-transport
études microbiologiques

Les institutions proposant le projet (ANDRA-CEA-NIREX-SKB-NAGRA) en liaison avec
l'Université de Jordanie y ont associé plusieurs partenaires universitaires ou bureaux d'étude :
Universités d'Evry, Montpellier et Aix-Marseille, de Gôteborg (Suède), de Bern (Suisse), BGS
(GB) et ERM (Poitiers, France).

Le CEA est pour sa part impliqué essentiellement dans les activités suivantes :

étude de l'altération des ciments naturels et mise en place d'expériences de lixiviation de
ciments naturels au laboratoire. Ces expériences de lixiviation suivent un protocole déjà
utilisé pour des ciments industriels, ce qui permettra d'analyser plus quantitativement les
analogies de comportement entre matériaux.

- confrontation entre prédiction des codes chimie-transport et observations, à l'échelle de sous-
systèmes de taille métrique (interface ciment-marne, fissure individuelle). Il est prévu en
particulier de tester les développements récents de modèles concernant la rétroaction de la
chimie sur le transport (6).
contribution aux investigations minéralogiques et isotopiques concernant l'altération des
argiles par des eaux de ciment. L'objectif est de contribuer à l'élaboration d'un scénario
géochimique et mécanistique de ces interactions puis de les modéliser.
étude exploratoire du comportement du rhénium (analogue chimique du technétium), élément
détecté dans les eaux du site de Maqarin. Cette investigation intéresse en particulier les
équipes chargés d'étudier les matrices nouvelles de conditionnement et la migration des
radionucléides dans l'environnement.

AVANCEMENT ACTUEL DU PROJET ET PREMIERS RESULTATS

Les données disponibles à l'époque sur le site de Maqarin montraient que sur ce site la
marne au contact des ciments était trop pauvre en minéraux argileux pour être adaptée à une étude
même qualitative des interactions entre eaux de ciments et argiles. C'est pourquoi, il a été proposé
d'évaluer un autre site, en Jordanie Centrale sur lequel les marnes semblaient plus riches en phases
argileuses. Le programme de travail nécessitait également de nouvelles possibilités
d'échantillonnage sur le site de Maqarin, en particulier via de petits forages à réaliser dans la galerie
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d'accès aux ciments. Il a donc été décidé de réaliser une mission de reconnaissance permettant
d'évaluer les possibilités offertes. Cette mission de reconnaissance (7) s'est déroulée au Printemps
1999.

Le site de Khushaym Matruk (Jordanie Centrale) (Fig. 1) a pu être reconnu et échantillonné.
Les investigations minéralogiques menées conjointement par l'Université de Jordanie,
ERM(Poitiers) et le CEA démontrent que la marne saine contient des argiles de type smectitique en
teneur suffisante, supérieure à 9 % en masse, pour entreprendre une étude de l'altération de ces
phases argileuses sous l'influence des eaux provenant des ciments (8). Ce site est cependant situé en
zone aride et est donc désaturé depuis une date indéterminée. Un effort de reconstruction et de
datation est donc nécessaire et sera entrepris en collaboration avec l'Université de Montpellier. Lors
de la mission de terrain de Mai 2000, une tranchée a été réalisée pour échantillonner le front en
dehors de toute perturbation de surface. Cet échantillonnage est en cours d'analyse et de
caractérisation.

Figure 1 : Vue du site de Khushaym Matruk (Jordanie Centrale). Ce site exploré au Printemps 1999
et échantillonné en Mai 2000 présente une interface entre des ciments naturels (beiges, en haut) et
une marne bitumineuse (gris, en bas à gauche) contenant environ 10 % en masse d'argiles
smectitiques. L'échelle est donnée par la personne à gauche de la photographie.

Des analyses de solution effectuées au BGS ont confirmé la présence dans les eaux
prélevées à Maqarin, à des teneurs de l'ordre de 1 à 2 u.g/1, de l'élément Re, de comportement
chimique voisin de celui de l'élément Te et donc intéressant à ce titre. Un échantillonnage dédié à
une recherche de l'élément Re dans les phases solides a été effectué en Mai 2000. Des analyses par
ICP-MS seront réalisées au CEA avant de procéder à une investigation par microsonde nucléaire.

Une expérience de lixiviation d'échantillons de ciment naturel provenant d'un carottage
effectué à Maqarin en 1999 à démarré au CEA en Juin 2000. Celle-ci est couplée à des
investigations minéralogiques et chimiques sur le matériau avant et après lixiviation (Fig. 2).

Les travaux de simulation chimie-transport seront organisés à partir de l'Automne 2000, dès
que les premiers résultats de minéralogie et de chimie des solutions seront exploitables.
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Figure 2 : Image d'une section polie de ciment naturel provenant de Maqarin (forage D2). Cette
section montre des phases contenant Ca et Si (larnite, C2S, probable), Ca et Al (au centre,
brownmillerite possible) et des phosphates (fluorapatite ou francolite). L'identification exacte des
phases minérales est en cours, (image prise au Microscope Electronique à Balayage, barre
d'échelle : 20 jim).
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Abstract : The effect of the precursor and temperature of calcination on the crystallinity and the
dissolution of thorium dioxide has been studied. For a calcination temperature of 900°C, the largest
crystallite is obtained from the precipitation of thorium oxalate. The dissolution of crystallized ThCh
has been studied as a function of pH. High temperature crystallized ThCte is less soluble by two order
of magnitude than hydrous ThCte. We have pointed out a correlation between the crystallinity of the
solid and its apparent leachability in acidic perchlorate solutions, resulting mainly in the thorium site
concentration differences between solids. However, the normalized dissolution rate of crystallized
ThO2 is independent on the way of synthesis of the solid.

1. Introduction

Thorium dioxide is an important material with many interesting properties : high temperature
refractory material, good resistance to irradiation, and a cubic structure isomorphic with
tetravalent actinides (UO2, PuC>2, NpÛ2 ). 232 Th is a fertile nuclear material, which can
replace 238U, especially in breeder reactor concepts, and recently there has been a
considerable interest in studying the feasibility of thorium based fuel reactors, in order to
decrease the radionuclides production and specially minor actinides and plutonium [1]. Well
crystallized thorium oxide is known to be very insoluble in aqueous media [2], and for this
reason, most of the solubility studies have been performed on hydrous thorium oxide up to
now [3-5], however the solid phase of the pseudo-amorphous form was never well defined
and is certainly a mixture of the two forms Th(OH)4 and ThÛ2 XH2O. Thorium oxide appears
to be an interesting material as a Th-based fuel; matrix for long-lived actinides and fission
products transmutation, or a ceramic for immobilizing tetravalent actinides, since this material
is a high temperature refractory material with a high fusion temperature of 3360°C, and has a
good resistance to irradiation . Moreover the solubility of the amorphous solid is known to be
very low in basic media [3-5].

For the preparation of thorium-based fuels, thorium dioxide powdered samples are
normally produced by converting a thorium nitrate solution into a sinterable powder, using a
sol - gel process [6]. Nevertheless well crystallized thorium oxide can be also obtained by
calcinating various precursors such as thorium nitrate, thorium oxalate or thorium hydroxide
at several temperatures from 700°C up to 1600°C [7,8] .

The present study aims at the understanding and quantification of the processes
controlling the long term dissolution/alteration of crystallized ThÛ2 . The objective of this
investigation was to study the morphology and the crystallinity of thorium oxide as a function of
the precursor and the temperature of the calcination and then to connect these properties to
the dissolution rates of TI1O2.
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2. Synthesis and characterisation of the powder

Thorium nitrate from FLUKA was used for preparing thorium oxide, thorium oxalate and
thorium hydroxide. Thorium oxalate was prepared by adding slowly a solution of oxalic acid
to the thorium nitrate with a perilstatic pump, and thorium hydroxide was prepared by
precipitation in basic media. After filtration, the precipitate was washed and dried under
vacuum. TI1O2 powders were prepared by applying a thermal treatment in two steps : 2 hours
at 400°C (oxalate, hydroxide) or 500°C (nitrate) then 10 hours at 900°C. Thorium oxide
calcinated at 1600°C was produced by using thorium oxalate as precursor.
Each powder was characterised before and after the leaching tests, using several techniques :

X-ray powder diffraction (XRD), granulometry and scanning electron microscopy (SEM) for
the morphology and the grains size, BET method for their specific surface area, for
characterizing the surface area of the grains.

The comparison of the X-ray diffraction peak [111] measured for the 3 precursors at
temperature varying between 600°C and 1600°C, shows that a calcination temperature of
900°C is needed for obtaining significant growth of the size of the crystallite. Using as
reference the line width of the peak obtained for powder calcinated at 1600°C, the largest
crystallite size at 900°C is obtained by using thorium oxalate and hydroxide/hydrous oxide as
precursor (Table 1).

Table 1 : Physical characteristics of thoria as a function of precursor and calcination temperature

Precursor
Thorium oxalate

Thorium nitrate

Thorium hydroxide

Temperature
Mean crystallite size (nm)

Specific surface area (m2/g)

Mean crystallite size (nm)
Specific surface area (m2/g)

Mean crystallite size (nm)
Specific surface area (m2/g)

600°C
2
-

3

_
2

900°C
28
1.1

13
5.9

23

1300°C
57

205

70

1600°C

0.2

- The particle size distribution of powders calcinated at 900°C was determined without
grinding using an apparatus COULTER LS230 based on laser light diffraction. Whatever the
precursor used, the majority of the grains had an average grain size in the submicrometer
range, however the volume distribution (in percentage) points out 2 particles populations:
submicrometric particles population and larger particles ranging between 10 and 30 |j,m.

- The surface state of the raw solid being leached influences its apparent solubility.
Microscopic surface roughness may differ following the various routes of synthesis. As
leachabilities are generally calculated from geometric or superficial surface areas, greater
surface roughness for example would have greater apparent teachability. As can be seen from
the photographs collected in Fig 1, the morphology of the powder depends on the precursor.
In the case of TI1O2 prepared from hydroxide, the grains are coarser with agglomerates of
irregular shape. On the other hand, the particles size of thoria prepared with thorium
hydroxide and thorium oxalate is more homogeneous (average size around 10 to 20 jim) and
rather smooth and cubic, in agreement with the XRD results.

- The specific surface area was measured on a Coulter SA3100 apparatus using
nitrogen gas (BET method). The powders prepared with the 3 precursors heated at 900°C had
surface area values between 5.9 - 0.2 m2/g ( Table 1). These variations are due to differences
in the crystallinity, homogeneity and shape of the particles, which is shown on the SEM
photographs. Heating the solid from 900°C up to 1600°C decreases the surface area from 1.1
to 0.2 m2/g for the oxalate precursor.
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(a) ThO2 from nitrate precursor (b ) ThO2 from hydroxyde precursor (c) ThO2 from oxalate precursor

Figure 1 : Morphology of Thorium dioxide prepared with different precursors

3- Leaching tests procedure

Leaching test were performed using static experiments in batch.. The pH of the electrolyte
was adjusted with 0.1 M HCIO4 or NaOH in order to fix the ionic strength at 0.1 M. Argon
atmosphere was maintained during the preparation of the tubes until sealing. Before leaching,
the powder was first washed in 0.1 M HCIO4 several days, then washed in deionised water
and finally in the electrolyte . 200 mg of solid phase was introduced in the tube containing 10
ml of the working solution (0.1 M NaClC>4). The tubes were shaken during several leaching
times. 3 ml were taken off and the pH was measured immediately. Then this fraction was
ultracentrifugated to avoid colloids with size larger than 1.7 nm. For several pH,
centrifugation and ultracentrifugation were used to check the presence of possible colloids.
The presence of colloids was observed for pH above 3. The total thorium concentration, C th
was determined by ICP-MS (Inductively Coupled Plasma - Mass Spectrometry, apparatus
Fisons Plasma Quad).

4- Results and discussion

4.1 Effect ofpH on the ThO2 dissolution

As shown in Fig. 2, the thorium concentration measured in the solution is very sensitive to the
acidity of the leachate. In acidic media, from pH 1 to pH 3, a plateau is systematically
obtained, which has already been observed by other authors [4] but not yet really explained.
The Cih value corresponding to this plateau depends on the leaching time and on the
synthesis. No equilibrium is thus reached until at least 123 days. Moreover, the dissolution
rate seems to be connected to the crystallinity of the solid. For pH > 3, the TI1O2 solubility
decreases sharply until reaching the limit of detection for pH>5 (On, < 2.2 10"10 M). A similar
behaviour has been already observed by Ryan et al [3] on hydrous thorium oxide. However
compared to the results obtained with the hydrous thorium dioxide in basic media (few 10"6 to
10"8 M), about 2 orders of magnitude on the solubility is observed for high temperature
crystallized TI1O2. In this range Th(OH)4 is the predominant equilibrium aqueous species and
may cover the surface of the solid.
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Figure 2 : Variation of the total thorium concentration with pH for

different precursors after 10 days of leaching

4.2 Kinetics of dissolution o/ThO2 in acidic media

Dissolution kinetics were investigated on the thorium dioxide prepared from the three
precursors, and calcinated at 900°C, leached in 0.1 M HCIO4 solution with leaching time
varying between 10 and 50 days. The variation of the Th concentration versus contact time is
plotted in Figure 3 for several precursors and calcination temperature.
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Figure 3 : Thorium concentration versus leaching time
at pH 1 for ThC>2 prepared with different precursors

Numerous factors influence the leachability of an element: leaching time, temperature,
cristallinity, solid surface area, porosity. As observed in Figure 3 , the apparent leachability is
the lowest one for the oxalate route, which gives the largest crystallite size (28 nm), and the
highest one for the hydroxide precursor which has about the same size of crystallite (24 nm),
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but rough and cracked particles. On the other hand, the comparison of the apparent
leachability between thorium dioxides calcinated at 900°C and 1600°C, shows that it is higher
for the lowest calcination temperature (e.g. higher surface). These observations are coherent
and tend to show a correlation with the degree of crystallinity of the powder which, in turn, is
related with the solid surface area.
However the dissolution rate can be described by its normalized leaching which takes into
account the solid surface area following the expression :

(2)

where S refers to the solid area (m ) in contact with the solution fj is the massic ratio of the
element i in the solid, and m; the mass of i in the solution.
As shown in Figure 4, the variation of the normalized leaching of the thorium dioxide as a
function of contact time is found to be independent of the precursor or the calcination
temperature.
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Figure 4 : Evolution of the normalized leaching rate versus time for TI1O2
prepared at several heating temperature using different precursors.

Whatever the precursor or the calcination temperature, the normalized leaching increases
linearly until about 40 days, indicating that the dissolution mechanism occurs without any
formation of secondary phase or precipitation at pH 1. The same behaviour is observed for
several pH down to pH 3 as shown in Fig 5.

The normalized dissolution rate RL can be deduced from the slope of the corresponding
straight line by using the expression :

RL = 1/fi x S x dmi/dt (3)
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Figure 5 : Normalized dissolution rate of ThO2 prepared from thorium nitrate at different pH

where dnij/dt is the mass change of the element i measured in the solution. The RL values
calculated for the 3 precursors at pH 1 are gathered in Table 2. The normalized leaching rate

Table 2 : Normalized dissolution rate of thorium oxide at pH 1
for different precursor

Precursor

Th(NO3)4

Th(C2O4)2

Th(C2O4)2

Temperature
900
900
1600

RL(g/m2/d)

1.1 10"6

8.8 10"7

3.2 10"6

has the same order of magnitude for thorium dioxide synthesised from nitrate and oxalate,
whatever the calcination temperature. The average value can be estimated to be about 1.7 10~6

g/m2/d. In these calculations, the specific surface area of the solid has been assumed to be
constant and this is not always the case, specially in acidic media. However, E. Ôsthols and al
[4] pointed out that this assumption can be used since a loss of mass of the solid, and an
increase of the porosity gives opposite effects on the surface area. Then the initial surface area
can be used in the leaching rate calculations. The microporosity was not measured in the
solids, and this porosity could be higher for the hydroxide precursor than for the others, which
could explain the higher rate of leaching.
From the slope of the straight lines NL = f(t) , reported on Fig 5, the normalized dissolution
rate can be calculated at different pH values. As shown in Table 3, it decreases as the pH
increases.

Table 3 : Normalized dissolution rate of thorium oxide for different pH

PH
1.1
1.6
2.2
2.6
3.1

RL(g/m2/d)
1.1 10"6

1.0 10"6

8.5 10"7

6.10"7

2.5 10"8
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The dependence of the rate of dissolution on the proton concentration of the solution can be
expressed according to the following expression [9]:

RH = k'T,I[H3O]m (4)

Many authors have investigated the influence of pH on leaching rates. They showed that the
leaching rate of most of the minerals increases with the proton activity in acidic media. In the
present study, kinetics of dissolution have also been performed in the acidic pH range 1
<pH<3 (Fig 5). As expected, the logarithm of the normalized dissolution rate varies linearly
with the pH (Fig 6), with a slope corresponding to the partial order related to the proton, 0.3 0
+ 0.07, and with log k = 5.6 ±0.1 as the rate constant. The positive dependence on [H+]
between pH 1 and 3 shows that the dissolution rate of TI1O2 is favoured by the presence of H+

ions in solution. The fractional partial order shows that dissolution is surface controlled.

-5.0

-3.5 -1.0

Figure 6 : Variation of the normalised dissolution rate as a function of pH
We can propose the following mechanism for the dissolution of ThC>2 :

A fast protonation of the surface layer,

>Th-OH + H+ -> >Th-OH 2
+ (5)

Then the detachment of the metal ion

>Th-OH2
+ + (n-1) H2O -» Th(OH)(4"n)

n +n H+ (6)

The protonation step is in agreement with the relatively high value of pHp.j.e. measured for
thoria (around 9). This protonation is also responsible of a pH shift observed in the neutral
aqueous solutions in contact with a ThC>2 powder, when this one has not been previously
washed.

Moreover, the mechanism described above can simply explain the plateau of the Cm versus
pH curves. If the solubility equilibrium really involved in acidic media is equilibrium (4) and
if we can neglect the hydrolysis of thorium at pH values below 3 (n = 0), we can write :

>Th-OH2 Th4++ H20 (7)

7
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which leads to :

log CTh = log [Th4+] = log Keq(4) + Cte (8)

Cte is a function of the concentration of the protonated sites which depends on the
characteristics of both the solution (pH) and the solid surface. Since the site concentration
does not vary very much with the pH of the solution at pH <3, log Cm appears as a constant
in this pH range and this constant is different for the different solids under consideration.

5. Conclusions

The degree of crystallinity of ThCh depends both on the precursor used for its synthesis and of
the calcination temperature. Best crystallites are obtained from the precipitation of thorium
oxalate and after heating up to 1600°C. The powder obtained have also the lowest values of
specific surface area. We have pointed out, in the present work, a correlation between the
crystallinity of the solid and its apparent leachability in acidic perchlorate solutions. We have
shown that such a result was due to differences in the thorium site concentrations of the
different solids under comparison. As a matter of fact, the normalized dissolution rate of
crystallized ThC^which is particularly low, is independent of the route of synthesis used to
prepare the solid.
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Figure Captions

Fig. I Morphology of Thorium dioxide prepared with different precursors

Fig. 2 Variation of the total thorium concentration with pH for different precursors
after 10 days of leaching.

Fig. 3 Thorium concentration versus leaching time at pH 1 for ThO2 prepared with
different precursors

Fig. 4 Evolution of the normalised leaching rate versus time for TI1O2 prepared at
several heating temperature using different precursors.

Fig. 5 Normalised dissolution rate of TI1O2 prepared from thorium nitrate at different
pH

Fig. 6 Variation of the normalised dissolution rate as a function of pH
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ABSTRACT
Several glassy waste forms are fabricated by melting the simulated radioactive waste incineration ash at

different mixing ratios of ash to borosilicate base-glass. To assess the chemical durability of glassy waste
forms, an ISO leaching test has been conducted at 70°C for over 800 days. Of the two kinetic models that
are applied to predict the long-term leaching behaviors of surrogate nuclides and glass components, model I
incorporating the short-term diffusion coefficient and long-term dissolution constant gives a better estimation
of the experimental data. Controlling leaching mechanisms of such components are also analyzed with two
simple semi-empirical equations, which results in diffusion with dissolution to be the dominant leach
mechanism.

INTRODUCTION
Combustible wastes have generally been treated by incineration to reduce the waste volume. Incineration

also increases the stability of the final waste by converting organic materials in the waste into gas to leave
behind a small amount of stable inorganic residue. The Incinerator bottom and fly ashes are a highly
dispersive powder form and their specific toxicity is higher than that of feed waste. It is recommended that
incineration ashes containing hazardous materials should be stabilized for safe handling and disposal.
Melting solidification is considered to be a prospective technology for stabilizing incineration ashes since it
has the advantage of improving the physicochemical properties of waste forms. Final waste forms should be
characterized to find out the fulfillment of the acceptance criteria at the disposal facility. Chemical durability
is known to be the most important factor in the assessment of waste form integrity.

In this study, two kinetic models for predicting the long-term leaching behavior of glassy waste forms,
which are fabricated from simulated radioactive incineration ash, are applied to fit the leach data. Model I
uses long-term leach test results while Model II uses short-term data for the calculation of the diffusion
coefficient and dissolution rate constant in the model equations. The leaching mechanisms of glass
components and surrogate nuclides are investigated using two semi-empirical equations.

EXPERIMENTALS
Fabrication of Glassy Waste Forms

Inorganic chemicals that simulate the composition of ash remaining after incineration of radioactive dry
solid wastes were mixed with the base glass material of which the composition is based on French R7T7
glass to treat high level radioactive waste. Their composition is shown in Table 1. Surrogate nuclides such as
Sr and Cs were mixed with ash to examine the leaching characteristics of the radioisotope elements.

A mixture of ash and base glass blended according to the mixing ratio was put into an alumina crucible
and melted at l,300°C for two and a half hours in an electric furnace. The melted waste glass was poured
into a stainless steel mould and then annealed at 550°C. The test specimen was prepared by cutting,
polishing, washing and drying the bulk glassy waste form.

Table 1. Chemical composition of simulated radioactive incineration ash and base glass material (wt%

Ash
Base Glass

A12O3

2.07
5.93

B2O3

0.14
16.94

CaO
43.22
4.88

Fe2O3

0.82
-

Li2O
-

2.39

MgO
3.71
-

K
0.
-

2O
88

SiO2

7.66
54.94

Na2O
1.74
11.9

TiO2

36.55
-

ZnO
1.82
3.02

Leaching Test Method
In this study, of the many types of leach test methods that are supposed to be suitable for the assessment of

chemical durability of solidified waste forms fabricated at high temperatures, the ISO leaching test was
applied to assess the long-term leaching behavior of glassy waste forms. A leaching test was conducted at
70°C for over 820 days in deionized distilled water as a leachant and the SA/V ratio was 0.1 cm"1.
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ANALYSIS OF LEACH DATA
The total amount leached can be obtained by solving the transport equations for a semi-infinite medium

with a uniform initial concentration of the mobile species under some postulations. Differentiation of the
solution with time yields the following Eq.(l) and (2), long-term prediction model I, each describing the
leach rate for a small kt and for a long time, respectively (1).

v 1/2 ,,-1/2 for small kt Eq.(l)

for large t Eq.(2)

Another useful expression was drawn from the concept that after initial wash-off the leach rate is
frequently proportional to the inverse square root of time, and then other phenomena such as the rate of
dissolution may control release. The resultant equation, long-term prediction model II, is shown in Eq.(3).
The early values of Rnt

1/2 equal (D/TI:)1/2, and thus the diffusion coefficient D can be calculated. Evaluation of
the variation of Rnt

I/2 with time will ultimately permit implicit estimation of f(bt) and thereby b, as well as the
dissolution rate constant k from the relationship b=k2/(4D) (2).

R, =
sc0 dt U J . .

The leaching mechanism of the components from glassy waste forms would be classified into wash-off,
diffusion, and dissolution at the interface. Two semi-empirical models, Eq.(3) and Eq.(4), were used to
analyze the dominant leaching mechanism of the waste forms (3, 4).

F{t) = kx (l - exp(-*20) + k/' + k4t Eq.(3)

z = l - » t f Eq.(4)

The slope obtained from the logarithmic plot of cumulative elemental release(Bt;i) vs. leach time is used to
interpret the leaching mechanism, that is, slope below 0.4 means the leaching is controlled by wash-off,
0.4-0.6 by diffusion, and above 0.6 by dissolution.

RESULTS AND DISCUSSION
The diffusion coefficients in both prediction models were calculated from the leach data between 7 and 14

days to avoid inclusion of the wash-off effect. The dissolution rate constant k was calculated from the long-
term leach data up to 820 days for model I, while parameter bt from short-term data for model II. The results
of the prediction of the long-term leaching behavior along with the experimental data are presented in Fig. 1
for silicon, a major glass constituent, and in Fig.2 for cesium. The prediction accuracies of model I were
over 97% for both the glass constituents (Si, B, Ca, Na) and surrogate nuclides, while those of model II lie
between 87.4 and 98.2%. Although the long-term leach behavior could be estimated with proper accuracy
by using two prediction models, model I resulted in better agreement with the real data than model II did
because real long-term leach data was used to calculate the k value in model I.

Fig. 1. Comparison of long-term leach behavior between the model calculation and experimental data for Si
0.036 |



P5-14

Fig.2. Comparison of long-term leach behavior between the model calculation and experimental data for Cs

The leaching mechanism obtained by analyzing the k values in Eq.(3) are shown in Table 2. For silicon, a
main glass network former, and sodium, one of the glass network modifiers, the dominant leaching
mechanism can be interpreted by diffusion and dissolution because the difference in the order of magnitude
of k3 and L} is not very large as shown in Table 2. When Eq.(4) was applied to assess the leaching
mechanism, the same result was drawn for Si, of which the slope lies between 0.55 and 0.61, while diffusion
was dominant for Na whose slope is in the range of 0.49 to 0.59. The leaching mechanism of Na changes
with leach time from diffusion to dissolution beyond about 500 days. The leaching of Sr and Cs was
controlled by diffusion and dissolution in both cases. The slopes of Sr and Cs lie between 0.49-0.62 and
0.55-0.6, respectively.

Table 2. Leaching mechanism of glass constituents and surrogate nuclides analyzed by using Eq.(3)

Element

Si

Na

Sr

Cs

Constant, k

k,
k2
k3
k4
ki
k2
k3
k4
k,
k2
k3
lQ
ki
k2
k3
k4

Ash Content, wt%
20 40 60 80

3.07E10-3 1.84E-3 -2.05E-2 2.50E-3
6.70E10-2 7.48E-2 1.88E-6 8.67E-2
3.42E10-13 2.19E-4 4.22E-4 2.74E-4
2.08E10-5 1.46E-5 1.28E-5 2.20E-5
2.40E10-3 2.30E-3 -2.81E-3 1.10E-4
6.17E10-2 5.52E-2 1.03E-2 1.86E+0
8.75E10-13 8.71E-13 4.22E-4 1.41E-4
1.34E10-5 1.30E-5 5.06E-7 6.62E-6
9.55E10-3 9.88E-3 4.85E-3 1.01E-2
3.98E10-2 3.31E-2 3.73E-2 3.64E-2
3.45E10-4 2.12E-4 1.49E-4 6.92E-13
4.71E10-5 3.02E-5 1.95E-5 2.87E-5
5.05E10-3 4.22E-3 1.25E-3 1.16E-3
8.65E10-2 7.56E-2 8.85E-2 7.91E-2
2.12E10-4 5.35E-4 3.37E-4 2.60E-4
4.53E10-5 2.74E-5 1.07E-5 9.16E-6

Dominant Leach Mechanism

Diffusion and Dissolution

Diffusion and Dissolution

Diffusion and Dissolution

Diffusion and Dissolution

CONCLUSION
The two prediction models could well estimate the experimental leach data with an accuracy of over 90%.

Because long-term experimental data were used to evaluate parameter k, prediction model I resulted in better
agreement with the experimental data than model II. Model II, however, is useful when a long-term leach
trend needs to be estimated when only very short-term leach data is available. Diffusion and dissolution
controlled the leaching of glass components and surrogates. The leaching mechanism of sodium was
changed from diffusion to dissolution since the overall leaching of the glass matrix itself is controlled by
dissolution as the leach time increases.
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Abstract

In order to characterize radioactive waste packages, equipments have been developed in the
CHICADE facility (Basic nuclear facility) which belong to the department of Radioactive Waste
Storage and Disposal of the CEA Fuel Directory. One of the most recent equipment is the
ALCESTE hot cell. This cell allows sampling extraction from large scale radioactive waste drums.
Sampling may be carried out in homogeneous or heterogeneous wastes packages by dry coring or
drilling techniques in hydraulic binder, concrete, bitumen or polymer materials.

Introduction

The Department of Radioactive Waste Storage and Disposal carries out studies on characterization
of waste packages. The department objectives are both to contribute to the knowledge and to the
check of waste drums performances at different stages, from production to storage and disposal.
This research is undertaken in the context of the widest studies carried out on the management of
high level and long lived radioactive waste (1). A law voted on December 30, 1991 by the French
Parliament charged the CEA with running a research program over fifteen years to provide
decision elements and alternatives to the radioactive waste management. To answer some of these
objectives, four research activity area are developed in the lab "Waste Expertise and
Characterization" wherein ALCESTE is layed out:

Research and development of non destructive methods to access directly to the physical and
radioactive characteristics : gamma ray spectroscopy (2,3), emission tomography (4), low and
high energy transmission tomography, and combined passive and active non destructive assay
system(5).

Research and development of destructive methods (6) to measure physical, chemical and
radioactive characteristics: measurement of radionuclides diffusion, radionuclides leaching, gas
emission, alpha and beta long-lived radionuclides, chemical composition and materials
characteristics,

Measurement of wastes drums performances using standard procedures application,
Development of specific characterization equipment in the BNF1 "CHICADE" to perform
measurements, process and manipulation of alpha and beta gamma active samples and drums.

' Basic Nuclear Faciliy
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One of most significant equipment is the shielded cell "ALCESTE " where samplings of large
volume waste packages can be performed.

The ALCESTE cell

This cell is devoted to sampling of full-scale packages of low and intermediate level waste
embedded in hydraulic binder, bitumen and polymer (7,8). These waste are classified as A or B
radioactive wastes according to the level of alpha activity and the level of beta long-lived activity .
The activity cut-out capacity of the cell reaches 7,4 1012 Bq (first group of radiotoxicity) and the
volume capacity of drums ranges over 200 liters to 2000 liters. The admissible mass of drums are
until ten tons (table 1).

Table 1 : Admissible packages

0 mm
H mm

Cl shell
1400
1300

C4shell
1100
1300

8701 drum
1150
1170

5001 drum
800
1100

2201 drum
600
900

The cell area and annex is about 80 m2 (fig. 1.)

INITIAL STATE

SECONDARY ACTIVE WASTE .EVACUATION
] J

INTEGRITY
RESTORATION

Figure 1 : ALCESTE device and sampling

The cell is mainly equipped with (i) a control corer, (ii) settling tanks to trap the coring powder,
(iii) a mobile circular support where drums are put. The corer tube is in stainless steel and the head
of the corer have diamonds or tungsten in ring. The available diameter of corers is 125 mm and 80
mm. To core bitumen drums, a specific equipment was designed to perform vertical or horizontal
drilling.

Application field of the cell process

1 - Quality check of conditioning process and radioactive content
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In order to check the quality of conditioning processes and radioactive content, several sampling
may be done by dry coring. This cell process is unique at the CEA and allows to obtain
representative cored samples. Lack of water avoids the radionuclide release and make possible the
measurements comparison of different characteristics before and after coring. Moreover, the
volume samples can reach one or two per cent of waste volume compared to a usual sampling
which is at least 10~3 per cent of the waste mass of the waste forms. The capacity to move
cylindrical drums in any position improve the vertical and horizontal coring at selected level
(fig.2.).

Figure 2: Vertical coring on 2m lying down concrete waste package

Large volume waste packages are often constituted by a concrete container and a metal or lead
screen which must be get through to extract the waste sample. Using the ALCESTE process, core
of each part of the drum are obtained: container, screen and embedded waste. Each part can be
examined (fig.3.) and the following measurements can be performed inside the cell: screen and
core size, dose rate, gamma scanning to evaluate activity distribution, core slicing.

Figure 3: Core and sliced core from radioactive waste package

A mobile test device of gamma scanning was evolved inside the cell. It is composed by a mobile
test where the core move synchronised with gamma detection so that the position of each
measurement is recorded simultaneously with the measurement data. An appropriate collimator is
located in the wall cell. Detector, computer and control are outside the cell.
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Then, cores are sliced to several sized samples (fig.3.) in order to study:
- physical characteristics like, porosity, permeability, mechanical strength, diffusion and

leaching of radionuclide,
- chemical and radioactive content by analysis after sample dissolution.

Sometimes, core can be measured using non destructive methods as density measurement
performed by tomography (4), and py activity by gamma spectroscopy (3).

2- Physical and radioactive content check of technological waste packages

The ALCESTE process has demonstrated the capacity to explore the solid waste content of a
concrete package irreversibly closed.
Sometimes, it becomes necessary to check the content of a large volume technological waste
packages. ALCESTE equipment was used to perform the inventory. Successive cores allowed to
form a plug which could be removed. The created aperture allowed to have access to technological
cemented wastes. One by one, each waste was removed from cement, with pneumatic drill by
remote manipulator. The drum was entirely emptied (fig. 4). Small quantity of secondary wastes
was produced. The concrete container was not damaged and the package could be restored , the
drum was filled up with the original wastes. Biological screen and new plug were put on the top of
the drum. The waste package restored could be evacuated out of the cell.

Figure 4: 2m3 concrete waste package emptied by ALCESTE process

Conclusion

The waste management and research carried out to comply with the french law 91, which
programs involve to work on real waste forms. Among the processes and equipment developed in
the fuel cycle Direction , a shielded cell, ALCESTE, in the BNF "CHICADE", allows sampling
extraction and inventory from large volume, low and intermediate level waste packages. Specific
equipment was performed to core or to drill materials as hydraulic binder, polymer, concrete, steel
or lead screen and bitumen drums. This cell is a fundamental tool for waste characterization.
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ABSTRACT

Gallium is present in surplus weapons-grade plutonium (WG-Pu) at a concentration of approximately 1 wt %.
Plans are to dispose of surplus WG-Pu by converting it to UO2-PuO2 mixed oxide (MOX) fuel and irradiating it
in commercial power reactors. However, the presence of high concentrations of gallium in plutonium poses a
potential corrosion problem during the process of MOX fuel irradiation. The batch experiments performed in this
study were designed to measure the capability of the PUREX solvent extraction process to separate gallium from
plutonium under idealized conditions. Radioactive tracing of the gallium with 72Ga enabled the accurate
measurement of low concentrations of extractable gallium. The experiments approximated the proposed
flowsheet for WG-Pu purification, except that only one stage was used for each process: extraction, scrubbing,
and stripping. The gallium decontamination factor (DF) obtained after one extraction stage was about 3 H 106.
After one scrub stage, all gallium measurements were less than the detection limit, which corresponded to
DFs>5H 106.

INTRODUCTION

The objective of the work was to measure, experimentally, the achievable decontamination of plutonium from
gallium by means of the PUREX solvent extraction process. Gallium may be present in surplus weapons-grade
plutonium (WG-Pu) at a concentration of approximately 1 wt %. Plans are to dispose of surplus WG-Pu .by
converting it to UO2-PuO2 mixed oxide (MOX) fuel and burning it in commercial power reactors. However, the
presence of high concentrations of gallium in plutonium poses a potential corrosion problem during the process
of MOX fuel irradiation.1"1

Accordingly, the fuel qualification specifications for MOX fuel are expected to specify a maximum
concentration of gallium, thus establishing a gallium removal, or decontamination factor" (DF), requirement for
the plutonium. The maximum concentration of gallium in the plutonium feed to MOX fuel fabrication has not
yet been determined; therefore, for the purposes of this study, a maximum concentration limit of 10 parts per
billion (ppb) of plutonium was conservatively estimated from available information from successful UO2 fuel
experience. With a limit of 10 ppb and a WG-Pu concentration of 1% (107 ppb), the DF required would be 106.

The achievable extent of decontamination of the WG-Pu from gallium has not been well established
experimentally. Expert opinions5 based on DFs measured for chemically similar elements indicate that the
gallium can be removed by a factor of 105by means of the PUREX solvent extraction process and another factor
of 10 by means of the oxalate precipitation/filtration process.

The batch experiments performed in this study were designed to measure the capability of the PUREX solvent
extraction process to separate gallium from plutonium under idealized conditions. Radioactive tracing of the
gallium with 72Ga enabled the accurate measurement of low concentrations of extractable gallium.

DISTRIBUTION BEHAVIOR OF GALLIUM

Very few data are available for the extractability of gallium in the PUREX system. In a review article, Orth,
Wallace, and Karraker state that gallium has a low distribution coefficient but that chloride complexing makes
gallium highly extractable in high-tributyl phosphate (TBP) and high-chloride concentrations.6 This latter
condition is not applicable to our intended use; therefore, extractability is expected to be low. Screening tests of
nearly all the elements in the periodic table (at tracer level), using a range of concentrations of HNO3 versus
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100% TBP, indicate distribution coefficients (K4 values) in the vicinity of 10~4 for gallium.7 Because of the law
of mass action, Kd values for gallium in the 30% TBP system would be expected to be much smaller, by more
than an order of magnitude.

Our references indicate that decontamination from gallium should present no unusual problem in PUREX
separations with reasonably pure systems (HNO3-TBP). However, gallium can be highly extractable into TBP in
other chemical environments, such as HC1. It is possible that impurities (such as chloride, fluoride, sulfate, and
chromate) might cause extractable species of gallium to be formed.

TEST PROCEDURE

The Oak Ridge National Laboratory facilities were ideally suited for the project. As shown in Fig. 1, the High
Flux Isotope Reactor (HFIR) is located adjacent to the Radiochemical Engineering Development Center
(REDC), where the tests were conducted.

* .'# s'
A

Fig. 1. The High Flux Isotope Reactor and Radiochemical Engineering
Development Center at Oak Ridge National Laboratory.

In addition, the REDC contains hot cells, alpha laboratories, and radioanalytical facilities in adjacent rooms, as
shown in Fig. 2, and these facilities are operated continuously, 24 h per day. Thus, the short-lived (14-h half-
life) radioisotope 72Ga could be prepared in the reactor, followed quickly by conducting the solvent extraction
tests in the REDC alpha lab, and again, quickly obtaining radioanalytical counting measurements.

A 2-mg sample of gallium metal was irradiated at 4 H 1014neutrons/(cm2 A s) for 20 min to generate the
required amount of 72Ga. The irradiated gallium was dissolved in 2.5 mL of 4.0 MHNO3 and combined with a
plutonium nitrate solution to produce 5.0 mL containing 200 mg plutonium and 2 mg of gallium in 4.0 MHNO3.
The 6 mL of organic solvent (30% TBP in normal paraffin hydrocarbons) was equilibrated with 0.5 MHNO3

prior to use.

After the feed solution had been sampled for analysis, the aqueous feed and the organic extract were combined
in a 15-mL centrifuge cone and agitated for 15 min on the shaker. The cone was removed from the shaker, and
the phases separated readily. After a few minutes, the aqueous phase was withdrawn from the bottom of the
cone with a Pasteur pipette and transferred to a separate sample bottle. Essentially all the gamma activity
followed the aqueous phase. The organic phase remaining in the centrifuge cone was then centrifuged for
2-3 min to separate any entrained aqueous material. A 4-mL sample of the organic was subsequently removed
and transferred to a sample bottle for counting the gallium gamma emission with the high-performance
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germanium detectors. Finally, a dilution sample of each phase was prepared for alpha counting and alpha
spectrometry.

After the extract sample had been counted for 1 h, the organic phase was transferred to a new centrifuge cone.
The residual organic left in the original cone that had been used for extraction was also carefully recovered and
combined with the organic from the sample to provide the feed to the scrub step. An acid scrub solution of
2.5 mL of 4 MHNO3 was added to the centrifuge cone and agitated on the shaker for 15 min. The separation of
phases, centrifuging, sampling, and counting were repeated for the organic extractant and aqueous scrub phases
in the same manner as previously described for the extraction step.

To avoid aqueous-phase carryover, approximately 0.1 mL of organic was left in the bottom of the centrifuge
cone when the organic was removed from the extraction cone and transferred as feed to the scrub step.
Similarly, following the scrub step, about 0.1 mL of organic was left during the transfer of organic from the
scrub cone to the strip step. These changes were designed to minimize entrainment of aqueous phase (high
gallium concentration) with the organic feed (very low gallium concentration) to the next step of the flowsheet.

To minimize external contamination of sample bottles from handling in the glove box, each sample bottle was
placed in an individual bag so that the glove-box gloves did not contact the sample bottle during sampling and
removal of the bottles. To further reduce cross-contamination, analytical personnel made a second transfer of the
organic samples to another clean sample bottle that was used for gamma counting.

TEST RESULTS

Results of the tests are summarized in Table I. The first-stage organic extract showed a DF of 3.6 H 106 that
provided a real value (although the error bar is rather large). The Kd for gallium in this chemical system is
approximately 3 H 10" . Both the scrubbed organic and the stripped aqueous plutonium product were below the
limit of detection, yielding DFs of >5 H 106. The increase in DF, as measured in the scrub and strip stages,

Table I. Gallium decontamination test results (extraction/scrub/strip)

Phase

Extraction
Aqueous feed
Organic feed
Organic extract
Aqueous raffinate

Scrub
Organic feed
Aqueous scrub
Scrubbed organic
Aqueous raffinate

Plutonium strip
Organic feed
Aqueous strip
Stripped organic
Aqueous plutonium
product

Volume
(mL)

5.00
5.00
5.2"
4.8°

5.0°'u

1.63
5.0u

1.7*

4.8b 'J

10.0
4.65"
10.1 b

HNO3

(M)

4.5 '
0.03b

0.6"
2.9 *•

0.6"
1.5
0.4b

2.2b

0.4"
e
0.08b

0.4b

Ga
(Bq/mL)

1.50x10'(±1.7%)
0

4.0 (±26%)
c

4.0 (±26%)
0

<2.3
8.8

<2.3
0

<0.4
<1.3

2.8 x 10-'

<0.51

5.15-MeV
peak (Bq/mL)

1.04x10°
0

9.3 x 10'
1.1 x10 '

9.3 x 10'
0

8.0x10'
2.1 x 10'

8.0 x 10'
0

1.75x10°
3.35 x 10'

Percentage of plutonium

Experimental

100

92
10

100

86
8

100

2
90

SEPHIS

100

93.3
6.7

100

93.8
6.2

100

1
99

GaDF"

3.6x10°

>6.4 x 10°

>5 x 10°

"Gallium DF compared with feed, normalized per unit plutonium. ,
"Values based on SEPHiS calculation from input streams. •
''Not measured.
"An estimated 0.2 mL of organic was lost to samples after the extraction step and after the scrub step.
"0.1 M HNO3-O.4 M HAN.

Source: E. D.Collins, D. O. Campbell, and L. K. Felker, "Measurement of Achievable Plutonium Decontamination from Gallium By
Means of Purex Solvent Extraction," ORNL/TM-1999/312, January 2000.
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implies that even larger DFs are possible, as far as fundamental chemical considerations are concerned.
Therefore, the limiting factor in practice will depend on engineering design and operational aspects of the
facility.

CONCLUSIONS

The results of this study showed no inherent or fundamental problem with regard to removing gallium from
plutonium. Therefore, the purification obtained in practice will be limited primarily by operational procedures
and equipment design. Close attention to operational detail and good system design should enable a conservative
10-ppb gallium limit to be met.

Information obtained from literature references indicates that the presence of other impurities, such as chloride,
may degrade the achievable decontamination of plutonium from gallium. Thus, the effects of various
concentrations of chloride and other potential impurities on the achievable DF from gallium many need to be
established in experiments similar to those conducted in this study. Additional studies to determine the effects of
chloride and other impurities on gallium DFs would be useful.
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CALCULATIONS IN RADIATION CHARACTERISTICS OF FRESH AND
SPENT SA WITH URANIUM FUEL AND FUEL ON THE BASIS OF

WEAPONS-GRADE AND CIVIL PLUTONIUM
OF VVER-1000 REACTOR

A.G. Kalashnikov, V.I. Levanov, G.N. Mantourov, A.G. Khokhlov,
G.N. Khokhlov, A.G. Tsikounov,

W. Thomas, U. Hesse,
M.B. Emmett

ABSTRACT

The assumed utilization in VVER-1000 reactors of MOX-fuel on the basis of weapons-
grade plutonium requires the studies on estimation of radiation situation when handling SA with
both fresh and spent fuel. The purpose of there studies is to estimate, on the basis of comparison of
three fuel types (weapons-grade and reactor plutonium, as well as traditional uranium fuel), the
necessity for changes in design of transport packing containers and protection of the transport-
technological path in the case of using MOX-fuel.

This work presents the basic results of test tasks calculations, reflecting major features of
fuel, SA and container geometry (1). The calculations were performed by specialists of Russia,
Germany (2) and USA (3). The major task was a comparison of possibilities of different methods
and software used in estimation of fresh and spent fuel radiation parameters, including neutron- and
gamma radiation sources intensities and equivalent dose rates due to this radiation.

The calculation results were used for preliminary assessments of the suitability of used
presently transport containers and shielding of NPP transport-technological system in the case of
changing to MOX-fuel based on weapons-grade plutonium

RADIATION CHARACTERISTICS OF FRESH FUEL

SA test models for VVER-1000 reactor with three fuel types were considered: uranium
dioxide (4.4% enrichment by U-235) and MOX-fuel on the basis of weapons-grade and power
plutonium (4.2 and 6.1% enrichment by plutonium, correspondingly). Transport container for fresh
SA is a steel tube 0.8 cm in thickness surrounded by rubber (7 cm) with steel lining (0.6 cm). It was
assumed that the fuel was held during 365 days after manufacturing.

Table 1 shows major calculation tools used by the authors.

TABLE 1. Codes and cross-section libraries used in calculations

Calculation of sources
Calculation of dose rates

Russia
CARE

DOT-3.5
(25 G + 26 N)

Germany
OREST-96

ANISN + SURF
(42 G + 175 N)

USA
ORIGEN-ARP

SAS2 (SCALE 4.3R)
(18G + 27N)

Calculation assessments of fuel radiation parameters indicated a strong dependence of
results on calculation methods, approximations and constants used. This dependence takes effect
even at the stage of radiation source calculation.

The calculation results are presented in table 2.

TABLE 2. Fresh fuel
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SA
Russia Germany USA

SA in the cask
Russia Germany USA

uo2
Neutron source, 1/s
Gamma source, 1/s

5840
1.00E+10

6510
1.49E+10

5730
3.59E+9

5840
1.00E+10

6510
1.49E+10

5730
3.59E+9

Neutron and y-components in dose rate on surface, mkSv/h
Neutron radiation
Gamma radiation

0.43
34.8

0.65
39.6

0.97
3.7

7.6E-02
5.4

0.1
6

8.0E-02
8.2E-02

Dose rates at different distances from surface, mkSv/h
0 cm
50 cm
100 cm
200 cm

35.2
4.9
2.4
1.0

40.2
5.2
2.6
1.1

4.7 5.5
1.4

7.6E-01
3.4E-01

6.1
1.4
0.8
0.4

0.2
3.9E-02
2.2E-02
9.85E-03

MOX-W
Neutron source, 1/s
Gamma source, 1/s

2.03E+6
3.71E+12

1.82E+6
3.55E+12

2.1E+6
1.53E+12

2.03E+6
3.71E+12

1.82E+6
3.55E+12

2.1E+6
1.53E+12

Neutron and y-components in dose rate on surface, mkSv/h
Neutron radiation
Gamma radiation

132
130

221
173

427
430

24.2
18.6

39
17.3

29.4
10.6

Dose rates at different distances from surface, mkSv/h
0 cm
50 cm
100 cm
200 cm

262
37

18.5
7.6

394.3
55.7
28.1
11.3

856.5 42.8
10.3
5.6
2.5

56.3
13.3
7.5
3.4

39.6
9.4
5.2
2.4

MOX-R
Neutron source, 1/s
Gamma source, 1/s

1.86E+07
1.05E+14

1.70E+07
8.76E+13

1.9E+07
3.4E+13

1.86E+07
1.05E+14

1.70E+07
8.76E+13

1.9E+07
3.4E+13

Neutron and y-components in dose rate on surface, mkSv/h
Neutron radiation
Gamma radiation

1280
340

2082
2971

3859
9413

227
28

354
72

264
33

Dose rates at different distances from surface, mkSv/h
0 cm
50 cm
100 cm
200 cm

1620
241
121
50

5053
738
378
166

13272 255
60
32
14

427
100
56
26

296
70
38
17

Neutrons of spontaneous fission and neutrons of (a,n)-reaction on oxygen were taken into
account in neutron source calculations. Gamma-radiation sources are formed through capture
radiation, y-radiation of actinides and X-ray (braking) radiation.

Differences in estimations of neutron source rates don't exceed -15%.
Maximum differences are observed in the values of gamma-source intensities (up to ~4

times for uranium fuel, 2.4 times for MOX-W and 3 times for MOX-R - fuel). Evidently
underestimated values were obtained in USA calculations, since they don't take into account the
gamma-radiation of 238U - 234mPa and 234Pa decay products. Therefore, a gamma component of the
dose rate from uranium fuel was also underestimated.

The explanation of some differences in gamma-source intensities obtained by Russian and
Germany specialist droups requires an additional analysis.

It is seen from table 2 data that differences in values of equivalent dose rates caused by
gamma-radiation are not always directly proportional to differences in the source intensities.

At the same time, it is difficult to explain an essentially higher value of neutron dose rate on
SA surface, obtained in the USA calculations, as compared with other authors (for practically the
same neutron sources). The neutron dose rate values on container surface (for the same sources)
practically coincide.
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RADIATION CHARACTERISTICS OF SPENT FUEL

The burn-up reached for all fuel types is 60 GW-d/t h.a. Parameters of fuel kept during 3
years after irradiation were considered.

Spent SA transport is carried out in transport containers, having a steel shield 34 cm in
thickness, surrounded by antifreeze layer (12.5 cm) as a neutron shielding. The container capacity is
12 SA.

Calculation results for radiation source intensities and equivalent dose rates on surface of
container with spent fuel and near it are presented in table 3.

TABLE 3. Spent fuel (12 SA in a cask)
Russia Germany USA

UO2

Neutron source, 1/s
Gamma source, 1/s

9.40E+09
1.02E+17

1.00E+10
2.34E+17

1.27E+10

Neutron and y-components in dose rate on surface, mkSv/h
Neutron radiation
Gamma radiation

48
284

160
573

56
335

Dose rates at different distances from surface, mkSv/h
0 cm
50 cm
100 cm
200 cm

332
177
114
60

733
403
282
158

391
219
150
82

MOX-W
Neutron source, 1/s
Gamma source, 1/s

2.87E+10
1.21E+17

2.40E+10
2.49E+17

3.66E+10

Neutron and y-components in dose rate on surface, mkSv/h
Neutron radiation
Gamma radiation

150
790

393
1211

150
690

Dose rates at different distances from surface, mkSv/h
0 cm
50 cm
100 cm
200 cm

940
495
326
164

1604
882
613
338

840
460
310
163

MOX-R
Neutron source, 1/s
Gamma source, 1/s

1.04E+11
1.16E+17

7.79E+10
2.50E+17

1.13E+11

Neutron and y-components in dose rate on surface, mkSv/h
Neutron radiation
Gamma radiation

544
2800

1370
3776

565
2241

Dose rates at different distances from surface, mkSv/h
0 cm
50 cm
100 cm
200 cm

3344
1756
1151
576

5146
2831
1957
1069

2806
1512
1010
516

As follows from the data presented, the estimations of neutron source intensities by different
authors are close. The difference (~2 times) in estimation of gamma-source power rates by Russian
and German specialists can be explained by that in the Russian calculations low-energy braking
radiation due to beta-decay of fission products, which has no effect on dose rate, was not taken into
account.
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Estimations of dose rates, obtained by Russian and American specialists practically coincide
for all fuel types. The data presented by the Germany side are almost 2 times higher. To explain
this, additional analysis and comparison of the constants used are neccessary.

CONCLUSION

The studies performed have shown that estimations of neutron source intensities for both
fresh and spent fuel by different specialist groups are close. The differences revealed in estimation
of gamma-source additional analysis.

In estimation of dose rate for fresh uranium fuel, the best agreement is observed in the results
of Russian and German specialists; for MOX-fuel the results of the Germany group are higher, in
particular for power plutonium.

The results obtained by Russian and American specialists for spent fuel are practically
identical. The German results are two times higher, which requires additional analysis of all results
and checking a correctness of using initial data.
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SUMMARY

One of the objectives of the French-Russian studies conducted from 1993 to 1996 under the
AÏDA-MOX 1 program was to define a reference process for converting the weapon-grade
plutonium excess (designated W-Pu) into plutonium dioxide for further use as MOX fuel in existing
nuclear reactors. Among the different selected options, one is performed in molten alkali chlorides
bath at high temperature. Several laboratory-scale tests have permitted to demonstrate the
feasibility of this conversion in this medium. The main results described in this paper -conversion
yield, plutonium purification beside gallium, americium and other impurities, - tend to confirm that
pyrochemical processes could offer potential interests if however the plutonium oxide sinterability
is proved in next tests.

INTRODUCTION

The end of the cold war has created a weapon-grade plutonium excess in the former Soviet
Union which could be use as MOX fuel for commercial power production. In this perspective the
French and Russian governments signed on November 12, 1992 an agreement and led a R&D
program -entitled AÏDA-MOX 1- from 1993 to 1996. One of the topics was the study of the
conversion of alloyed plutonium into dioxide form suitable for MOX fuel fabrication. Several
processes are available for this conversion : the aqueous ones, the hydride-dehydride/oxidation and
pyrochemical processes. The potentialities of these latter -especially (electro)chemistry in molten
salts- have been jointly investigated by the Russian Research Institute of the Atomic Reactors
(RIAR) and the French Atomic Energy Commission (CEA) in the ATALANTE Laboratory in
France.

The starting material is an alloyed plutonium having up to 4 wt. % of gallium and some 241Am
amounts coming from the 241Pu decay. The pyrochemical process involves two steps which are
performed in molten chlorides : plutonium alloy dissolution and plutonium dioxide precipitation.
Equimolar NaCl-KCl medium has been selected because it allows the best efficiency during the
second step. As shown on figure 1, two possibilities exist to dissolve the Ga-Pu alloy : it can be
achieved either by anodic dissolution or by chemical reagent (chlorine).
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Molten NaCl-KCl Pu-Ga alloy

Anodic dissolution
GaCI3

volatilization Chemical dissolution

PuO2 precipitation
Spent salts

with
americium

PuO2 powder to further
treatments for pellet fabrication

Figure 1. Possible options for the pyrochemical conversion of Ga-Pu into PuC>2.

Only the second option has been tested in our laboratory. In that case, plutonium alloy is loaded
into the molten bath under a chlorine stream. The alloy chlorination produces Pu(IV) by
autocatalysis :

PuCl3 +
 lA Cl2 => PuCl4

3 PuCl4 + Pu => 4 PuCl3

Initial Pu(III) results from alloy corrosion in molten bath :

Pu + 3 MeCl => PuCl3 + 3 Met where Me = Na or K

Gallium is oxidised up to Ga(III) and released from the bath by GaCl3 volatilisation :

Ga + 2 PuCL, => GaCl2 + 2 PuCl3

GaCl2 + Vi Cl2 => GaCl31

After the complete gallium removal, an oxygen bubbling precipitates the plutonium dioxide while
americium remains in the molten bath.

DEMONSTRATION TESTS

Plutonium alloy dissolution by chlorination
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All the experiments take place in glovebox inside a quartz vessel. The molten bath -about
85g of equimolar NaCl-KCl mixture- is contained in a pyrographite crucible. An off-gas treatment
allows to trap the gallium trichloride in a water cooler and to absorb the chlorine excess into sodium
carbonate solutions.

Firstly the salts are fused under a chlorine stream (2.5 1/h) up to 720°C. After the fusion, the
plutonium alloy is loaded into the crucible thanks to a quartz introduction tube and goes down to
the crucible bottom. The alloy dissolution is then controlled by measuring the potential between the
crucible and a reference electrode.

For the demonstration tests the alloy loading represented about 17.5 g to 26.5 g. Chlorine flow
rates were 5, 7.5 and 10 1/h and dissolutions lasted from 50 up to 90 min. Chlorination was
generally carried on 40 to 60 min longer for complete gallium removing.

Plutonium dioxide precipitation

After the dissolution step, pure oxygen is added (5 1/h) to precipitate plutonium dioxide from
molten salts. Plutonium precipitation is controlled by measuring the decreasing potential between a
oxygen-specific electrode and the reference electrode.

Precipitations lasted for 120 min. Additional thirty minutes under an argon stream allowed a
complete settling of the powder.

Then the vessel is cooled down to room temperature. PuC>2 powder is removed from the saline
block using a hammer, washed with 0.1 M nitric acid and then water and dried.

RESULTS AND DISCUSSION

PuC>2 powder is weighted to determinate the plutonium conversion yield. Sampling is also
performed to undergo the chemical and radiochemical analysis (ICP/MS for Ga, ionic
chromatography for Cl & F, and a-counting for Am). The main results are given in tables I, II &
III.

After each precipitation we observe plutonium dioxide deposits on all the quartz devices which are
in the molten bath (thermocouple, electrodes ...). It gives lower conversion yields than expected
(table I).
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Table I : Weapon-grade plutonium conversion yields in wt. %.

Run

1
2
3
4
5
6
7
8

Pu alloy weight
(R)
17.51
17.48
17.59
17.48
26.49
26.44
26.26
26.58

W-Pu conversion yield

81.4
70.2
68.6
75.0
69.0
72.2
86.4
78.7

Table II : Gallium and Americium contents in PuC>2 powder in wt. ppm.

Run
1
2
3
4
5
6
7
8

Gallium (1)
16.5 ±1.0
26.3 ±1.6
29.2 ± 1.6
34.0 ±2.0
74.6 ± 4.4
46.1 ±2.8
19.8 ±1.1
22.5 ± 1.3

Americium (2)
42.5 ±5.1
60.7+10.7
34.8 ±2.85
89.7 ±10.8
56.0+ 10.6
53.4 ±6.3
46.3 ± 7.6
58.5 + 9.9

(1) :ICP/MS,
(2) :a-counting.

Table III : Main impurities in PuC^ powder in wt. ppm.

Element
carbon

chlorine (3)
fluorine (3)

Concentration
1250

41 ±4
33 ±3

(3) ionic chromatography.
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This deposit is removed after each precipitation step by scratching. A complementary treatment
(dissolution of the deposit by chlorine and precipitation by oxygen) allows to reach a global
conversion yield of 95 wt. %.

We notice that gallium and americium contents in the final product (table II) are greatly lower than
these required by the specifications of the future industrial installation TOMOX which are
respectively 100 wt. ppm for gallium and 1 wt. % for americium.

An aqueous treatment of the final powder with dilute nitric acid is easily workable and gives an
effective chlorine removal.

CONCLUSION

The feasibility demonstration of a pyrochemical conversion of the weapon-grade plutonium
into PuO2 has been successfully achieved at the laboratory-scale. Such separation processes in
molten salts are sufficient for plutonium purification from gallium. However this process has not
been adopted as the reference process by the French-Russian Technological Committee of the
AÏDA-MOX 1 program. First the powder sinterability must be proved and then an improved
solution for waste treatment must be found (spent salts and other off-gases).
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ABSTRACT
It is demonstrated a possibility to create long-term radiation barrier in MOX-fuel.

Achievable protection levels and conditions for its creation are evaluated.

INTRODUCTION
Presently, one of the main issues for resolving non-proliferation problem is to

make nuclear materials unaccessible for any potential unauthorized actions. It
concerns, in the first turn, the materials containing plutonium and highly enriched
uranium. In addition to exterior physical protection, it is important to give self-
protection ability to these materials. According to acting regulatory documents [1],
irradiated nuclear materials containing plutonium or highly enriched uranium are
regarded as materials with the lowest attractiveness for diversion. So, creation of
inherent radiation barriers in high-attractive nuclear materials is a promising way to
enhance non-proliferation safeguards.

Fresh fuel assemblies (FA) of LWRs containing MOX-fuel are regarded as
products of the highest attractiveness, and they require appropriate protective
measures. Availability of inherent radiation barrier in these FA would promote more
active implementation of this promising fuel type into the world's nuclear power.

TASK DEFINITION
An approach proposed in [2] to creation of long-term protective radiation

barrier in MOX-fuel implies admixture of small 232U quantity to fuel during
fabrication process and short-term irradiation of manufactured FA in blanket of
accelerator-driven system (ADS) for accumulation of fission products (FP) - emitters
of hardy-radiation. After 90-days irradiation of FA containing MOX-fuel with 0.01%
939

U at power level of 2.8 MW, rate of exposure dose (RED) at 1 m distance from FA
exceeds 100 rem/h for 25 years. This radiation barrier is higher than radiation
background of fresh FA by several hundred times.

It should be noted that protective radiation barrier is mainly created by y-
emission of FP contained in peripheral fuel rods due to strong attenuation of radiation
emitted by internal rows of fuel rods. Relative contributions of fuel rod rows to RED
for FA irradiated in power LWR are presented in Table 1.

1
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Contribution of fuel rod rows to total RED of FA

Table 1.

Number of row

Contribution to RED, %

1-3

0.6

4

0.8

5

2.4

6

4.4

7

10.2

8

23.0

9

58.6

It can be seen that the last row of fuel rods gives more than 50%-contribution to total
RED. Therefore, when defining conditions for FA irradiation in ADS blanket, it is
expedient to concentrate y-emitters at FA periphery, i.e. FP should be mainly built-up
in peripheral fuel rods. Then, having kept RED at approximately the same level,
power generated by FA may be substantially reduced, and, by this, requirements to
current in accelerator beam may be relaxed.

MODEL FOR NUMERICAL STUDIES
ADS blanket represents a light-water pool where FA with MOX-fuel are

placed for irradiation. Heavy water is used as an internal coolant and moderator of
FA. Effect of increasing the FA lattice pitch was investigated. When pitch of FA
lattice increases, neutron spectrum in FA peripheral region is softened, and FP
accumulation there is uprated. Additional factor enhancing the effect is an application
of different coolants inside and outside of FA. Light water is rather more effective
moderator than heavy water. Therefore, combination of D2O(inside)/H2O(outside) is
able to enhance spectrum softening effect at FA periphery when pitch of FA lattice is
increased.

Spatial distributions of FP accumulation in FA and RED values from irradiated
FA have been calculated for FA polycell with application of computer code SCALE
4.3 [3].

RESULTS OF CALCULATIONS
The calculations of FP distribution in fuel rod rows for different pitches of FA

lattice have demonstrated that maximal value of FP content ratio "periphery/center"
was about 9 and achieved for inter-FA gap equalled to 9 cm. So, increasing the inter-
FA gap from 0.2 cm (power LWR) to 9 cm makes it possible to shift FP
accumulation significantly towards FA periphery.

FP re-distribution effect leads to similar re-distribution of power generation
field in FA. Total FA power reduces because of drastical reduction in central part
contribution. As a consequence, the same value of specific heat generation of
peripheral fuel rods can be achieved with less power of ADS blanket, i.e. with less
current of accelerator beam. Meanwhile, RED from irradiated FA will be changed
insignificantly because of dominant contribution of peripheral fuel rods to dose value.

It should be noted that FP re-distribution effect towards FA periphery in
extended lattice of MOX FA is higher than that for uranium FA. It is explained by



P6-05

fission resonance of Pu near to 0.3 eV. Correspondingly, under the same power and
the same inter-FA gap, RED from irradiated MOX FA is higher than that from
uranium FA. Maximal FP content ratios "periphery/center" are equal to 6.5 and 8.9
for uranium FA and MOX FA, respectively. In two years after irradiation, RED at 1
m distance from irradiated uranium FA was about 250 rem/h, that is about half of
RED from irradiated MOX FA.

The following results have been obtained under adopted limitations (specific
heat generation - 110 kW/1, as in power LWR; irradiation time - 95 days):
1. "Tight" lattice of MOX FA: FA power - 19 MW; RED at 1 m distance in two years
- 740 rem/h.
2. "Extended"lattice of MOX FA (inter-FA gap - 9 cm): FA power - 7.5 MW (lower
by a factor of 2.5); RED at 1 m distance in two years - 500 rem/h (32% less).

The RED value decreased by 32% may be restored to previous value by
proportional increase of FA irradiation time. Time dependence of RED from MOX
FA irradiated in ADS with "extended" lattice is presented in Fig. 1.
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Fig.l. Time dependence of RED at 1 m distance from MOX FA irradiated in ADS
with "extended" lattice.

It can be seen that during initial two years after irradiation, RED value exceeds
level of 500 rem/h adopted now as a sufficient level for self-protection of nuclear
materials [4]. Admixture of insignificant U quantity into MOX-fuel at fabrication

3
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stage makes it possible to achieve substantial prolongation of self-protection period.
For example, admixture of 0.07% 232U prolongs the term of radiation barrier up to 40
years.

CONCLUSION
Performed evaluations on possibility to create inherent protective radiation

barrier in FA with MOX-fuel by short-term irradiation in ADS blanket allowed to
make the following conclusions:

1. Increase of lattice pitch and application of coolants with different moderating
ability inside and outside of FA lead to re-distribution of FP accumulation towards
FA periphery. The FP re-distribution effect appears to be more strongly pronounced
in MOX FA than that in uranium FA.
2. The FP re-distribution effect towards FA periphery insignificantly reduces RED
value from irradiated FA but drastically reduces its power, thus relaxing requirements
to accelerator parameters.
3. After short-term irradiation of MOX FA in ADS blanket with "extended" lattice,
RED from irradiated FA exceeds adopted level of self-protectability in two years. If
insignificant quantity of 232U is admixed to MOX-fuel at fabrication stage, the self-
protectability period can be prolonged up to 40 years and over.
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Summary

During last years the problem of commercial MOX fuel fabrication for nuclear reactors in Russia was solved in
a number of directions.
The paper deals with the solution of the problem of creating a continuous pilot plant for the production of MOX fuel
powders on the basis of the home technology 'Granat', that was tested before on a small-scale pilot-commercial batch-
operated plant of the same name and confirmed good results.

Introduction

For a period of 20 years a hard work has been done in our country on creating a technology of MOX fuel
fabrication. During this period of time investigations have been carried out in different scientific institutions on the
production of powders, based on a mixture of uranium and plutonium oxides. There were two trends of investigations:
the fabrication of mixed fuel on the basis of a chemical mixture of (U,Pu)O2 and a mechanical mixture of (UO2+PuO2).
Since the first trend is more attractive from the point of view of the further reprocessing of the spent mixed fuel owing
to the more complete dissolving of homogeneous (U,Pu)O2 solution in comparison with a mechanical mixture, therefore
a number of liquid phase methods of fuel material production was developed: a sol-gel process, a carbonate
coprecipitaion process (similar to AUPUC process of Alkem company), a pyrometallurgical process, based on
production of mixed oxide powders in the melt of salts, a plasma - chemical process and others [1].

By making use of the experience of European countries in the development of MOX fuel fabrication for power
reactors a certain progress was achieved also in the investigations of the second trend, related to working out
mechanical mixing of ready powders of individual uranium and plutonium oxides.

To speed up the solution of this problem for Russia we could use the technology, equipment and experience of
leading western companies for the creation of commercial MOX fuel fabrication from power and weapon's grade
plutonium and could spend a considerable amount of credit funds , which Russia is short of anyway.

It is more practically by using Russian scientific and industrial potential for the implementation our own
national technology and the equipment for it to work out our own method of MOX fuel commercial fabrication, more
suitable for Russian conditions and fissile material management equally well as recently we have solved nuclear-
military and nuclear-power problems of the atomic industry in our country very efficiently and without any assistance.

In this case it is necessary to choose such a basic
technology of the powder production for MOX fuel
from the store of technological developments, in order
to make the future commercial fabrication absolutely
safe, very simple, efficient and reliable, but to
minimize the expenses. A 'Granat' method, called so
by the name of the pilot-commercial plant in
'MAYAK' IA, has great advantages over other
methods [4]. Successful technological tests of'Granat'
plant and positive results of reactor tests of fuel
elements, produced at 'Paket' plant [2,3] from
powders, obtained during these tests,

Fig.l. Appearance of granules after liquid granulation

and preliminary sketch studies of the future chemical equipment decided in its favour.
The use of HMC of the type of water-soluble polymers in the atomic industry is well known. Already at early

stages of the atomic industry development starch and gelatin [6] were used as flocculants for sedimentation of
suspensions. As a rule, doses of flocculants, used for increasing sedimentation rates, while separating suspensions from
solutions, are very small, from several units to hundreds of milligrams per liter, the flocculant, used in the given
technology, is supplied into the solution in macro concentrations (1,5-4 g/1 depending on the flocculation conditions).
Under certain hydrodynamic conditions in the reaction zone and HMC batching parameters formless floccules are
produced at first from uranium and plutonium hydroxides, obtained during coprecipitation in the liquid medium,



afterwards these floccules are transformed into round more strong formations - granules. Then these granules are
separated from mother liquors, dried and calcinated. A synthetic HMC, polyacrylamide (PAA) [4], used in 'Granat'
method, acts as an adsorbent and is a product of acrylamide polymerization in aqueous solutions. The polymer has the
following chemical formula:

...CH2-CH-CH2-CH...

I I
CONH2 CONH2

The molecular mass of PAA is appr. 106-107, kinematic viscosity of 0,1 % solution at pH =7-8 is not less
than 1,7» 10"6 M2/S. Hydrolized PAA is an anionic polyelectrolyte, that has rather strong flocculating properties especially
as regards to hydroxides. Wetting ability of hydroxide surfaces, the availability of functional OH-groups and a charge
[6] contribute to this. The mechanism of the adsorbing action of polyelectrolytes is rather complicated and at present its
study is still in progress. However the following features of this process shall be noted: to make the flocculation
efficient it is necessary to combine a number of actions such as the selection of a flocculant dose, a rate of its feeding
into hydroxide suspension, an electrolyte concentration (pH of medium) and hydrodynamic conditions.

'Granat' technological method was realized in a batch-operated equipment. At the stage of pilot-commercial
tests in 'Mayak' IA its value was proved by the set task, i.e. to demonstrate the efficiency of the method on real
solutions, to produce several kilograms of powders, to fabricate fuel elements for the further reactor tests. This task was
fulfilled completely, the equipment, developed for 'Granat' plant, ensured the successful performance of tests, but it
was impossible to realize a transition to a large-scale plant with a batch-operated equipment and a small working
volume. Conceptual designing a semicommercial plant based on a batch-operated equipment of the larger volume has
shown also, that new continuos equipment is needed. The work on the development of the equipment for continuos
production of mixed powders was started and are now in progress at the financial support of Europian Community
within the frames of ISTC project. A rig continuous plant for the production of granulated powders of MOX fuel ,
developed within frames of the project, was called conditionally 'Granat-M'. The block-diagram of the plant is given in
fig.2.
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Fig.2. Block-diagram of the continuous production of MOX fuel powders

There are following main operations: the preparation of a mixed uranium-plutonium nitrate solution with
heavy metal concentration 100 g/1, the granulation, that includes a one-staged coprecipitation of uranium and plutonium
hydroxides by a concentrated ammonia solution, the flocculation by 6% solution of polyacrylamide (PAA), the
formation and strengthening of granules in a compressed granulate layer, the separation of granules from the mother
liquor, drying by the hot air at 100 ° C, the calcination in the air and sizing through a vibrosieve [2]. The used cascade
arrangement of the apparatus permits to carry out in succession the operations of converting a suspension of uranium
and plutonium hydroxides into a calcinated powder, the product transferrence between the equipment being minimized.
Along the way of the product movement continuous pulsed equipment is placed at first at liquid process stages, which is

followed by the vibration equipment, that converts the granulate into powder with set characteristics related to
sizes of agglomerates, bulk density, fluidity etc.

The size of granules of the final powder is determined to a great extent during the first operation of
coprecipitation-liquid granulation. The grain size of initial flocculas depends on the ratio of such parameters as



volumetric rate of the flocculant feeding and the intensity of mixing in the reaction zone. The greater the flocculant
feeding rate and the less the intensity of mixing, the greater sizes of granules. While creating 'Granat-M' plant a
horizontal column with a pneumatic pulsed mixing system (PPMS) is developed for carrying out coprecipitation and
granulation processes. A vortex mode of mixing is realized in the reaction zone of this apparatus. The appearance of the
column apparatus reaction zone and a profile of rates across it are given in fig.3. The next operation of shaping and
strengthening of granules is carried out in a flat apparatus with a pulsed mixing system in a compressed layer. Granules
become round, less in size due to compacting of adsorbed particles of hydroxide.

Fig.3. Appearance of the reaction zone of the horizontal column apparatus (a)
and the profile of liquid flow rates (b)

Round strengthened granules go then by gravity flow to the operation of the separation of granules from mother liquor
on a vibrating screen surface. Because of the difference in granule sizes they move over this surface with different rates,
therefore while moving the granules produce agglomerates and as if they loose their individuality during transportation.
Under the action of transporting vibration oscillations (frequency 50 Hz) these agglomerates move towards the hot air,
loozing up to 50% of moisture , and enter a calcination furnace, where an organic component, introduced by
polyacrylamid at the flocculation stage, is burnt out. The sizing process, when under the action of the vertical vibration
the powder presses the obtained powder through the screen with the cell size 700 um, is a final operation. This process
differs from that of size decrease by the fact, that the fractional composition of the powder is determined, first of all, by
pressing agglomerates through a vibrating profiling hole, but not by rubbing agglomerates against each other and
against the equipment walls. The difference of these processes is illustrated in fig.4. The parameters of the obtained
powder are given in table 1.
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The analysis of these date shows, that powders, obtained during a continuos process have the better and more stable
characteristics as compared with those, obtained on a batch-operated equipment

Table I. Parameters of powder quality

1.

2

3

4

Parameter
Bulk density of powder :

• without shaking
• with shaking

Fluidity of powder through a hole
6 mm in diameter

An average size of powder agglomerates

Fractional composition of powder
+350
+212
+150
+ 90
+53
+38
-38

Dimension

g/cm3

r/c

jiin

% mas

Value

2,89
3,52

4,0-6.0
387

61,7
13,4
6,4

10,5
5,5
1,5
1.0

Conclution

The process of ammoniac coprecipitation of uranium and plutonium in the presence of HMC is
considered to be rather efficient and promising for MOX fuel fabrication. The known advantages of the "Granat"
process, namely:
• a high extent of homogenization of fuel components;
• a high quality of the obtained powder;
• no dust forming ;
• the possibility to carry out the process continuously, hence it is more simple to keep stability of all parameters of

the process;
• a high extent of solubility of the spent fuel during reprocessing;
allow to state, that it is rather promising for commercial fabrication of the mixed fuel in Russia. The development of
continuous equipment for its implementation removes obstacles from its introduction into home nuclear industry. We
have every reason to state, that its realization will be more profitable economically, than the other competing methods.

At present the work on the continuous pilot plant "Granat-M" for powder production is at a stage of
manufacturing and installation of the equipment on the investigation rig in SSC RF VNIINM. Simultaneously with the
creation of the plant the investigations are carried out on specifying parameters of separate stages of the process,
elements of the equipment and instrumentation and automatization devices. However, despite the fact, that the work is
still in progress, the preliminary findings of the continuous process investigations allow to hope, that such continuous
process of ammoniac coprecipitation of uranium and plutonium in the presence of HMC will meet the requirements in
ceramic grade powders of high quality for the manufacturing of fuel elements for power reactors, thus providing both
the utilization of power plutonium and the conversion of weapon's grade plutonium into a peaceful generation of the
electric power.
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Parameters of MOX fuel with various plutonium contents are considered from the point of view of necessity of their
control for quality assurance. Destructive and nondestructive methods used for this purpose in the Russia are described:
controlled potential coulometry for determination of uranium or/and plutonium contents, their ratio and oxygen factor;
mass spectrometry for determination of uranium and plutonium isotopic composition; chemical spectral emission
method for determination of contents of "metal" impurities, boron and silicon, and methods of determination of gas
forming impurities. Capabilities of nondestructive gamma-ray spectrometry techniques are considered in detail and
results of their use at measurement of uranium and plutonium isotopic composition in initial dioxides, at determination
of contents of uranium and plutonium, and uniformity of their distribution in MOX powder and pellets. The necessity
of correction of algorithm of the MGA program is shown for using the program at analyses of gamma-ray spectra of
MOX with low contents of low burnup plutonium.

At present in Russia the large attention is given to developing new kinds of mixed uranium -
plutonium oxide fuel (MOX fuel) for power reactors of a various type. It is connected both with use of
plutonium obtained at nuclear weapon dismantle in the peace purposes, and within the framework of
continuation of works on development of fast reactor.

At performance of work the large attention is given to quality assurance of fuel produced and safety
at its use. The present report is devoted to consideration of parameters monitored at manufacture of various
kinds of MOX fuel within the framework of the quality assurance programs, and analytical techniques
providing this monitoring (excepting microstructure and metallography characteristic).

The specifications on MOX fuel for fast reactors are developing now. The contents of plutonium
dioxide in the mixture of uranium and plutonium dioxides in this fuel is of 21, 23 and 25 %. It is supposed
according to specifications to control mass fraction of uranium (total of isotopes), plutonium (total of
isotopes), americium-241 (in the plutonium), the contents of the following impurities: aluminum, nitrogen,
calcium, carbon, chromium, fluorine, chlorine, iron, magnesium, molybdenum, tungsten, nickel, silicon,
tantalum, and also the moisture content and atomic ratio of oxygen and metal (oxygen factor).

The various kinds of MOX fuel for thermal power reactors with the plutonium contents up to 5% are
being developed also in the Russia. In the presentation, as an example, the analytical support of manufacture
of experimental batches of MOX fuel for power reactor of CANDU type within the framework of joint USA,
Canada and Russia project PARALLEX is considered. The plan of Manufacturing and Quality Control for
this kind of fuel included the analytical control of parameters presented in the table 1.

Besides the control of the specified parameters the control of uniformity of distribution of uranium
and plutonium in the mixed powders and pellets was carried out also by a gamma-ray spectrometry method.
The control of isotopic composition of uranium in pellets of MOX fuel was carried out by a thermal
ionization mass spectroscopy after separation of uranium and plutonium with use of bicolumn version of
separation on "Applied Separations" production sorbents TEVA and UTEVA.

The simultaneous determination of uranium and plutonium contents was carried out by controlled
potential coulometry ( 1,2) after dissolution of MOX fuel sample. Automated coulometric system provides
determination of uranium and plutonium contents in nitric solution in the range of concentration from 1 up to
300 g/1 with relative error 0.3-0.5% for ratios Pu/(Pu + U) and U/(Pu + U) equal 0.03-1.0 for the volume of
selected aliquot from 0.5 to 10 ml (0.5-10 g).

Table 1 - Parameters of MOX fuel to be controlled and appropriate techniques
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Parameter

U and Pu contents
Oxygen factor

Contents of impurity:
Al, Ca, Ni
B, Cd, Dy, Gd
C
Cr, Mn
Cu
F
Ga
Fe
Mg
Mo
Si
Th

Unit

% (to total of metals)
Atomic ratio O/Me

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

Norm

3.1 ±0.05% Pu
1.995-2.015

Upper limit
100
1
200
50
30
20
no
250
60
30
120
500

Method

Coulometry
Coulometry + gas chromatography
or amperometry

Chemical-spectral analysis
Chemical-spectral analysis
Gas chromatography
Chemical-spectral analysis
Chemical-spectral analysis
Liquid chromatography
Chemical-spectral analysis
Chemical-spectral analysis
Chemical-spectral analysis
Chemical-spectral analysis
Chemical-spectral analysis
Chemical-spectral analysis

The under-stoichiometric contents of oxygen (oxygen factor) in MOX fuel was determined by gas
chromatography with an accuracy of 0,03 % in the range of 1,990-2,000 proceeding from H2 contents in
gaseous phase after dissolution of sample in H3P04at the temperature of 320-330°C, and Pu(III) contents in
H3PO4 solution was determined in the sample with mass of 0.1-0.2 g by potentiostatic coulometry in the
argon atmosphere.

The over-stoichiometric value of oxygen factor was determined by amperometry by means of
determination of U(VI) content in the range of 2.000-2.200 with an accuracy of 0,03-0,05 %.

Mixed uranium-plutonium oxide was dissolved in the concentrated H3PO4, aliquots of solution were
introduced in the amperometric cell and U(VI) contents was determined proceeding from change of
indication current of oxidation of Fe(II) in the argon medium. Aliquots of analyzed solution was alternated
with aliquots of working standard with similar contents of U(VI).

The chemical-spectral method [2] was used for determination of contents of up to 45 elements-
impurities in nuclear materials containing uranium and plutonium after separation of uranium and plutonium
from measured elements by extraction in phosphoric-organic reagents (30% solution of tri-n-butyl phosphate
or triisoamyl phosphate in dodecane, synthine or hydrocarbon solvent - RED) from 4 M HNO3 solution. The
impurity-containing aqueous phase is applied on spectral-pure coal powder, which is tested by the atomic
emission spectral analysis using nonselective halogenation of determined elements. DFS-13 and DFS-8
spectrographs with linear dispersion no worse than 0.8 nm/mm are used for the analysis.

The maximum sensitivity of microimpurities determination and stability of results are achieved using
lead and bismuth fluorides (20 weight %), cesium and sodium chlorides (1 weight %) as halogenation
substances.

As internal standards in various techniques the lines of hafnium (263.27 and 282.27 nm), tin (284.00
and 317.51 nm) and cobalt (254.43, 304.40 and 308.96 nm) are used.

For enrichment factor of 1 chemical-spectral techniques provide lower limits of the determination of
contents (LLDC) of impurities in the range from 0.1 to 10 ppm. If necessary factor of enrichment can be
increased up to 10 and more with appropriate decrease of LLDC. In particular, it was shown that at
determination of rare earth elements and yttrium contents in the uranium factor of enrichment could be
increased up to 100. In this case LLDC for different elements make 0.001-0.1 ppm.

The following methods were used for determination of gas-forming impurities:
• N -high temperature melting in helium flow in graphite crucible with use of pulse heating in

VNIINM production device of K-671 type, with gas chromatography final stage. Sensitivity
of the method is 0.001 %.

• C - oxygen sample burning and subsequent determination of CO2 by gas chromatography
in the range of contents of 0.001- 0.1 %,
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• F and Cl - pyrohydrolysis at T= 1000-1100°C with ion chromatography in CVET 3006 ion
chromatograph with conductometric detection providing I ppm sensitivity and 31%
uncertainty for F and 2 ppm sensitivity and 36% uncertainty for Cl.

The control of uniformity of distribution of uranium and plutonium in mixed powders and
pellets was carried out by a gamma-ray spectrometry with use of coaxial and planar HPGe detectors.

Spectra obtained with use of coaxial detector were processed by FRAM code. Ratio 235U/239Pu was
used to control the uniformity of distribution of uranium and plutonium in samples analyzed. This method
has only one serious limitation, namely, long time of measurement. For example, at analysis of pellets under
the PARALLEX project for obtaining necessary accuracy of results of measurements of 235U/239Pu ratio
(relative error of 1.5 % at 95% confidence level) the time of measurement should be 6-8 hours. Therefore
such measurements were used occasionally to control the U/Pu ratio in a small number of samples.

Spectra obtained with use of planar detector were processed by MGA code. In this case ratios
235U/Pu and U/Pu were used to control the uniformity of distribution of uranium and plutonium in samples
analyzed. In the course of measurement methodical defect of MGA code was discovered. On the surface this
defect revealed itself in the following: plutonium isotopic composition in the MOX samples determined by
MGA code did not agree with isotopic composition of initial plutonium determined by the same MGA
version before mixing.

So, for example, at measurements of MOX powders produced under PARALLEX the bias of mass
fractions of plutonium isotopes, expressed in units of standard deviations, have made:

8238 = 9.4; 5239 = - 8 . 1 ; 824o = 8.1; 8241 = 1.7; 8Am-24i = 5.3.
The results above show that MGA processed spectra of MOX samples imperfectly. For that matter

the program gave notice about it, since the value of the NQFIT parameter, which characterized quality of
experimental spectrum fitting was equal -1,3. Developers of MGA specify, that in a normal situation the
value of this parameter makes 1.00-1.02, and value of NQFIT > 1,05 indicates an imbalance among some of
the equations involved in the fitting process (3). The reason is visible at the figure 1, where energy
dependence of gamma-ray detection efficiency (a) and spectral response of each isotopic component (b)
calculated by MGA are shown.

The results of calculation of energy dependence of efficiency of gamma-ray detection show that this
step of processing spectrum is executed successfully. The differences of areas of peaks of experimental and
fitted spectra do not exceed 3 standard deviations.

The results of calculation of the spectral response of each isotopic component show, that the MGA
cannot satisfactorily fit a spectrum in the energy range of 92-98 keV. For some channels in the energy range
of 92-93 keV divergence of experimental and fitted values makes 20 standard deviations. There are some
intervals in the energy range of 93-98 keV where difference of spectra makes up to 5 standard deviations.
Figure 16 allows to enter into the reason of such situation. It is well visible at the figure that the program
considers 234Th doublet with energies 92.367 keV and 92.792 keV as a feature of background. Consequently
the subtraction of a background in the range of 92-98 keV was executed with large error. It resulted in
distortion of results of isotopic composition calculation.

It is obvious, that if the plutonium contents in MOX and plutonium burnup are lower the discovered
effect will be more prominent.

Presumably the reason of this problem is the following. Originally MGA code was developed for the
analysis of pure plutonium samples. Later it was modernized and adapted to measurements of MOX. Only
gamma-lines of 235U and its daughters were taken into account in modernized code. To process spectra of
MOX samples correctly, gamma-lines of 238U and its daughters should be considered at calculation. Thus the
basic analytical energy interval of the program 92.5-106.0 keV should be extended to the low energy region.
Possible, it should cover 89.954 keV peak of 235U.

It seems to us that at measurements of MOX samples, similar described in the present report, doublet
of 234Th with energies 92,367 keV and 92,792 keV should be considered not only at efficiency calculation,
but also should be used for determination of 238U/Pu. At known enrichment of the initial uranium this ratio
will provide more precise determining U/Pu ratio for samples of low enrichment and depleted uranium. For
high enrichment uranium the gamma-ray of 235U with energy 89,954 keV could be used in a similar way.

At present we have developed a technique of correction of 235U/Pu ratio, which allow compensating
its bias because of the effect described. The correction is calculated proceeding from biases of values of mass
fractions of plutonium isotopes 238Pu, 240Pu, and 241Pu and bias of 241Am/Pu ratio. However we consider, that
it is more expedient to correct algorithm of MGA, instead of introducing corrections in the results.
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Because of the detected imperfection of MGA algorithm we had to use another technique to measure
samples of MOX with small contents of low burnup plutonium. This technique consists of measurement of
ratios of 129,283 keV (239Pu) and 185,739 keV (235U) gamma-ray intensities for all analyzed samples in the
standard geometry with use planar detector and subsequent determination of 235U/239Pu ratio for 1-2 sample
with use of coaxial detector and FRAM code. Such technique provided acceptable results, for example, at
measurements of already mentioned MOX pellets under the PARALLAX project. The relative error of
determination of the ratio of areas of 129,283 keV and 185,739 keV peaks has not exceeded 1,5 % at 95%
confidence level. The results of measurements of all 10 pellets coincided within the limits of error. Then one
of these pellets was analyzed with use of the coaxial detector and FRAM code to determine the 235U/239Pu
ratio. The obtained result coincided with expected value within the limits of error.

In conclusion it is necessary to emphasize that parameters of MOX fuel to be controlled and
analytical methods of control at industrial production and usage of MOX fuel are only being defined at
present. Therefore not all possible and used in some instances methods of analysis are considered. First of
all we have touched the techniques used now at VNIINM. At change of the specifications of various types of
MOX fuel and at purchase of new measurement equipment used techniques can and will be changed.

(a) (b)

îoV
91-104 keV Region

0 SO

Strike any key to Continue

100 150 200 2S0

Energy (keV)

94 96

Strike any key to CONTINUE Energy (k=V)

Figure 1. a) Energy dependence of gamma-ray detection efficiency.
b) The results of calculation of the spectral response of each isotopic component by MGA code.
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The methodology and criteria for estimating safety in technological processes of the nuclear fuel cycle (NFC)
are proposed, substantiated and verified during the large-scale Pu recycling (500 kg). The comprehensive investigation
results of the radiation-ecological situation are presented during pilot production of the mixed uranium-plutonium fuel
and FA at SSC RF RIAR. The methodology and experimental data bank can be used while estimating safety in the
industrial recycling of Pu and minor-actinides (Np, Am, Cm) in NFC.

INTRODUCTION

Accumulation of power-grade Pu in nuclear fuel during power production and release of weapon Pu during
disarmament is an important problem of the nuclear fuel cycle (NFC) (1,2). According to the IAEA data (3) about 50 t
of Pu are produced in the world every year. Moreover, about 100 t of weapon Pu are supposed to be disposed before
2030-2040 (1,2). One of the prospective trends of solving such a complicated problem is withdrawal of power-grade Pu
during reprocessing of spent nuclear fuel and involvement of weapon Pu in NFC by producing mixed uranium-
plutonium fuel (1-5).

Plutonium is 100 times more radiotoxic than uranium, so safety is of paramount importance in Pu handling.
This stipulates the necessity of elaborating common approaches in investigating safety of technological processes and
data bank accumulation for particular estimations and comparative analysis of safety for various technology types of Pu
industrial recycling in NFC (5,6). The presented methodology and results of comprehensive safety investigations
during the large-scale Pu recycling (more than 500 kg) at the RIAR experimental facilities make certain contribution to
the safe Pu usage.

INVESTIGATION AND ESTIMATION METHODOLOGY OF TECHNOLOGICAL PROCESSES SAFETY
IN NFC

They are structurally presented in Tab. I in the form of 4 interconnected units. The criteria of the first unit
should be used to estimate the inherent safety of processes. Their study and substantiation was one of the work
objectives (5). The term "internal" or "inherent" safety (adopted from the reactor technology) as applied to the fuel
recycling means that apart from safety engineered barriers, the properties of the systems and processes become such
barriers and minimize the adverse impact on the environment both under steady-state and accident conditions.

Table I. Investigation and estimation methodology of radiation-ecological
safety of processes in NFC

I INTERNAL
SAFETY

Balance and analysis of nuclear
materials and radionuclides losses

Releases and effluents of
radioactive substances

Mass (volume) of radioactive
wastes

Properties, methods of radioactive
wastes reprocessing

Character and consequences of
nossible cmereencv situations

CRITERIA

• SAFETY
BARRIERS

Safety planning and calculation-
experimental validation

Radiation (biological) protection

Localization, storage and disposal of
radioactive wastes

Purification of air-gas releases from
radionuclides

Estimation of efficiency and
sufficiency of safety barriers,
includins emereencv situations

BARRIER TYPE AND QUANTITY

RADIATION EFFECT ON
PUBLIC

Radiation characteristics of
nuclear materials and their
reprocessing products

Aerosols, dose fields, radioactive
contamination

Effect of technological, repair
operations and NFC stages on
radiation situation

External and internal irradiation

DOSE

RADIATION EFFECT ON
ENVIRONMENT AND PUBLIC

Releases of Pu and
transplutonium elements and
other radionuclides via the vent
chimney

Content (activity) of Pu and
transplutonium elements in
environmental objects

Calculation of public radiation
loads

DOSE

The safety barriers are the second structural unit of the methodology. The first place in it is occupied by the
principle of safety planning and calculation-experimental validation. In the third and fourth units consideration is given
to the factors of radiation effect of the NFC technological processes. The main estimation criteria are the dose limits set
in NRB-99 and law "On radiation safety of population".

The principles, which make the basis for the investigation and estimation methodology of radiation-ecological
safety in technological processes in the nuclear fuel cycle, are as follows:

1
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• non-exceeding of the main dose limit;
• exclusion of the unjustified irradiation;
• dose minimization - the main criterion of safety estimation;
• non-exceeding of the natural background level in the environmental objects as a result of industrial activities.

INUCLEARFUEL

Uranium (oxides)
Plutonium (oxide, alloy)
Uranium-plutonium
(UPuO;) fuel

MIXED FUEL
PRODUCTION

Pyroehemical process

Granulated fuel

I FUEL ELEMENTS AND FA
FABRICATION

Fuel elements fabrication by
vibro-packing method
FAS for the BOR-60,
BN-600, BFS, BN-350

SPENT FUEL
REGENERATION

Pyrochemical
process

BOR-60
BN-600
BN-3S0

BFS

RADIOACTIVE WASTE

Types, properties
Conditioning methods
Storage

ENVIRONMENT
Plutonium, transplutonium elements, doses

Fig.l. Objects ot salety investigation
during U-Pu fuel production.

Internal safety of technological processes and their radiation effect on public
Inherent safety estimation criteria:
Direct Pu yield to the finished product, %
Pu fraction returned to the technological cycle (recycle), %
Permissible irrevocable Pu losses, %
High-level wastes (HLW) yield, kg/kg fuel

Radiation resistance of HLW, W/cm3/Gy
Thermal resistance of HLW (before vitrification), °C
Chemical resistance of HLW (before vitrification), g/(cm2 day):
•leaching in 137Cs ,
"yield to gas phase in 137Cs

Activity yield to aerosols, %:
•Pu dioxide (powder)
•mixed fuel (UO2PuO2 granulate)

Volumetric activity of alpha-emitting radionuclides in the atmosphere
of shielded cells and boxes, Bq/1

The objects of safety investigation during U-
Pu fuel production and Pu recycling are presented in
Fig.l. To produce trial batches of U-Pu fuel, fuel
elements and FA with mixed fuel, a pilot-investigation
complex was created, including the facility for fuel
granulation by the electro-chemical re-crystallization
method in molten salts and the automatic remotely-
controlled facility for fuel elements fabrication by
vibro-packing (7). FAs with U-Pu fuel irradiated in the
BOR-60 were reprocessed at the pilot-commercial
pyroelectrochemical regeneration facility (8).

To produce the trial batches of U-Pu fuel and
fuel elements use was made of low-background
(weapon) and high-background (power-grade)
plutonium. Mass content of power-grade Pu isotopes
made up, %: 23SPu-0.6; 239Pu-70; 240Pu-20.4; 241Pu-7.0;
242Pu-2.0. The BOR-60 spent nuclear fuel with burnup
of 10-26% h.a. and keeping from 4 months to 3 years
was subject to regeneration (5).

Mi, EK/M3

99,3-99,7%
0,2-0,6%
<(0,1-0,2)
<0,2
3,5/3,5xlO7

500-900

10-5-10"4

lxl0"n-4xl0" !

5x10"-
2x1 Q-:

<37,0

3,7-lû-

3,710"

3,7-10'

Yield of the Pu and U-Pu composition to the aerosols is determined
by experiments while modeling the possible emergency situation - spilling of
U, Pu dioxide and U-Pu granulated fuel onto the floor of the box and shielded
cell.

The balance experiment results (Tab. II) showed that the irrevocable
Pu losses at the stage of fuel production did not exceed 0.2%, and during fuel
elements fabrication - 0.015%. While estimating safety of various technologies
in NFC, the total irrevocable Pu and Am losses were taken as 0.2% (1).

Apart from the balance characteristics of the processes while
estimating their internal safety, it is necessary to use such criteria as yield and
properties of high-level wastes (5-8).
Concentration (volumetric activity) of radioactive aerosols (Fig.2) depends on

's.oi Los i.04 i.05 1.06 1.07 i.os i.o9 t, «ce. the specific activity and type of the reprocessed product, character of
Fig.2. Change of the volumetric activity performed works and operating conditions of ventilation (5,9).
of a-emitting nuclide aerosols in the
shielded cell while producing U and U-Pu fuel: ( X ) - UO2 -; ( ) - works were not performed;
(o o o)- (UPu)O2 (low-background Pu); ( • • •) (UPu)O2 (high-background Pu)

Table II Material balance and analysis of fuel composition (UO2-PuO2) losses
during fuel elements and FA fabrication at the BOR-60

Items Fuel composition amount



P6-08

Received to operation
Delivered as finished products (fuel elements)
Collected in "dry" decontamination during the facility operation (8 years)
Collected before decontamination of the fuel elements fabrication cell
Removed with decontamination solutions
Collected in filters from the special sewerage ladders
Removed with cell filters (estimation)
Residual losses on the chamber surfaces (measurement, estimation)
Accounted losses
Unaccounted losses (disbalance)

Mass, kg
819.662
816.709

2.609
0.083
0.009
0.006
0.115
0.008
2.830
0.123

% initial
100.0

99.640
0.318
0.010
0.001
0.001
0.014
0.001
0.345
0.015

In general it is proposed to characterize the change of aerosols concentration in the cell by the relationship:

N. = Ayd.o
+ Npe

where Ayd.; Aydo - specific activity of the reprocessed product and initial activity, e.g. of uranium, respectively;
a - quantity of cycles; No - initial aerosol concentration; Nc - increment of aerosol concentration within one cycle; Np -
secondary aerosols concentration; X\, X2 - constant coefficients of primary and secondary aerosols; ti,t2 - time intervals
from the aerosol formation to the start of measurements.

Dispersed composition is well logarithmically described by the ordinary distribution law with such parameters
as: active median aerodynamic diameter (AMAD) - 1.6-M-.0 pm; standard geometric deviation (pg) - 2.2-M-.5 um.
During repairs the air is filled with particles (secondary aerosols) with the size of more than 10 urn. The total
distribution becomes bimodal having two maxima (AMAD=3.5/9.0 urn, Pg= 3.3/1.6 um).

Nuclide composition of aerosols and analysis of smears from the internal surfaces of the cells and boxes
indicate an increased content of 241Am in them, which is caused by 241Pu decay. Availability of 241Am creates an
additional radiation load on personnel while using the power-grade Pu in NFC.

Radioactive surface contamination of the cells and boxes during Pu handling is non-uniform ranging from 600
to 100 thousand a-particles/(cm2 min). The greatest contamination is observed in places of product loading into the
apparatuses, fuel elements, etc. Contamination of the vertical surfaces is 5-15 times less.

Radiation situation in the repair area and operator rooms. The y-radiation dose rate in the operator rooms,
second area rooms (mounting hall, maintenance corridor, etc.) is within the range of the natural background 0.07-
0.13 |uiGy/h.

The volumetric activity of radioactive aerosols in the repair area is equal to or < 1 of the permissible
volumetric activity for personnel, in the operator rooms it is <0.3. The permissible activity in 239Pu makes up 1.7-5.3
Bq/m3 depending on the compound type during inhalation (NRB-99). The annual average dose per one employee does
not exceed 0.6 mSv, the average collective effective dose of personnel in the pilot-commercial complex - 0.065 man
Sv/year. Internal personnel exposure (critical group of 71 persons) did not exceed 0.01 of the annual limit calculated by
the radiochemical sample analyses. Additional examination of personnel (26 persons) by the human radiation counter
did not reveal any exceeding of the radionuclide intake level either.

The investigation results of the Pu recycling safety using a new technology allow for the conclusion that dry
methods of fuel reprocessing have certain advantages from the viewpoint of radiation-ecological, nuclear and general
safety (10).

Radiation-ecological effect of Pu recycling on the environment and population.
The investigations established that the greatest fraction of radionuclides turning into wastes is concentrated in

solid wastes. While storing the concentrate or disposing it after its vitrification, use is made of a multi-barrier safety
principle. The properties of wastes, containers (protective capsules), special storage facilities were adopted as barriers
and studied in detail. More than 20-year experience of handling high-level solid wastes of the NFC dry technology at
RIAR indicates a high safety degree for the proposed technology of reprocessing, preparing and long-term storage of
such wastes (5,10-11).

During large-scale Pu recycling the complex investigations of the RIAR environment radiation state were
performed (5-6,11-14). The investigation program included:
• analysis of radioactive substances releases via the vent chimney;
• determination of Pu and transplutonium elements content in the environmental objects;
• calculation of radiation loads on public living in the 100-km area;
• accumulation of a data bank for the calculation predicting models of the radiation-ecological situation and

environment monitoring.
The sources, activities and composition of a-emitting nuclide releases during intense reprocessing of U-Pu

fuel and fabrication of transplutonium elements are presented in Tab.III. The total 3-step purification coefficient of air-
gas releases from a-emitting aerosols made up 104-105. To reduce the radioactive aerosol release in the shielded cells
equipped with sealed electro-mechanic manipulators, the minimal multiplicity factor of air exchange (1.2-1.3) was
maintained and dry decontamination (dust removal by a vacuum-cleaner) was conducted.
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Analysis of samples taken in the surveillance points (19 terrestrial control points) on the RIAR territory, in the
sanitary-protective area and surveillance area gave the following results:
• content (volumetric activity) of Pu (239|240Pu) in the atmospheric air samples makes up (0.4-11.5) 10~7 Bq/m3, content

of Cm isotopes - in the range of the minimum measured activity (0.4-8) 10"7 Bq/m3;
• density of radioactive Pu fallout makes up (5-60) 104 Bq/km2, Cm (5-28) 104 Bq/km2;
• vegetation contamination level is about 10 times lower than the fallout activity (11).

Table III Volumetric activity and relative contribution of a-emitting radionuclides to air releases (%) during
production of U-Pu fuel and transplutonium elements at RIAR

Sampling
place

DK-1

DK-4

P-K

Volumetr.
activity

lO^Bq/m3

%
10"4Bq/m3

%
10'4Bq/m3

%

Energy, MeV (radionuclide)
5.15

19.61
30.9
51.8
11.2
3.33
11.3

5.15-5.5
(2«Am)

4.81
7.6
6.29
1.4
-

5.5
238pu

4.07
6.4

65.12
14.3
6.66
23.8

241Am
6.66
10.6

22.20
5.0

2.59
8.8

5.8
(244Cm)

27.38
42.5

286.01
63.5
14.8
51.8

6-6.2
(242Crn-252Cf)

1.25
2

20.72
4.6
1.1
4.3

Total
activity

104 Bq/m3

63.78
100

452.14
100

28.48
100

Notes: 1) DK-1 and DK-4 - control points before the purification system, characterize the releases of the Pilot-
Commercial complex, Reactor Material Science division and releases of the Radionuclide Sources and Preparations
division, reactor facilities, respectively; P-K - control point after the purification system.

(239i240Pu) content in soils and bottom deposits taken in the surveillance area and sanitary-protective area varies
in the narrow range of 0.5-2.0 Bq/kg and is in the range of values caused by global fallouts. In the deeper soil layers
(2.5 and 5 cm) there is an abrupt decrease of 239'240Pu activity. On the RIAR territory depending on the sampling place
and soil parameters, Pu activity makes up 0.6-3.7 Bq/kg (13). Thus, the recycling of 500 kg power-grade Pu and long-
term work on production and separation of transplutnoium elements did not cause environmental contamination.

Radiation loads on public living in the RJAR 100-km area were calculated using an application programs
package (14) on the basis of actual and permissible radioactive substance releases via the tube. It showed that:

the total effective individual annual average exposure dose of public in the most critical region (3-4 km from the
RJAR vent chimney) made up 2.5 \xSv or 0.25% of the natural radiation background dose typical for the central
regions of Russia;
the collective effective dose for the same period made up 0.084 man Sv/ year;
Pu contribution to the dose is small (about 10%), and it increases up to 22-29% with increase of the actual releases
activity up to the permissible (limited) values (14).

SAFETY The comprehensive investigation results of radiation-
f fl PLANNING A ^w ecological safety of the mixed U-Pu fuel pilot production and FA

I f ' SC™SKJI0N \ <w \ fabrication were obtained by the common methodology and
If | STANDARDIZATION 1 ^ | represent a data bank. Its application diagram is given in Fig. 3.

PERSONNEL SAFETY
ASSURANCE

RADIATION LOADS
CONTROL LEVELS
CONTROL OPTIMIZATION
DOSE ESTIMATION DURING
RADIATION ACCIDENT

DESIGNING OF NEW
FACILITIES AND
PRODUCTIONS

R&D

PUBLIC SAFETY
ASSURANCE

RADIATION LOADS
STANDARDIZATION
ENVIRONMENTAL MONITORING
PROVISION OF INFORMATION

Fig.3. Application diagram of a data bank
during Pu recycling in NFC.
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Report contains experimental results on metal plutonium of weapon origin samples
conversion to plutonium dioxide by pyrochemical method. Circuits of processes are
described. Their advantages and shortcomings are shown. Parameters of plutonium
dioxide powders (phase and fraction compositions, poured density) manufactured by
pyrochemical method in RFNC-VNIITF are shown as well.

INTRODUCTION
Application of excessive plutonium of weapon origin as component of mixed oxide (MOX)

fuel for nuclear reactors allows realize plutonium energetic potentiality in economic effective way
and eliminates possibility of it recurring application for military purposes III. During last years in
Russian Federal Nuclear Center - All-Russian Scientific and Research Institute of Technical
Physics (RFNC-VNIITF, Snezhinsk) together with specialists of All-Russian Scientific and
Research Institute of Chemical Technology (VNIICT, Moscow) technology of metal plutonium
conversion to plutonium dioxide by pyrochemical method is mastered. Pyrochemical technology
allows synthesize different compositions (hydrides, oxides, nitrides, fluorides, etc) as result of
material chemical reactions with gaseous reactants under increased temperatures.

EXPERIMENT

Since 1996 in RFNC-VNIITF different circuits for pyrochemical processes of metal
plutonium conversion to plutonium dioxide were experimentally investigated. To carry out
experiments special installation was assembled (Fig.l).

1- Baloons with gases
2- Installation for gas
purification
3- Heater
4- Governing valves
5- Receiver
6- Pressure gauge
7- Three-way valve
8- Hydrogen generator
9- Filter
10- Pipe-like oven
II-Boat
12- Reactor
13- Thermocouple
14-Filter

Fig.l. Installation circuit.
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Equations of chemical reactions for each circuit, basic results of experiments, and brief
conclusions are shown below.
1. Direct plutonium oxidation in atmosphere of air or oxygen:

Pu + O 2 ^ P u O 2 (1)
The rate of metal plutonium oxidation under temperatures up to 500°C did not exceed 1.7
g/cm2-hour. Product of the reaction is plutonium oxide with composition PUO2.02 /2/. Powder
obtained by this method contains particles of different dimensions.

Increasing of oxidation reaction rate by temperature rising is impossible, because at
temperature 510-520°C ignition of metal in air atmosphere takes place. It leads to ungoverned
temperature growth and generation of plutonium dioxide with close to ideal lattice. It is inert and
unsuitable for pressing and sintering
2. Plutonium hydrogénation - plutonium hydride oxidation by oxygen:

2Pu + xH2 -> 2PuHx (2)
2PuHx + 2O2 -»2 PuO2 + xH2 (3)

Temperature of hydrogénation start depended on statement of sample surface. Samples with
oxidized surface were hydrogenated at temperature 250-280°C. The same samples with
preliminary scratched surface were hydrogenated at temperature 80-100°C. In all cases
hydrogénation once started went to an end. Plutonium hydride with composition PuH2.68 was
obtained. X-ray phase analysis has shown presence of two phases: PuHb with hexagonal crystal
lattice and PuH2+x (where x is in the range 0...0.7) with FCC. Obtained hydride is relatively stable
on the air. Crumbling up of metal sample took place during hydrogénation.

Obtained hydride was oxidized at temperature 300°C on the air. Nevertheless particles of
plutonium hydride was of different dimensions (from several micrometers up to several
millimeters). It led to generation of oxide particles with wide range of dimensions (from units up
to hundreds of micrometers). Unpleasant feature of the process is simultaneous presence of
hydrogen and oxygen in reactor on plutonium hydride oxidation stage. It may lead to creation of
explosive mixture.
3. Plutonium hydrogénation - dehydrogenation - plutonium powder oxidation:

2Pu + xH2 -> 2PuHx (4)
2PuHx -» 2Pupow. +xH2 (5)

Pupow. + O2 -> PuO2 (6)
By analogy with uranium, dehydrogenation stage must crumble up product additionally and bring
to generation of highly dispersed metal powder, which is quickly oxidized by air atmosphere. But
hydrogen pressure over plutonium hydride at temperature 6000C is 2 torrs only (for uranium
11,900 torrs). There was an attempt to organize closed hydrogen cycle -exhausted hydrogen
sorption by uranium trap at uranium temperature 20°C. But it was not possible to dehydrogenate
plutonium hydride totally during 3 hours. Diffractogram of obtained product showed presence of
PuH2+x with FCC lattice lines and lines of metal were not presented. Composition of plutonium
hydride changed form PuO2,68 to PuO2>5. And following process of plutonium dioxide synthesis
was taken from circuit 2 with its specific shortcomings.
4. Plutonium hydrogénation - nitriding of hydride - oxidation of plutonium nitride:

2Pu + xH2 -> 2PuHx (7)
2PuHx + N2 -> 2PuN + xH2 (8)
2PuN + 2O2 -> 2PuO2 + N2 (9)

Two ways of this circuit realization were tested:
a) Total hydrogénation of plutonium article with following nitriding of plutonium nitride and

oxidation of nitride.
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b) Hydrogénation of certain part of plutonium (~ 5%) by limited quantity of hydrogen. Then
excessive nitrogen pressure (1,5 atm) was created in reactor. Nitrogen interacts with hydride,
displaces hydrogen from surface to the bulk of metal. Exhausted hydrogen hydrogenated next
portion of metal and process went on until all plutonium was nitrided. Obtained nitride was
oxidized by air atmosphere.
Introduction of plutonium hydride nitriding stage allowed making process of plutonium

conversion to dioxide safer, because mixing of hydrogen with oxygen in reactor was eliminated.
Intermediate processes are going with high rates. It ensures high process productivity in the whole.
Product crumbling up takes place at each stage of the process because of changes in density and
crystal lattice parameters of synthesized chemical substance.

Plutonium nitride is flammable on the air. To decrease the oxidation rate and heating of the
product it is necessary to lower oxygen concentration in gas (to dilute by nitrogen). Processes
temperatures do not exceed 300°C. It leads to synthesis of active powders.

Realization of circuit 4 with partial metal hydrogénation (variant "b") allows to rise safety of
plutonium dioxide synthesis from metal because of small hydrogen amounts application.

On the basis of conducted experiments we have chosen the following circuit of the process:
1. Loading of metal plutonium specimen to reactor.
2. Vacuuming of the reactor.
3. Hydrogen of high purity inlet to the reactor. Volume of hydrogen is 5... 10% from

stoichiometry.
4. Hydrogénation at temperatures 80-120°C and atmospheric pressure of hydrogen. Start and

finish of the process are registered by changing of pressure in the reactor. Hydrogénation
process occupies several minutes.

5. Inlet of purified nitrogen up to pressure 1,5 excessive atmospheres.
6. Nitriding at temperature 230-300°C. Start and finish of the process are registered by

changing of pressure in the reactor. Duration of the process is 10-15 minutes.
7. Purging of nitrogen - hydrogen mixture by nitrogen of technical quality. On the staged

extensive dilution of hydrogen by nitrogen takes place. It prevents generation of
dangerous hydrogen-air mixture in the reactor outlet. Oxygen that presents in nitrogen of
technical quality (~1%) oxidizes synthesized plutonium nitride. Because of the lack of
oxygen oxidation process is going softer, and overheating of the product does not take
place.

8. Heating of the product in air atmosphere at temperature 250-400°C.

As a result of chemical reactions fine and shifting powder of green color was obtained.
Poured density of the powder without shocking was 2.1 g/cm3.

To identify the product X-ray phase analysis was used. Diffractometer DRON-2 in CuKa
irradiation in constant mode at rate gauge movement 0.57min was used. Interplane distances were
calculated by diffraction angles using wavelength X,=15.4051 nm. Calculated values of interplane
distances and relative intensities for substance under investigation were compared with data for
powder standard of plutonium dioxide, taken from JCPDS card index.

Comparison of sets of interplane distances and relative intensities has shown, that
synthesized compound is phase with the same structure as PuO2. Content of other compounds or
phases (if they present) is lower than detection limit of the method. With growth of the
temperature of plutonium dioxide heating width of lines on diffractogram decreased sufficiently,
hence crystal lattice was improved.
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Gravimetric analysis showed, that composition of synthesized product corresponds to
formula PuCh.os».

An average dimension of powder particles was determined by sedimentation method and is
in the range 10.. .20 micrometers.

Synthesized according to described method batch of plutonium dioxide was sent to
(Dimitrovgrad) for MOX-fuel fabrication and subsequent nuclear reactor tests.

CONCLUSIONS

1. Circuit of metal plutonium conversion to plutonium dioxide by pyrochemical method was
chosen on the basis of experiments.

2. Temperature of intermediate reactions is not exceeding 300°C. It allows obtaining active
plutonium dioxide powder.

3. Synthesized product has the same structure as plutonium dioxide. Composition of
synthesized product corresponds to formula PUO2.09.
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Abstract: capabilities of different technologies for plutonium conversion to the fuel
components of nuclear reactors are studied. Advantages and shortcomings of aqueous and non-
aqueous methods of plutonium treatment are shown. Proposals to combine and coordinate
efforts of world scientific and technological community in solving problems concerning
plutonium of energetic and weapon origin treatment were put forward.

INTRODUCTION

Plutonium is generated during nuclear reactor operation. Now the bulk of accumulated
plutonium (~1000 tons) is in exhausted uranium fuel. Plutonium is extracted from exhausted fuel.
Partially it is used for mixed uranium - plutonium oxide fuel (MOX-fuel) manufacturing and for
burning down in LWR and FBR type reactors (-12 tons per year). Basic part of extracted plutonium
(-180 tons) is stored on the plants dealing with treatment of exhausted fuel III.

As a result of nuclear disarmament programs operation already stored energetic plutonium is
added with significant quantities of weapon quality plutonium (-100 tons). Technical, ecological,
and economical problems of plutonium treatment are followed by problems of political character,
connected with nonproliferation of nuclear weapon and social acceptability of nuclear energetic.

According to the accepted in Russia concept, excessive plutonium of weapon quality must
be converted to fuel and utilized in energetic reactors under international supervision. The following
task appears in this connection: to choose the most effective technology of metal plutonium items
(casts) remaking to plutonium compounds, appropriate for burning in nuclear reactors.

METHODS OF METAL PLUTONIUM TREATMENT

Metal plutonium may be converted to different compounds - oxide, nitride, carbide,
carbonitride or fluoride of plutonium. It is possible to use them as nuclear fuel component or
individually, i.e. as fuel for reactors burning down actinides in molten salts. Plutonium treatment
may be accomplished by aqueous and non-aqueous methods.

Aqueous technologies are well-developed on plants, involved in treatment of irradiated
thermal elements and manufacturing of mixed uranium - plutonium oxide fuel. They are really
acceptable for compact metal plutonium conversion to plutonium dioxide, appropriate for MOX-
fuel manufacturing. Aqueous chemistry allows eliminating presence of undesirable elements, i.e.
gallium and americium.

At the same time aqueous methods have protracted technological cycle, consisting of a
number stages. Applied equipment is cumbersome. Radiolysis takes place. There are some
difficulties with dissolution of large plutonium items. Potentialities of aqueous chemistry are
limited - only oxides and fluorides of plutonium are available. But the basic problem specific for
aqueous technologies is generation of large amounts of long-living high-toxic radioactive wastes.
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Taking into account scales of plutonium conversion and growing ecological standards, it is
necessary to find another ways of plutonium treatment with minimum effect on environment.

Alternative to aqueous chemistry is non-aqueous methods of plutonium treatment -
pyrochemical and pyroelectrochemical technologies. Their basic advantages are versatility and
minimizing of radioactive waste quantities.

Pyroelectrochemical technologies were destined for treatment both metal (USA, Russia) and
oxide (Russia) exhausted fuel for nuclear reactors. These technologies may be applied for metal
plutonium of weapon origin conversion to plutonium dioxide. High plutonium solubility in molten
alkaline metals chlorides allows quick dissolution of compact plutonium and then by
electrocristallizaton extract basic part of plutonium as dioxide at cathode. Pyroelectrochemical
technology needs compact equipment. Quite insignificant quantities of radioactive waste (in
comparison with aqueous methods) are generated during its realization. This technology has no
general limitations for introducing of effective methods of plutonium purification from hazardous
admixtures. Principal shortcoming of this technology is extremely limited scale of materials for
equipment manufacturing because of high chemical activity of molten chlorides.

Pyrochemical methods - synthesis of different compounds (hydrides, oxides, nitrides, etc.)
as a result of chemical reactions with gaseous reactants under increased temperatures:

PuN Pu(NxCy)

ft ft
PuHx => PuO2 => PuxC,

PuFv PuR

Pyrochemical technologies have following specific features:
High versatility, which allows obtaining in one apparatus without reloading not only oxides, but
plutonium nitrides, fluorides, carbides, carbonitrides as well;
Minimum quantity of generating during plutonium treatment radioactive waste. According to
evaluation, executed by American specialists, pyrochemical technologies generate radioactive
waste quantities ~ 6000 times smaller than aqueous technologies;
Equipment is compact. It is possible to involve in simultaneous treatment significant quantities
of fissile materials in nuclear safe mode;
Minimum final product contamination by impurities.
Greater transparency in comparison with aqueous technology from the point of view of
plutonium of weapon origin control and account for.

PRECONDITIONS OF NON-AQUEOUS TECHNOLOGY DEVELOPMENT

Pyrochemical methods of nuclear fuel manufacturing on the basis of refractory oxygen-less
compounds (carbides, nitrides) was developed during dozens of years in different countries 12,2,AI.

Although the most part of experiments was carried out using uranium, good scientific and
technological base for pyrochemical technology applications to plutonium treatment was founded.
Now because of poor ecological situation around plutonium plants, proposed total plutonium of
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weapon origin conversion, and changes in several aspects of nuclear energetic development,
pyrochemical technologies are of great interest again. Activities in this direction are growing now:
• Experimental batches of carbide and nitride fuel were manufactured in ITU of European

Commission, in French Nuclear Center, in PSI (Switzerland), and in JAERI (Japan) /I/;
• In State Scientific Center - Scientific and Research Institute of Nuclear Reactors (GNC NIAR,

Russia) experimental-industrial technology for irradiated thermal elements treatment in molten
chlorides of alkaline metals and for manufacturing of vibration condensed mixed uranium -
plutonium oxides fuel. Technology of metal plutonium conversion to plutonium dioxide is
mastered now. Investigation of plutonium dioxide applicability for MOX-fuel manufacturing is
started also;

• In frames of ARIES program (LANL and LLNL, USA) experimental-industrial technology of
metal plutonium of weapon origin conversion to plutonium oxide through plutonium hydride
stage was developed. Applicability of this compound for MOX-fuel manufacturing is
investigated now;

• In Russian Federal Nuclear Center - All-Russian Scientific and Research Institute of Technical
Physics (RFNC-VNIITF, Russia) experiments on different plutonium compounds synthesis
using pyrochemical technologies are carrying out now in collaboration with specialists from
All-Russian Science and Research Institute of Chemical Technology (VNIICT, Russia). By
pyrochemical methods experimental batches of plutonium hydride, oxide, and three fluoride
powders were obtained. Now their properties are investigated 151.

PROPOSALS FOR COLLABORATION

In last years it became evident that application of non-aqueous technologies is promising for
solving both problems - plutonium conversion to nuclear reactor fuel, and long-living radioactive
waste annihilation. In this connection the following directions of investigations are proposed for
interinstitute and international collaboration:

/. Creation of non-aqueous technologies of plutonium of weapon origin conversion to
different types of nuclear reactors fuel.

Now three Russian institutes - RFNC-VNIITF (Snezhinsk), GNC NIIAR (Dimitrovgrad),
and VNIICT (Moscow) - have prepared proposal for ISTC Project. Proposed title is:"Weapon
plutonium conversion to MOX-fuel by non-aqueous methods".

Objective of proposed activities - development of technology for industrial conversion of
metal plutonium to plutonium dioxide. In course of investigations the following items are proposed
to carry out:
• Development of technology for metal plutonium remaking to plutonium dioxide by

pyrochemical methods (RFNC-VNIITF, VNIICT) and pyroelectrochemistry (GNC NIIAR);
• Development of plutonium purification from hazardous admixtures;
• Investigation of applicability of plutonium dioxide obtained by non-aqueous methods for MOX-

fuel manufacturing;
• Reactor testing and post-reactor investigations of MOX-fuel obtained by non-aqueous methods;
• Preparation of technical and economical basis for non-aqueous technologies introduction in

industry.

2. Basis of molten-salt reactor technologies concept for safe, low-waste, and proliferation-stable
plutonium and radioactive waste burning down.

Principal objective of investigations is experimental demonstration of basic elements for
nuclear fuel compositions based on plutonium fluorides, development of multidirectional
conclusion concerning creation of such system; preparation of investment project, destined for
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industrial introduction molten-salt technologies for plutonium and long-living radioactive waste
treatment.

Working Plan is shown in ISTC Project #1606-00, prepared by following Russian institutes:
RFNC-VNIITF (Snezhinsk), Russian Scientific Center "Kurchatovskii Institute" (Moscow),
VNIICT (Moscow), Institute of High-temperature Electrochemistry (Ekaterinburg).

CONCLUSION
Shown in given report directions of investigations are supported by Russian Federation

Ministry of Atomic Energy and meet Russian state concept concerning conversion of "excessive"
weapon nuclear materials. Development of non-aqueous methods will serve as scientific and
technological ground for manufacturing of new plutonium compounds (nitrides, carbides, fluorides)
based types of fuel for perspective reactors. But now practical independent realization of such
activities in Russia is difficult because of well-known circumstances. That's why financial support
of proposed directions of investigations from international community is up-to-date, and helps
proper application of mental and material resources.
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ABSTRACT
The conception of Plant was developed for MOX-fuel recycle at two BN-800 type fast reactors by pyrochemical

reprocessing of irradiated nuclear fuel (INF) and production of vibropac fuel pins and SA.
INF production process and stages of pyrochemical reprocessing were analyzed. Starting materials were chosen.

Characteristics of irradiated SA and requirements for finished products were defined. Volumes of production were
estimated. Procedure of waste management was defined. The following description was made: (1) general flow sheet of
fuel recycling and partial schemes of single reprocessing; (2) composition of production process equipment; (3)
arrangement of production process equipment; (4) lay out of Plant building and engineering communications. Principle
economical assessments were made for production under design.

INTRODUCTION
Early in third thousand years a great technological renewal is expected to take place in nuclear power like in other

branches of industry. Its main principles are as follows III:
• Closed cycle (technology is closed inside to lower the amount of dangerous material in the environment);
• Optimization of technological systems (necessary results should be achieved by the minimum number of process

stages);
• Maximum level of immanent safety that is provided by proper "natural" properties of processes and technological

systems.
New facilities of fuel cycle should meet the following requirements 111:
• High safety levels;
• Minimum cost of fuel cycle;
• Minimum effect on environment involving minimization of wastes;
• Minimum effective use of natural resources;
• Minimum risk of non-authorized spread of fission materials.

Such technology of fuel cycle meeting for the specified requirements can be non-aqueous methods. They have a
tendency to be simpler and shorter and guarantee the dangerous components to be kept within system and high
compatibility in the range from fuel reprocessing and to manufacture 12,31.

INF pyrochemical reprocessing with the use of molten salts is applied in RIAR. In the late 1990s the
development of the main technological processes achieved the prior-commercial level. It served a basis for developing
technical-economical proposals for production based on fast reactor fuel reprocessing by pyrochemical methods.

FOUNDATIONS FOR DEVELOPMENT OF PLANT CONCEPTION
The conception of Plant on provision of MOX-fuel recycling for two fast reactors of the BN-800 type was

developed as a preliminary assessment of technical-economical possibilities. The conception involves the results of
scientific investigations of INF reprocessing by electrolysis of molten chlorides as well as the experience of vibropac
fuel pins operation in nuclear power facilities /1,4-6/.

The main technical and technological decisions of conception were based on the RIAR experience on the
development and operation of pilot facilities for production of granulated oxide fuel as well as the creation and
operation of remotely controlled line for the production and control of the BOR-60 and BN-600 reactor fuel pins and
SA 14,71.

Data of ecological /8/ and economical 191 studies were taken into consideration also.
The more effective technological scheme of Plant was chosen with the use of the SSC RIAR program package

PILOT allowing model calculations of productions under design. The model of balance by fuel fluxes was taken the
calculations of MOX-fuel used in the BN-800 reactor with axial and breeding cores at the burnup of about 15% of h.a.

PLANT TECHNOLOGICAL SCHEME
The technological flow sheet is based on developments verified experimentally. The maximum possibilities of

pyrochemical and vibropac technological combinations were demonstrated in using the mechanical mixtures of
separated PuO2 and UO2-based products (involving reprocessing material and partially reprocessed material of breeding
cores).

The main scheme of MOX-fuel recycling for two BN-800 fast reactors is shown in Fig.l. The starting material is
vibropac MOX-fuel SA irradiated in core and vibropac breeding SA. It is only depleted uranium that is used through
the whole system. The finished products of the plant are the same articles but their materials have the decontamination
factor from FP within 100-1000. A portion of reprocessed uranium dioxide may be removed as a
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collector of FP noble materials for a long storage and use in the manufacture of fresh SA of unirradiated
uranium dioxide.

The general technological scheme makes provision for minor-actinide recycling. In this case neptunium is
uniformly distributed over fuel and breeding material but americium and curium are recycled in the core.

All the circulating products (about 2% of total uranium and plutonium flux) are allowed to be reprocessed with
returning to the head process for chemical reprocessing. Wastes of fuel pins and SA are compacted; wastes containing
FP are immobilized in the alumofluorinephosphate glass, poured in canisters and delivered for storage /10/.

Additional advantage of Plant:
•direct UO2use of breeding core;
•direct minor-actinide recycle;
•formation of concentrated high-level wastes;
•small volume of intermediate- and high-level wastes;
•possible modernization of another fuel types.

CONCLUSION
Thus, the conception project found a high level of developments required for introduction of

pyroelectrochemical reprocessing and vibropac technology for realisation of the idea of "nuclear island" with BN-type
reactors and reprocessing complex.
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Main characteristics of conception project
Table I

Characteristic
Reactor under sevice
Optimum production

Input
Output

Capital costs
Operation expenditures
Product yield to fuel:

Pu
U
Np(evaluation)
Am(evaluation)

Value
2 blocks of BN-800 (Yuzhno-Uralsk NPP)
640 SA/year

640 SA of active core and 200 SA of breeding core
640 SA of active core

$ USA 227 mln
$ USA 63 mln

99,8%
99,7%
up to 98%
up to 95%

Decladding ; Wastes for storage
(mechanical) •• •• fuel pins

fuel elements (U,Pu)O;

i
,PU)O2"> ....J

granulaled (U.Pu)O 2 ..f }

I Complex of vibropac
•' "•• '•'•"' * '' fuel elements of core

Wastes for storage
Decladding \ ', ICrusher Vacuum retort Classificalor

Complex of FAs
• fuel pins production and control

Complex of vibropac fuel elements
of core and blanket

recircled products granulated UOz

s for storage ' — ^
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Fig. 1. The main scheme of MOX-fuel recycling for two BN-800 fast reactors
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PYROELECTROCHEMICAL REPROCESSING OF IRRADIATED MOX FAST REACTOR FUEL
TESTING OF THE REPROCESSING PROCESS WITH DIRECT MOX FUEL PRODUCTION

M.V. Kormilitzyn, S.K. Vavilov, A.V. Bychkov, O.V. Skiba, V.M. Chistyakov, I.V Tselichshev

INTRODUCTION
Fast reactor fuel recycle can and must involve compact technologies that will improve its safety and reduce the

fuel component cost. One of the advanced technologies is pyroelectrochemical molten salt technology. This particular
technology is being developed at the SSC RIAR applicably to reprocessing of the irradiated MOX fuel followed by
vibropac fabrication of fuel rods (1). A series of investigations carried out within 1985-1996 was aimed at testing the
most simple reprocessing process that provided for extraction of plutonium dioxide from irradiated fast reactor fuel
and its subsequent recycle in mixture with uranium dioxide (2-4). The demonstration reprocessing of the BOR-60
MOX fuel irradiated up to a high burnup (21 - 24% h.a.) verified the applicability of this approach and its feasibility for
technological implementation. These data formed a basis for feasibility and process safety studies (5,6).

But that was a limited case and it excluded uranium from recycle and included extraction of plutonium
dioxide. Taking into account the present stringent requirements to reprocessing technologies of irradiated nuclear fuel
that should exclude uranium and plutonium separation, the next stage of the development should include optimization
and testing of the pyroelectrochemical MOX fuel reprocessing process for MOX fuel production (process MOX—>
MOX).

PROPOSED FLOW-SHEET OF THE MOX TO MOX PYROCHEMICAL REPROCESSING
In 1998 we began to study the next phase of the irradiated oxide fuel reprocessing accordingly new process

MOX-> MOX which includes main operations:
• dissolution of irradiated fuel in molten alkaline metal chlorides

UO2(sol) + Cl2(g) ->• UO2Cl2(melt) ; ( 1 )

U3O8(sol) + Cl2(g) - » UO2Cl2(melt) + UO2+xCl(melt) ; (2)

PuO2(sol) + Cl2(g) - » PuO2Cl2(melt) ; (3)

PuO2Cl2(melt) <-> PuO2Cl(melt) + 0,5 Cl2(g) ; (4)

PuO2Cl2(melt) + Cl2(ra3) <-» PuCl4(melt) + O2(g) ; (5)

PuCl4(melt) <r> PuCl3(melt) + 0,5 Cl2(g) ; (6)
Q purification of melt from fission products that are co-deposited with uranium and plutonium oxides (preliminary

electrolysis);
Q electrochemical co-deposited of uranium and plutonium oxides under the controlled cathode potential

UO2
2+(melt) +e"-> UO2

+(melt) ; (7)

UO2
+(melt) +e~ -> U02(sol) ; (8)

Pu4+(melt) +e" - » Pu3+(melt) ; (9)

PuO2
2+(melt) +e" -> PuO2

+(melt) ; (10)

PuO2
+(melt) +e" - > PuO2(sol) ; (11)

Q production of granulated MOX fuel following the process well developed at SSC RIAR (crushing, salt separation,
sizing);

Q purification of melt from FP impurities by phosphate precipitation.
Last procedure is based on the fact that practically all ions with oxidation state higher than (II) form double

phosphates insoluble in molten chlorides:

MeCl3 + 2Na3PO4 => Na3Me(PO4)2l + 3NaCl,
precipitation of many elements having an oxidation rate (II), including alkaline earth elements, e.g. strontium,

also takes place:

Sr2++ Me++ PO4
3" => SrMe(PO4)^.

Such process allows for the arrangement of MOX fuel recycle in the form of MOX fuel.
The experimental research plan includes two basic stages:

testing of the process on the enlarged laboratory scale using a simulator of the irradiated MOX fuel with minor-
actinide and FP additives in order to test the validity of the main selected parameters and to determine the
decontamination level from the main FP;
actual experiments with the real irradiated BOR-60 MOX fuel using the pilot facility located inside the hot cell.

EXPERIMENTS WITH MOX FUEL SIMULATORS.
In 1998 a series of experiments was prepared and carried out using a special laboratory facility in the glove

boxes line. This facility allows for the experiments with a single load of 400-800 g of mixed oxide fuel.
The purpose of the experiment is to simulate the real pyroelectrochemical MOX fuel reprocessing flow-sheet

in molten chlorides and produce fuel decontaminated from the most of FP and minor-actinides that meet the
requirements of the standard fast reactor fuel.
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The experimental program had the following main operations:
• dissolution of fuel simulator in the melt;
• pyroelectrochemical deposition of cathode deposit of fuel oxides containing minor-actinides and partially

decontaminated from FP;
• treatment of cathode deposits and assessment of the possibility to fabricate fuel rods by vibropacking;
• experimental verification of the "rough" separation of actinides and REEs by oxide precipitation that included two

additional stages:
Q extraction of actinide and REE concentrate from the melt upon obtaining fuel;
Q reprocessing of the concentrate in the melt aimed at studying the separation process of REEs from actinides

by fractional precipitation.
The main experimental conditions are:

• salt - solvent - NaCl-2CsCl eutectic;
• process temperature - 600-65 0°C;
• fuel dissolution in the melt - by gaseous chlorine;
• pyroelectrochemical deposition of cathode deposit of mixed fuel oxides (U,Pu)O2 - by electrolysis in the

potentiodynamic mode aimed at the complete extraction of Pu and Np from the melt;
• extraction of actinide and REE concentrate from the melt upon obtaining fuel by its precipitation as oxides, the

precipitator is Na2CC>3;
• treatment of cathode deposits - crushing, removal of salts, study of the physical-mechanical characteristics;
• studying the separation process of REE from actinides; procedure - fractional precipitation of oxides; two salt

systems were studied - NaCl-KCl and NaCl-2CsCl.
Reprocessing of (U,Pu)O2 fuel containing 10-15% of PuO2 was simulated. The simulators of some FP

(carrier+mark) were introduced with fuel components and their amount corresponded to a burnup of about 10% (h.a.).
Ce-144, Zr-95, RulO6, Eu-152,154, Cs-134 radionuclides were used as radioactive FP marks.
Two experiments were performed to simulate the irradiated MOX fuel reprocessing. The second experiment

included the preliminary electrolysis of the reduced melt (see fig.2). The purpose was to purify the melt from noble FP
and zirconium and to remove them from the system with a small amount of uranium dioxide similarly to the process
developed before (4).

The plot in fig.l shows the course of experiment No.l. In all, three cathode deposits were obtained in two
experiments. Their characteristics are provided in table I.

Table I
Characteristics of cathode deposits

Experi-
ment
No.

1

2

Deposit

(U,Pu)O2

UO2 (preliminary
electrolysis)

(U,Pu)O2

Deposit
mass, g

359,9

105,3

337,4

Capture
of salts, %

17,4

11,6

14,8

Content of basic components,
% of initial quantity in system

mass fraction in fuel, %
U

99.9
70,10

26.148
5,31

73.857
5,17

Pu
99.96
17,2

0,2
0,089
99.75
12,4

Np
99.6
0,62

45.3
1,10
54.3
0,41

Am

«0

«0

«0

Ce

«0

«0

«0

Zr

>85

>85

«0

Ru

>90

>90

«0

The decontamination factors of the obtained MOX fuel from FP are as follows:
• for Cs-ofthe order of 1000;
• for REE (Ce, Eu) - more than 100;
• for Ru and Zr:

• * without the preliminary electrolysis - of the order of 1 ;
• * with the preliminary electrolysis - of the order of 10.

Thus, it was demonstrated that MOX fuel has a high decontamination from the REEs and Cs. The experiment
verified the necessity to perform the preliminary decontamination of the melt from some FP (Ru, Zr and their analogs)
prior to obtaining mixed fuel.

More than 99% of plutonium was deposited into (U,Pu)O2 cathode deposit. Thus only 0.2% of plutonium was
co-deposited at the stage of the preliminary electrolysis of uranium into the cathode deposit.

The physical-mechanical characteristics of the obtained MOX fuel granulate correspond to the quality of
vibropac fuel.

Thus, the experiments verified the feasibility of the new "MOX to MOX" fuel reprocessing process.
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MINOR-ACTINIDES BEHAVIOR
Minor-actinides (Np, Am Cm) were specially added to the experiment to study their behavior during

reprocessing.
The behavior of neptunium corresponds to the regularities detected before (7) and it completely co-deposits

with MOX fuel and uranium dioxide. In normal conditions americium and curium do not practically co-precipitate into
the cathode deposit.

The experiments on fractional precipitation of americium and curium oxides from molten salts after fuel
reprocessing were carried out. Precipitation was performed by sodium carbonate in molten NaCl-KCl and NaCI-2CsCl.
Principally similar results were obtained for both systems in terms of the possible separation of actinides and REEs.
The precipitation process in molten NaCl-2CsCl upon completion of electrolyses is given in fig.2. . The melt mass was
about 2 kg and the mass component fractions at the beginning of the process were as follows: Pu-0.04%, Am-027%,
Ce-0.08%, Eu-0.001%. Na2CO3 portions were introduced by 1.0 g.

The experiment demonstrated that the extraction of americium oxide into an individual phase is possible.
Mixed precipitates of rare earth elements and americium oxides obtained by the carbonate precipitation and washed
from salts are the free-flowing crystal powders of black color with the pronounced smooth sides of crystalline particles.
The particle grain size is < 100 |im.

CONCLUSIONS:
0 The proposed reprocessing flow-sheet of irradiated MOX fuel verified the feasibility of its decontamination from

the most of FPs (REEs, caesium) and minor-actinides (americium, curium).
0 A possibility to perform an additional decontamination from the noble metals and zirconium has been confirmed

using the stage of the preliminary electrolysis of the reduced melt.
0 It has been established that it is possible to perform the selective extraction of americium in the process of the

fractional carbonate precipitation from molten NaCl-KCl and NaCl-2CsCl containing FPs (first of all, REEs),
minor-actinides (americium and curium) and also uranium and plutonium traces into a certain fraction in the form of
the crystalline oxide.

PLANS
The flow-sheet of the demonstration experiment for irradiated BOR-60 MOX fuel reprocessing in the shielded

cell, which is scheduled for the middle of 2000 has been developed. Plane that about six irradiated BOR-60 MOX fuel
assemblies will be reprocessed with the direct production of MOX fuel for recycle.
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Fig. 1 The U, Pu, Np, Am, Ce, Zr contents change in the NaCl-2CsCl melt during
MOX-fuel (U, Pu)O2 electrodeposition (at 650°C)
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Fig. 2 The Pu, Am, Ce, Cm, Eu relative contents change in the NaCI-2CsCl
melt during fractional carbonate precipitation after electrolysis.
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L'INSTALLATION ATALANTE :
DESCRIPTION ET POSSIBILITES

B. MARTINEZ-J. BRUNEL-A. GREVOZ-C. COURTOIS

RESUME

L'installation ATALANTE, constituée d'un ensemble de laboratoires équipés de boîtes à gants et de
chaînes de cellules blindées est aujourd'hui le principal outil de recherche du CEA dans le domaine de
l'aval du cycle du combustible.

L'installation est construite de façon modulaire avec des servitudes communes, afin de pouvoir
reconfigurer un local particulier pour les besoins des programmes de recherche.

ATALANTE est une installation moderne construite de 89 à 99, qui permet la recherche nucléaire
expérimentale en respectant les critères de sécurité et de sûreté exigés aujourd'hui.

PRESENTATION GENERALE

L'installation ATALANTE est aujourd'hui le principal outil de recherche du CEA dans le domaine de
l'aval du cycle du combustible. Des programmes de recherche y sont menés depuis 1992, concernant :

le retraitement des combustibles irradiés et le traitement des déchets de haute activité, en soutien à
l'industriel COGEMA,
l'application des axes de la loi du 30 décembre 1991 relative aux recherches sur la gestion des
déchets radioactifs,
la fabrication et la caractérisation de sources et de cibles d'irradiation.

L'installation est constituée d'un ensemble de laboratoires équipés de boîtes à gants et de chaînes de
cellules blindées. A ce jour, 13 laboratoires sont en actif, 2 en essais inactifs, 2 sont en cours
d'équipement ; 7 chaînes blindées sont en actif, 3 sont en essais inactifs, 1 est en cours d'équipement
(cf. figure 1).

La conception d'ATALANTE s'étend sur plus de vingt ans, entre la décision de construire, évoquée
pour la première fois en 1981, jusqu'à l'achèvement, aujourd'hui prévu pour 2003, des derniers
moyens expérimentaux lourds envisagés dans le projet initial. Sur cette même période, la nature et le
contenu des programmes de recherche aura considérablement évolué, du fait de la montée en
puissance des installations de retraitement industrielles, de l'évolution du contexte général du
nucléaire, et par la volonté du législateur.

L'adaptabilité des moyens mis à la disposition des chercheurs a donc été recherchée dès l'origine par
les concepteurs de l'installation. Elle résulte d'un certain nombre de principes, appliqués tant à la
conception qu'à l'exploitation, afin de rendre possible cette adaptabilité.

UNE CONCEPTION MODULAIRE

ATALANTE se présente sous la forme d'une installation modulaire, constituée de locaux
indépendants - laboratoires et halls de chaînes - desservis par les fonctions vitales de l'installation
(ventilation, distribution, électrique, réseaux de surveillance...). Ce mode d'organisation doit
permettre de reconfigurer un local sans influer sur le reste de l'installation ; en particulier, les réseaux
d'utilités peuvent être déplacés, augmentés ou renouvelés en fonction des besoins des programmes.

L'organisation du réseau de ventilation en est un bon exemple. L'installation a été conçue pour
apporter dans chaque laboratoire une capacité d'extraction de l'ambiance des boîtes à gants, partout
identique en dépression et en débit, à travers une dizaine de prises régulièrement reparties à la
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périphérie des laboratoires. Cette disposition a permis d'une part d'agencer dans chaque laboratoire les
boîtes à gants en fonction des besoins des expérimentateurs, sans conduire à un réseau confus de
tuyauteries d'extraction, et d'autre part de rendre la ventilation de chaque boîte indépendante de celle
de ses voisines..
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UNE EXPLOITATION QUI DOIT FAVORISER LA DISPONIBILITE DES MATERIELS

La qualité essentielle que doit posséder l'exploitation d'une installation telle qu'ATALANTE est de
viser à une disponibilité maximale des équipements en terme de fonctionnement sans obérer la
capacité de l'installation à évoluer.

La gestion des effluents en est un exemple. Chaque lieu d'expérimentation doit être géré d'une
manière telle que les effluents liquides produit par les expérimentations ne s'y accumulent pas ;
cependant, le système de gestion ne peut être trop rigide, car il ne pourrait s'adapter à la très grande
variabilité des matières mises en œuvre. Pour arriver à un tel résultat, chaque laboratoire et chaque
ensemble de chaînes de cellules blindées est doté d'unités de traitement local des effluents, afin
d'obtenir des effluents aux caractéristiques connues qui seront alors destinés à l'unité de gestion
centrale. Cette dernière n'est pas qu'un exutoire, mais aussi une cellule d'expertise et de dialogue avec
chacun des expéditeurs. Ce dialogue constant permet que la mise en œuvre d'une expérience soit
précédée d'un avis de recevabilité préalable sur les effluents qui seront générés. En contre partie la
garantie est donnée que les effluents pourront être entreposés et recevoir, si besoin est, un traitement
complémentaire avant évacuation hors de l'installation.

Une démarche analogue à la précédente est mise en œuvre sur le plan de la collecte et du traitement
des déchets, où la grande variété des matières pouvant contaminer les déchets, et la nécessité de les
évacuer rapidement, a conduit à impliquer les expérimentateurs dans la gestion de leurs déchets, en
demandant une déclaration préalable du contenu des fûts. Pour compléter ces disposition, une station
de comptage de l'activité résiduelle a été mise en place. Les résultats de ces dispositions s'avèrent
satisfaisants
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UNE CONSTANTE EVOLUTION

L'évolution des programmes de recherche s'est très concrètement traduite dans la vie de l'installation .
Depuis son démarrage en 1992, celle-ci a déjà plusieurs fois dû reconfigurer une partie de ses
équipements, sous la pression d'événements extérieurs. Ces reconfigurations sont cependant
d'importances inégales.

A titre d'exemple, la décision du CEA d'arrêter la production de détecteurs d'incendie a amené à
modifier l'équipement projeté du laboratoire L7, reconverti dans la destruction des sources
radioactives usagées. Dans le même ordre d'idée, l'accélération de la mise à l'arrêt définitive du centre
de FONTENAY AUX ROSES a déclenché la décision de construire la deuxième tranche
d'ATALANTE (DRA) et de reconfigurer les chaînes C11/C12 et des laboratoires du bâtiment SGA
pour y accueillir une partie de expérimentations auparavant menées au sein du bâtiment 18 de
FONTENAY. Les deux premiers étages de SGA, qui accueillaient des locaux de services généraux,
sont en cours de reconfiguration complète.

Dans la conception même de l'installation, les équipements scientifiques et la structure d'accueil ont
été découplés, autant que possible, dans les phases projets. La structure d'accueil est en effet par
nature moins évolutive ; la réalisation de la structure d'ATALANTE s'est déroulée en deux phases
(ATALANTE 1 de 1985 à 1991, et ATALANTE 2 de 1995 à 1999), tandis que les équipements
scientifiques font l'objet de projets distincts, plus répartis dans le temps. ATALANTE a été ainsi
autorisé à démarrer à partir de 1992 sur la base de demande de mise en actif progressivement déposées
par le CEA auprès des autorités (cf. tableau I). Son délai de mise en service définitif a récemment été
prolongé de huit années supplémentaires, pour pouvoir disposer d'un retour d'expérience
d'exploitation complet à l'échéance.

LA PRISE EN COMPTE DE LA SURETE

L'installation déposant très régulièrement des demandes de démarrage, le dialogue avec les autorités
de sûreté est constant. Ce mode de relation conduit l'exploitant à adapter en permanence l'installation
aux évolutions des exigences de sûreté, et ceci sur un rythme plus rapide que celui des réévaluations
périodiques auxquelles toutes les installations nucléaires de base sont par ailleurs soumises.

Le prix de la modularité est donc une constante remise en question des principes mêmes de conception
de l'installation, particulièrement dans le domaine de la sûreté. Gérer conjointement modularité et
sûreté impose également de concevoir le référentiel de sûreté d'une manière plus enveloppe. Par
exemple, la gestion de la densité de charge calorifique, élément essentiel de la protection contre le
risque d'incendie, s'effectue dans ATALANTE par la définition, local par local d'une enveloppe dans
laquelle évoluent les matériels et produits chimiques apportés par l'expérimentateur.

Dans l'avenir, la structure d'accueil, qui sera complétée par des interfaces d'entrée-sortie de matières
et de déchets, ne sera plus guère modifiée. En revanche, les équipements scientifiques présents dans
l'installation continueront d'évoluer en fonction des programmes et des besoins, dans le cadre des
missions dévolues à l'installation ATALANTE dans son décret d'autorisation de création , ce qui est
le propre d'une installation de recherche.

L'évolution normale des besoins des programmes et du contexte général de la recherche se déroule à
un rythme plus rapide que les possibilités matérielles de transformation des installations. La gestion de
ce décalage nécessite d'inscrire la modularité au cœur même de la conception des installations, et
d'organiser les projets et l'exploitation de manière à concilier sûreté et possibilité d'évolution.



P7-04

Tableau I : Mise en service d'ATALANTE

CATEGORIE

LABORATOIRES

CHAINE DE
CELLULES
BLINDEES

UTILITES

REPERE

L5

L6
L7

L8

L15
L16
L17
L18

L19
L20

L27
L28
BGH
MEB
L29
L30
DELOS
LNO
LN1

C7/C8
CAR 276
C9

CIO
C11/C12

C17
C18/C19

CBA
CBP

FONCTION

Soutien exploitation effluents déchets ; R&D
PURETEX.
Soutien chimie des actinides ; R&D ACTINEX.
Elaboration et destruction de sources de faible
activité R&D AIDA (pyrométallurgie).
Elaboration de sources de faible activité ; R&D
ACTINEX.
Chimie du solide - Elaboration oxydes U et Pu.
Chimie du partage - Analyses associées.
R&D Etudes analytiques.
Chimie en solution : données de base physico-
chimiques.
Torche plasma couplée spectrometrie de masse.
Analyses isotopiques. Laboratoire de Métrologie
des Matières Nucléaires.
Analyses chimiques soutien LEGS.
Etudes de procédés soutien LEGS.
Boîte de Grande Hauteur.
Analyses par microscope électronique à balayage
Examen de caractérisation de verres actifs.
Analyse de comportement des verres.
Décontamination des effluents organiques

Traitement des effluents et déchets ; R&D
PURETEX.
R&D ACTINEX ; Elaboration d'actinides.
Conditionnement d'émetteurs neutrons et gamma.

R&D ACTINEX ; Elaboration d'actinides.

R&D retraitement (EC) ; Purification Pu.
Fabrication et études des matériaux de
confinement.
Analyses en haute activité

Gestion Centrale des Effluents.
Sas d'entrée/sortie des matières nucléaires.
Entreposage des sources usagées.
Système d'évaluation d'activité des déchets
Ateliers de décontamination.
Magasin des matières nucléaires.
Entreposage des châteaux chargés.
Entreposage des effluents Pfet THA
Entreposage des effluents organiques
Entreposage des fûts de déchets FA MA
Gestion des effluents du LEGS
Entreposage des navettes déchets

AUTORISATION

29.09.93

29.09.93
18.11.92

18.11.92

27.03.98
29.09.93

18.11.92 + 27.03.98
03.03.94

24.10.95
29.09.93

06.03.95
06.03.95

23.02.00

03.03.94

09.06.94
09.06.94

16.02.99

06.03.95

15.04.94

25.11.94
09.05.96

18.11.92
18.11.92

18.11.92
06.03.95

DEMANDE

14.12.99
14.12.99

14.12.99

05.07.99

24/03/95
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LINE C17: ALPHA AND MEDIUM-LEVEL BETA-GAMMA LABORATORY PILOT FACILITY

J.N. Calor, B. Mauborgne and M. Montuir

Commissariat à l'Énergie Atomique (CEA), Valrhô/Marcoule f W
DCC/DRR V/SEMP, BP 171, 30207 Bagnols-sur-Cèze Cedex, France J\ K

ABSTRACT

The Process Development Laboratory (LDP) uses the ATALANTE C17 line for integral testing in order to
develop and validate spent fuel reprocessing methods and for overall qualification of calculation codes. Line
C17 comprises shielded cells and glove boxes, equipped with centrifugal extractors and laboratory-scale
mixer-settlers to test liquid-liquid extraction processes in an alpha and medium-level beta-gamma
environment. The high reliability and precision of the process instrumentation and control system allow full
control of operating parameters and comprehensive operating data recording, meeting the experimentation
quality requirements necessary for qualifying calculation codes. Direct online spectrophotometric analysis at
various points in the process provides real-time concentration data for vital elements, some of which are
difficult to analyze offline because of their poor chemical stability. Online analyses, supplemented when
necessary by gamma spectrometry, provide valuable process control input for reaching stabilized operating
conditions. Fifteen radioactive test campaigns have been successfully completed since line C17 was
commissioned in June 1995.

INTRODUCTION

Line C17 in the ATALANTE Safe Geometry Research Laboratory (LEGS) has been used as a laboratory-scale
pilot unit for alpha testing (1995-1998) to develop the plutonium purification cycle for the future R4 facility
at La Hague, and then for medium-level beta-gamma testing to demonstrate the feasibility of enhanced
processes for separating the trivalent actinides and lanthanides (1). These tests also contributed to the overall
qualification of the PAREX (2,3,4) calculation code, which is used for safety analyses in industrial facilities.

DESCRIPTION

Line C17 comprises seven containment enclosures (three shielded cells with telemanipulators, and four glove
boxes) on a linear floor plan, connected by open tunnels.

The biological shielding provisions of the hot cells consist of steel plates 100 mm thick; the front faces
include leaded glass viewports 380 mm thick providing the same degree of biological shielding as the steel
panels. The glove boxes are stainless steel structures 4 mm thick; the front faces consist of 13 mm sandwich
glass panels with glove ports.

The front side of the line is reserved for workstations (telemanipulators, gloves, control and monitoring
consoles, reagent supply unit); the opposite side includes provisions for docking radioactive material
transport containers {Padirac and waste containers) and for supplying reagents from two ventilated hoods.

Each enclosure includes flat subcritical geometry storage tanks beneath the work surface.

The line is connected to the analysis laboratories by a pneumatic specimen transfer system, and radioactive
aqueous liquid waste is transferred to an effluent treatment cell.

Laboratory-scale centrifugal extractors (1:100 scale compared to industrial units) were installed in the glove
boxes for alpha testing to develop the R4 process according to the flowsheet in Figure 1. The auxiliary
functions of uranium stripping and solvent treatment are performed in mixer-settlers for subsequent
recycling. After stripping and diluent washing, the plutonium solution is oxidized online by injection of
nitrous fumes in gas-liquid columns.
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Figure 1. Process flowsheet

The shielded cells were equipped with banks of laboratory mixer-settlers for research on separation of the
minor actinides under the SPIN program (one of the three research topics identified by the 1991 radioactive
waste management law). Tests have been conducted with surrogate solutions containing americium, curium
and radioactive tracers in addition to the elements simulating fission products. The test solvents are used in
open- or closed-loop configurations without special treatment.

Process Equipment

The laboratory-scale centrifugal extractors as shown in Figure 2 are single-stage units installed in cascades
of 4 units. The phases are drawn into the unit and mixed by the high rotation speed (3500-4500 rpm) of the
bowl around a central turbine. The phases are then separated by centrifugal force in the settling zone, from
which they are ducted to the next stage. The Plexiglas bodies allow visual observation of extractor operation.
The characteristic process volumes are 1 ml for the mixer and 8 ml for the settler; the total permissible
capacity is 5 1-h"1.
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Figure 2. Laboratory centrifugal extractor schematic

Cyrano mixer-settlers with Plexiglas bodies are used in the shielded cells, with 6 ml mixer and 19 ml settler
volumes. A perforated rectangular plate spinning around a vertical shaft is used to stir the solution. The
emulsion is transferred to the settler by centrifugal force via an immersed orifice. The total permissible
capacity is 0.5 1-h"1.

Control and Monitoring Instrumentation

The process instrumentation is designed to allow full control of the operating parameters at flow rates
ranging from 3 ml-h"1 to 5 1-h"1 (Figure 3).

The very low flow rates are provided by extremely reliable plunger pumps; higher flow rates are generated
by gear pumps or rotary piston pumps. The pumps are controlled by mass, thermal or Coriolis effect
flowmeters on the reagent supply lines, or by level measurements in the flow vessels for solutions flowing
between devices. The reagent supply flow rates are also monitored by weighing. These provisions generally
ensure better than 1% precision and stability. The inflow temperature, measured by PtlOO probes or
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thermocouples, can be regulated by jacketed supply lines. The device rotation speeds are measured and
regulated.

Process control and monitoring is ensured by a programmable controller, from which the state and indicating
signals are centralized in a supervisor system for archival and logging of control parameters and operating
variables. System redundancy is ensured by a network of three supervisor PCs, and through the use of a
redundant communication bus between the PLC and the supervisor.

Online Analysis

Real-time monitoring of the process is ensured at nine measurement points by online direct UV-visible
spectrophotometry developed by the Instrumentation Laboratory. The spectrum range is 350 nm, with an
optical resolution of better than 2 nm; the maximum measurable optical density is 2.2. Absorbant species like
U(IV), U(VI), Pu(III) and Pu(IV) can be simultaneously analyzed at concentrations ranging from a few
hundred milligrams per liter to several tens of grams per liter with approximately 1% accuracy. The sampling
time for nine simultaneous data acquisition points is about 3 seconds (Figure 4).

The optical probes are either commercial models (Hellma sensor immersed in a flow cell) or specially
developed units for direct measurement through a transfer line between two extractors.

Online gamma spectrometry provisions in the shielded cells permit monitoring of the radionuclide activity in
the raffinate or production flows during testing.
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Figure 3. Flow rate log
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Figure 4. Online spectrophotometry

CONCLUSIONS

Fifteen tests campaigns have been completed to date in line C17. Six tests were conducted for the La Hague
R4 development program to demonstrate the feasibility of the process and to optimize the flowsheet. The
results of the following six campaigns were compared with those generated by the calculation code to qualify
the calculation model used for the sensitivity studies.
Three tests have been carried out under the SPIN program as part of the development work for
An(III)/Ln(III) separation flowsheets using new extraction molecules with surrogate solutions.

The C17 line is a small pilot unit in comparison with the high-level facilities, and is used with easily handled,
mildly irradiating surrogate solutions. This provides greater flexibility in operation and allows easier and less
expensive testing for process optimization purposes and feasibility demonstrations before final testing, if
necessary, with actual high-level radioactive solutions. The C17 line instrumentation and control systems
ensure full control of operating conditions and accurate and reliable acquisition of the data necessary to
develop process flowsheets and to qualify calculation codes.
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